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Preface

Regulating gene expression is an essential task for every cellular system in which
mRNA serves as the central messenger molecule of the gene expression pathway
bridging the information stored in DNA and providing the template for protein
synthesis. Yet, mRNA is far from a simple copy of genetic information, and the
path from its making to serving in proteins synthesis is one of the most complex
cellular processes, involving hundreds of factors acting at different stages. More-
over, mRNA does not simply exist in cells in isolation, but rather associates with
RNA binding proteins (RBPs) that are crucial in determining its fate. The formation
of mRNA-protein complexes (mRNPs) starts as early as transcription initiation, and
the continued dynamic interaction with proteins defines all steps in the complex life
cycle of an mRNA molecule—all the way to its degradation. Not surprisingly,
defects in any of these steps, including mutations in proteins implicated in the
different stages of mRNA biogenesis, are associated with many disease phenotypes
and have been increasingly linked to neurological diseases. This emphasizes the
need for a better mechanistic understanding of mRNA metabolism and a more
detailed understanding of the processes mediating the different steps of the gene
regulation pathway, be it in the context of healthy cells or disease models. As it
stands, the field is well on its way to tackle this challenge, applying ever new
experimental approaches to expand our knowledge and insight into mRNA structure
and function.

In this book, we aim to offer an overview on the many aspects of mRNA
regulation and the approaches used to study different facets of this complex process.
In Chap. 1, Wende, Friedhoff, and Strisser describe the interdependent nature of
RNA transcription and mRNP assembly and how this determines the ability of
mRNPs to be exported to the cytoplasm, the latter of which can be achieved by
many different pathways as detailed by Scott, Aguilar, Kramar, and Oeffinger in
Chap. 2. In Chap. 3, Wegener and Miiller-McNicoll outline the role of one of the
main classes of mRNA binding proteins, the serine and arginine-rich protein family
(SR proteins), as key determinants of mRNP formation, identity, and fate. mRNPs
are subjected to different quality control mechanisms, and in Chap. 4, Schmid and
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Jensen illustrates the structural and functional features of one of the cellular RNA
turnover machineries, the RNA exosome. Many of the regulatory processes acting
on mRNAs, including turnover, are mediated by proteins binding to their 5" and 3’
untranslated regions (UTRs). In Chap. 5, Beilharz, See, and Boag outlines further
how studies in the nematode Caenorhabditis elegans have contributed to our
understanding of how 3’ UTR sequences and their binding proteins participate in
controlling protein expression in space and time. In Chap. 6, Fakim and Fabian
follow with a chapter that describes how communication between 3’ and 5’ end of an
mRNA regulates the cytoplasmic fate of mRNAs as well as of different viral RNAs,
modulating translation and turnover, while in Chap. 7, Bouvrette, Blanchette, and
Lécuyer describe the use of computational approaches that define RNA subcellular
localization to define RNA sequence motifs for RBP binding to 3’ UTRs. Many
RNA binding proteins have now been shown to assemble into membrane-less
organelles and these assemblies have been associated with a number of neurode-
generative diseases, as outlined in Chap. 8, Sidibé and Vande Velde. As microscopy
has been a central approach to study RNA metabolism, in Chap. 9, Adivarahan and
Zenklusen provide a perspective on the role of RNA imaging in shaping our current
view of all different aspects of mRNA life. And in Chap. 10, Sauvageau looks at
IncRNAs, molecules with many mRNA-like features, and how the same approaches
used to study mRNPs allow us to dissect their binding partners and divergent
functions. We are grateful to the authors who have contributed their time, thought,
and words and have made this book possible.

Montreal, Canada Marlene Oeffinger
Daniel Zenklusen
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Chapter 1 ®)
Mechanism and Regulation e
of Co-transcriptional mRNP Assembly

and Nuclear mRNA Export

Wolfgang Wende, Peter Friedhoff, and Katja StriBer

Abstract mRNA is the “hermes” of gene expression as it carries the information of
a protein-coding gene to the ribosome. Already during its synthesis, the mRNA is
bound by mRNA-binding proteins that package the mRNA into a messenger ribo-
nucleoprotein particle (mRNP). This mRNP assembly is important for mRNA
stability and nuclear mRNA export. It also often regulates later steps in the mRNA
lifetime such as translation and mRNA degradation in the cytoplasm. Thus, mRNP
composition and accordingly the assembly of nuclear mRNA-binding proteins onto
the mRNA are of crucial importance for correct gene expression. Here, we review
our current knowledge of the mechanism of co-transcriptional mRNP assembly and
nuclear mRNA export. We introduce the proteins involved and elaborate on what is
known about their functions so far. In addition, we discuss the importance of
regulated mRINP assembly in changing environmental conditions, especially during
stress. Furthermore, we examine how defects in mRNP assembly cause diseases and
how viruses exploit the host’s nuclear mRNA export pathway. Finally, we summa-
rize the questions that need to be answered in the future.

Keywords mRNA - RNA-binding protein - RBP - mRNA assembly - mRNP -
Nuclear mRNA export

1.1 Introduction

Messenger RNAs (mRNAs) are couriers that bring the genome-encoded informa-
tion to synthesize proteins to ribosomes. In eukaryotes, the genomic information is
stored in the nucleus, whereas the ribosomes reside in the cytoplasm. Thus, all
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mRNAs have to be transported from the nucleus through the nuclear pores to the
cytoplasm.

RNA polymerase II (RNAPII) synthesizes mRNAs by transcribing protein-
coding genes (Fig. 1.1). Transcription occurs in three distinct steps, initiation,
elongation, and termination. This transcription cycle is regulated by various post-
transcriptional modifications, including modifications of the C-terminal domain
(CTD) of the largest subunit of RNAPII (Buratowski 2009; Harlen and Churchman
2017; Jeronimo et al. 2016; Zaborowska et al. 2016). The CTD is composed of
heptapeptide repeats with the consensus sequence YSPTSPS, and the differential
posttranslational modification of the CTD controls the recruitment of many regula-
tory factors and mRNA processing factors to RNAPII (Jeronimo et al. 2013).
Phosphorylation of the CTD is probably the best understood regulatory process of
the transcription cycle (Heidemann et al. 2012). When RNAPII first binds to the
promoter, the CTD has a low phosphorylation status. During initiation, the CTD
becomes phosphorylated on serine 5 (S5P) and serine 7 (S7P), whereas during
elongation, phosphorylation of S5P strongly decreases and phosphorylation of Y1,
S2, and T4 increases in the yeast S. cerevisiae. At the end of a transcription unit, Y1P
decreases upstream of the polyadenylation site, whereas S2P and T4P decrease
downstream of the polyadenylation site in yeast. In humans, this pattern of CTD
phosphorylation is highly conserved, except that Y 1P is high at the transcription start
site and decreases shortly downstream (Harlen and Churchman 2017; Heidemann
et al. 2012; Jeronimo et al. 2016; Zaborowska et al. 2016). Analysis of the nascent
RNA associated with the differently phosphorylated forms of RNAPII showed that
S2P and S5P increase just downstream of the transcription start site, slowly decrease
during elongation, and drop shortly before the transcription termination site (Nojima
et al. 2015). Furthermore, S5P peaks over exonic sequences, and S2P increases at the
cleavage and polyadenylation site (Nojima et al. 2015).

During and after synthesis, the (pre-)mRNA is processed: It is capped at its 5" end,
introns are removed by splicing, and, after release of the transcript by cleavage at its
3’ end, the mRNA becomes polyadenylated. In addition to the control of the
transcription cycle, specific CTD modifications coordinate transcription with
mRNA processing events by binding to the appropriate mRNA processing factors
(Harlen and Churchman 2017; Hsin and Manley 2012; Jeronimo et al. 2016).
Importantly, the CTD is crucial for the assembly of nuclear mRNA-binding proteins
(mRBPs) onto the mRNA, i.e., the assembly of messenger ribonucleoprotein parti-
cles (mRNPs) (Meinel and Strasser 2015). Here, the CTD also functions as a landing
platform for proteins that package the mRNA into an mRNP. The function of the
CTD in mRNP assembly will be discussed in detail in Sect. 1.2: co-transcriptional
mRNP assembly.

Besides the CTD, the chromatin state influences mRNA processing events, such
as splice site recognition and choice, by affecting the elongation rate of RNAPII
and/or recruitment of the spliceosome and splicing factors via specific epigenetic
marks [for reviews, see Brown et al. (2012), Dargemont and Babour (2017), and
Luco et al. (2010)]. Furthermore, recent studies indicate that chromatin structure also
influences 3’ end processing (Dargemont and Babour 2017). Important in this
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RNAPII

(BC

Fig. 1.1 Model of mRNP assembly. RNA polymerase II (RNAPII, gray) transcribes protein-
coding genes and synthesizes the corresponding mRNA. Already during transcription, the mRNA
is processed (not shown). In addition, nuclear mRNA-binding proteins (colored) bind to the mRNA
leading to the formation of an mRNP. Binding of nuclear mRNA-binding proteins to the mRNA is
required for mRNA stability and to mediate nuclear mRNA export through the nuclear pore
complexes (NPCs). The composition of an mRNP often controls cytoplasmic events such as
localization, translation rate, and stability of the mRNA
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context, mRNP assembly is also influenced by chromatin state as chromatin mod-
ifications or chromatin remodelers affect the recruitment of different mRNP com-
ponents to the mRNA (Brown et al. 2012; Dargemont and Babour 2017; Luco et al.
2010). Lastly, chromatin is also involved in the quality control of nuclear mRNP
assembly.

Notably, mRNA never exists by itself but is always bound by proteins. mRNA
processing factors bind—often co-transcriptionally—to the mRNA and carry out
capping, splicing, and cleavage/polyadenylation. Moreover, nuclear mRBPs bind to
the mRNA and package it into an mRNP. This protects the mRNA from degradation
and is necessary for export of the mRNA to the cytoplasm. Interestingly, the function
and destination of numerous mRNAs are not only embedded within its nucleotide
sequence but also determined by proteins bound to it, including their cytoplasmic
localization, translation rate, and half-life (Gehring et al. 2017). Thus, the composi-
tion of the mRINP and, accordingly, the assembly of nuclear mRBPs onto the mRNA
are of crucial importance for correct gene expression.

1.2 Co-transcriptional mRNP Assembly

The assembly of an mRNP begins co-transcriptionally when nuclear mRBPs bind to
the mRNA as it emerges from RNAPII (Fig. 1.1) (Bjork and Wieslander 2017; Lei
et al. 2001; Meinel and Strasser 2015; Singh et al. 2015). As the different steps of
gene expression are highly coordinated, the correct assembly of an mRNP depends
on many other processes. In S. cerevisiae, probably all nuclear mRNP components
are known, but their functions have remained largely enigmatic, except that most of
them have to assemble into the mRNP to ensure mRNA stability and nuclear export
(Table 1.1). Thus, many questions remain about the function of the different mRNP
components in mRNP assembly as well as later steps in the lifetime of an mRNA
(see Sect. 1.6). Homologs of most of these proteins have been identified in higher
eukaryotes, underscoring their importance for nuclear mRNP assembly and thus
gene expression (Table 1.1). The recruitment mechanism for many of these proteins
to the mRNP has been described at least in some detail. By and large, nuclear mRNP
components are recruited to an mRNP by binding directly to the mRNA and/or after
initially binding to the transcription machinery. The recruitment and function of the
different proteins that associate with mRNAs to form an mRNP will be discussed
below by focusing on mRNP assembly in the yeast S. cerevisiae. The orchestrated
assembly of mRNP component leads to a mature and export-competent mRNP,
ready to be exported to the cytoplasm Nuclear mRNA export is mediated by the
mRNA export receptor Mex67-Mtr2/NXF1-NXT]1 that directly interacts with com-
ponents of the nuclear pore complex.
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Table 1.1 Proteins involved in nuclear mRNP formation

S. cerevisiae H. sapiens Protein complex Function(s)
Cbc1/Cbp80/ Cbp80/NCBP1 | CBC Large subunit of the CBC
Stol
Cbc2/Cbp20 Cbp20/NCBP2 | CBC Small subunit of the CBC
NCBP3 Alternative form of NCBP2 impor-
tant under stress conditions
Hprl THOC1 TREX/THO Transcription elongation, prevention
Tho2 THOC2 TREX/THO of hyper-recombination, transcrip-
Tex1 THOC3 TREX/THO tion-coupled DNA repair (TCR),
THOCS TREX/THO nuclear mRNA export
THOC6 TREX/THO
THOC7 TREX/THO
Mftl TREX/THO
Thp2 TREX/THO
Gbp2 TREX
Hrbl TREX
Sub2 UAP56/ TREX
DDX39B
DDX39A TREX
Yral ALYREF/ TREX
THOC4
UIF Additional human TREX subunits
LUZP4
CHTOP
POLDIP3
ZC3HI1A
Thol CIP29/SARNP Nuclear mRNA export; in humans
classified as TREX subunit
Npl3 Transcription elongation, 3’ end for-
mation, nuclear mRNA export
Nab2 ZC3H14 Poly(A) binding, nuclear mRNA
export
Sac3 GANP THSC Nuclear mRNA export, chromatin
Thpl PCID2 THSC modification, THSC was also named
Cde31 Centrin/CENP | THSC TREX-2
Susl ENY1 THSC
Seml1 DSS1 THSC
Pabl PABPN Poly(A) binding
Mex67 NXF1/TAP mRNA exporter mRNA exporter
Mtr2 NXTl1/pl5 mRNA exporter

This table summarizes the proteins involved in nuclear mRNP formation in S. cerevisiae and their
human homologs. In addition, the protein complex they belong to (if any) and known function

(s) are listed.
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1.2.1 Cap-Binding Complex

The cap-binding complex (CBC) binds to the m’G-cap structure at the 5’ end of the
mRNA and consists of a large and a small subunit: Cbp80 and Cbp20 in S. cerevisiae
and NCBP1 and NCBP2 in human cells. CBC binds to the 5'-m’G-cap via its Cbp20
subunit, while Cbp80 is needed for high-affinity binding of the CBC to the cap as
well as the interaction with other proteins. Thus, the CBC is recruited to the mRNA
by a direct interaction with the cap structure. Functionally, the CBC is important to
protect the mRNA from degradation as well as for transcription elongation, splicing,
nuclear mRNA export, and translation [reviewed in Gonatopoulos-Pournatzis and
Cowling (2014)].

1.2.2 The TREX Complex

The TREX complex is one of the first complexes associating with mRNAs and
couples transcription to mRNA export (Strasser et al. 2002). It promotes transcrip-
tion elongation and binds to the mRNA in a co-transcriptional manner contributing
to mRNP assembly (Heath et al. 2016). TREX consists of the heteropentameric THO
complex (consisting of Thol, Hprl, Mftl, Thp2, and Tex1), the nuclear mRNA
export factors Sub2 and Yral, and the SR-like proteins Gbp2 and Hrb1 (Hurt et al.
2004; Strasser et al. 2002). TREX recruitment to the site of transcription is complex
and mediated by interaction of THO with the transcription machinery, in particular
the S2 and S2-S5 phosphorylated CTD, as well as interactions of several of its
subunits with the nascent RNA (Abruzzi et al. 2004; Meinel et al. 2013). Further-
more, in S. cerevisiae, TREX occupancy at intron-containing and also intronless
genes requires the Prpl9 complex (Prpl19C), a complex with a well-established
function in splicing (Chanarat et al. 2011). Thus, Prp19C functions in TREX
recruitment in addition to its function in splicing (Chanarat et al. 2011, 2012). The
complexity of TREX recruitment is best illustrated by its subunit Yral, which is
recruited to the mRNP by its interaction with the TREX component Sub2, a helicase
of the DEAD-box family (Strasser and Hurt 2001), as well as Pcf11, a component of
the cleavage and polyadenylation complex (Johnson et al. 2009). Moreover, Dbp2,
another DEAD-box family helicase, is also required to recruit Yral to the mRNA
(Maetal. 2013). In addition, Yral is recruited by the RNA itself (Meinel et al. 2013).
Furthermore, ubiquitylation of both the histone H2B and Swd2, a component of the
H3K4 methyltransferase complex and the cleavage and polyadenylation complex, is
necessary for the recruitment of Yral as well as Nab2 (see below) to the mRNA
(Vitaliano-Prunier et al. 2012). Yral in turn directly interacts with and thereby
recruits the mRNA exporter Mex67-Mtr2 to the mRNP and thus contributes directly
to nuclear mRNA export (Strasser and Hurt 2000) (also see below).

Although some TREX subunits are specific for S. cerevisiae and others for
H. sapiens (Table 1.1), TREX and its functions are generally well conserved in
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many organisms, suggesting their physiological relevance (Heath et al. 2016).
However, the mechanism of recruitment seems to differ from lower to higher
eukaryotes. Consistent with a higher occurrence of introns and an important role
of splicing in mRNP assembly in human cells, TREX recruitment is thought to occur
by the spliceosome during splicing and involves the interaction of ALYREF, the
human homolog of Yral, with the exon junction complex (EJC) component
elF4AIIl (Gromadzka et al. 2016; Masuda et al. 2005). The EJC is deposited on
mRNAs just upstream of each exon-exon junction during splicing (Boehm and
Gehring 2016). This connection between splicing and TREX most likely explains
the early finding that splicing enhances mRNA export (Valencia et al. 2008). TREX
also interacts with PRP19C in human cells, suggesting that PRP19C might also be
involved in TREX recruitment to the mRINP in higher eukaryotes, as it is in yeast—
however, this might occur during splicing rather than transcription, although the two
processes are highly coupled in human cells and might be difficult to separate
(Chanarat and Strasser 2013; Dufu et al. 2010). In addition, TREX is recruited to
the 5’ end of the mRNA by the interaction of its component ALYREF with the CBC
(Cheng et al. 2006; Nojima et al. 2007). Recently, a transcriptome-wide study
revealed that ALYREF is present not only at the 5 but also at the 3’ ends of
mRNAs in a CBP80- and PABPNI1 (polyadenylate-binding nuclear protein 1)-
dependent manner, respectively (Shi et al. 2017). Furthermore, TREX is recruited
to naturally intronless genes independently of splicing by recognizing specific RNA
sequence elements (Lei et al. 2011, 2013; Shi et al. 2017). In addition, as in
S. cerevisiae, TREX may have a role in transcription since ALYREF functions in
transcription of at least a subset of genes (Stubbs and Conrad 2015). Also similar to
yeast, ALYREF interacts with UAP56/DDX39B, the human homolog of Sub2,
which recruits ALYREF to the mRNP. ALYREF in turn, recruits the export receptor
NXF1-NXT1, the human homologs of Mex67-Mtr2, to the mRNP (Luo et al. 2001;
Taniguchi and Ohno 2008). Furthermore, several other adaptors exist for the recruit-
ment of NXF1-NXT1 to the mRNA (Luo et al. 2001; Taniguchi and Ohno 2008),
such as UIF (UAP56-interacting factor) (Hautbergue et al. 2009). CHTOP (chroma-
tin target of PRMT 1 protein) is another mRNA export adaptor that likely functions
similarly to ALYREF and UIF and, like ALYREF, requires UAP56 for its loading
onto the mRNA (Chang et al. 2013). In mammalian cells, two other proteins,
POLDIP3 (polymerase delta-interacting protein 3) and ZC3HI1A (zinc finger
CCCH domain-containing protein 11A), associate with the TREX complex in an
ATP-dependent manner and function in nuclear mRNA export (Folco et al. 2012).
Furthermore, UAP56 has a paralog, DDX39A (URH49), which probably serves
overlapping functions to UAP56 (Pryor et al. 2004; Yamazaki et al. 2010). However,
the functions of POLDIP3, ZC3HI11A, and DDX39A remain to be determined.
Taken together, several adaptors are likely to work together to load the mRNA
export receptor Mex67-Mtr2/NXF1-NXT1 onto the mRNA.

A connection between chromatin and mRNP assembly, and here especially the
TREX complex, also exists in human cells. ALYREF interacts with IWS1 (interacts
with SUPT6H), a chromatin remodeler that in turn interacts with the transcription
elongation factor SPT6, which is recruited to the transcription machinery by binding
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to the S2 phosphorylated CTD (Yoh et al. 2007). As depletion of IWSI leads to a
decrease of ALYREEF at genes and a nuclear mRNA export defect (Yoh et al. 2007),
IWS1 and SPT6 are probably needed for the co-transcriptional recruitment of
ALYREF to the mRNA and thus correct mRNP assembly. UIF interacts not only
with UAP56 but also with the histone chaperone FACT (facilitates chromatin
transcription), an interaction that is required for the recruitment of UIF to the
mRNA (Hautbergue et al. 2009).

1.2.3 Thol and CIP29

Thol is a conserved nuclear mRBP that was proposed to function complementarily
to Sub2 as both, overexpression of THO! and overexpression of SUB2, suppress the
defects of a Ahprl strain (Jimeno et al. 2006). Furthermore, Thol is recruited to
transcribed genes in a THO- and RNA-dependent manner (Jimeno et al. 2006).
Interestingly, CIP29, the human homolog of Thol, interacts with human TREX
(hTREX) and is recruited to the mRNA in a splicing- and cap-dependent manner
(Dufu et al. 2010). In addition, CIP29 interacts with UAP56, the homolog of Sub2,
in an ATP-dependent manner (Dufu et al. 2010). In Arabidopsis, mutants in MOS11,
the plant homolog of Thol/CIP29, exhibit nuclear accumulation of poly(A) RNA
(Germain et al. 2010). Thus, Thol/CIP29/MOSI11 is probably recruited to the
nuclear mRNP during transcription, and its recruitment to mRNPs is required for
nuclear mRNA export. However, the mechanism of its recruitment as well as its
function as part of the nuclear mRNP remains to be elucidated.

1.2.4 Npl3, Nab2, and Mammalian SR-Proteins

Several SR (serine, arginine)- and SR-like mRBPs are involved in packaging of the
mRNA into an mRNP. Npl3 is an SR-like protein with roles in transcription
elongation, splicing, 3’ end processing, as well as nuclear mRNA export (Bucheli
and Buratowski 2005; Dermody et al. 2008; Kress et al. 2008; Lee et al. 1996). Npl3
is recruited co-transcriptionally by direct interaction with the mRNA and the S2
phosphorylated CTD (Dermody et al. 2008; Meinel et al. 2013) and is therefore
another mRNP component that binds to the mRNA at an early step of mRNP
assembly. Association and dissociation of Npl3 with and from the mRNA are
regulated by a phosphorylation cycle; the nuclear phosphatase Glc7 dephosphory-
lates Npl3, and only in this dephosphorylated form Npl3 binds to mRNA and recruits
the mRNA exporter Mex67-Mtr2 (Gilbert and Guthrie 2004). In the cytoplasm,
Sky1 phosphorylates Npl3 at one of the eight SR motifs (S411), which mediates its
release from mRNA (Gilbert et al. 2001). Thus, Npl3 is a component of nuclear
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mRNPs that recruits the mRNA exporter Mex67-Mtr2 to the mRNA and accom-
panies the mRNA to the cytoplasm.

Nab2 is a serine-rich nuclear poly(A)-binding protein that functions in poly
(A) tail length control, nuclear mRNP assembly, and nuclear mRNA export (Batisse
et al. 2009; Green et al. 2002; Hector et al. 2002). Nab2 binds to RNA, and,
consistently, RNA is needed for its recruitment to the site of transcription (Anderson
et al. 1993; Meinel et al. 2013). Furthermore, as for Yral, ubiquitylation of H2B and
Swd2 as well as the RNA helicase Dbp2 are necessary for Nab2 recruitment
(Ma et al. 2013; Vitaliano-Prunier et al. 2012). Interestingly, Nab2 dimerizes upon
binding to the RNA (Aibara et al. 2017). Like Npl3, Nab2 packages the mRNA into
an mRNP and recruits the mRNA exporter Mex67-Mtr2 to the mRNA. However, the
exact function of Nab2 and its molecular mode of action are still unclear.

In human cells, several SR-proteins serve as adaptor proteins for the main export
receptor NXF1-NXT1 (Huang et al. 2003; Lai and Tarn 2004; Muller-McNicoll
et al. 2016). The SR-proteins 9G8 and SRp20/SRSF3 interact with NXF1 in a
manner competitive to ALYREF (Huang et al. 2003). SRSF1-7 bind mRNA
adjacent to NXF1 with SRSF3 being the most potent NXF1 adaptor (Muller-
McNicoll et al. 2016). SRSF3 and SRSF7 regulate 3’ UTR length in an opposing
manner to each other, but both recruit NXF1 to the mRNA indicating a role in
controlling the expression of transcripts with alternative 3’ ends (Muller-McNicoll
et al. 2016). Interestingly, SR-proteins interact with NXF1 in their
nonphosphorylated form, similar to Npl3 in yeast, one example being the
SR-protein ASF/SF2 that binds to nuclear mRNPs in its hypophosphorylated form
(Lai and Tarn 2004). The functions of ZC3H14, the human homolog of Nab2, seem
to be conserved as, for example, poly(A) binding was shown in H. sapiens,
M. musculus, R. norvegicus, and D. melanogaster (Kelly et al. 2014). In contrast,
it is not known whether ZC3H14 also functions in mRNP assembly and nuclear
mRNA export. Nevertheless, several SR- and SR-like proteins are components of
nuclear mRNPs and important for nuclear mRNA export (see also Chap. 3).

1.2.5 THSC Complex

The THSC complex, also named TREX-2, is composed of Thp1, Sac3, Susl1, Cdc31,
and Seml. THSC is required for nuclear mRNA export and interacts with NXF1-
NXT1/Mex67-Mtr2 as well as the nuclear pore complex (NPC) (Fischer et al. 2002;
Umlauf et al. 2013; Wickramasinghe et al. 2010). Interestingly, in yeast THSC also
interacts with two complexes involved in transcription, the SAGA histone acetylase
complex and the promoter-bound mediator complex (Rodriguez-Navarro et al. 2004;
Schneider et al. 2015). This suggests that, if these physical interactions are func-
tionally linked, THSC could facilitate nuclear mRNA export by coupling transcrip-
tion to the transport through the nuclear pore complex. However, function(s) and
possible mechanism of THSC remain to be explored.
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1.2.6 The mRNA Exporter Mex67-Mtr2

The mRNA exporter Mex67-Mtr2 binds directly to the mRNA as well as nuclear
pore proteins and thus exports the mRNP out of the nucleus and to the cytoplasm
(Segref et al. 1997; Strasser et al. 2000). Their human homologs were first named
TAP-p15 and later renamed NXF1-NXT1. As all proteins involved in the mRNP
assembly, Mex67-Mtr2 is recruited to the mRNA during transcription through
interactions with multiple proteins as described above. The proteins recruiting
Mex67-Mtr2/NXF1-NXT1 to the mRNA are therefore often called export adaptors
and include the TREX complex, specifically its components Hprl and Yral, as well
as Npl3 and Nab2 (Gilbert and Guthrie 2004; Gwizdek et al. 2006; Iglesias et al.
2010; Strasser and Hurt 2000). In mammalian cells, TREX (via its components
ALYREF and THOCS), CHTOP, several SR-proteins, and ZC3H3 (zinc finger
CCCH domain-containing protein 3) recruit NXFI1-NXT1 to the mRNA (Chang
et al. 2013; Huang et al. 2003; Hurt et al. 2009; Viphakone et al. 2012). Most likely,
these export adaptors function to increase the weak intrinsic affinity of Mex67-Mtr2/
NXF1-NXT1 for RNA as, for example, NXF1 binds to RNA weakly and its affinity
is increased by the adaptor proteins ALYREF and THOCS (Viphakone et al. 2012).
These interactions are partially regulated by posttranslational modifications such as
phosphorylation (see above) and ubiquitylation (Nino et al. 2013). The specific—
and maybe transcript-specific—functions of each of these export adaptors largely
remain unexplored as well as their mechanistic function in mRNP assembly.

1.2.7 General Aspects of mRNP Assembly

The correct assembly of an mRNP is important for many later steps of gene
expression such as mRNA stability and nuclear mRNA export as well as various
cytoplasmic processes such as mRNA localization, translation rate, and mRNA
degradation. Thus, the composition of each mRNP is crucial for physiologically
correct gene expression patterns. During mRNP assembly, the recruitment of indi-
vidual nuclear mRBPs to the mRNA can be achieved in various ways: the RNA
itself, other mRBPs, chromatin, and/or the CTD of RNAPII. Binding to the RNA is
thought to be mostly sequence-unspecific: only the SR-like TREX components
Gbp2 and Hrbl show a preference for degenerate sequence motifs (Baejen et al.
2014; Riordan et al. 2011; Tuck and Tollervey 2013), and Nab2 prefers degenerate
GUA-rich motifs in addition to the poly(A) tail (Baejen et al. 2014; Riordan et al.
2011; Tuck and Tollervey 2013). Thus, the question arises how these mRNA export
adaptors, especially all the ones that do not show any RNA sequence specificity, find
their “correct place” on the mRNA. The lack of sequence specificity suggests that
most mRNA export adaptors are recruited to the mRNA by protein-protein interac-
tion(s) and are subsequently loaded onto the mRNA. The absence of highly specific
RNA-binding motifs within these mRNP components might be necessary to bind to
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all the different mRNAs that share limited sequence identity, as their primary
sequences have evolved for protein coding. In addition, the interplay of all the
proteins that assemble the mRNA into an mRNP is not known (see also Sect. 1.6).

1.3 RNA Helicases Involved in mRNP Assembly

RNA helicases form a large group among RNA-binding proteins: There are roughly
40 RNA helicases in S. cerevisiae and about 70 in humans (Jankowsky and Harris
2015). They are involved in almost all aspects of RNA life such as mRNP assembly,
splicing, export, transport and storage, translation activation and inhibition, as well
as mRNA degradation. Frequently, a particular RNA helicase is involved in multiple
pathways (Bourgeois et al. 2016). RNA helicases are members of the P-loop
nucleoside-triphosphatase (NTPase) superfamily, which use nucleoside triphosphate
(NTP) binding and NTP hydrolysis to exert their function and unwind or remodel
RNA structures as well as mRNPs (Linder and Jankowsky 2011). Based on
sequence motifs and structural features, helicases were grouped into six superfam-
ilies (SF 1-6). Their RecA-like domains, which lie within one polypeptide chain
(RecAl and RecA2) or within different subunits, form the core of the enzymes
(Gorbalenya and Koonin 1993; Singleton et al. 2007). Variable N- and C-terminal
extensions and, less frequently, insertion in the RecA-like domains determine
specificity and function of the RNA helicase (Linder and Jankowsky 2011). Sys-
tematic sequence analysis of RNA helicases of bacterial, eukaryotic, viral, and
archaeal origin revealed that most RNA helicases belong to the SF2 family
(Jankowsky et al. 2011; Moukhtar et al. 2017).

RNA helicases can switch between open, half-open, and closed conformations
depending on the bound nucleotide state (ATP, ADP + P;, ADP, or empty),
association with RNA, and/or regulatory proteins (Sloan and Bohnsack 2018).
Both, RNAs and protein cofactors, can affect the affinity for nucleotides, the rate
of hydrolysis, or binding to other factors (Putnam and Jankowsky 2013; Rudolph
and Klostermeier 2015; Sloan and Bohnsack 2018). Many of the RNA helicase
protein cofactors share common interaction domains, e.g., the MIF4G (middle of
elF4G) domain that binds to e[F4A-like DEAD-box RNA helicases and the G-patch
domain that binds the OB (oligosaccharide-binding) fold of DEAH-box helicases
(Aravind and Koonin 1999; Sloan and Bohnsack 2018). In contrast to the highly
processive DNA and RNA helicases involved in replication, RNA helicases
involved in mRNP assembly often unwind only few base pairs (10-15 bp) and
rather function in the clamping and remodeling of RNA and mRNP structures
(Linder and Jankowsky 2011; Sloan and Bohnsack 2018). Due to their ability to
modulate RNP structure and composition, helicases are likely key players in the
orchestrated assembly and remodeling of mRNPs at different stages of the gene
expression pathway. Most RNA helicases involved in mRNP assembly and export
(excluding splicing) belong to the DEAD-box family (SF2 superfamily), which is
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the largest and best-studied family (Bourgeois et al. 2016; Linder and Jankowsky
2011; Linder et al. 1989).

In the following sections, we will discuss three helicases involved in nuclear
mRNP packaging in more detail: Yeast Dbp2/human p68 (DDXS5) and the two
elF4A-like RNA helicases yeast Sub2/human UAP56 (DDX39B) and yeast Dbp5/
human DBP5 (DDX19B). RNA helicases primarily involved in splicing are covered
in a recent review by Ficner et al. (2017).

1.3.1 Dbp2/p68 (DDX5)

Yeast Dbp2/human p68 (DDXS5) participates in multiple processes within
mRNP metabolism including transcription, splicing, RNA export, RNA decay,
microRNA processing, rRNA processing, as well as storage/transport and shuttles
between nucleus and cytoplasm [reviewed in Bourgeois et al. (2016) and Xing
et al. (2018)]. Human p68 (DDXS5) is one of the first proteins for which an
RNA helicase activity was demonstrated (Hirling et al. 1989). Dbp2 is involved in
co-transcriptional mRNP assembly as well as nuclear mRNA export (Cloutier et al.
2012). Genetic and physical interaction of Dbp2 with Yral (human ALYREF) and
its role in loading Nab2 (human ZC3H14) and Mex67 (human NXF1) onto the
mRNA demonstrated its role in mRNP assembly and export (Ma et al. 2013). The
interaction between Yral and Dpb2 is an example for the regulation of an RNA
helicase by a non-MIF4G or G-patch domain protein (Sloan and Bohnsack 2018).
Yral inhibits the single-stranded RNA (ssRNA) binding and unwinding activity of
Dbp2, thereby terminating mRNP rearrangements by Dbp2 (Ma et al. 2016). Loss of
Yral-Dbp2 interaction leads to accumulation of Dbp2 on mRNA (Ma et al. 2016).
Crystal structures are only available for the recAl domains of human DDXS in the
absence of (residues 52-304 PDB-ID 4A4D) and in complex with ADP (residues
71-304; PDB-ID 3FE2) (Dutta et al. 2012; Schutz et al. 2010). Thus, little is known
about how interaction partners bind to and regulate the function of Dbp2 (DDXJ5).

1.3.2 Yeast Sub2/Human UAP56 (DDX39B)

Human UAP56 was first uncovered as an U2AF65 (U2 small nuclear RNA auxiliary
factor 2) associated protein required for the U2 snRNP-branchpoint interaction
during mRNA splicing (Fleckner et al. 1997). Its yeast ortholog Sub2—initially
identified as a suppressor of brrl-1—was also first known for its function in mRNA
splicing (Noble and Guthrie 1996). However, Sub2 was later discovered to also
function in nuclear mRNP assembly as part of the TREX complex, where it interacts
directly with Yral (Strasser and Hurt 2001; Strasser et al. 2002). Likewise, the THO
complex assembles in an ATP-dependent manner with UAP56, ALYREF, and
CIP29 (yeast Thol) to form the human TREX complex (Chi et al. 2013; Kota
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et al. 2008) that links mRNA processing to export (Zhou et al. 2000). Sub2’s
function in nuclear mRNA export is well documented for its orthologs from several
species: S. cerevisiae (Jensen et al. 2001; Strasser et al. 2002), human (Luo et al.
2001), D. melanogaster (Gatfield et al. 2001; Ma et al. 2013), and C. elegans
(MacMorris et al. 2003) [reviewed in Linder and Stutz (2001)]. In addition, roles
of Sub2 in RNA transport and storage (Meignin and Davis 2008) and R-loop
prevention (Gaillard et al. 2007; Gomez-Gonzalez et al. 2011) have been
demonstrated.

In vitro, both human UAPS56 (Shen et al. 2007) and yeast Sub2 (Ma et al. 2013;
Saguez et al. 2013) are bona fide ATPases that bind ssSRNA and unwind DNA or
RNA from partial duplex substrates containing a 3’-overhang. In its ATP-bound
state, human UAP56 forms a complex with ssSRNA and ALYREF or CHTOP or
CIP29 in vitro. ALYREF stimulates the ATPase and CIP29 the helicase activity of
UAPS56 leading to dissociation of UAP56 from the complex (Chang et al. 2013;
Dufu et al. 2010; Taniguchi and Ohno 2008). Similarly, the ATPase activity of yeast
Sub2 is stimulated by a C-terminal fragment of Yral (Ren et al. 2017). Upon UAP56
release, NXF1 binds to ALYREF (Hautbergue et al. 2008; Taniguchi and Ohno
2008). In addition to unwinding, yeast Sub2 can displace proteins such as Mud?2, the
potential homolog of human U2AF65, from mRNA during splicing (Kistler and
Guthrie 2001; Linder and Jankowsky 2011).

Structures have been determined of human UAP56 in complex with different
adenine nucleotides (residues 46-426; PDB-ID 1XTI, 1XTJ, 1XTK, 1T6N, 1T5I)
(Shi et al. 2004; Zhao et al. 2004). Recently, yeast Sub2 was crystallized in complex
with components of the THO complex (residues 62-270; 280-444 PDB-ID 5SUQ)
at low resolution (6 A) and at 2.6 A resolution in complex with RNA and a
C-terminal fragment of Yral (residues 64—444; PDB-ID 5SUP), which contains
the C-box also found in UIF, CHTOP, Luzp4, and ALYREF (Ren et al. 2017).
Notably, although the resolution of the THO-Sub2 complex was low, the interaction
of a MIF4G-like domain of one of the THO proteins with Sub2 was observed similar
to those of Glel with Dbp5, elF4G with elF4A, and CNOT1 with DDX6 (Ren et al.
2017). Despite these advances, it remains elusive which protein of the THO complex
harbors a MIF4G-like domain and how RNA binding and helicase activity of Sub2
are controlled.

1.3.3 Yeast Dbp5/Human DBP5 (DDX19B)

Another well-studied helicase implicated in different steps of mRNP metabolism is
Dbp5. Dbp5 localizes mainly to the cytoplasmic side of nuclear rim, but was shown
to associate with transcribed genes, suggesting an early role in the mRNA life cycle.
Its role is best understood during nuclear mRNA export (Tieg and Krebber 2013).
Directional export of larger complexes such as mRNPs out of the nucleus needs
energy, and at least part of this energy requirement is provided by an ATP-helicase
cycle involving Glel [tethered to the NPC via the nucleoporin hCG1 (Strahm et al.
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1999)], Dbp5/DDX19, and inositol hexakisphosphate (IP6) (Alcazar-Roman et al.
2006; Delaleau and Borden 2015; Hodge et al. 2011; Noble et al. 2011). In this
cycle, Dbp5 plays a key role in mRNP remodeling by removing Mex67 and Nab2
from the mRNP at the cytoplasmic site of the nuclear pore complex (Kohler and Hurt
2007; Weirich et al. 2006).

There are several structures of Dbp5 (DDX19) in complex with various interac-
tion partners (all of which lack the first 50-90 residues) that provide insight into how
DpbS5 is regulated by RNA, nucleotide, Glel, Nup159, or Nup214 (Kubitscheck and
Siebrasse 2017). The interaction between Dbp5 and Glel is mediated via the MIF4G
domain of Glel and binding of IP6, which simulates the helicase activity of Dbp5 by
releasing the unwound RNA (Kubitscheck and Siebrasse 2017; Montpetit et al.
2011). The details of this remodeling are still unclear as is the number of nuclear
transport receptors removed by a single Dbp5 (Kubitscheck and Siebrasse 2017). In
contrast to Dbp5, the human DDX19B functions independently of IP6 and is
activated by Glel, which induces a conformational change to remove auto-inhibition
by the N-terminal helix of DDX19B (Lin et al. 2018).

1.4 mRNP Assembly and mRNA Export Under Stress

Adapting to changing environmental conditions, in particular an appropriate
response to different stresses, is challenging for an organism. Cells have to switch
quickly from one physiological state to an alternative program to ensure survival.
Indispensable for this switch are the preferential synthesis and nuclear export of
stress response transcripts, while general mRNAs are sequestered in the nucleus
[reviewed in Zander and Krebber (2017)].

In S. cerevisiae, heat stress triggers the phosphorylation of Nab2 by the kinase
Slt2 (Carmody et al. 2010) as well as the dissociation of Nab2, Npl3, Gbp2, Hrbl,
and the export receptor Mex67-Mtr2 from non-heat shock transcripts, consequently
blocking their nuclear export (Zander et al. 2016). The sequestration of Nab2, Yral,
and Mlpl1 in nuclear foci and the aggregation of Gbp2 prevent their rebinding to
nascent mRNA (Fig. 1.2a) (Carmody et al. 2010; Wallace et al. 2015). However, the
mechanism of this process is still enigmatic. Simultaneously, heat shock transcripts
are able to bypass mRNA quality control by binding to Mex67 without the help of
any of the conventional adaptor proteins (Zander et al. 2016). Instead, Mex67 is
recruited to the site of transcription by its interaction with Hsfl, the heat shock
transcription factor 1, which is bound to the heat-shock-promoter element (Fig. 1.2b)
(Zander et al. 2016). The export block for general mRNAs and the facilitated export
of heat shock transcripts ensure a fast response upon stress (For further information
regarding nuclear degradation and quality control of mRNA, see Chap. 4).
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Fig. 1.2 mRNP assembly in stress and disease conditions. (a) Stress conditions lead to the
modification of export factors (like Nab2), their dissociation from housekeeping mRNAs, and
their aggregation in nuclear foci, preventing normal mRNA export. (b) During heat stress, the
transcription factor Hsf1 induces the transcription of stress response genes and recruits Mex67-Mtr2
to their transcripts mediating their selective nuclear export in S. cerevisiae. (c¢) Binding of the THO
complex to the nascent mRNA prevents R-loop formation and contributes to genome stability. (d)
In amyotrophic lateral sclerosis (ALS), binding of ALYREF to the GGGGCC repeats enriches the
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1.5 Misregulation of mRNP Assembly Is Linked to Diseases

Orthologs for most of the many proteins involved in mRNP assembly can be found
from yeast to human (Table 1.1). These have a high degree of evolutionary conser-
vation and a tendency to higher complexity in multicellular organisms, reflecting
additional biological functions and a higher number of intron-containing genes.
Consistent with the importance of mRNP assembly for modulating different steps
of gene expression, dysfunctional mRNP assembly causes various diseases and even
cell death [reviewed in Carey and Wickramasinghe (2018), Corbett (2018), and
Heath et al. (2016)].

1.5.1 Genome Instability and Cancer

The co-transcriptional packing of the nascent pre-mRNA by the THO complex and
other mRBPs is essential to prevent R-loop formation (Fig. 1.2c), three-stranded
RNA-DNA structures formed by invasion of nascent mRNA into the DNA strand of
the transcribed locus. The RNA reanneals with the template strand leaving a single-
stranded coding strand, which thus becomes susceptible to DNA damage or strand
breakage, causing subsequent genome instability, which is observed in many cancers
(Santos-Pereira and Aguilera 2015; Sollier and Cimprich 2015). Binding of THO and
other mRNP components to the nascent mRNA prevents this rehybridization. Yeast
and human cells with dysfunctional THO components accumulate R loops, leading to
DNA damage, transcription-dependent hyper-recombination, and replication fork
stalling (Aguilera and Garcia-Muse 2012; Dominguez-Sanchez et al. 201 1a; Gomez-
Gonzalez et al. 2011; Huertas and Aguilera 2003). Intriguingly, recent evidence
demonstrates a crosstalk between the human THO and chromatin modifiers promoting
a local and transient chromatin compaction to prevent R-loop formation (Castellano-
Pozo et al. 2013; Salas-Armenteros et al. 2017). Interestingly, human oncogenic
viruses can also induce R-loop accumulation and genome instability by binding to
TREX. ORF57, a protein of Kaposi’s sarcoma-associated herpesvirus, can sequester
the complete host TREX complex after infection, causing increased R-loop formation
and DNA damage contributing to tumorigenesis (Jackson et al. 2014).

Apart from the influence on R-loop formation, TREX components have been
implicated in many other forms of cancer. For example, the TREX component
ALYREF regulates the selective nuclear export of DNA damage response-related

Fig. 1.2 (continued) local concentration of RNA export factors and overrules the normal nuclear
retention of these abnormal RNAs. (e) Simple retroviruses contain a constitutive transport element
(CTE). The CTE binds with high affinity to NXF1 promoting nuclear export of the viral RNA. (f)
The HSV protein ICP27 binds selectively to intronless virus transcripts and recruits ALYREF. This
interaction allows the nuclear export of the viral mRNA via the NXF1 pathway
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transcripts in response to phosphatidylinositol-trisphosphate production, regulated
by the inositol polyphosphate multikinase (Wickramasinghe et al. 2013). This
finding raises the question which other factors involved in mRNP biogenesis can
modulate the export efficiency of specific classes of mRNA and may provide an
explanation why dysregulation of the mRNA export machinery is found in numerous
cancers (Adams et al. 2017; Vohhodina et al. 2017; Wickramasinghe and Laskey
2015). THOC!1 expression is upregulated in many cancer cells, preferentially in
ovarian, colon, and lung tumors, reflecting the fact that fast- growing tumors require
efficient mRNP biogenesis (Chinnam et al. 2014; Dominguez-Sanchez et al. 2011b;
Guo et al. 2005, 2012; Lapek et al. 2017; Li et al. 2007; Liu et al. 2015). However,
downregulation of THOC1 expression was observed in testicular and skin cancer
(Dominguez-Sanchez et al. 2011b). Dysregulation of ALYREF was also observed in
a wide variety of tumors (Dominguez-Sanchez et al. 201 1b; Saito et al. 2013). In oral
squamous cell carcinoma cells, ALYREEF is upregulated, thereby sequestering the
metastasis modulators RRP1B (ribosomal RNA processing 1B) and CDS82 (Cluster
of Differentiation 82) leading to the promotion of metastasis (Saito et al. 2013).
Phosphorylation of THOCS (on T225) by the leukemogenic protein tyrosine kinase
was observed in chronic myeloid leukemia (Griaud et al. 2013), and the expression
of LUZP4, an mRNA export adaptor complementing ALYREF that is normally
restricted to testis, is frequently upregulated in a range of tumors (Viphakone et al.
2015). LUZP4 (Leucine zipper protein 4) is preferentially expressed in melanoma
cells where it is required for growth (Viphakone et al. 2015). Furthermore, depletion
of DDX39B perturbs BRCA1 expression (Yamazaki et al. 2010), SARNP/CIP29 is
upregulated in leukemia (Fukuda et al. 2002), and SARNP/CIP29 protein fusions
with the MLL (mixed lineage leukemia) protein occur in acute myelomonocytic
leukemia (AMMoL) (Hashii et al. 2004). Importantly, depletion of ALYREF (Saito
et al. 2013), LUZP4 (Viphakone et al. 2015), or THOC1 (Guo et al. 2005; Li et al.
2005) inhibits the proliferation of tumor cells and reduces their metastatic capacity.

In addition to the TREX complex, the nuclear pore-associated THSC/TREX-2
complex promotes mRNA export of selected transcripts (Schubert and Kohler 2016;
Schneider et al. 2015). Therefore, similar to TREX, the THSC component GANP is
upregulated in many cancers (Bhatia et al. 2014; Fujimura et al. 2005; Sakaguchi and
Maeda 2016; Wickramasinghe et al. 2014; Wickramasinghe and Laskey 2015).
Overall, these data suggest that modulating the activity of TREX components and
other mRNP components by drugs could provide novel therapeutic strategies to
target cancer.



18 W. Wende et al.

1.5.2 Misregulation of mRNP Assembly Linked
to Neurodevelopmental Disorders

In addition to cancer, dysfunction of the mRNP assembly machinery is linked to
numerous neurological diseases (Boehringer and Bowser 2018). THOC2 missense
mutations leading to a partial loss of function cause X-linked syndromic intellectual
disability (Kumar et al. 2015, 2018). Furthermore, the importance of THOC2
function in neuronal development was shown in a child with a nonprogressive
form of congenital ataxia, cognitive impairment, and cerebellar hypoplasia
(Di Gregorio et al. 2013). Here, a chromosomal translocation created a PTK2-
THOC2 gene fusion with THOC2 expression knockdown. The protein tyrosine
kinase 2 (PKT2) is known to be involved in axonal guidance and neurite growth.
However, inactivation of PKT2 alone does not cause the phenotype indicating a
specific role of THOC2 knockdown leading to cognitive impairment (Di Gregorio
et al. 2013). Knockout of THOCS in mice dopaminergic neurons causes a nuclear
export defect of synaptic transcripts and finally the degeneration of the neurons
(Maeder et al. 2018). THOC6 mutations resulting in mislocalization of the protein to
the cytoplasm were reported in patients with intellectual disability (Amos et al. 2017,
Beaulieu et al. 2013). Recently, mutations in the ZC3H14 gene, the yeast Nab2
ortholog, have been linked to a nonsyndromic form of autosomal recessive intellec-
tual disability (Fasken and Corbett 2016). In Drosophila, dNab2 interacts with the
Fragile X Protein ortholog and is needed for normal neuronal function (Bienkowski
etal. 2017; Kelly et al. 2015). Interestingly, Nab2 also functions in RNA polymerase
III (RNAPIII) transcription in S. cerevisiae (Reuter et al. 2015). It remains to be
shown whether the function of Nab2 in RNAPIII transcription is conserved in higher
eukaryotes and, if so, which function of Nab2 is causative for its disease phenotype.

A prominent example for TREX-associated neuronal diseases is amyotrophic
lateral sclerosis (ALS), a progressive neurodegenerative disorder that results in the
loss of motor neurons, muscle atrophy, and progressive paralysis. GGGGCC repeat
expansions of C9orf72 fold into a G-quadruplex secondary structure and represent
the most common genetic variant of ALS. The abnormal repeat pre-mRNA should
be retained in the nucleus but is instead exported to the cytoplasm. In the cytoplasm,
RNA foci form and a repeat-associated non-AUG (RAN) translation leads to the
production of toxic dipeptide repeat proteins promoting progressive disease (Walsh
et al. 2015). The nuclear export adaptor ALYREF was found to be sequestered by
the GGGGCC RNA repeat in the nucleus causing the aberrant export of C9orf72
pre-mRNA from the nucleus (Fig. 1.2d) (Cooper-Knock et al. 2014; Hautbergue
et al. 2017). In a Drosophila C9orf72 model system, mutations of ALYREF act as a
potential suppressor of neurodegeneration (Freibaum et al. 2015). Furthermore,
Matrin 3, a protein linked to ALS, interacts directly with TREX proteins highlighting
the role mRNP biogenesis and nuclear export in the pathogenesis of ALS
(Boehringer et al. 2017). Recently, it was shown that targeting the C9orf72
GGGGCC RNA repeats by binding of a small molecule is a potential treatment
strategy for ALS (Simone et al. 2018). For further information regarding RNA
granules and their role in neurodegenerative disease, see Chap. 8.
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1.5.3 Nuclear mRNP Export Highjacked by Viruses

Viruses utilize the host gene expression machinery and interfere with cellular
processes to maximize their own replication and production of infectious virions.
In general, replication and gene transcription of DNA viruses occur in the host
nucleus. To export their transcripts, viruses exploit the host export receptor NXF1 or
CRM1 (chromosome region maintenance 1), an export receptor of the importin f
family, and some viruses are even capable of blocking the export of host mRNPs
[reviewed in Kuss et al. (2013) and Yarbrough et al. (2014)].

Viral transcripts of simple retroviruses, such as Mason-Pfizer monkey virus, bind
directly to the RNA export receptor NXF1. These viral transcripts contain a struc-
tured RNA element, the constitutive transport element (CTE), which binds with high
affinity to NXF1 and thus mediates its own nuclear export (Fig. 1.2e) (Bachi et al.
2000; Gruter et al. 1998). RNAs of the hepatitis B virus, a DNA virus, contain a
posttranscriptional element (SEP1) that recruits TREX via cellular factors like
ZC3H18, ensuring efficient viral mRNA nuclear export (Chi et al. 2014). The herpes
simplex virus ICP27 protein acts as a viral-specific export adaptor. ICP27 binds
selectively to intronless viral transcripts and recruits the nuclear TREX complex, in
particular ALYREF (Tunnicliffe et al. 2011, 2018). This interaction introduces the
viral mRNA to the NXF1 pathway, subsequently directing it to the nuclear pore for
export to the cytoplasm (Fig. 1.2). This strategy is also employed by other viruses
with functionally homologous proteins: EB2 in Epstein-Barr virus (Hiriart et al.
2003), UL69 in human cytomegalovirus binding to DDX39B (Lischka et al. 2006),
IE4 in varicella-zoster virus (Ote et al. 2009), the trimeric nucleoprotein in influenza
virus interacting with UAP56 (Balasubramaniam et al. 2013; Hu et al. 2017; Chiba
et al. 2018), and ORF57 in Herpesvirus saimiri and human Kaposi’s sarcoma-
associated herpesvirus (Jackson et al. 2014; Schumann et al. 2016a; Tunnicliffe
et al. 2014). Furthermore, knockout of the stress-induced ZC3H11A protein, which
associates with the TREX complex, showed that efficient growth of several viruses is
dependent on this nuclear zinc finger protein (Younis et al. 2018). Small-molecule
inhibitors that selectively inhibit the ATPase activity of the TREX component
UAPS56 result in effective inhibition of viral ribonucleoprotein (VRNP) formation,
viral lytic replication, and infectious virion production of the oncogenic herpesvirus
Kaposi’s sarcoma-associated herpesvirus (KSHV) (Schumann et al. 2016b). Impor-
tantly, as all human herpesviruses use conserved mRNA processing pathways
involving hTREX components, this approach could be used for pan-herpesvirus
inhibition (Schumann et al. 2016b; Schumann and Whitehouse 2017). In summary,
many viruses rely on the cellular machinery for nuclear mRNP assembly and export
for their life cycle. Thus, components of this machinery are targets for novel antiviral
drugs.
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1.6 Perspectives

Studies in many model systems have allowed to build a comprehensive picture of the
assembly and composition of nuclear mRNPs. It is believed that most—if not all—
proteins involved in this process have been characterized in the yeast S. cerevisiae,
and that many have been identified in other eukaryotes, including humans. In
addition, the recruitment mechanisms of many mRNP components have been, at
least partially, determined. Furthermore, for many nuclear mRNP components it is
known which process or processes they function in.

Nevertheless, major questions remain. Even as we know for many mRNP com-
ponents when and where they bind to the (pre-) mRNA, we still know little about the
molecular function of many of these proteins. Moreover, the overall mechanism of
the coordinated assembly of all these proteins with the mRNA to form an mRNP is
still unknown. Also, it is still unclear how many of the nuclear mRBPs find “their”
specific place on the mRNA to form a well-proportioned mRNP, especially since
most of them bind in a sequence-unspecific manner. Furthermore, deletions of
proteins or of specific domains within proteins that abrogate protein-protein inter-
actions were used to determine the interactions and functions of each protein. Thus,
the specific role of their RNA-binding activity has often remained enigmatic. In
addition, how the mRNP might undergo changes during its biogenesis, often termed
remodeling, is still unclear. Furthermore, whether such rearrangements result in
major changes in the overall organization of mRNPs or rather small rearrangements
of local secondary structure is equally enigmatic. It is also still mostly ambiguous
how the cell recognizes an mRNP that is not correctly formed or assembled, e.g., due
to the absence of an mRNP component, and thus degrades the mRNA. Moreover, in
the past few years, a plethora of new RNA-binding proteins has been discovered
(Beckmann et al. 2016; Hentze et al. 2018), and at least some of these might function
in nuclear mRNP assembly, which needs to be elucidated.

The exact composition and stoichiometry of all components of an mRNP are also
still unknown. The cellular pool of mRNPs is heterogeneous due to the many
different mRNAs of various lengths, and purification of specific mRNPs, e.g.,
mRNPs containing one kind of mRNA, is biochemically very challenging. Accord-
ingly, little is known about the structure of an mRNP and its mRNA. mRNPs have
been purified from two well-studied systems, Chironomus tentans (Balbiani ring
genes 1 and 2; BR1 and BR2) and S. cerevisiae, and visualized by electron
microscopy. BR1/2 mRNPs contain an about 40-kb-long mRNA, first fold in
7-10 nm fibers that then reorganize into 26 nm ribbons that in turn form ring-
shaped structures and further compact structures of about 50 nm in diameter (Bjork
and Wieslander 2015, 2017; Skoglund et al. 1986). Analysis of mRNPs purified
from S. cerevisiae by electron microscopy revealed elongated, rod-like structures
with a diameter of 5-7 nm and increasing length depending on the length of the
mRNA (Batisse et al. 2009). Recently, such a linear organization and rod-like
structure have also been suggested for nuclear mRNPs in mammalian cells using a
proximity RNA ligation approach or single-molecule fluorescence coupled to super-
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resolution microscopy experiments (Adivarahan et al. 2018; Metkar et al. 2018).
However, structures of nuclear mRNPs at a higher resolution still await their
elucidation.

Last but not least, it remains to be determined how the composition of an mRNP
determines the fate of its mRNA (Gehring et al. 2017). So far, only few examples,
such as the control of mRNA stability by the promoter (Trcek et al. 2011), are
understood at the molecular level. We need to further unravel how a differential
assembly occurs on different mRNAs and how this is influenced by different
conditions. Thus, an exciting time lies ahead of us.
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Chapter 2 ®)
It’s Not the Destination, It’s the Journey:  <a
Heterogeneity in mRNA Export

Mechanisms

Daniel D. Scott, L. Carolina Aguilar, Mathew Kramar,
and Marlene Qeffinger

Abstract The process of creating a translation-competent mRNA is highly complex
and involves numerous steps including transcription, splicing, addition of modifica-
tions, and, finally, export to the cytoplasm. Historically, much of the research on
regulation of gene expression at the level of the mRNA has been focused on either
the regulation of mRNA synthesis (transcription and splicing) or metabolism (trans-
lation and degradation). However, in recent years, the advent of new experimental
techniques has revealed the export of mRNA to be a major node in the regulation of
gene expression, and numerous large-scale and specific mRNA export pathways
have been defined. In this chapter, we will begin by outlining the mechanism by
which most mRNAs are homeostatically exported (“bulk mRNA export”), involving
the recruitment of the NXF1/TAP export receptor by the Aly/REF and THOCS
components of the TREX complex. We will then examine various mechanisms by
which this pathway may be controlled, modified, or bypassed in order to promote the
export of subset(s) of cellular mRNAs, which include the use of metazoan-specific
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orthologs of bulk mRNA export factors, specific cis RNA motifs which recruit
mRNA export machinery via specific trans-acting-binding factors, posttranscrip-
tional mRNA modifications that act as “inducible” export cis elements, the use of the
atypical mRNA export receptor, CRM1, and the manipulation or bypass of the
nuclear pore itself. Finally, we will discuss major outstanding questions in the
field of mRNA export heterogeneity and outline how cutting-edge experimental
techniques are providing new insights into and tools for investigating the intriguing
field of mRNA export heterogeneity.

Keywords mRNA export - NXF1 - CRM1 - Sequence elements - Nuclear pore
complex

2.1 Introduction

The defining feature of eukaryotic organisms is the presence of the nucleus, which
compartmentalizes the vast majority of the cell’s DNA. While this compartmental-
ization has numerous advantages for the cell including reducing the DNA mutation
rate and allowing more efficient regulation and replication of eukaryotes’ large
genomes, it has resulted in the physical separation of the cell’s mechanisms for
mRNA production (transcription, processing, maturation, and packaging into
mRNPs) and mRNA metabolism (translation, localization, and degradation) into
two compartments, physically separated by the nuclear membrane.

Material entering and departing the nucleus passes through the nuclear pore
complex (NPC), a multi-megadalton protein complex which spans the inner and
outer nuclear membranes and creates a pore through which molecules can pass
between the cytoplasm and the nucleus (Beck and Hurt 2017). While molecules of
less than ~30 kDa are capable of diffusing freely through the nuclear pore, nuclear
mRNPs require an active and energy-dependent process to facilitate their transloca-
tion. This process, termed “mRNA export,” involves the sequential loading and
remodeling of a series of mRNA export factors onto the mRNP which, collectively,
identify mature and correctly processed mRNAs, recruit them to the NPC, and
facilitate their translocation through the nuclear pore before releasing them into the
cytoplasm (Bjork and Wieslander 2017; Folkmann et al. 2011; Oeffinger and
Zenklusen 2012; Okamura et al. 2015).

The first investigations into the mechanistic basis of mRNA export occurred in
the late 1980s through the observation that nuclear mRNA splicing in S. cerevisiae
was able to control the subsequent availability of mRNAs to the translation machin-
ery in the cytoplasm (Legrain and Rosbash 1989). However, it was not until the mid-
to-late 1990s that work on retroviral RNA dynamics revealed the existence of unique
mRNA export pathways and their particular cis- and trans-acting factors (Cullen
1998; Jarmolowski et al. 1994). Since these early observations, it has become clear
that mRNA export, far from being a passive mechanism of bulk transport, is a highly
complex system in which numerous overlapping and competing pathways act to
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control the translocation across the nuclear pore in response to competing spatial,
temporal, and environmental demands (Delaleau and Borden 2015; Wickramasinghe
et al. 2014). New mRNA export pathways, regulatory systems, and interfaces with
other cellular processes are being reported on a regular basis, with each new
discovery adding to our comprehension of how the regulation of mRNA export
contributes to cellular homeostasis and disease.

Despite these recent advances, however, much still remains to be discovered in
the field, and numerous fundamental questions regarding the machinery and regu-
lation of mRNA export remain unanswered (Okamura et al. 2015). The considerable
complexity has made it difficult to dissect the precise molecular biology of mRNA
export (Delaleau and Borden 2015; Wickramasinghe et al. 2014), exacerbated by a
lack of experimental techniques capable of addressing the complex hypotheses that
have been proposed. Historically, the field of mRNA export research has relied
heavily on the use of model systems such as Xenopus oocytes, in which numerous
steps that intimately couple transcription and mRNA processing to mRNA export
factor loading and maturation are bypassed by the microinjection of mature, in vitro-
transcribed mRNAs. Similarly, a reliance on bulk mRNA-focused quantification
techniques, particularly oligo(dT) fluorescence in situ hybridization (FISH), pre-
vents the quantification of mRNA export defects on a transcript-specific basis,
resulting in either over- or underreporting of phenotypic severity (Guria et al.
2011; Katahira et al. 2009; Rehwinkel et al. 2004). In recent years, the emergence
of new technologies and approaches in microscopy, transcriptomics, and proteomics
has finally enabled us to address these limitations; in so doing, these techniques—
and others still to come—are altering the paradigms of research in the field, allowing
researchers to address new and fundamental questions regarding the mRNA export
machinery and its regulation.

In this chapter, we will examine in detail the numerous overlapping and comple-
mentary mRNA export pathways that have been described thus far in higher
eukaryotes. We will discuss the key unifying principles and unique features of
these pathways and will outline important outstanding questions in the field. In so
doing, we will take a particular look at how cutting-edge techniques are allowing
researchers to dissect these pathways in unprecedented detail and how novel tech-
niques are expected to provide new paradigms for the investigation of mRNA export
research. This chapter will focus primarily on work conducted in metazoans, with
examples from other eukaryotes drawn upon where relevant.

2.2 The Ground State: Bulk Export Pathways for mRNAs

The most thoroughly explored and described pathway of mRNA export is the “bulk
mRNA export” pathway which exports the majority of cellular mRNAs during
homeostatic growth conditions (Fig. 2.1). Components of this pathway are highly
conserved throughout the eukaryotes and are often—though not always—essential
proteins for the growth of the cell (Bjork and Wieslander 2017; Okamura et al.
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Fig. 2.1 Schematic of the bulk mRNA export pathway in metazoans. Nascent mRNA (a) is
co-transcriptionally assembled with maturation factors including the cap-binding complex (CBC),
exon-exon junction complex (EJC), and the 3’ processing machinery, including the component
CstF64 (blue). Each of these components acts to recruit one or more copies of the TREX complex
(orange)—including the mRNA export adaptor Aly/REF (Aly) and the coadaptor THOC5—which
are deposited along the length of the mRNA, ultimately forming a TREX-coated, transcribed
mRNA (b). Aly/REF and THOCS bind the export receptor heterodimer NXF1:NXT1 (green),
causing a structural rearrangement that exposes NXF1’s RNA-binding domain and allows hand-off
of RNA from Aly/REF:THOCS to NXF1:NXT1 (c). Upon association with the chaperone complex
TREX-2 (purple), the NXF1:NXT1-loaded mRNA is translocated to the nuclear pore via an
interaction between TREX-2 and the nuclear basket (d). After quality control and/or structural
rearrangements, the FG-Nup-binding C-terminal domain of NXF1 is released by TREX-2 and can
interact with the proximal FG-Nup NUP98 (e) and then other FG-Nups deeper within the nuclear
pore channel (f). Upon reaching the cytoplasmic surface of the nuclear pore, the NXF1:NXT1:
TREX complex is unloaded from the cargo mRNA by the actions of the DDX19:Glel:Nup42
complex (yellow) bound by IPg (red), releasing the mRNA for further cytoplasmic maturation
and/or metabolism (g). See Sect. 2.2 for a detailed description of this pathway. See text for more
details

2015). Instead of relying on specific sequence or structural elements of the mRNA
transcript to identify mRNA cargoes, the bulk mRNA export pathway is instead
closely interfaced with the co-transcriptional processes of mRNA maturation,
thereby (a) preventing the preferential export of particular mRNA species and
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(b) ensuring exclusive export of mature, translation-competent mRNAs to the
cytoplasm.

The key initiating factor in the bulk mRNA export pathway is the TREX
complex, a conserved multiprotein complex composed in humans of the mRNA
export adaptor Aly/REF (Yral in S. cerevisiae), the helicase UAP56/DDX39B
(Sub2), CIP29 (Thol), and the THO subcomplex, composed of the conserved sub-
units hHpr1/THOC1 (Hpr1), hTho2/THOC2 (Tho2), hTex1 (Tex1), THOC7 (Mft1),
and the metazoan-specific THOCS5 and THOC6 (Katahira 2012). TREX assembles
in a highly cooperative fashion which requires ATP binding of the scaffolding
UAPS56 helicase (Chi et al. 2013; Dufu et al. 2010) and plays a central role in the
coupling of successful mMRNA maturation to the subsequent deposition of Aly/REF,
an RNA-binding protein whose loading onto mRNA is the initiating step in bulk
export and which acts as a key “mRNA export adaptor” for subsequent factors in the
pathway (Rodrigues et al. 2001).

In metazoans, the most significant activator of mRNA export is the completion of
splicing and, in particular, the deposition of the exon junction complex (EJC) on the
maturing mRNA, which carries a checkpoint function for completed splicing
(Le et al. 2001; Masuda et al. 2005). The core EJC components interact directly
with several TREX components, including UAP56 and Aly/REF, and are required
for the recruitment of these proteins and their subsequent loading onto the mRNA
(Gerbracht and Gehring 2018; Gromadzka et al. 2016; Le et al. 2000; Viphakone
et al. 2018). This loading mechanism distinguishes metazoans from S. cerevisiae,
wherein the TREX complex becomes associated with mRNA co-transcriptionally
via THO subcomplex interactions with the phosphorylated C-terminal domain of
RNAPII and/or the CTD-loaded Prp19 splicing complex (Heath et al. 2016; Katahira
2012; Masuda et al. 2005; Zenklusen et al. 2002). This transition from transcription-
to splicing-dependent loading likely evolved in response to the massive proliferation
of splicing in metazoans; however, the observation that Aly/REF interacts with the
RNAPII-CTD-binding Iws1:Spt6 complex suggests that at least some of the ances-
tral co-transcriptional loading machinery may have been retained in higher eukary-
otes (Yoh et al. 2007). In addition to being loaded onto mRNA in a splicing-
dependent fashion, Aly/REF and/or the TREX complex can be added via an
interaction between Aly/REF and the CBP80 component of the cap-binding com-
plex (CBC) once it is bound to a mature 5’ N’-methylguanosine (m’G) cap structure
(Cheng et al. 2006). Lastly, an interaction between Aly/REF and CstF64, a compo-
nent of the CstF complex required for mRNA 3’-end processing and
polyadenylation, promotes loading of Aly/REF onto nascent mRNA (Shi et al.
2017), possibly in a mechanism similar to the Pcf11-dependent loading of Yral in
S. cerevisiae (Johnson et al. 2009). Collectively, these mechanisms allow the loading
of TREX and, as a result, Aly/REF onto the nascent mRNA (Shi et al. 2017,
Viphakone et al. 2018) and, furthermore, ensure its coupling to several key steps
in the maturation of nascent mRNAs including 5’ capping, splicing, and 3’-end
processing/polyadenylation (Fig. 2.1a, b).

Following its deposition onto mRNA, Aly/REF and a component of the THO
subcomplex, THOCS, act coordinately as adaptor/coadaptor pair to recruit the key
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mRNA export receptor, NXF1/TAP (Mex67 in S. cerevisiae), in a heterodimeric
complex with its partner, NXT1/p15 (Mtr2) (Stutz et al. 2000). Unlike other nuclear
export receptors of the importin-f subfamily, NXF1 does not require the
GTP-binding protein Ran for NPC transit; instead, it exhibits a modular domain
arrangement with an N-terminal Aly/REF/RNA-binding domain, a central NTF2L-
like domain responsible for interactions with THOCS and NXT1, and a C-terminal
domain capable of directly interacting with FG regions within the NPC (Herold et al.
2000). Upon its recruitment to mRNA, NXF1 displaces UAP56 from Aly/REF,
likely via steric effects resulting from their closely juxtaposed Aly/REF-binding sites
(Hautbergue et al. 2008). Whether this displacement involves eviction of Aly/REF
from TREX, or a more subtle rearrangement of TREX interactions, remains
unknown (Fig. 2.1b).

In its free state, NXF1:NXT1 exhibits poor affinity for mRNA due to an intra-
molecular interaction between its N-terminal RNA-binding domain and central
NTF2L domain which masks the RNA-binding surface. The binding of Aly/REF
and THOCS to NXF1:NXTl—to NXF1’s RNA-binding domain and NTF2L
domains, respectively—is able to disrupt this intramolecular interaction, opening
up the NXF1 RNA-binding domain (Viphakone et al. 2012). As a consequence, an
unusual rearrangement of the Aly/REF:NXFI1:RNA complex occurs, in which the
bound region of mRNA is released by Aly/REF and “handed off” to NXF1’s
now-available RNA-binding domain, while Aly/REF binds to a remote surface on
NXF1’s RNA-binding domain (Hautbergue et al. 2008; see Fig. 2.1c). This hand-off
is facilitated by the methylation of key arginine residues in the Aly/REF
RNA-binding surface by PRMT1, resulting in a decreased affinity for RNA relative
to that for NXF1 (Hung et al. 2010).

Once deposited onto mRNA, NXF1:NXT1 must traverse the nucleoplasm with
its mRNA cargo to reach the NPC. Detailed microscopic studies of single RNA
molecules in living cells have suggested that mRNA transport through the nucleo-
plasm is a passive process involving diffusion through channels between chromatin
domains (Mor and Shav-Tal 2010). Upon reaching the nuclear rim, NXF1:NXT1
interaction with the nuclear basket—an extended structure associated with the NPC
protruding into the nucleoplasmic space and formed by TPR (Mlpl in
S. cerevisiae)—is believed to require the activity of chaperones (Wickramasinghe
et al. 2010). The most prominent of these is TREX-2, a complex independent of
TREX, which contains several subunits including the scaffolding GANP, ENY1,
PCID2, DSS1, and several centrin proteins (Jani et al. 2012; Wickramasinghe et al.
2010). Like the TREX complex, TREX-2 is widely conserved but has evolved
different functions from its S. cerevisiae ancestor, which is required for the tethering
of transcriptionally active genes to the NPC (Cabal et al. 2006; Rodriguez-Navarro
et al. 2004). In metazoans, TREX-2 loading onto NXF1:NXT1 is mediated by
interaction of the NXF1 C-terminal domain with an N-terminal FG-Nup-like region
on GANP (Jani et al. 2012; Umlauf et al. 2013; see Fig. 2.1c¢). It is believed that,
following loading onto NXF1:NXT1, TREX-2 is then able to direct its mRNA cargo
to the NPC via the interaction of GANP, ENY 1, and/or PCID2—and, potentially,
other proteins loaded onto the transported mRNP—with the nuclear basket
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component TPR (Fasken et al. 2008; Umlauf et al. 2013; Wickramasinghe et al.
2010; see Fig. 2.1d). However, some confusion remains regarding the exact timing
and location of the loading of NXFI1:NXT1 onto TREX-2, and the mechanism by
which TREX-2 is recruited to nascent mRNAs (Jani et al. 2012; Umlauf et al. 2013).
In addition to the TREX-2 complex, several other possible NXF1:NXT1 NPC
chaperones have been reported, including the WD-repeat protein RAEI in complex
with the nucleoplasmic-mobile FG-Nup NUP98 (Blevins et al. 2003; Pritchard et al.
1999) and the inner nuclear membrane-embedded SUN1 protein (Li and Noegel
2015; Li et al. 2017b). It is important to note that these different chaperones may not
be exclusive and may mediate different stages in the chaperoning of NXF1:NXT1-
loaded mRNA to and through the NPC.

Interestingly, detailed microscopy studies have suggested that, upon reaching the
nuclear basket, mRNPs are frequently returned to the nucleoplasm, with only a
minority of mRNAs proceeding from basket binding to transit through the pore
(Griinwald and Singer 2010; Ma et al. 2013; Siebrasse et al. 2012). Kinetic analyses
of mRNA residency at the NPC in living cells have additionally shown a pause step
at the nuclear basket, with mRNAs spending significant time resident on the basket
prior to a relatively quick traversal of the nuclear pore (Griinwald and Singer 2010;
Siebrasse et al. 2012), possibly due to a requirement for both quality control and
remodeling of the mRNPs on the basket prior to mRNP transit through the nuclear
pore (Griinwald and Singer 2010; Siebrasse et al. 2012). The precise mechanisms by
which mRNAs transit the nuclear pore upon commitment to translocation remain a
topic of considerable debate; however, it is generally agreed that successive inter-
actions between the NXF1 C-terminal domain and the exposed tails of FG-Nup
proteins throughout the channel mediate an mRNP’s entry into and transit through
the pore (Oeffinger and Zenklusen 2012; see Fig. 2.1e, f).

Upon reaching the cytoplasm, NXF1:NXT1-loaded mRNPs make contact with a
complex of proteins loaded onto the cytoplasmic fibrils of the NPC that includes the
helicase DDX19/Dbp5, Glel, Nup42, and the activating signaling molecule inositol
hexaphosphate (IP¢). This complex is responsible for remodeling the mRNP on the
cytoplasmic face of the NPC, releasing the cargo mRNA from export factors
including NXF1:NXT1, which are recycled back into the nucleus (Adams et al.
2017, 2018; Folkmann et al. 2011; see Fig. 2.1g). An important secondary function
of this unloading is to act as a “ratchet” for directional translocation of the mRNA
across the NPC; the interaction of NXF1 with FG-Nups has been found not to be
inherently directional, allowing NXF1-mRNP complexes to move back and forth
within the nuclear pore (Griinwald and Singer 2010). The eviction of NXF1:NXT1
from the mRNA prevents this backwards diffusion and ensures that mRNAs migrate
through the NPC in a directional manner (Folkmann et al. 2011). The cytoplasmic
mRNA cargo is then free to undergo any cytoplasmic-specific mRNA maturation
steps prior to translation.
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2.3 Orthology of Bulk mRNA Export Factors

Much of the early work on mRNA export was performed in S. cerevisiae, where the
bulk export pathway is relatively canonical; the loading of Yral onto mRNA via
TREX and subsequent recruitment of Mex67 are key steps in the export of most
cellular mRNAs in this species, as evidenced by the lethal phenotypes of both yralA
and mex67A deletions and the severe mRNA export defects of hypomorphic muta-
tions (Portman et al. 1997; Santos-Rosa et al. 1998; Segref et al. 1997; Zenklusen
etal. 2002). While limited evidence has emerged of possible heterogeneity in mRNA
export pathways in S. cerevisiae, including the description of a nonessential Yral
homolog, Yra2, that can suppress Yral phenotypes when overexpressed, the linear
and nonredundant bulk export pathway remains the major means of mRNA export in
these cells (Hieronymus and Silver 2003; Okamura et al. 2015; Zenklusen et al.
2001).

In higher eukaryotes, however, several proteome-wide screens for mRNA export
factors have demonstrated that while the bulk mRNA export pathway has been
conserved from S. cerevisiae, metazoans have evolved numerous other mRNA
export factors which are able to modify and/or complement this bulk pathway,
greatly expanding the mechanistic and regulatory complexity of mRNA export
(Delaleau and Borden 2015; Farny et al. 2008; Rehwinkel et al. 2004;
Wickramasinghe and Laskey 2015). A major source of this variation has been the
proliferation of orthologs of numerous key export factors (Delaleau and Borden
2015; Wickramasinghe and Laskey 2015). These “alternative factors” are able to
functionally substitute for their orthologs in a constitutive and/or conditional fashion
(Fig. 2.2a). Indeed, the identification of such factors is beginning to explain the long-
time contradiction in the field that, while bulk export factors such as Yral are
essential in S. cerevisiae, depletion of their metazoan homologs has only relatively
mild effects on mRNA export efficiency in vivo (Gatfield and Izaurralde 2002;
Katahira et al. 2009; Longman et al. 2003).

2.3.1 mRNA Export Adaptor Heterogeneity

The relatively mild effects of Aly/REF depletion in metazoans led numerous groups
to explore the possibility of alternative mRNA adaptors for the recruitment of NXF1:
NXT1 to mRNA. A particularly successful approach to this was taken by Stuart
Wilson’s group, whose strategy of searching for conserved UAP56-binding motifs
(UBMs) has identified several possible functional substitutes for Aly/REF in human
cells (Chang et al. 2013; Hautbergue et al. 2009; Viphakone et al. 2015).
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Fig. 2.2 Schematic of characterized selective mRNA export paths in metazoans. Where cis- and/or
trans-acting factors are unknown, they are shown in gray with a question mark. (a) Orthologs (dark
orange/green) of bulk export pathway factors (light orange/green) may be loaded onto mRNAs and
cooperate with bulk export pathway factors to promote selective mRNA export. Several different
export receptor chaperones (purple/light blue) may act to direct the export receptor(s) to the nuclear
pore. See Sect. 2.3. (b) cis-acting sequence/structural USER codes (light orange) can recruit trans-
acting mRNA export adaptors/coadaptors from the bulk (light orange) or selective (dark orange)
mRNA export pathways; alternatively, they may rely on repurposing of other cellular RBPs (light
blue) or alteration of bulk export pathways by second messengers (red). See Sect. 2.4. (c)
Posttranscriptionally added mRNA modifications (red) can act as sequence-nonspecific, cis-acting
USER codes through recruitment of bulk (light orange) or selective (dark orange) export adaptors,
with or without the assistance of mRNA modification reader proteins (light blue). See Sect. 2.5. (d)
A number of cis-acting USER codes rely on binding to cellular RBPs (light blue) that lack canonical
export adaptor/coadaptor activity, but can recruit an alternate mRNA export adaptor heterodimer,
CRM1:RanGTP (dark green), via a leucine-rich nuclear export signal (NES). These include the
atypical bulk mRNA export receptor ortholog, NXF3 (dark green). See Sects. 2.4 and 2.6. (e)
Finally, mRNA export may also be modulated through the activity of specific nuclear pore
components (dark blue) or may bypass the nuclear pore entirely through direct budding through
the inner and outer nuclear membranes (gray lines). See Sect. 2.7. Given that one or more of these
pathways may act in conjunction both with each other and with the bulk export pathway (see
Fig. 2.1), they are depicted as being resident on the same mRNA (black line). See text for more
details
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23.1.1 UIF

The first of these to be identified was UIF/FYTTD1, a protein that was evolutionarily
unrelated to Aly/REF but shares many of its basic features, including being ubiqui-
tously expressed throughout tissues and, upon tethering to a reporter mRNA, the
ability to directly support export of mRNA to the cytoplasm in an NXF1:NXT1-
dependent manner (Hautbergue et al. 2009). UIF is able to interact with both UAP56
and NXF1 in a mutually exclusive fashion reminiscent of Aly/REF loading onto
TREX/RNA. Indeed, it has been postulated that UIF may be able to functionally
substitute for Aly/REF in the bulk mRNA export pathway. Consistent with this
hypothesis, UIF depletion resulted in a relatively mild mRNA export phenotype,
while co-depletion of Aly/REF and UIF resulted in a severe export phenotype,
indicating that these two proteins are able to act redundantly along mRNA export
pathways (Hautbergue et al. 2009). The recent identification of two homologs of UIF
in Arabidopsis thaliana, UIEF1 and UIEF2, both of which are required for mRNA
export, suggests that the UIF-dependent mRNA export pathway may be widely
conserved among eukaryotes (Ehrnsberger et al. 2019).

The fact that Aly/REF and UIF single depletions exhibited mild export defects
suggests that these proteins are not completely redundant, and evidence of possible
mechanistic differences has emerged with the observation that the two proteins are
likely loaded onto nascent mRNA in different ways, namely, via SPT6/IWS1 and/or
CstF64 for Aly/REF and via SSRP1 for UIF (Hautbergue et al. 2009; Shi et al. 2017,
Yoh et al. 2007). Interestingly, overexpression of both Aly/REF and UIF also
induced mRNA export defects, raising the possibility that the relative stoichiometry
of these two proteins is important for mRNA export, though a possible indirect
mechanism dependent on sequestration of other export factors such as TREX and/or
NXF1:NXT1 cannot be excluded (Hautbergue et al. 2009).

2.3.1.2 Luzp4

A similar UBM-searching strategy as for UIF was used to identify Luzp4/CT-8, a
leucine zipper-containing protein (Viphakone et al. 2015). Like Aly/REF, Luzp4
localizes to the nuclear splicing speckles and is capable of interacting with the TREX
complex, NXF1 and RNA (Tiireci et al. 2002; Viphakone et al. 2015). Luzp4
overexpression was shown to completely rescue a modest mRNA export defect
caused by Aly/REF depletion, confirming Luzp4 as a genuine mRNA export adaptor
able to act redundantly with Aly/REF (Viphakone et al. 2015); however, it could
only partially rescue the more severe defects of Aly/REF and UIF co-depletion,
suggesting that it may not share complete functional redundancy with these ubiqui-
tously expressed factors (Viphakone et al. 2015).

One major point of difference is that Luzp4 expression is tightly restricted to the
testes during homeostatic growth, and its upregulation in numerous cancers marked
it as a member of the cancer-testis antigen family of genes (Tiireci et al. 2002;
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Viphakone et al. 2015). In line with its testes-restricted expression pattern, Luzp4
was found to interact with NXF2, a testis-specific NXF1 ortholog discussed below,
raising the possibility of an alternative, Luzp4-NXF2-based mRNA export pathway
specific to the testes.

2.3.1.3 Other Candidate Export Adaptors: SKAR and ZC11A

While UIF and Luzp4 remain the only definitively characterized Aly/REF substitutes
in bulk mRNA export, several other export adapter candidates have been identified
in other studies. Dufu et al. (2010) identified five previously unreported proteins in a
proteomic screen for common interactors of UAP56, THOCS, and CIP29,
suggesting that these factors may be novel components of the TREX complex; one
of these, SKAR/POLDIP3, shows significant sequence and domain-arrangement
homology with Aly/REF, while SKAR and another protein, ZC11A, associate
with UAP56 in an ATP-dependent manner and induce an mRNA export defect
upon depletion (Folco et al. 2012). While these proteins require further investigation
prior to their confirmation as bona fide Aly/REF functional orthologs, their identi-
fication raises the possibility that the complete suite of mRNA export adaptors in
human cells remains to be fully elucidated.

2.3.2 Export Coadaptor Heterogeneity

While Aly/REF is essential for the recruitment and subsequent binding of NXF1:
NXT1 to mRNA, it alone is not sufficient. The disruption of the RNA-binding
domain-masking intramolecular interaction of NXF1 requires the combined activity
of both an mRNA adaptor, such as Aly/REF, and a coadaptor, THOCS. While
THOCS is reported to interact with RNA less stringently than NXF1:NXT1, bio-
chemical experiments showed its activity to be required for efficient handover of
mRNA from Aly/REF to NXF1:NXT1 and consequent mRNA export, marking it as
a core component of the bulk mRNA export pathway (Chang et al. 2013; Viphakone
et al. 2012).

Despite this central role, however, THOCS depletion, like that of Aly/REF,
causes only modest defects in bulk mRNA export (Chang et al. 2013); indeed,
experiments comparing the cytoplasmic versus nuclear distribution of RNAs by
microarray found that only 0.7-2.9% of mRNAs showed a significant alteration in
nuclear/cytoplasmic ratio following THOCS knockdown (Guria et al. 2011;
Rehwinkel et al. 2004). Furthermore, numerous reports have emerged identifying
essential roles for THOCS in the regulation of particular functional subsets of
mRNA, including those involved in heat shock (Katahira et al. 2009), stem cell
pluripotency (Ratnadiwakara et al. 2018; Wang et al. 2013), hematopoiesis (Mancini
et al. 2010), and adipogenesis (Mancini et al. 2006). Collectively, these results
suggest that, far from being a unique regulator of bulk mRNA export, THOCS,
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like Aly/REF, may simply be one of a set of mRNA export coadaptors with
redundant and/or specialized roles in mRNA export.

2.3.2.1 ChTOP

Like UIF and Luzp4, ChTOP was identified based on a canonical UBM required for
interaction with UAP56 in the context of the TREX complex, suggesting a mutually
exclusive loading onto TREX with Aly/REF (Chang et al. 2013). In support of an
Aly/REF-esque role, ChTOP was shown to localize to splicing speckles, interact
with RNA, and undergo a PRMT1 methylation-based hand-off interaction with
NXF1:NXT1. However, examination of the interaction between ChTOP and other
export components revealed that, unlike Aly/REF, UIF, and Luzp4, ChTOP
interacted with the THOCS5-binding site on NXF1’s central NTF2L domain; further-
more, ChTOP bound NXF1:NXT1 cooperatively, rather than exclusively with
Aly/REF, and, in so doing, additively enhanced NXF1’s affinity for mRNA, iden-
tifying ChTOP as a novel alternative coadaptor for Aly/REF on NXF1 (Chang et al.
2013).

2.3.2.2 RBMI1S5 and RBM15B

RBMI5 and its distantly related ortholog, RBM15B/OTT3, are RNA-binding pro-
teins with diverse reported roles within cells, including the regulation of site-specific
RNA methylation on N°-adenosine (m®A) and the transcriptional regulation of
Notch signaling pathways (Ma et al. 2007; Patil et al. 2016). In the context of
mRNA export, RBMI15 has been reported to recruit the helicase DDX19 to
NPC-transiting mRNAs for eviction of NXFI:NXT1 at the cytoplasmic face
(Zolotukhin et al. 2009) and is a trans-acting factor responsible for the binding of
a cis-acting mRNA export sequence element, the retroviral transport element (RTE),
discussed below (Lindtner et al. 2006).

In addition to these myriad roles, a study by Uranishi et al. (2009) has reported the
likely function of both RBMI15 and RBMI5B as alternative NXF1:NXT]I
coadaptors. RBM15B, like RBM15 (Lindtner et al. 2006), can promote the export
of tethered RNAs via a direct interaction with NXF1:NXT1. This interaction
involved the C-terminal domains of RBMI15/RBM15B binding to the central
NTF2L domain of NXF1 in a fashion resembling that of THOCS5 and ChTOP; the
same domain of RBM 135 also mediated an interaction with Aly/REF, suggesting that
RBMI5 is able to assemble a functional Aly/REF:RBM15/B:NXF1:NXT1 adaptor—
coadaptor—receptor complex on bound mRNAs (Uranishi et al. 2009). While these
observations remain incomplete with regard to a role for RBM15/RBM15B as true
coadaptors in bulk mRNA export, and further experiments are essential to dissect the
relative overlap and interplay of the multiple reported roles of RBM15/RBM15B,
these observations suggest the possibility that RBM15 and/or RBM15B may act as
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additional Aly/REF-paired coadaptors, at least on a subset of mRNAs (Chang et al.
2013; Uranishi et al. 2009).

2.3.3 Additional Heterogeneity Within the TREX Complex:
UAP56 and URH49

In S. cerevisiae, deletion of the TREX complex core helicase, Sub2, is lethal, likely
due to a near-complete failure of bulk mRNA export (Strdfer et al. 2002). Similarly,
depletion of the metazoan Sub2 homolog, UAP56, causes a significant export defect,
supporting its identification as the major Sub2 homolog (Strifler et al. 2002).
However, in mammals, sequence analysis revealed that Sub2 in fact possesses two
closely related orthologs, UAP56/DDX39B and URH49/DDX39, both of which are
capable of partially rescuing a sub2A deletion phenotype in S. cerevisiae, raising the
possibility that these two proteins may act in parallel (Kapadia et al. 2006; Pryor
et al. 2004). In support of this observation, both UAP56 and URH49 are able to
interact with Aly/REF, and their co-depletion results in a severe mRNA export
defect greater than loss of either single protein.

However, a major point of difference between the UAP56/URH49 and the
redundancy paradigm of Aly/REF and other export adaptors above is that depletions
of UAP56 and URH49, while additive, do exhibit significant mRNA export defects
by themselves, suggesting these proteins have at least partially independent func-
tions in mRNA export. Indeed, a cytoplasmic RNA microarray analysis of the two
proteins found that, while the depletion of each reduced the export of approximately
300 mRNAs, only approximately 60 of these were common between the two pro-
teins (Yamazaki et al. 2010). Furthermore, phenotypic analysis of UAP56 and
URH49 depletions revealed that, while they both induced mitotic dysfunction,
they did so via different mechanisms, with UAP56 depletion causing premature
sister chromatid separation during mitosis, while URH49 depletion prevented effi-
cient chromosome arm resolution and cytokinesis (Yamazaki et al. 2010). It has also
been suggested that these two helicases may have different affinities for non-Aly/
REF TREX components, in particular the THO subcomplex and CIP29; however,
subsequent work has disputed at least some of these findings (Dufu et al. 2010).
Finally, URH49, but not UAP56, has been reported to exhibit highly regulated
expression, both tissue-specific and growth-regulated, suggesting it may act as a
stimulus-responsive complement to the constitutive activity of UAP56 (Pryor et al.
2004). Collectively, these observations suggest that, while UAP56 and URH49
likely play similar mechanistic roles in the regulation of mRNA export, their
mRNA targets and the conditions under which they act may vary significantly.
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2.3.4 The NXF1 Family of Export Receptors

NXF1 was the first mRNA export factor to be identified through its recruitment to
cis-acting sequence elements in retroviral transcripts (see below; Griiter et al. 1998).
Its clear homology to the essential yeast export receptor Mex67, and the severe
export defect resulting from its depletion, has led to its characterization as the sole
mRNA export receptor for constitutive bulk mRNA export (Bjork and Wieslander
2017; Okamura et al. 2015). While this is likely to be true in the majority of cell
types during constitutive growth, it is nonetheless notable that the NXFI1/Mex67
family has undergone significant diversification during eukaryotic evolution. While
S. cerevisiae only possess one copy of the family (Mex67), there are two members in
C. elegans, four in D. melanogaster, and five (including NXF1) in humans (Herold
et al. 2000). In humans, these paralogs, termed NXF1-5, have generally retained the
domain arrangement of Mex67/NXF1; however, NXF4 and NXF5 are likely not
expressed due to the presence of multiple frameshifts and/or premature stop codons
in their coding sequence, while NXF3 contains several truncations that prevent it
from replicating the various interactions required for NXF1’s export activity (Herold
etal. 2000; Yang et al. 2001). Remarkably, NXF3 has in fact been found to be able to
promote mRNA export via an entirely novel mechanism involving the export
receptor CRM1, which will be discussed below (Yang et al. 2001).

NXF2 is one homolog that has retained a close similarity to NXF1 and the ability
to interact with known mRNA export coadaptors, including ChTOP, as well as with
mRNA itself (Chang et al. 2013; Herold et al. 2000). Immunofluorescence analyses
showed that NXF2 localizes to the nucleoplasm and accumulates at the nuclear rim
like NXF1 and is able to promote mRNA export in at least some assays, although the
latter has been disputed by other groups working in heterologous systems (Herold
et al. 2000; Yang et al. 2001). Interestingly, expression analysis determined that
NXF2’s expression, like that of LuzP4 and URH49, is tightly constrained to the
testes, and reports that NXF2 cooperates with the RNA-binding protein (RBP)
FMREP to cooperatively destabilize the NXFI mRNA and thus repress NXF1 expres-
sion suggest that, at least in the testes, NXF2 may take over as the predominant
receptor in bulk mRNA export (Herold et al. 2000; Zhang et al. 2007). In addition to
their observations on the NXF1 family, Herold et al. (2000) also noted the existence
of a second NXT1 ortholog, termed p15-2. However, beyond identification of a
broad expression profile with moderate upregulation in the testes by high-throughput
tissue screening, the function of this ortholog has not yet been investigated (Herold
et al. 2000).
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2.3.5 Chaperoning of NXF1:NXT1 to the NPC: Pervasive
Mechanism or “Fast-Track” Selectivity?

As mentioned above, the recruitment of mRNA-bound NXF1:NXT1 to the NPC is
suggested to be mediated by a number of different chaperones. The best explored of
these has been the TREX-2 complex, in which the scaffolding protein GANP binds
the NXF1 C-terminal domain and directs NXF1 to the nuclear basket (Jani et al.
2012; Wickramasinghe et al. 2010). While this was assumed to be a universal
process in bulk mRNA export, recent work by Wickramasinghe et al. (2014) profiled
the mRNA export defect upon GANP depletion and found, surprisingly, that export
of only approximately 50% of all NXF1 target mRNAs was negatively affected;
furthermore, these 50% were predominantly abundant, short-lived mRNAs and were
enriched for gene ontology annotations covering a variety of RNA processing
functions. Strikingly, the export of those GANP-dependent RNAs was found to be
significantly more rapid than those whose export was unaltered by GANP depletion,
raising the possibility that GANP-mediated NXF1:NXT1 chaperoning may not
represent a ubiquitous pathway but instead a “fast-track” export mechanism for a
specific functional or regulatory subset of mRNAs (Okamoto et al. 2010;
Wickramasinghe et al. 2014). It is not known whether GANP-independent
mRNAs are dependent on other reported NXF1:NXT1-NPC chaperones, such as
RAE1-NUP98 (Blevins et al. 2003; Pritchard et al. 1999) and/or SUN1 (Li and
Noegel 2015; Li et al. 2017b), and, if so, what impact these chaperones have on the
export rate of their mRNA cargoes; considerable further research is required to
dissect if and how the different reported chaperone pathways interact. However,
the finding that diffusion of mRNAs through the nucleoplasm and their loading onto
the nuclear basket represent rate-limiting steps in mRNA export (Mor and Shav-Tal
2010; Shav-Tal et al. 2004) suggests that chaperoning of NXF1:NXT1 to the NPC
may represent a good candidate target for the manipulation of mRNA export rate for
subsets of mRNAs.

2.3.6 Defining the Complete Suite of Bulk mRNA Export
Orthologs and Parallel Pathways

Despite the extensive work described above identifying orthologous bulk mRNA
export factors acting on metazoan mRNA, our knowledge of the complete suite of
bulk mRNA export orthologs likely remains incomplete, especially with regard to
the existence of further tissue- and/or stimulus-specific factors. While biochemical
testing of the mRINA export roles of these candidate orthologs remains important,
additional alternative approaches are required to identify the complete suite of
mRNA export factor orthologs in mammals.

The Wilson group recently used in silico homology screening of the key UBM
interaction motif within Aly/REF to identify several novel mRNA export adaptors/
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coadaptors including UIF, LuzP4, and ChTOP (Chang et al. 2013; Hautbergue et al.
2009; Viphakone et al. 2015) suggesting that in silico identification represents a
viable strategy for the identification of future candidates. Alternatively, the ongoing
development of high-content screening microscopy systems, which allow the auto-
mated imaging and quantitative analysis of thousands of immunofluorescence sam-
ples, enables the use of mRNA export readouts such as nuclear-cytoplasmic poly
(A)* RNA ratios in the screening of large candidate protein classes to identify
putative mRNA export factors (Mattiazzi Usaj et al. 2016). The recent use of these
systems to generate a large immunofluorescence-based database colocalizing a
library of approximately 300 RBPs with a range of different cellular structures
emphasizes the viability of such experimental approaches and provides an important
comparative database for the immunofluorescent localization of possible mRNA
export factors identified by siRNA/overexpression screening as described above
(Van Nostrand et al. 2018).

A second major question concerning orthologous bulk mRNA export adaptors/
coadaptors is their degree of orthology. The relatively mild mRNA export defects
resulting from the individual knockdowns of bulk mRNA export factors such as
Aly/REF, UIF, and THOCS coupled with the synthetic, severe export deficits upon
co-depletion of pairs such as Aly/REF:UIF, Aly/REF:THOCS, and Aly/REF:
ChTOP argue for near-complete overlap of these factors’ export activities (Chang
et al. 2013; Gatfield and Izaurralde 2002; Hautbergue et al. 2009; Katahira et al.
2009; Longman et al. 2003). However, several observations suggest that the system
may be more complicated than these observations imply. While the pairwise testing
of adaptor/coadaptor co-depletions is far from complete, several unexpected obser-
vations have emerged, such as that co-depletion of ChTOP:THOCS causes no
additive export defect, despite these two proteins supposedly acting in a redundant
and compensatory mechanism as mRNA coadaptors (Chang et al. 2013). Further-
more, the co-depletion of both Aly/REF:THOCS and Aly/REF:ChTOP resulted in
severe export defects, despite the existence in each case of a hypothetically redun-
dant adaptor-coadaptor pair (UIF:ChTOP and UIF:THOCS) (Chang et al. 2013).
Other observations have shown that LuzP4 overexpression is able to completely
rescue the export defect of Aly/REF depletion but can only partially rescue the defect
of Aly/REF:UIF co-depletion, suggesting that UIF (or the combination of Aly/REF
and UIF) performs functions that are not redundantly regulated by LuzP4
(Viphakone et al. 2015). Profiling of mRNA transcriptional upregulation upon
depletion of particular mRNA export factors has revealed a complex but incomplete
network of compensatory regulation in which, for example, depletion of either
Aly/REF or UIF upregulates the expression of the other, while knockdown of
Aly/REF does not induce expression of LuzP4; similarly, while ChnTOP knockdown
induces expression of UAP56, it does not alter expression of Aly/REF—despite
knockdown of Aly/REF upregulating ChTOP (Chang et al. 2013; Hautbergue et al.
2008; Viphakone et al. 2015). Perhaps one of the most compelling observations
speaking to this complexity, as discussed in the sections above, is that, while
orthologous adaptors and coadaptors may act redundantly on most mRNAs, specific
subsets of mRNAs seem to be regulated exclusively by a particular adaptor-



2 It’s Not the Destination, It’s the Journey: Heterogeneity. . . 49

coadaptor pairing. The prototypical example of this is the export of HSP70 mRNA
which remained unaltered by Aly/REF or THOCS knockdown under constitutive
growth conditions; however, upon induction of heat shock, Aly/REF and THOCS
became essential for its export (Guria et al. 2011; Katahira et al. 2009). Collectively,
these observations suggest that, while many of the mRNA export adaptors and
coadaptors share at least some redundancy in bulk mRNA export, many of these
factors retain at least some partially or wholly unique functions. These observations
also raise the possibility of an “adaptor-coadaptor code,” in which particular com-
binations of adaptor(s) and coadaptor(s) govern the export of particular subsets of
mRNA (“regulons”; Keene 2007). While this possibility is intriguing, future exper-
iments will be required to test it, possibly in the form of complete pairwise testing of
co-depletion or overexpression-rescue phenotypes to determine redundancy as well
as the identification of the complete set of mRNAs bound not only to each adaptor
and coadaptor (much of the data of which has already been generated from the large-
scale ENCORE RBP iCLIP screening program; Van Nostrand et al. 2018) but
specifically to each possible adaptor-coadaptor pairing.

2.4 Noncanonical Recruitment of NXF1 to mRNA: USER
Codes and mRNA Regulons

While much work in the last 15 years has focused on the mechanisms by which
mRNA adaptors and coadaptors can recruit NXFI:NXT1 to mRNA as part of the
bulk export pathway, it is interesting to note that NXF1 was first identified by its
ability to promote export of unspliced Mason-Pfizer monkey virus RNA via direct
interaction, independently of adaptors or coadaptors, with a cis-acting sequence
element, termed the constitutive transport element (CTE) (Braun et al. 1999; Bray
et al. 1994; Griiter et al. 1998). Indeed, the unique requirement of retroviruses for
parallel export of both spliced (coding) and unspliced (genomic) RNAs has led to the
proliferation of numerous virally encoded sequence elements that coopt cellular
mRNA export machinery in order to promote RNA export and/or bypass the
mRNA quality control machinery (Cullen 1998; Hammarskjold 1997). Some of
these viral sequence elements, including the CTE itself, have subsequently been
co-opted by host mRNAs to promote their specialized export (Li et al. 2006; see
Fig. 2.2b).

As research on mRNA export pathways in metazoans progressed, it became clear
that the use of cis-acting export specificity elements in RNA was not confined to
viral RNAs, and that a range of different elements existed within metazoan
transcriptomes that allowed coordinated export regulation of an mRNA, or set of
mRNAs, through recruitment of mRNA export machinery independently of the bulk
export pathway (Delaleau and Borden 2015; Wickramasinghe and Laskey 2015).
This concept became formalized through the terminology of “USER” (untranslated
sequence elements for regulation) codes, small sequence elements that direct the
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coordinated posttranscriptional regulation of a group of mRNAs, termed an “mRNA
regulon” (Keene 2007). This section will focus on the discussion of USER codes and
regulons that promote export of endogenous mRNAs via NXF1 (Fig. 2.2b) or the
importin-f§ family member CRM1, while other mechanisms of mRNA export by
CRM1 will be discussed in Sect. 2.6 (Fig. 2.2d).

2.4.1 USER Codes in the Export of Intronless mRNAs

One major question raised with the discovery of the link between splicing and
mRNA export was how intronless mRNAs are exported (Le et al. 2001; Masuda
et al. 2005). It was known that the export of such mRNAs was dependent on the bulk
mRNA export machinery, including Aly/REF and NXF1 (Strdfer et al. 2002);
however, the mechanism by which these factors were deposited on the mRNA was
unclear. While subsequent observations on the recruitment of Aly/REF to bulk
mRNA via interactions with the CBC (Cheng et al. 2006) and the 3’ processing
factor CstF64 (Shi et al. 2017) have provided possible mechanisms for export, a
parallel thread of research has revealed the widespread use of coding region-
embedded USER codes to recruit the canonical mRNA export machinery to
intronless mRNAs.

2.4.1.1 The SRSF Family of Splicing Factors

The first intronless USER code in metazoans was identified through work on the
replication-dependent histone mRNAs, a class of intronless mRNAs defined by a
unique 3’ structure lacking a poly(A) tail but instead incorporating a conserved stem-
loop structure (Dominski and Marzluff 2007). The H2A mRNA was found to contain
a 22-nucleotide (nt) sequence element within its coding region that was necessary for
export of this mRNA to the cytoplasm (Huang and Carmichael 1997; Huang and
Steitz 2001). A UV-cross-linking approach was used to show that this sequence
element was bound by two members of the SRSF family of splicing factors, SRSF3/
SRp20 and SRSF7/9G8, and that these trans-acting factors were essential to the
export of H2A mRNA in a fashion independent of their previously described roles in
mRNA splicing (Huang and Steitz 2001). Upon binding to the H2A USER code,
SRSF3 or SRSF7 is able to interact with NXF1 via its N-terminal domain and to
mediate RNA hand-off to NXF1 in a fashion identical to Aly/REF, suggesting that
SRSF3 and/or SRSF7 is able to functionally substitute to Aly/REF in NXF1:NXT]1
loading of H2A mRNA onto NXF1:NXT1 (Hargous et al. 2006; Hautbergue et al.
2008; Huang et al. 2003). Given that both SRSF3 and SRSF7 bind via the Aly/REF-
binding site, the identity of the coadaptor, if any, in the export of H2A remains
unclear; however, the observations that SRSF3 is able to cooperate with coadaptors
including THOCS5 and YTHDCI in other export pathways (Ratnadiwakara et al.
2018; Roundtree et al. 2017; Wang et al. 2013) and that the 3’-terminal stem-loop
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binding protein of replication-dependent histone mRNAs, SLBP, is also necessary
for export (Sullivan et al. 2009) raise several possible candidates. Interestingly, this
work also observed that a third SRSF protein, SRSF1/SF2, was able to interact with
the NXF1 N-terminal domain redundantly with Aly/REEF, raising the possibility that
it too may regulate the export of as-yet-undetermined mRNA(s) (Huang et al. 2003;
Lai and Tarn 2004; Tintaru et al. 2007).

While for many years H2A mRNA was considered to be the only mRNA export
target of SRSF3/SRSF7, the recent emergence of high-resolution RNA-protein
cross-linking methodologies has allowed the identification of putative RNA targets
of export factors with unprecedented sensitivity and has redefined our understanding
of SRSF protein-mediated mRNA export. In 2016, Miiller-McNicoll et al. (2016)
used the individual-nucleotide resolution cross-linking immunoprecipitation (iCLIP)
methodology (Konig et al. 2010) to identify >1000 mRNAs whose export is
dependent on SRSF proteins, including several hundred possible targets of SRSF3.
These observations chime with earlier reports of SRSF protein being capable of
binding and promoting the export of both intronless and spliced mRNAs, suggesting
that the SRSF family may represent a large group of previously unknown mRNA
export adaptors whose function requires further exploration (Masuyama et al. 2004).
In addition, Miiller-McNicoll et al. (2016) were able to demonstrate by iCLIP the
closely juxtaposed binding of SRSF3/SRSF7 and NXF1 to mRNA targets,
confirming an NXF1-dependent export pathway, and to identify sequence-specific
binding of SRSF3 and SRSF7 to several degenerate motifs in last exons of mRNAs,
suggesting the existence of as-yet-unidentified additional USER codes responsible
for the recruitment of SRSF3 and/or SRSF7 to target mRNAs.

Consistent with the redefinition of SRSF3 as a potentially promiscuous USER
code-directed mRNA export adaptor, several very recent studies have identified new
pathways in which SRSF3 substitutes for Aly/REF in the export of specialized
mRNA subsets. Roundtree et al. (2017) reported that SRSF3 cooperates with the
N°-methyladenosine (m°A) reader protein YTHDCI to promote the export of
mRNAs marked by m°A modification (see below). In embryonic stem cells,
SRSF3 cooperates with the known mRNA export adaptor THOCS5 in a novel
adaptor/coadaptor pairing to promote the export of key pluripotency maintenance
factor mRNAs including Nanog, Sox2, KIf4, and Esrrb (Ratnadiwakara et al. 2018;
Wang et al. 2013). THOCS is highly expressed in embryonic stem cells and is
downregulated over the course of differentiation; artificial expression of THOCS is
able to sustain stem cell pluripotency, while its depletion prevents reprogramming of
somatic cells into induced pluripotent stem cells (iPSCs), suggesting that SRSF3/
THOCS5-mediated mRNA export regulation may represent an important and previ-
ously unknown axis of pluripotency control (Wang et al. 2013). While no USER
code has yet been identified for these target mRNAs, it remains likely that such an
element is responsible for the temporally and cell type-restricted regulation of these
target mRNAs.
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2.4.1.2 The Prp19 Complex, U2AF, and the CAR-E Element

In 2011, a second, evolutionarily unrelated coding region-resident USER code,
termed the cytoplasmic accumulation region (CAR), was identified in several inde-
pendent intronless mRNAs, including HSPB3, IFNal, and IFNfI, as well as the
previously reported c-Jun (Guang and Mertz 2005; Lei et al. 2011). The CAR
element contains a variable number of copies of a short, 10nt USER code, termed
the CAR element (CAR-E) which collectively promote the export of their resident
mRNAs via the canonical TREX-NXF1:NXT1 export pathway (Lei et al. 2011,
2013). RNA immunoprecipitation-mass spectrometry (IP-MS) approaches revealed
that CAR-E elements were bound by components of the Prp19 complex as well as by
U2AF65/U2AF2 (Lei et al. 2013). The Prp19 complex and U2AF65 (as part of the
heterodimeric U2AF complex with U2AF35) possess well-described, mRNA
export-independent roles in the coordination of transcription with splicing (David
et al. 2011); nevertheless, subsequent analyses suggested that the binding of the
Prp19 complex and U2AF65 to CAR-E was necessary for the NXF1-mediated
export of CAR-E-carrying intronless mRNAs, suggesting possible activity of the
Prp19 complex and U2AF65 as export adaptors/coadaptors upstream of TREX (Lei
et al. 2013). While a role for these splicing/transcription-regulatory factors in the
coordination of specialized mRNA export seems surprising, it is noted that several
previous papers have provided confirmatory evidence, reporting that the U2AF
complex is able to recruit NXF1 to mRNA in both human cells and Drosophila
(Blanchette et al. 2004; Zolotukhin et al. 2002), suggesting that this activity may
represent a conserved mechanism both of intronless mRNA export and of coupling
of export to the processes of splicing and transcription. While the extent of the CAR-
E-mediated export pathway remains to be determined, it is notable that the model
mRNAs tested here—HSPB3, IFNal, IFNf1, and c-Jun—derive from different
functional classes and are not otherwise known to function as a regulon, supporting
the possibility of CAR-E export being a widespread mechanism of intronless mRNA
export.

2.4.2 The Signal Sequence Coding Region as a Dual-
Functional Regulatory Element

mRNAs that encode proteins destined for cellular export or embedding in the
cellular membrane encode a short sequence, termed the signal sequence, immedi-
ately following the start codon of their ORFs; upon translation, this sequence targets
the nascent polypeptide to the endoplasmic reticulum for subsequent membrane
embedding or secretion (Aviram and Schuldiner 2017). Recently, it was revealed
that, in addition to encoding the ER-targeting signal sequence, the signal sequence
coding region (SSCR) is able to act in cis as a USER code governing export of
mRNAs (Palazzo et al. 2007). The SSCR’s nucleotide sequence is optimized not
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only to encode the requisite amino acid consensus for a function signal sequence but
also to selectively exclude AMP nucleotides, enriching in particular for extended
stretches of C/G bases; remarkably, silent coding mutations that introduce AMP
residues to the SSCR prevent it from driving export of an unspliced reporter mRNA
(Palazzo et al. 2007). Subsequent analysis of similar leader sequences on mRNAs
encoding mitochondrially localized proteins, namely, mitochondrial signal coding
regions (MSCRs), revealed this sequence is functionally identical to the SSCR in
promoting mRNA export (Cenik et al. 2011). While much of the mechanism
regulating SSCR/MSCR-dependent mRNA export remains to be characterized, it
has been noted that the export activity of an SSCR/MSCR can be blocked by the
presence of a 5'-proximal splice site, suggesting that proximity of the SSCR/MSCR
to the cap and bound CBC may be important for the export (Cenik et al. 2011).
Furthermore, SSCR/MSCR-containing intronless mRNAs have been observed
transiting the splicing speckles, suggesting a role for this nuclear subdomain in the
regulation and/or licensing of SSCR/MSCR-dependent mRNA export (Akef et al.
2013).

2.4.3 Posttranscriptional Control of USER Code Recognition
by Aly/REF

While the examples outlined thus far in this section establish a pattern in which
sequence-nonspecific bulk mRNA export factors are recruited by sequence-specific
trans-acting factors, one recently described pathway has challenged this paradigm
and suggested that the bulk mRNA export factors themselves may be modified in
order to promote sequence-specific mRNA export.

IPMK is a multifunctional phosphatidylinositol kinase which synthesizes several
inositol phosphate products including IP4, IPs, IPg, and the second messenger
phosphatidylinositol (3.4,5)-trisphosphate (PIP3). IPMK localizes to splicing
speckles in humans and has been identified as a regulatory hub for multiple aspects
of nuclear RNA metabolism, including mRNA export (Kim et al. 2017; Salamon and
Backer 2013). siRNA-mediated knockdown of IPMK resulted in the reduced export
of approximately 13% of the mRNAs tested by cytoplasmic RNA microarray,
including a significant enrichment for mRNAs that regulate processes including
cell cycle progression and DNA double-strand break repair by homologous recom-
bination but not nonhomologous end joining, suggesting function-specific regulons
exist within the IPMK-regulated mRNA population (Wickramasinghe et al. 2013).
The key regulatory step in this export pathway is the previously reported binding of
the IPMK product PIP; to Aly/REF via an interaction surface on Aly/REF’s
RNA-binding domain (Okada et al. 2008). This interaction appears to alter the
RNA-binding mode of Aly/REF, resulting in its interaction with a specific, 10nt
USER code within the 3’-UTRs of target genes and thereby directing these mRNAs
for NXF1:NXT1-dependent export. Supportive of this model, Aly/REF binding to



54 D. D. Scott et al.

the identified USER code was inhibited by IPMK but could be rescued by the
exogenous addition of PIP; (Wickramasinghe et al. 2013).

Additional support for this model came from an independent study of two DNA
damage-responsive splicing regulators, BCLAF1 and THRAP3 (Vohhodina et al.
2017). The semi-redundant BCLAF1 and THRAP3 were found to promote the
export of a set of mRNAs in response to DNA damage response signaling that
closely resembled the IPMK regulon. Crucially, in silico motif analysis of BCLAF1/
THRAP3 mRNA export targets returned a highly enriched 3’-UTR motif almost
identical to the USER code recognized by PIP;-bound Aly/REF, suggesting that
IPMK-regulated Aly/REF and BCLAF1/THRAP3 act via a common USER code in
the 3’-UTRs of their target mRNAs (Vohhodina et al. 2017; Wickramasinghe et al.
2013). While the exact relationship between PIP5-Aly/REF and BCLAF1/THRAP3
in the regulation of this pathway is not yet clear, the observation that both BCLAF1
and THRAP3 contain WxHD motifs reported to regulate interaction of Aly/REF
with the EJC components eI[F4A3 (Gromadzka et al. 2016; Vohhodina et al. 2017)
and the identification of a BCLAF1-NXF]1 interaction in a recent high-throughput
proteomics study (Castello et al. 2012) make it tempting to speculate that PIP3-Aly/
REF in concert with BCLAF1 and/or THRAP3 may form an NXF1-regulatory
adaptor/coadaptor pair on the 3'-UTR USER code of their target mRNAs. In addition
to providing new insights into the mechanisms of USER code recognition in mRNA
export, the IPMK-Aly/REF-BCLAF1/THRAP3 pathway also points toward a new
layer of mRNA export regulation by second messenger-dependent recognition of
cryptic USER codes by mRNA export adaptors.

2.4.4 Trans-Acting Factors Without a USER Code:
Candidate mRNA Regulon Export Factors

While the above pathways represent examples of cases in which known cis-acting
USER codes are able to direct the export of their carrier mRNAs, a number of
RNA-binding proteins have been identified that are not assignable to known mRNA
regulons or USER codes, but which represent candidate mRNA regulon export
adaptors/factors that warrant further investigation.

In addition to its other roles in the regulation of mRNA export (discussed in Sects.
2.3.2.2 and 2.5.1), RBM15 and/or RBM15B has been reported to bind specific RNA
sequences and mediate their RNA modification and export, including a role directing
the m®A methyltransferase complex to specific sites on the XIST IncRNA (Patil et al.
2016), raising the possibility that RBM15/B may also recognize specific USER
codes in endogenous metazoan mRNAs to mediate their metabolism and/or export.
Moreover, hnRNP L, a multifunctional RNA-binding protein, was found to interact
specifically with an RNA element in herpesvirus TK mRNA and promote the export
of this mRNA (Liu and Mertz 1995) suggesting that such an action on endogenous
mRNAs remains a possibility. Lastly, a more direct coupling of 3’-end processing of
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mRNA to mRNA export has been suggested by observation that CFIm68/CPSF6, a
component of the CFI complex, is able to shuttle nucleocytoplasmically in a
transcription-dependent fashion, bind to NXF1, and cause nuclear accumulation of
polyadenylated mRNA upon its depletion (Ruepp et al. 2009). CFIm68 possesses
mRNA-binding activity (Dettwiler et al. 2004) and is able to interact directly with
THOCS to regulate alternative polyadenylation (Katahira et al. 2013), raising the
possibility that CFIm68 may act as an ortholog of Aly/REF on yet-to-be-identified
mRNA targets.

2.4.5 The AU-Rich Element as a mRNA Export USER Code

AU-rich elements (AREs) are among the best described of all cis-acting mRNA
elements. They are bound by a range of different trans-acting RBPs, including HuR,
TTP, and AUF1 among others, and these frans-acting factors control the fate of the
mRNA throughout the cell, including at the levels of mRNA processing, stability,
translation, subcellular localization, and mRNA export (Garcia-Maurifo et al. 2017;
see Fig. 2.2d).

The ARE-binding protein HUR/ELAVLL is known to stabilize bound mRNAs
and promote their translation in the cytoplasm (Wu et al. 2018). In the nucleus, HuR
bound to AREs interacts mutually exclusively with two accessory proteins, APRIL/
TNFSF13 and pp32/ANP32A, both of which contain leucine-rich NESs and can
shuttle nucleocytoplasmically in a manner dependent of the export receptor CRM1
(see Sect. 2.6). Importantly, inhibition of pp32 and/or APRIL shuttling using the
CRM1 inhibitor leptomycin B (LMB) results in the accumulation of HuR:pp32,
HuR:APRIL, and HuR:RNA complexes in the nucleus, suggesting that APRIL/pp32
are shuttled in the context of an assembled ARE-RNA:HuR:APRIL/pp32 complex
(Brennan et al. 2000). While treatment with LMB induced no visible change in total
nuclear polyadenylated RNA levels assayed by oligo(dT) FISH, testing of candidate
ARE-containing mRNAs such as c-fos, COX-2, and p53 revealed that
HuR-mediated shuttling by CRM1 was necessary for the efficient export of these
mRNAs (Brennan et al. 2000; Dixon 2004; Jang et al. 2003; Nakamura et al. 2011).
While the ubiquity of this export pathway on ARE-containing mRNAs is yet to be
examined, the number of ARE-containing targets of HuR, and their myriad roles in
the regulation of cellular growth, immune regulation, and cellular mobility, suggests
that HuR-mediated mRNA export may represent an important regulator of cellular
growth and oncogenesis (Garcia-Maurifio et al. 2017; Wu et al. 2018).

It should be noted that the ARE may not be the only USER code that can target
mRNAs for export via HuR. The immune-regulatory CD83 mRNA has been
reported to undergo CRM1-mediated nuclear export in a manner dependent on the
presence of HuR and APRIL (Fries et al. 2007; Prechtel et al. 2006). However, in
this mRNA the element that recruits HuR was found not to be a 3’-UTR ARE but
instead a novel sequence element, termed the posttranscriptional regulatory element
(PRE), within the mRNA coding region (Prechtel et al. 2006). Similarly, while the
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export of the ARE-containing /FNal mRNA was found to be dependent on CRM1,
the ARE was found to be dispensable for this export, suggesting an alternative
USER code (Kimura et al. 2004). It is noted that this latter paper did not test whether
IFNal mRNA export was dependent on HuR, and that it is not clear how, if at all,
this CRM 1-dependent export pathway overlaps or interacts with the Prp19:U2AF65-
NXF1-dependent export pathway for IFNal discussed above (Sect. 2.4.1.2).

2.5 Posttranslational Formation of USER Codes by mRNA
Modification

The modification of mRNAs in order to alter their biochemical and functional
properties has been known about since the early days of research on mRNAs.
Indeed, several mRNA modifications—the m’G cap, the poly(A) tail, and the
splicing out of introns—are so well established and ubiquitous that they are intri-
cately woven into the cell’s definition of functional, translatable mRNAs, and loss of
any one of these modifications has drastic effects on the functionality of almost all
mRNASs (Chan et al. 2011; Ramanathan et al. 2016; Will and Liihrmann 2011).
However, these canonical modifications are far from being the only ones that may
occur on mRNA; indeed, over 100 nucleotide and/or base modifications have now
been identified from cellular mRNA, exhibiting a wide range of frequencies, spec-
ificities, and biochemical and/or functional consequences (Boccaletto et al. 2018).
Furthermore, some of these modifications are both regulatable and reversible,
leading to the concept of “epitranscriptomics” in which a code of mRNA modifica-
tions is able to direct the posttranscriptional fate of mRNAs in a manner analogous to
epigenetic marks controlling regulation of a gene (Eckmann et al. 2011; Mauer et al.
2016; Trotman and Schoenberg 2019).

While early research on mRNA modifications was limited by the low-resolution
and/or piecemeal experimental techniques available, a recent explosion of next-
generation sequencing-based techniques has allowed the mapping of particular
RNA modifications with unprecedented detail and sensitivity (Li et al. 2016). In
so doing, these techniques have revealed a plethora of insights into how mRNA
modifications influence numerous posttranscriptional pathways of mRNA regula-
tion, including mRNA export. Specifically, several mRNA modifications have been
found to be specifically bound by “reader” proteins that subsequently recruit the
mRNA export machinery to direct export of these mRNAs (Roundtree et al. 2017;
Yang et al. 2017), suggesting a new regulatory paradigm of “inducible USER
codes”—the use of mRNA modifications to posttranscriptionally mark a subset of
mRNAs with a cis-acting sequence/structural element and thereby allow mRNA
export (or other posttranscriptional metabolic processes; see Fig. 2.2¢c).

It should be noted that mRNA adenosine-inosine deamination editing has been
extensively reported to regulate the retention of mRNAs carrying extended double-
stranded regions in the subnuclear paraspeckle domains (Chen and Carmichael
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2009; Chen et al. 2008; Fox and Lamond 2010; Fox et al. 2018; Prasanth et al. 2005).
However, an extended discussion of the mechanics of mRNA nuclear retention is
beyond the scope of this chapter, and interested readers are encouraged to consult
several excellent recent reviews on the topic (Fox et al. 2018; Palazzo and Lee 2018;
Wegener and Miiller-McNicoll 2018).

2.5.1 NO°-Methyladenosine in the Regulation of mRNA Export

The addition of a methyl group to the 6-nitrogen (N®) of adenosine bases in RNA to
generate N°-methyladenose (m®A) is the most common mRNA modification in
human cells outside of the canonical m’G cap, poly(A) tail, and splicing. The
development of sequencing methodologies capable of specifically mapping this
methylation event revealed its presence on approximately 30% of the human
transcriptome, with a specific deposition on [A/G][A/G]A*C[A/C/U] consensus
motifs predominantly, though not exclusively, found in RNA 3’-UTRs and within
long internal exons (Dominissini et al. 2012; Harper et al. 1990; Meyer et al. 2012).
This modification is deposited by the m°A methyltransferase/“writer” complex
containing a catalytic heterodimer (METTL3/METTL14), several scaffolding/acces-
sory proteins (ZC3H13, WTAP, and KIAA1429), and, at least in some cases, the
RNA-binding proteins RBM15/RBM15B (Duan et al. 2019; Lesbirel and Wilson
2019) and can be removed by one of the two m®A demethylases/“erasers,” FTO
(which recognizes cap-proximal m°A) and ALKBHS5 (which acts on the gene body:;
Hess et al. 2013; Jiaet al. 2011; Ke et al. 2017; Mauer et al. 2016; Zheng et al. 2013).
The final components of the m°A regulatory system are the “readers,” a set of
nuclear (hnRNP A2B1, YTHDCI1, YTHDC2, and, indirectly, hnRNP C) and cyto-
plasmic (YTHDF1,2,3 and eIF3) m°A-binding proteins that promote different
downstream metabolic processes such as splicing, mRNA destabilization, and
mRNA translation, as well as the mRNA export discussed herein (Meyer and Jaffrey
2017).

Several early pieces of evidence pointed to a possible role for the regulation of
mRNA export by m°A, including the findings that inhibition of total mRNA
methylation reduced mRNA export (Camper et al. 1984). Furthermore, knockdown
of the m°A methyltransferase factor METTL3 slowed the circadian clock due to
reduced export of circadian clock-related mRNAs (Fustin et al. 2013), while knock-
down of the m°A “eraser” ALKBHS5 caused increased translocation of poly(A)*
RNA to the cytoplasm, suggesting an enhancement of mRNA export activity (Zheng
et al. 2013). However, the molecular mechanism by which m°A regulates mRNA
export was not delineated until 2017, when detailed work by Roundtree et al. (2017)
demonstrated that, in the nucleus, m®A sites in mRNA were bound by the nuclear
“reader” protein YTHDCI, and that m®A-bound YTHDCI is able to recruit the
known USER code-interacting mRNA export adaptor SRSF3. SRSF3 loaded onto
YTHDC]1 subsequently recruits NXF1 to promote export of m®A-modified mRNAs,
though YTHDC1 and NXF1 do not themselves interact; the loss of any one of these
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elements was sufficient to inhibit mRNA export of candidate mRNA targets. A
combination of sequencing-based RNA-protein interaction mapping techniques was
used to identify greater than 700 endogenous mRNAs whose export may be regu-
lated by the YTHDC1-SRSF3-NXF1 pathway, suggesting the existence of a large
mRNA regulon targeted by these proteins (Roundtree et al. 2017). Independent work
has additionally reported direct interactions between components of the TREX
complex and the catalytic METTL3/METTL14 subunits of the mC°A
methyltransferase complex (Lesbirel et al. 2018), suggesting that the closely juxta-
posed association of TREX and SRSF3:YTHDC! with mRNA may enhance m®A-
dependent mRNA export; however, the relative contributions and mechanism of
cooperation, if any, between these two pathways have yet to be tested.

Interestingly, while the above observations deal with the deposition of m®A
within the mRNA body, a functionally discrete pathway has evolved to regulate
mRNAs that initiate transcription with an AMP residue, placing AMP at the N1
position immediately 3’ to the m’GpppN cap (m’GpppA). These N1-AMP residues
undergo opposed N°-methylation and demethylation by their own dedicated factors,
namely the methyltransferase CAPAM/PCIF1 and the demethylase FTO (Akichika
et al. 2019; Boulias et al. 2018; Cowling 2019; Hess et al. 2013; Jia et al. 2011;
Mauer et al. 2016; Sendinc et al. 2018; Sun et al. 2019). Since the first two
nucleotides 3’ to the cap in almost all mammalian mRNA undergo ribose 2'-OH
methylation by CMTR1 and CMTR?2, respectively, these modifications result in the
establishment of N°, 2/-O-dimethylated AMP (m°A,,) at the N1 position of a large
number of cellular mRNAs (Linder et al. 2015). The predominant biological conse-
quence of m°A,, formation at the N1 nucleotide is the inhibition of decapping
enzyme Dcp2 binding to the m’G cap, resulting in stabilization of these mRNAs
(Mauer et al. 2016). However, early biochemical studies of the canonical CBC found
that, while m’GpppA caps bound CBC approximately 50% less well than
m’GpppG, the addition of an N®-methyl group on the N1 nucleotide (m’Gpppm°®A)
restored CBC binding to a level comparable to that of m’GpppG (Worch et al. 2005).
While a role for m®A,,-dependent modulation of CBC-binding efficiency in mRNA
export remains purely theoretical at this point, the central role that CBC binding to
the m’GpppN cap plays in the initiation and control of mRNA export (Cheng et al.
2006; Ohno et al. 2002; Shi et al. 2017), as well as the considerable variation in
m6Am deposition between tissues and transcripts (Kruse et al. 2011), makes this an
intriguing hypothesis worthy of further testing.

2.5.2 N°-Methylcytosine as a Possible Regulator of Aly/REF-
Dependent Recruitment to mRNA

Like m°A, N°-methylcytosine (m’C) is a highly abundant RNA modification that has
recently been implicated in mRNA export regulation. While m°C was initially
identified only in highly stable ncRNAs such as tRNAs and rRNAs (Garcia-Vilchez
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et al. 2019), the development of a range of m>C-focused sequencing strategies
including bisulfite sequencing have allowed the identification of m°C in
mRNA (Schaefer et al. 2009). Aza-IP-Seq (Khoddami and Cairns 2013) and miCLIP
(methylation iCLIP) (Hussain et al. 2013) have revealed a distribution of m°C
throughout mRNAs, with a potential enrichment in C/G-rich stretches in the vicinity
of the ATG start codon (Amort et al. 2017; Yang et al. 2017). These analyses have
also uncovered extensive variation of m’C site choice and saturation across tissues
and developmental stages (Yang et al. 2017). The deposition of m>C in mRNA is
predominantly mediated by the methyltransferase NSUN2, although other NSUN
family members are also likely to act on mRNA (Garcia-Vilchez et al. 2019; Yang
et al. 2017). However, while m>C in the context of mRNA has been posited to
regulate mRNA stability and/or translation, little hard evidence of a functional role
has been forthcoming (Garcia-Vilchez et al. 2019).

Recently, Yang et al. (2017) have reported a potential role for
posttranscriptionally deposited m°C in the regulation of mRNA export. They used
a comparative IP-MS protocol with a short RNA probe with or without CMP N°-
methylation to unexpectedly identify Aly/REF as a reader protein for m°C both
in vitro and in vivo. Supporting a role for this interaction in a putative m C:Aly-
dependent mRNA export pathway, the authors reported that depletion of the m°C
methyltransferase NSUN2 resulted in decreased Aly/REF binding to candidate m°C
target mRNAs, an accumulation of Aly/REF in splicing speckles, and reduced
trafficking to the cytoplasm and an accumulation of polyadenylated RNA in the
nucleus (Yang et al. 2017). It should be noted that this study omitted several
important supporting experiments, including testing for a requirement for NXF1:
NXT1 for m’C-driven mRNA export; also, other groups have disputed the finding
that Aly/REF is able to interact directly with m’C (Lesbirel and Wilson 2019).
However, while the proposal that Aly/REF is able to bind directly to m°C in mRNA
is markedly different from the paradigm of reader proteins recruiting downstream
mRNA export factors established for m°A by Roundtree et al. (2017), an earlier
observation that Aly/REF is able to modify its RNA-binding specificity in response
to binding of intracellular signaling molecules (Wickramasinghe et al. 2013) sug-
gests that the implementation of a specific binding mode of Aly/REF on m’C is not
beyond the realms of possibility.

2.6 Regulation of mRNA Export by the Protein Export
Receptor CRM1

CRM1 is a member of the importin-f superfamily of nuclear transport receptors
which, like other members of this family but unlike the canonical mRNA export
receptor NXF1, relies on successive cycles of GTP hydrolysis by its binding partner
Ran to drive its nucleocytoplasmic shuttling through the nuclear pore. CRM1 binds
specifically to leucine-rich nuclear export signals (NESs) in proteins to promote their
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export from the nucleus; indeed, CRM1:RanGTP is the dominant receptor for
leucine-rich NES export from the nucleus (Fornerod et al. 1997; Hutten and
Kehlenbach 2007).

In addition to its role in the export of proteins from the nucleus, CRM1:RanGTP
is required for the export of a number of highly structured endogenous ncRNAs from
the nucleus, including U snRNAs and maturing ribosomal subunits. In order to
achieve export of these RNAs, CRM1LRanGTP relies on a mechanism reminiscent
of that of NXF1:NXT1 in which RBP adaptor(s) bind directly to the target RNA,
then recruit CRM1:RanGTP via one or more canonical leucine-rich NESs to assem-
ble an export-competent RNA:adaptor:receptor complex (Nerurkar et al. 2015;
Okamura et al. 2015). Also like NXF1:NXT1, CRM1:RanGTP has been repurposed
by viral proteins and/or cis-acting sequences to promote export of unspliced
mRNAs; the most well-characterized example of this is the export of HIV-1 RNAs
in response to the NES-containing viral protein Rev binding to the cis-acting Rev
response element (RRE) in the viral RNA (Suhasini and Reddy 2009).

Early studies in S. cerevisiae and Xenopus oocytes concluded that CRM1 was not
required for the export of mRNA in eukaryotes (Fischer et al. 1994; Jarmolowski
etal. 1994; Neville and Rosbash 1999). However, a range of subsequent studies have
refined this view, finding that, while CRM1:RanGTP is indeed dispensable for the
constitutive export of bulk mRNA, it is capable of mediating the export of several
functional mRNA regulons through the action of discrete mRNA USER codes and
trans-acting export adaptors (see Fig. 2.2d). Export of ARE-containing mRNAs via
HuR:CRM1:RanGTP has been discussed in Sect. 2.4.5.

2.6.1 A Nuclear Role for the Cytoplasmic Cap-Binding
Protein elF4E

elF4E is an m’G cap-binding protein that, in complex with the helicase eIF4A and
the scaffolding protein eIF4G, assembles the heterotrimeric complex elFAF. elF4F is
a key activator of translation in the cytoplasm, coordinating the loading of the 40S
ribosomal subunit onto mRNAs (Pelletier et al. 2015). Given the importance of this
role, it is not surprising that cytoplasmic eIF4E is a major regulatory node in the
coordination of mRNA translation and/or metabolism in the cytoplasm and is an
important oncogene in numerous cancers (Ho and Lee 2016; Pelletier et al. 2015).
While elF4A and elF4G are predominantly cytoplasmic proteins, a significant
portion of cellular eIF4E localizes to the nucleus, where it is additionally able to
regulate nuclear mRNA dynamics, and in particular mRNA export, by a mechanism
independent of its cytoplasmic translation-regulation activity (Osborne and Borden
2015; Rousseau et al. 1996). eIF4E’s roles in mRNA export regulation contribute to
its function as an oncogene, emphasizing the pathological importance of the eI[F4E-
mediated mRNA export pathway (Osborne and Borden 2015; Pelletier et al. 2015).

mRNA export via el[FAE was found to require two key cis-acting elements: the
RNA m’G cap and a structurally but not sequence-conserved USER code within the
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3’-UTR of target mRNAs, termed the 4E-sensitivity element (4E-SE) (Culjkovic
et al. 2005, 2006). IP-MS analyses have revealed that, while e[F4E predominantly
binds the cap structure on its target mRNAs, the 4E-SE is bound by an accessory
protein, LRPPRC, which binds mRNA cooperatively with eI[F4E and promotes
stability of the ternary RNA:e[F4E:LRPPRC complex (Topisirovic et al. 2009).
Unlike in the NXF1:NXTI1 export pathway, elF4AE:LRPPRC-bound mRNAs are
not recruited to the splicing speckles; instead, they accumulate in discrete foci
throughout the nuclei enriched in elF4E, termed “elF4E granules,” which exhibit
partial overlap with PML bodies (discussed below; Cohen et al. 2001; Culjkovic
et al. 2005; Topisirovic et al. 2002). The export receptor complex CRM1:RanGTP is
recruited to the ternary RNA:e[F4E:LRPPRC complex via prototypical leucine-rich
NES elements within LRPPRC and mediates translocation of the cargo mRNA
through the nuclear pore via an as-yet poorly characterized mechanism. This mech-
anism culminates in the binding of CRM1:RanGTP to the cytoplasmic fibril protein
Nup358/RanBP2 which, with RanGAP, promotes release of cargo mRNA through
RanGTP—RanGDP hydrolysis (Culjkovic et al. 2006; Hutten and Kehlenbach
2007; Volpon et al. 2017).

The first identified mRNA target of the e[F4E-dependent export pathways was the
key cell cycle-regulatory mRNA CYCDI (Rousseau et al. 1996), and it was this
RNA on which many of the mechanistic dissections of the e[F4E-dependent export
pathway were conducted. However, a subsequent RNA immunoprecipitation (RIP)-
differential display study was able to identify hundreds of mRNAs that interacted
with elF4E within the nucleus and therefore represent candidate mRNA export
cargoes of e[FAE:LRPPRC (Culjkovic et al. 2006). These mRNAs were markedly
enriched for a range of pro-growth factors including cell cycle components and
regulators of the pro-growth AKT signaling pathway, among others; the strongly
proliferative nature of the mRNAs within the eiF4E regulon provides significant
insight in to the mechanisms by which elF4E-dependent mRNA export can promote
oncogenesis (Culjkovic et al. 2006, 2008; Osborne and Borden 2015).

Given the highly proliferative nature of the elF4E export regulon, it is not
surprising that mechanisms have evolved to constrain and regulate its export activity
in vivo. It was observed in early studies that a subset of nuclear eIF4E granules
overlapped with PML bodies and that eIF4E binding to mRNAs in the nucleus
specifically targeted them to elF4E granules that lacked significant PML staining
(Cohen et al. 2001; Culjkovic et al. 2005; Topisirovic et al. 2002). Consistent with
this, PML was found to be a negative regulator of elF4E-driven mRNA export,
through a direct interaction with eIF4E that reduced its affinity for the m’G cap in the
nucleus (Cohen et al. 2001; Culjkovic et al. 2006). The PML-eIF4E regulatory axis
allows the direct regulation of pro-growth mRNA export by environmental stimuli,
as evidenced by the finding that cadmium treatment and IFNy treatment have
positive and negative effects, respectively, on the PML-eIFAE interaction and
consequently on the extent of PML-dependent inhibition of el[F4AE mRNA export
(Topisirovic et al. 2002). Similarly, the myeloid cell line-specific homeobox tran-
scription factor, PRH, is able to bind eIF4E and negatively influence its ability to
export mRNAs (Topisirovic et al. 2003). In fact, eIF4E-binding motifs were found to
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be conserved across almost 25% of the human cell’s 803 homeobox proteins
(Topisirovic et al. 2003), suggesting that homeobox proteins may represent a large
class of eIF4E modulators; indeed several other homeobox proteins have been found
to modulate elF4E’s activity, either at the level of mRNA export (HOXAY;
Topisirovic et al. 2005) or translation initiation (Emx2, Otx2, and En-2; Brunet
et al. 2005; Nédélec et al. 2004).

A number of questions remain to be answered regarding the mechanism of eIF4E-
mediated mRNA export, not least the question of how and when the bulk mRNA
cap-binding complex, CBC, is evicted to allow access of eIF4E, and how the large
suite of possible eI[F4E-regulatory homeobox proteins may contribute to the efficacy
of this export path across different tissues and developmental stages (Osborne and
Borden 2015).

2.6.2 Teaching an Old Dog New Tricks: CRM1-Dependent
Export Via NXF3

As discussed in Sect. 2.3.4, the NXF1 family of bulk mRNA export adaptors has
diversified from its single S. cerevisiae ancestor, Mex67, to include multiple
paralogs in metazoans, including five (NXF1-5) in humans and mice (Herold et al.
2000). Of these five members, NXF4 and NXF5 possess corrupted coding sequences
and are unlikely to be expressed, while NXF2 bears a close resemblance to NXF1
and appears to duplicate NXF1 function in a tissue-specific fashion, though its
functionality in mRNA export has been questioned by other groups (Herold et al.
2000; Yang et al. 2001).

NXF3 represents an anomaly among the NXF1 family in that, while it is an intact
OREF and is expressed in humans, albeit in a tissue-restricted fashion (GTEx Con-
sortium 2015), it contains several truncations, including of 32 amino acids in its
RNA-binding domain and the loss of its C-terminal FG-Nup-binding domain, that
are expected to prevent it acting as a NXF1-like mRNA export receptor (Herold et al.
2000). Despite these observations, tethering of NXF3 to a reporter RNA in human
cells (Yang et al. 2001) but not in quail cells (Herold et al. 2000) unexpectedly
resulted in the robust export of the reporter mRNA; however, this export, instead of
proceeding via a prototypical NXF1-like export pathway, was reliant on the binding
of CRM1 to a conserved leucine-rich NES in the NXF3 sequence, suggesting that
NXF3 has evolved alternative mechanisms to promote mRNA export of target
mRNAs in the absence of the FG-Nup-binding capability typical of its protein family
(Yang et al. 2001).

While NXF3 was reported to interact with poly(A)"™ mRNA in vivo, the mecha-
nism of this binding, given that NXF3 lacks a significant portion of its RNA-binding
domain, remains unclear (Yang et al. 2001). Similarly, unresolved are the identity of
NXF3’s mRNA export cargo(es), which await a detailed analysis with high-
sensitivity cross-linking methods such as iCLIP for identification. Interestingly,
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both NXF2 and NXF3 show strong tissue-specific expression in the testes (Herold
et al. 2000; Yang et al. 2001) in which NXF1 expression is repressed (Zhang et al.
2007), suggesting that these two NXF1 orthologs may act together or independently
to reproduce NXF1’s mRNA export activities in this tissue. The recent identification
of an NXF3:CRMI-mediated export pathway for snoRNAs in response to stress
conditions also suggests that NXF3 may regulate multiple classes of endogenous
RNAs in humans (Li et al. 2017a).

2.6.3 CRMI1 Versus NXF1 in the Export of mRNAs
in Metazoans

Much like the cases of bulk mRNA export orthology and NXF1-dependent USER
codes discussed above, the current suite of known CRM1-mediated export pathways
is likely to only scratch the surface of the total CRM1-dependent export program in
metazoan cells; characterization of this complete program is likely to face many of
the same challenges and require many of the same approaches, as have been
described in Sect. 2.3.6. Other unresolved points raised by the pathways above are
specific to the regulation of CRM1, such as the mechanism by which nuclear eI[F4E
mediates eviction of the canonical CBC to promote CRM1-mediated export at the
likely expense of NXF1-depdendent pathways.

2.7 Roles for the NPC in mRNA Export Heterogeneity

The nuclear pore complex (NPC) is one of the largest protein assemblies in the
human cell, containing 8—64 copies of more than 30 different “nucleoporins” in a
precisely arranged eightfold-symmetric structure weighing in excess of 100 MDa
(Beck and Hurt 2017). The pore contains several regions, including a partially
ordered nuclear “basket,” a central pore, and an array of cytoplasmic nucleoporins,
each of which plays an essential role in the transport of proteins and RNAs between
the nucleus and the cytoplasm (Beck and Hurt 2017; Oeffinger and Zenklusen 2012;
Okamura et al. 2015). The NPC is the site of a complicated series of mRNP
metabolic steps, including RNA quality control and remodeling on the nuclear
basket, NXF1:NXT1/CRM1:RanGTP-chaperoned transit through the central pore,
and release of the mRNA cargo from its export adaptors on the cytoplasmic side of
the NPC (Beck and Hurt 2017; Oeffinger and Zenklusen 2012).

Given its status as the sole conduit for the nuclear export of the vast majority of
cellular mRNAs, and the many and varied protein-RNA interactions that are required
for an mRNA to transit, the NPC represents an ideal candidate for mRNA export
heterogeneity regulation. However, the considerable technical difficulties of inves-
tigating a structure of the size and complexity of the NPC, as well as the highly
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intertwined interaction networks and rapid, reversible kinetics of mRNA transit
through the NPC, have limited our ability to dissect the role of the NPC in
specialized and/or regulated mRNA export (Griinwald and Singer 2010; Ma et al.
2013; Saroufim et al. 2015; Shav-Tal et al. 2004; Siebrasse et al. 2012). Neverthe-
less, one example of Nup-dependent mRNA export heterogeneity has been reported,
providing a possible precedent for NPC regulation of mRNA export heterogeneity
(Fig. 2.2e).

2.7.1 NUPY6 in Cell Cycle and Interferon Regulation

NUPY6 is a conserved nucleoporin that is a component of the Y-complex (also
termed the Nup107-160 complex) subdomain of the NPC. The Y-complex contains
seven different Nups in stoichiometric ratios and is an essential factor in the
assembly of functional NPCs. In mature NPCs, the Y-complex forms a double
ring at both the nuclear and cytoplasmic surfaces of the central NPC channel, ideally
positioning NUP96 as one of the first Nups able to come into contact with mRNPs
that have left the basket to transit the central channel (Beck and Hurt 2017). Upon
disassembly of the NPC during mitosis, NUP96 is also reported to play an indepen-
dent role in the regulation of mitotic kinetochore dynamics (Belgareh et al. 2001;
Mishra et al. 2010).

Several papers have found NUP96 to be an essential gene in both S. cerevisiae
and in mice, consistent with a central role in NPC assembly and transport
(Dockendorff et al. 1997; Faria et al. 2006). However, the depletion rather than
knockout of NUP96 in heterozygous Nup96*'~ mouse models was found to have a
variable effect of the export of different mRNAs, with a subset of interferon-
inducible mRNAs including MHC-I and -II, ICAM-1, and CD86 showing particu-
larly robust export inhibition (Faria et al. 2006). A separate paper reported that
NUP96, unlike other members of the Y-complex, undergoes rapid proteasomal
degradation during mitosis, resulting in depletion of NUP96 during the following
G, phase; this depletion was required for the timely progression of the cell cycle,
with Gy-specific overexpression of NUP96 causing a severe cell cycle progression
arrest (Chakraborty et al. 2008). This arrest resulted from a NUP96 overexpression-
specific inhibition of the export of several cell cycle-regulatory mRNAs including
CYCDI, CDK®6, and IkBa, suggesting that, contrary to the regulation reported for
IFN-regulated transcripts above, NUP96 actually represses the export of these
transcripts during G; (Chakraborty et al. 2008; Faria et al. 2006).

These observations raise a number of significant questions regarding the mech-
anism by which NUP96 specifically regulates the export of these target mRNAs,
including: how and why is the polarity of NUP96 action on the export of
IFN-induced versus cell cycle-regulatory mRNAs reversed? If NUP96 is a core
structural component of the NPC, what happens to NPC structures when NUP96 is
proteasomally degraded during mitosis? Does NUP96 act within the context of the
NPC, or is it a nucleoplasmically mobile Nup like the putative NXF1:NXT1
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chaperone NUP98? And lastly, how does NUP96 identify the mRNAs which
undergo selective mRNA export modulation?

2.7.2 Bypassing the NPC: Nuclear Membrane Budding
for the Export of Large mRNP Complexes

A long- and firmly-held belief in the field of mRNA export was that the nuclear pore
represents the exclusive port of nuclear egress of exported mRNAs, and that all
mRNA export pathways, however divergent, must ultimately end with translocation
of their mRNA cargoes through the nuclear pore. However, this creed has recently
been challenged by a remarkable pathway recently reported in Drosophila muscle
cells (Fig. 2.2e).

The Wnt signaling pathways are a class of related signaling cascades that regulate
a diverse range of cellular processes including embryonic pattern formation, cellular
differentiation, and the formation of synaptic junctions, among other functions
(Wiese et al. 2018). Wnt pathway activation at Drosophila neuromuscular junctions
involves the binding of the protein ligand Wg to the DFz2 receptor; this receptor is
then internalized, and the cytoplasmic C-terminal tail (DFz2C) is released by
proteolysis to govern downstream signaling pathways throughout the cytoplasm
and nucleus (He et al. 2018).

Studies of the DFz2C moiety revealed that, upon Wnt activation, this signaling
factor is specifically localized to the nucleus, where it assembles large granules
containing numerous mRNAs and a range of mRNA-associated proteins; notably,
the size of these granules—on average, 192 nm in diameter, compared to a total
diameter of the NPC of ~120 nm—suggests that they are likely to be unable to
transport to the cytoplasm via the NPC (Speese et al. 2012). Remarkably, super-
resolution microscopy approaches combined with live-cell imaging and rapid
fixation/co-staining were able to reveal an export pathway that did not require the
NPC, but in which the large DFz2C granules were able to bud directly from the inner
nuclear membrane into the perinuclear space. This process required
phosphorylation-dependent disruption of the nuclear lamina and was followed by
fusion of the nascent vesicle with the outer nuclear membrane to allow release of the
contents into the cytoplasm (Speese et al. 2012). mRNAs targeted to the DFz2C
granules in the nucleus were found to form a specific mRNA regulon enriched for
regulators of synaptic structure and synaptogenesis, consistent with a key role for
DFz2C signaling in the formation of functional neuromuscular synapses (He et al.
2018; Speese et al. 2012).

While it appears to be a unique and highly unusual pathway upon first inspection,
it should be noted that large RNA-containing granules have been serendipitously
observed in the perinuclear space in other organisms, ranging from plants to humans,
suggesting that this may in fact represent a conserved pathway for the export of
mRNPs above the size exclusion limit of the NPC (Speese et al. 2012). In addition,
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this export mechanism bears remarkable resemblance to that used by human path-
ogenic herpesviruses and, potentially, cytomegaloviruses to export their large
DNA-containing capsids from the nucleus to the cytoplasm by cell-internal capsid
envelopment/de-envelopment across the nuclear membranes (Buser et al. 2007; Lee
and Chen 2010). When first identified, these pathways were thought to be exclusive
to the viruses and to be mediated exclusively by viral proteins; however, the
observations here suggest that these pathways may instead represent the repurposing
of a latent cellular export pathway for large nucleic acid-containing complexes
(Buser et al. 2007; Lee and Chen 2010; Speese et al. 2012).

2.8 Outstanding Questions in mRNA Export Heterogeneity

Above we described the overlapping and complementary mechanisms of mRNA
export from the nucleus to the cytoplasm. While these studies have provided
considerable insights into the guiding principles of mRNA export so far, a number
of important questions regarding their function still remain unanswered and will be
discussed here.

2.8.1 Stoichiometry of Export Adaptors/Coadaptors
on mRNA

One fundamental question is whether mRNAs might contain competing signals that
drive export or retention toward a specific export pathway and whether the deposi-
tion of a single or multiple export complexes stimulates this process. This can be best
illustrated by the question of how many Aly/REF molecules are actually deposited
on an mRNA, and whether this number influences export. Early investigations of
Aly/REF deposition on mRNA reported noncontradictory interactions between
Aly/REF (in the context of TREX) and the CBC-bound 5’ m’G cap and/or EJCs,
leading to the hypothesis that Aly/REF binding (and subsequent NXFI1:NXT]I
loading) at these site(s) was sufficient for export (Cheng et al. 2006; Masuda et al.
2005). However, subsequent characterization of the DDX19/Gle1/Nup42 complex
revealed a mechanism of nuclear pore transit in which DDX19 helicase bound to the
NPC’s cytoplasmic fibrils evicts the FG-Nup-binding NXF1:NXT1 complex from
cargo mRNAs upon transit of the central NPC pore, acting as a “ratchet” to instill
directionality to the transit of mRNPs through the NPC (Adams et al. 2017, 2018;
Folkmann et al. 2011). A key requirement of this model is that NXF1:NXT1, and
therefore Aly/REF, must be deposited throughout the length of the mRNA in order
to allow regular interactions of the RNA:NXF1:NXT1 complex with DDX19 during
NPC transit; indeed, several cross-linking-immunoprecipitation studies of Aly/REF
found binding along the length of mRNA, albeit with enrichment at the 5’- and
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3’-ends (Shi et al. 2017; Viphakone et al. 2018). A possible explanation for these
apparently contradictory observations emerged from the observation that the core
helicase of the TREX complex, UAP56, must bind ATP in order to assemble the
TREX complex, and that Aly/REF binding to UAP56 promotes its ATPase activity
(Dufu et al. 2010). It was further found that UAP56°s ATPase activity was required
for deposition of Aly/REF onto mRNA, leading to a compromise model in which
TREX is recruited to 5’ caps and/or EJCs and then undergoes successive rounds of
ATP hydrolysis to deposit Aly/REF along the target mRNA (Taniguchi and Ohno
2008). While this model satisfies extant observations regarding Aly/REF-binding
mechanisms on mRNA, it was complicated by the finding that Aly/REF and THOCS5
were coordinately required for the activation of NXF1:NXT1 RNA binding during
bulk mRNA export (Viphakone et al. 2012), since under this model THOCS was
expected to comigrate with UAP56 rather than remaining in close coordination with
Aly/REF on the mRNA. The model was further complicated by the discovery of
numerous orthologous export adaptors/coadaptors that are able to act with and/or
substitute for Aly/REF in the bulk export pathway (Chang et al. 2013; Hautbergue
et al. 2009; Uranishi et al. 2009; Viphakone et al. 2015). The observation that these
proteins typically bind TREX and NXF1:NXT1 in an identical manner to the
Aly/REF:THOCS suggests that they may also be deposited by UAP56, suggesting
a possible heterogeneous series of adaptors/coadaptors along the length of mRNAs
destined for bulk mRNA export.

Given these contradictory observations and their self-evident relevance to our
understanding of the mechanisms and regulation of bulk mRNA export, it is
imperative to establish the relative position, order, and stoichiometry of export
adaptors and coadaptors on mRNAs in vivo. However, currently available protein-
RNA-focused sequencing techniques such as iCLIP are not capable of answering
this question due to their generation of population-wide averages of mRNA site
binding (van Dijk et al. 2018), and alternative approaches are required to address
these questions. One alternative avenue might be the use of sequential IPs of serried
adaptor/coadaptor pairs followed by iCLIP analysis to demonstrate the binding
patterns of a given factor when co-deposited with another. Other possible
approaches could make use of third-generation sequencing technologies which
allow the sequencing of entire mRNA molecules without fragmentation (van Dijk
et al. 2018). Pairing such an approach with a protein proximity-dependent RNA
tagging strategy such as APEX-Seq or, alternatively, fusions of specific proteins
with an mRNA-modifying enzyme such as NSUN?2 in order to promote the specific
modification of mRNAs with diagnostic sequence modifications in the immediate
vicinity of an mRNA-bound protein of interest would be particularly powerful
(Padron et al. 2018). Finally, imaging-based approaches that allow the determination
of stoichiometry of proteins within complexes using stepwise photobleaching of
fluorescently labeled components upon purification and immobilization onto micros-
copy coverslips might be useful in complementing sequencing-based methods (Jain
etal. 2011). Such future investigations will be required to define the binding patterns
of export factors on candidate mRNAs and thereby provide new insides into how the
stoichiometry of adaptors and coadaptors may coordinate mRNA export.
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2.8.2 Posttranslational Regulation of mRNA Export
Pathways in Response to Cellular Stimuli

In addition to the already formidable complexity of mRNA export engendered by the
variety of pathways thus far reported, evidence is emerging that mRNA export
pathways are highly sensitive to environmental, tissue-specific, and developmental
cues and that their activity can be altered by posttranslational signaling. Early reports
regarding PML-mediated suppression of e[F4E:CRM1:RanGTP-mediated export
found that this regulatory axis could be manipulated by exposure of cells either to
the stressor cadmium or to the signaling molecule IFNy (Topisirovic et al. 2002),
while NXF1:NXT1-dependent export of the HSP70 mRNA appears to gain an
absolute requirement for Aly/REF and THOCS upon transition from constitutive
to heat shock conditions (Guria et al. 2011; Katahira et al. 2009). In addition to its
role as a bulk mRNA export coadaptor, THOCS5 has been shown to play specific
roles in hematopoiesis and adipogenesis in mice (Mancini et al. 2006, 2010). Most
strikingly, numerous export factors, including LuzP4, URH49, CIP29, NXF2, and
NXF3, all exhibit highly restricted expression in the testes, suggesting the possible
existence of an entirely distinct and parallel mRNA export pathway in this tissue
(Kapadia et al. 2006; Pryor et al. 2004; Viphakone et al. 2015; Yang et al. 2001;
Zhang et al. 2007). The regulation of mRNA export by posttranslational factors is
exemplified by the IPMK:Aly/REF export pathway in which the secondary messen-
ger PIP; binds to Aly/REF and modulates its mRNA-binding motif (Okada et al.
2008; Wickramasinghe et al. 2013). Interestingly, the binding of PIP; to Aly/REF
can itself be modulated by AKT-mediated phosphorylation of Aly/REF, suggesting
this mechanism may represent a regulatory hub for several signaling pathways
(Wickramasinghe et al. 2013). Prior to its identification as an mRNA export factor,
THOCS (a.k.a. FMIP) was found to be phosphorylated by the GM-CSF and PKC
signaling pathways, resulting in its partitioning to the cytoplasm (Mancini et al.
2004; Tamura et al. 1999); similarly, the HuR cofactor APRIL can be phosphory-
lated at a site adjacent to its nuclear localization signal, resulting in accumulation in
the cytoplasm (Fries et al. 2007). Lastly, it has been found both SRSF1 and SRSF3
must be in a hypophosphorylated state to participate in their mRNA export activities,
possibly as a means of isolating these activities from their other roles in splicing
regulation (Lai and Tarn 2004; Roundtree et al. 2017). Collectively, these results
underline the highly regulatable activities of the mRNA export machinery. Detailed
investigation of the cellular- and tissue-specific expression patterns and
PTM-dependent regulatory pathways of mRNA export will require a detailed and
interdisciplinary approach; however, it is noted that recent large-scale collaborative
projects cataloging proteome-wide cell- and tissue-specific expression profiles rep-
resent important first ports of call for investigation of novel or established export
factors (GTEx Consortium 2015; Uhlén et al. 2015) while new highly sensitive mass
spectrometry-based methods for the profiling of posttranslational modifications are
emerging on a regular basis, providing a powerful experimental tool to dissect
regulatory mechanisms contacting the mRNA export machinery (Ke et al. 2016).
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2.8.3 Cooperation or Competition of Export Pathways
on Common mRNAs

Given the remarkable diversity and ubiquity of specific mRNA export pathways
described herein, it is almost inevitable that these pathways may intersect on
particular mRNAs. Understanding how these different pathways may coordinately
or competitively regulate export of a common mRNA target will provide key
insights into our understanding of the complex network of mRNA export pathways
described above. While a thorough description of the extent and significance of
export pathway overlap must await exhaustive characterization of the mRNA targets
of all known mRNA export pathways, several instances of pathway interface have
already been reported serendipitously. A key feature of the e[F4AE:CRM1-mediated
export pathway is the binding of eIF4E to the 5’ m’G cap in concert with LRPPRC;
however, this interaction necessitates the eviction of the canonical CBC from the
5’-end of mRNA and its replacement by eIF4E via an as-yet undescribed mechanism
(Culjkovic et al. 2006). Given the significant though nonessential role that CBC
plays in the promotion of bulk export, it seems likely that partitioning of mRNA into
the eIF4E export pathway is likely to abolish or attenuate bulk mRNA export (Cheng
et al. 2006). Two different mRNA export pathways have also been found to target
the IFNal mRNA which can undergo both Prpl9 complex/U2AF65-mediated
export via a coding-region USER code, the CAR-E, and can also be exported via
an incompletely described pathway dependent on NUP96 (Faria et al. 2006; Lei et al.
2011, 2013). More generally, several distinct mRNA regulons have been reported to
contain highly similar functional groups of mRNAs, including the observation that
cell cycle-regulatory factors are enriched in the regulons of IPMK:Aly/REF, eIF4E:
CRM1, and NUP96-dependent mRNA export pathways (Chakraborty et al. 2008;
Culjkovic et al. 2006; Wickramasinghe et al. 2013). Finally, the observation that
elF4E is able to promote the export and expression of key components of the AKT
signaling pathway, a key regulator of Aly/REF binding to PIP; in the IPMK:Aly/
REF export pathway, suggests that distinct export pathways may utilize cellular
signaling pathways to balance their activities in vivo (Culjkovic et al. 2008; Okada
et al. 2008; Wickramasinghe et al. 2013).

The first and most fundamental step in characterizing cross-talk between mRNA
export pathways will be to define the complete set of mRNA targets of all known
export pathways; while candidate-specific XL-Seq methodologies such as iCLIP
will likely prove useful for this, a major resource is likely to be the database of iCLIP
profiles for >300 RBPs generated by the ENCODE consortium (Van Nostrand et al.
2018). Once a common mRNA target of two export pathways is identified, a suite of
exploratory techniques will likely be required to define the protein interactome of
these mRNAs (Castello et al. 2012; Ramanathan et al. 2018), their behavior within
the nucleoplasm and at the NPC, and the relative contributions of the two or more
export pathways to the mRNA’s export kinetics in living cells (Griinwald and Singer
2010; Heinrich et al. 2017; Ma et al. 2013; Siebrasse et al. 2012). Given the likely
number and complexity of interactions between export pathways in metazoan cells,
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it is expected that new, network-level experimental techniques will be required to
dissect the complex interplay of these pathways.

2.9 Concluding Remarks

Historically, research into the mechanisms of protein expression heterogeneity have
focused on transcriptional and translational regulation, control of splicing, and the
means of mMRNA degradation in the cytoplasm. However, mRNA export is far from
being a passive player in this process and is itself a significant source of heteroge-
neity in the gene expression program and an important regulatory hub. As further
details of mRNA export pathways emerge, it is expected that they will provide new
insights into the means by which cells regulate their expression program and identify
new possible therapeutic angles by which mRNA export may contribute to the
pathogenesis and/or treatment of human disease.
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View from an mRNP: The Roles of SR e
Proteins in Assembly, Maturation

and Turnover

Marius Wegener and Michaela Miiller-McNicoll

Abstract Serine- and arginine-rich proteins (SR proteins) are a family of multitask-
ing RNA-binding proteins (RBPs) that are key determinants of messenger ribonu-
cleoprotein (mRNP) formation, identity and fate. Apart from their essential functions
in pre-mRNA splicing, SR proteins display additional pre- and post-splicing activ-
ities and connect nuclear and cytoplasmic gene expression machineries. Through
changes in their post-translational modifications (PTMs) and their subcellular local-
ization, they provide functional specificity and adjustability to mRNPs.
Transcriptome-wide UV crosslinking and immunoprecipitation (CLIP-Seq) studies
revealed that individual SR proteins are present in distinct mRNPs and act in specific
pairs to regulate different gene expression programmes. Adopting an mRNP-centric
viewpoint, we discuss the roles of SR proteins in the assembly, maturation, quality
control and turnover of mRNPs and describe the mechanisms by which they
integrate external signals, coordinate their multiple tasks and couple subsequent
mRNA processing steps.

Keywords SR proteins - mRNPs - iCLIP - PTMs - Gene expression - RNA-binding
proteins - Splicing

3.1 General Introduction

Alternative pre-mRNA processing generates an astonishing variety of mRNAs from
a limited pool of genes. Transcripts can differ at their 5’ and 3’ ends as well as
throughout the transcript body, allowing for the expression of several distinct protein
products per gene. Around 95% of human genes with multiple exons undergo
alternative pre-mRNA splicing (AS), and the majority of transcript isoforms are
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present at different levels in various cells and tissues (Pan et al. 2008). Moreover, at
least 70% of genes produce mRNAs with different 3’'UTRs by alternative
polyadenylation [APA (Tian and Manley 2017)]. Alternative mRNA processing is
achieved through the binding and action of numerous RNA-binding proteins (RBPs)
that form large messenger ribonucleoprotein (mRNP) particles. From transcription to
decay, mRNPs undergo a constant remodelling, whereby RBPs are gained, lost
and/or post-translationally modified. The mRNP composition is critical for the fate
of bound transcripts and influences gene expression at several steps including
transcription, 5’ capping, splicing, polyadenylation, nRNA export, mRNA stability,
mRNA localization and translation (Miiller-McNicoll and Neugebauer 2013). More-
over, continuous binding of particular RBPs can assist in the coupling of subsequent
steps in gene expression and provide checkpoints to ensure mRNP quality. In the
past decade, we have made enormous progress and characterized the composition of
endogenous mRNPs in different cell types, tissues and animals. A multitude of
transcriptome-wide RNA-RBP interaction maps and RNA-bound proteomes have
been reported, and recent reviews suggest that more than 1000 proteins expressed in
our cells bind to RNA (mouse: 1914; human: 1393) (Hentze et al. 2018; Wheeler
et al. 2017). However, we still do not understand how nascent mRNPs assemble in
cells, how they mature through different cellular compartments and how they are
turned over. This is particularly difficult, as mRNPs involve not only RNA-protein
interactions (ranging from low to high affinity and specificity) but also protein-
protein interactions (Jankowsky and Harris 2015). The in vivo composition of
individual mRNPs and their spatial organization have only recently begun to be
unravelled (Adivarahan et al. 2018; Khong and Parker 2018; Metkar et al. 2018), and
the functions of individual mRNP components and the influence of PTMs in the
expression of bound mRNAs remain enigmatic.

Arginine-serine-rich proteins (SR proteins) are a family of multifunctional RBPs
that bind to mRNAs throughout their journey from transcription in the nucleus to
translation in the cytoplasm. SR proteins are well known for their essential roles in
constitutive splicing and as regulators of alternative splicing. Through additional
activities beyond splicing, SR proteins have emerged as key determinants of mRNP
formation, fate and identity (Anko 2014). Individual SR proteins are present in
distinct mRNPs and regulate different gene expression programmes in response to
external stimuli through changes in their post-translational modifications (PTMs)
(Anké et al. 2010; Bjork et al. 2009). Several transcriptome-wide UV crosslinking
and immunoprecipitation (CLIP-Seq) studies that analysed SR protein-RNA inter-
actions in different cell types provided a wealth of information about in vivo
consensus binding motifs, binding site distributions and endogenous mRNA targets
of individual SR proteins (Anko et al. 2012; Botti et al. 2017; Bradley et al. 2015;
Brugiolo et al. 2017; Krchnakova et al. 2018; Miiller-McNicoll et al. 2016; Pandit
et al. 2013; Ratnadiwakara et al. 2018; Sanford et al. 2009; Van Nostrand et al.
2016). Based on these findings, we will illuminate the roles of SR proteins in the
assembly, maturation, quality control and turnover of mRNPs and discuss the
mechanisms by which they may coordinate their different tasks and couple nuclear
and cytoplasmic gene expression machineries from an mRNP-centric viewpoint.
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3.2 The Family of Classical SR Proteins

The SR protein family comprises 12 canonical members, which are evolutionarily
conserved and structurally related (Busch and Hertel 2012). They are encoded by
separate genes and are named SRSF1 to SRSF12 in the order of their discovery
(Manley and Krainer 2010). The first mammalian SR protein was discovered by two
different groups in 1990 and was named ASF/SF2 (now SRSF1) (Ge and Manley
1990; Krainer et al. 1990). In 1991, it was reported that a monoclonal antibody
(mADb104) recognizes a conserved phospho-epitope on a group of proteins with
molecular masses of 20, 30, 40, 55 and 75 kDa (Roth et al. 1991). One year later,
these proteins were classified as members of a larger family of splicing factors that
included SRSF1 and SC35 (now SRSF2), which was characterized in the same year
(Fu and Maniatis 1992). The term SR proteins was coined as all members contained
a C-terminal domain (CTD) with repeated Ser (S) and Arg (R) dipeptides [SRp20
(SRSF3), SRp75 (SRSF4), SRp40 (SRSF5) and SRp55 (SRSF6) (Zahler et al.
1992)]. Two years later, the seventh canonical SR protein, which contained an
additional CCCH zinc knuckle, was characterized and named 9G8 (SRSF7)
(Cavaloc et al. 1994). In 1995, SRp30c (SRSF9) was discovered and described as
the family member with the shortest RS domain (Screaton et al. 1995). SRp46
(SRSF8) was discovered in 1998 and is encoded by a functional SRSF2 pseudogene
that is not present in the mouse genome and is functionally different from SRSF2
(Soret et al. 1998). SRp38 (SRSF10) and SRrp35 (SRSF12) were discovered in 2001
(Cowper et al. 2001) and found to be very different from typical SR proteins, as they
act as general inhibitors of splicing, particularly under changing cellular conditions
such as mitosis, heat stress and neural differentiation (Liu and Harland 2005; Shin
et al. 2004; Shin and Manley 2002). SRp54 (SRSF11) had already been discovered
in 1991 (Chaudhary et al. 1991), but it was functionally characterized only in 1996,
and still only little is known about its functions in vivo (Zhang and Wu 1996).

All classical SR proteins contain one or two N-terminal RNA recognition motifs
(RRMs), a glycine—arginine-rich spacer region and a C-terminal RS domain of at
least 50 amino acids with more than 40% RS dipeptide content (Manley and Krainer
2010) (Fig. 3.1). The RS domain is the defining feature of the SR protein family,
mediates mostly protein-protein interactions and serves as nuclear localization signal
(NLS) (Caceres et al. 1997). Differences between family members include the length
and amino acid composition of their spacer region, which is the binding site for the
nuclear mRNA export receptor 1 (NXF1) (Botti et al. 2017; Hargous et al. 2006;
Tintaru et al. 2007), the length and composition of their RS domains, the presence of
additional functional domains embedded within the RS domain (Ko and Gunderson
2002), the additional zinc knuckle in SRSF7 and a second RRM domain in SRSF1,
SRSF4, SRSF5, SRSF6 and SRSF9. This second RRM is also called RRM homolog
(RRMH) or pseudo-RRM (WYRRM)), as it reveals an atypical RRM-fold and binds to
RNA in a unique manner involving a conserved SWQDLKD heptapeptide (Tintaru
et al. 2007). Although RS domains are present in more than 50 splicing factors, most
of them are not considered classical SR proteins as they either lack RRMs, contain
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SR protein Alias aa RS RS content
SRSF1 [ RRm_[L[WRRMT] Rs ] SF2,ASF,SRp30a 249 198-248 75%
SRSF2 SC35, PR264 222 116-208 79%
SRSF3 [_RRw_[] Rs | SRp20 164  86-164 69%
SRSF4 [ RRM_[L [WRRM]] RS | SRp75 494 179-494 59%
SsRsF5 [[RRv [ [WRRMT] Rs ]| SRp40;HRS 272 180-267 90%
SRSF6 [ RRM | [WRRM.] RS ] SRp55, B52 345 188-344 66%
SsRsF7 [ RRM [Jz _Rs ]| 9G8 238 121-238 76%
SRSF8 [RRM [] RS i SRp46 282  98-274 65%
SRSF9 [[ RRM_[LWRRM[RS]] SRp30c 221 188-200 66%
SRSF10 SRp38 262 106-260 53%
SRSF11 [[]_RRM_] I ] SRp54, p54 484  245-373 66%
SRSF12 SRrp35 261  105-254 52%
M

RRM  |RNA recognition motif | WRRM |Pseudo-RRM RS Arginine-Serine rich domain munker region |Zn| Zinc knuckle

Fig. 3.1 Domain structure of 12 canonical SR proteins. SR proteins contain one or two N-terminal
RNA recognition motifs (RRM and YRRM) separated by a glycine/arginine-rich spacer (S) region
as well as a C-terminal arginine—serine-rich (RS) domain of at least 50 amino acids with more than
40% RS content. Here, these domains were drawn to scale for all 12 canonical SR protein family
members. For historical reasons, various names have been used in the literature (Alias column), but
they have recently been renamed SRSF1 to SRSF12. Additionally shown here are the length in
amino acids of each SR protein (aa), the position (RS) and percentage of arginines and serines (RS
content) of their RS domains. See text for more details and references

additional domains, contain RRM and RS domains in the reverse order or are
inactive in splicing (Manley and Krainer 2010).

While SR proteins act redundantly in constitutive splicing, they exhibit functional
specificity in their regulation of alternative exons and in post-splicing steps of
nuclear and cytoplasmic gene expression. SRSF1 and SRSF2, the two best-studied
members of the SR protein family, have been implicated in the regulation of a
multitude of cellular processes including transcription (Lin et al. 2008; Paz et al.
2014), mRNA stability (Lemaire et al. 2002), microRNA processing (Ratnadiwakara
et al. 2017), nuclear speckle architecture (Tripathi et al. 2012), selective nuclear
mRNA export and retention (Hautbergue et al. 2017; Miiller-McNicoll et al. 2016;
Zhou et al. 2017), nonsense-mediated decay (NMD) (Sato et al. 2008; Zhang and
Krainer 2004), mRNA translation (Michlewski et al. 2008; Sanford et al. 2004),
protein degradation (Pelisch et al. 2010) and maintenance of genomic stability
(Li and Manley 2005), essentially influencing the fate of specific mRNAs from
transcription in the nucleus to translation in the cytoplasm. Perhaps owing to such
non-redundant functions, all knockout (KO) mouse models generated to date died
early during embryonic development [reviewed in Anko (2014)].
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3.3 Regulation of SR Protein Activity

The activities of SR proteins are regulated via post-translational modifications
(PTMs), providing the possibility to rapidly integrate signals from cellular pathways
to coordinate gene expression (Table 3.1). For example, SR proteins display distinct
phosphorylation states, which is caused by the reversible phosphorylation and
dephosphorylation of Ser residues within their RS domains through the interplay
of various protein kinases and phosphatases (Zhou and Fu 2013). Best studied are
the CDC2-like kinases (CLKs) such as CLK1/4 and SRPK1/2. Both types of kinases
differ in their subcellular localization, substrate specificity and mechanism of phos-
phorylation. For SRSF1, it was shown that SRPKs phosphorylate Ser-Arg dipeptides
within the N-terminal part of its RS domain in a processive manner. In contrast,
CLKSs phosphorylate Ser-Lys, Ser-Pro and Ser-Arg dipeptides in the C-terminal part
of the RS domain in a distributive fashion (Ghosh and Adams 2011; Zhou and Fu
2013). The phosphorylation state of SR proteins influences their interaction with
components of the pre-spliceosome (Zhou and Fu 2013), their RNA-binding affin-
ities and specificities (Tacke et al. 1997), their subnuclear distribution (Aubol et al.
2016; Misteli and Spector 1996), their mRNA export (Botti et al. 2017; Cazalla et al.
2002), as well as their nuclear re-import (Lai et al. 2001) (Fig. 3.2). SRPK1/2 are
retained in the cytoplasm by molecular chaperones, but under certain conditions they
translocate to the nucleus and regulate SR protein activities, for example, during
osmotic stress, epidermal growth factor (EGF) signalling, mammalian target of
rapamycin complex 1 (mTORCI) signalling or during G2/M phase of the cell
cycle (Gui et al. 1994; Lee et al. 2017; Zhou et al. 2012). Nuclear CLK1/4 kinases
are also activated by osmotic stress and heat shock and are responsible for the
re-phosphorylation of SR proteins during stress recovery (Ninomiya et al. 2011).
SR protein kinases and phosphatases act together to integrate external signals and
ensure appropriate phosphorylation levels of SR proteins (Aubol et al. 2016).

Other kinases that regulate SR protein activities and alternative splicing include
the Ser/Thr kinase AKT2, which was shown to phosphorylate SRSF5 on Ser® in
response to insulin as well as SRSF1 and SRSF7 in response to growth factor
signalling (Blaustein et al. 2005; Patel et al. 2005). The cAMP-dependent protein
kinase A (PKA) phosphorylates SRSF1 and SRSF7 in response to cAMP and
modulates inclusion of exon 10 of the TAU mRNA (Shi et al. 2011). DNA topo-
isomerase I phosphorylates SRSF1 within its RS domain and ensures the coordina-
tion between transcription and splicing (Malanga et al. 2008; Soret et al. 2003).
Phosphorylation of SRSF1 and SRSF7 by the dual-specificity tyrosine
phosphorylation-regulated kinase 1A (DYRKI1A) induces their cytoplasmic trans-
location, whereas phosphorylation of SRSF2 and SRSF6 causes their release from
nuclear speckles (Naro and Sette 2013).

SR protein activities are also regulated by other PTMs, including phosphorylation
of Pro residues within the RS domain of SRSF1 by CLKI, which enhances its
splicing-promoting activity (Keshwani et al. 2015) (Table 3.1). Di-methylation of
Arg residues within the glycine-rich spacer region improves interaction between
SRSF5 and NXF1 and influences the subcellular localization of SRSF1 and SRSF9
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Table 3.1 Post-translational modifications of SR proteins, enzymes and functions
Modified Enzymes
Protein | residues Modification localization Function References
SRSF1- | RS dipeptides | Phosphorylation | SRPK1/2— Nuclear Lai et al.
SRSF7 | N-terminal cytoplasm re-import by 2001
transportin
2, localization to
nuclear speckles
SRSF1- | RS dipeptides | Phosphorylation | CLKs—nuclear | Release from Ghosh and
SRSF7 | C-terminal nuclear Adams
speckles, 2011
recruitment to
pre-mRNA,
splicing
SRSF1 | SP dipeptides | Phosphorylation | CLKs—nuclear | Enhances splic- | Keshwani
§%%7, 877, ing activity et al. 2015
§238
SRSF1 | RS dipeptides | Phosphorylation | Topoisomerase I | Changes in AS | Soret et al.
2003;
Malanga
et al. 2008
SRSF1 | Arg®®, Arg”, | Di-methylation |PRMT1 Influences sub- | Sinha et al.
Arg'® cellular locali- | 2010;
zation, enhances | Bressan
NMD, changes | et al. 2009
in AS
SRSF1 | RS dipeptides | Phosphorylation | AKT2 Changes in AS | Blaustein
and in response to et al. 2005
SRSF7 growth factor
signalling
SRSF1 | RS dipeptides | Phosphorylation | PKA Changes in AS | Shi et al.
in response to 2011
cAMP, e.g. Tau
exonlO splicing
SRSF1 | RS dipeptides | Phosphorylation | DYRKIA Cytoplasmic Naro and
and translocation Sette 2013
SRSF7
SRSF2 | RS dipeptides | Phosphorylation | DYRKIA Release from Naro and
and nuclear Sette 2013
SRSF6 speckles.
Changes in AS
SRSF2 Arg31, Arg3 3, | Mono- PRMTS, Enhances Larsen
Arg", Arg®®, | methylation CARMI RNA-binding et al. 2016
Arg®, Arg®, capacity,
Arg'®, changes locali-
Arg'"’ zation to NS
SRSF2 | Lys™ Acetylation Tip60 Decreases pro- | Yin et al.
tein levels in 2018

response to cis-
platin. Changes
in AS

(continued)
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Table 3.1 (continued)
Modified Enzymes
Protein | residues Modification localization Function References
SRSF2 | Pro®, Pro’ Hydroxylation Prolyl Decreases pro- | Stoehr
hydroxylases tein stability in | et al. 2016
hypoxia.
Changes in AS
SRSF3 | Lys® Neddylation NEDD8-conju- | Response to Jayabalan
gating system arsenite stress, et al. 2016
assembly of
SGs
SRSF5 | Ser®® Phosphorylation | Akt Alternative Patel et al.
splicing in 2005
response to
insulin
SRSF5 | Arg®® Arg®?, | Di-methylation | PRMT5 Improves NXF1 | Botti et al.
Arg9 interaction and 2017,
nucleo- Larsen
cytoplasmic et al. 2016
shuttling
SRSF5 |Lys'® Acetylation Tip60 Changes in AS, | Chen et al.
promotes 2018
tumour growth
SRSF5 | Lys'® Ubiquitination Smurfl Protein degrada- | Chen et al.
tion upon glu- 2018
cose starvation
SRSF7 | RS dipeptides | Phosphorylation | PKA Changes Tau Shi et al.
exonlO splicing | 2011
upon cAMP
SRSF9 | ND Di-methylation | PRMT1 Influences sub- | Bressan
cellular et al. 2009
localization

(Botti et al. 2017; Bressan et al. 2009; Sinha et al. 2010). Mono-methylation of Arg
residues within the RRM of SRSF2 enhances its RNA-binding capacity (Larsen et al.
2016). Acetylation of Lys* decreases SRSF2 protein levels, whereas deacetylation,
either in response to genotoxic stress or through the activity of the deacetylase SIRT1,
stabilizes SRSF2, whose higher levels cause a switch in CASP8 pre-mRNA splicing
and programmed cell death and promote inclusion of exon 10 in the TAU mRNA in
frontotemporal dementia (FTD) (Edmond et al. 2011; Yin et al. 2018). Finally, PTMs
with generally poorly characterized functions were also shown to affect SR protein
activity, such as hydroxylation of two Pro residues within the RRM of SRSF2 [which
also decreases its stability (Stoehr et al. 2016)]. SRSFS is acetylated on Lys'**, which
antagonizes ubiquitination at the same residue and this way inhibits the degradation of
SRSF5 and promotes tumour growth (Chen et al. 2018). SRSF3 is neddylated on
Lys® in response to arsenite stress, which appears to be crucial for the assembly of
cytoplasmic stress granules (SGs) (Jayabalan et al. 2016).
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Fig. 3.2 Phosphorylation and splicing cycle of SR proteins. Upon hyper-phosphorylation by
CLK1/4, SR proteins are released from nuclear speckles and co-transcriptionally bind exons in
pre-mRNAs, where they recruit spliceosomal components Ul and U2 snRNPs to 5" and 3’ splice
sites. During the splicing reaction, SR proteins are partially dephosphorylated by PP1 and PP2A,
which enables them to act as export adaptor through recruitment of export factor NXF1. Most SR
proteins escort their bound mRNAs to the cytoplasm, where they can regulate mRNA localization,
stability and translation before being released, partly re-phosphorylated by SRPK1/2 and
re-imported by TRN-SR into the nucleus, where they are stored again in nuclear speckles, awaiting
the next round of splicing. See text for more details and references

3.4 SR Protein Recruitment to Pre-mRNAs

In the nucleus, phosphorylated SR proteins accumulate in nuclear speckles, highly
dynamic membrane-less compartments where pre-mRNA splicing factors are stored,
assembled and modified (Galganski et al. 2017). Upon activation of transcription,
SR proteins are released from speckles and recruited to polymerase II (Pol II)
transcription sites, which requires hyper-phosphorylation of the RS domain on
Ser-Arg (SR) and Pro-Arg (PR) dipeptides by CLK1/4 kinases (Colwill et al.
1996; Keshwani et al. 2015; Misteli et al. 1998; Zhou and Fu 2013) (Fig. 3.2). RS
domain hyper-phosphorylation may break low-affinity interactions between SR
proteins and other RS domain-containing proteins in nuclear speckles, allowing
SR proteins to diffuse to the edges, so-called perichromatin fibrils, where transcrip-
tion and co-transcriptional splicing are thought to take place (Sanchez-Hernandez
et al. 2017). Thus, recruitment of SR proteins to nascent pre-mRNAs is likely
favoured by their high concentration in speckles and the short distance to transcrip-
tion sites.

Each SR protein binds to single-stranded RNA in a sequence-specific manner via
its RRMs. A typical RRM consists of four anti-parallel B-sheets connected to two
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a-helices. The amino acids present in the p-sheets are thought to be non-selective
(Maris et al. 2005). Sequence-specific binding is achieved because other domains—
e.g. the YRRMs, the zinc knuckle, the glycine-rich linker and the phosphorylated RS
domain—all contribute to sequence specificity and regulate binding affinity (Botti
et al. 2017; Cavaloc et al. 1999; Cho et al. 2011a; Phelan et al. 2012; Tacke et al.
1997) (see Fig. 3.1). For example, SRSF2 has only one RRM, which does not bind
efficiently to RNA, but it contains an extended glycine-rich linker that is absent in all
other SR proteins and folds into an additional L3 loop (Phelan et al. 2012). This loop
is crucial for selective binding to AG, while the C-terminus of the RRM contacts U
residues (Phelan et al. 2012). SRSF7 contains a zinc knuckle that contributes to the
specific recognition of GAYGAY motifs (Cavaloc et al. 1999; Miiller-McNicoll
etal. 2016). SRSF5 has two RRMs, and both contribute to the recognition of specific
enhancer sequences in vitro and in vivo, but only when its RS domain is phosphor-
ylated (Botti et al. 2017; Tacke et al. 1997). For SRSFI, it was shown that both
RRMs and the intervening glycine-rich linker together mediate the cooperative
binding to exonic splicing enhancers (ESEs). The linker brings both RRMs in
close proximity to optimally accommodate target RNAs (Cho et al. 2011a).

High-affinity in vitro binding motifs have been identified for all 12 classical SR
proteins by systematic evolution of ligands by exponential enrichment [SELEX;
reviewed in Anko (2014)]. Structural studies using recombinant SR proteins and
short synthetic RNAs with high-affinity binding motifs have provided valuable
mechanistic insights into specific target recognition (Clery et al. 2013; Daubner
et al. 2012; Hargous et al. 2006; Phelan et al. 2012; Tintaru et al. 2007). However,
high-affinity binding is not preferable for dynamic processes such as pre-mRNA
splicing, where binding and release of SR proteins must be flexible. Moreover,
in vivo binding sites depend on the local RNA structure (i.e. might be inaccessible
in double-stranded RNA), on the cooperation and competition with other RBPs and
on PTMs that may influence binding specificity of SR proteins (Edmond et al. 2011;
Larsen et al. 2016; Tacke et al. 1997; Yin et al. 2018). Thus, the relevance of SELEX
for the prediction of in vivo binding sites is limited. More recently, several
transcriptome-wide CLIP-Seq studies have identified in vivo binding sites of most
SR proteins in different cell types (Anko et al. 2012; Botti et al. 2017; Bradley et al.
2015; Brugiolo et al. 2017; Miiller-McNicoll et al. 2016; Pandit et al. 2013; Sanford
et al. 2009) (Fig. 3.3). These data partially confirmed the SELEX motifs, but also
revealed interesting differences. For example, most SR proteins bind to a broad
spectrum of sequences with loose consensus, but their binding motifs differ
depending on the bound transcript class, transcript region and between constitutive
and alternative exons.

The in vivo binding motifs of SRSF1, SRSF4 and SRSF6 are purine rich,
suggesting that the RRM, which binds preferentially pyrimidine-rich sequences,
does not contribute to the binding specificity in these proteins (Anko et al. 2012;
Miiller-McNicoll et al. 2016; Pandit et al. 2013; Sanford et al. 2009). Indeed, the
YRRM of SRSF1 binds efficiently to GGA and is sufficient to regulate splicing of
many target transcripts (Clery et al. 2013). This finding contrasts with an earlier
report showing that both RRMs and the linker of SRSF1 are all essential for ESE
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binding (Cho et al. 2011a). It is possible that the RRM and the linker only contribute
to binding when high specificity is needed. Indeed, access of its RRM is regulated
through phosphorylation and intra-protein interactions with the RS domain of
SRSF1 (Aubol et al. 2017; Cho et al. 2011b) (Fig. 3.3).

SRSFS5 displays a more complex binding motif and has fewer targets than other
family members, suggesting that both its RRMs contribute to RNA binding (Botti
et al. 2017; Miiller-McNicoll et al. 2016). SRSF2 has the most divergent binding
motif of all SR proteins (SSNG), recognizing purines and pyrimidines almost
equally well (Daubner et al. 2012; Pandit et al. 2013). Such promiscuous binding
might be advantageous for constitutive splicing, but seems counterproductive for the
regulation of AS. Interestingly, SRSF2 binds very often in close proximity to other
SR proteins and co-regulates bound exons or competes for binding—for example
with SRSF5 (Botti et al. 2017), SRSF7 (Preussner et al. 2017), SRSF1 (Pandit et al.
2013) and SRSF6 (Chandradas et al. 2010). Given that its RRM accommodates a
vast amount of different sequences (Daubner et al. 2012; Pandit et al. 2013), SRSF2
binding might be dictated through cooperative interactions with other SR proteins
(Fu and Ares 2014). It is also conceivable that SRSF2 binds constitutively and early
during transcription to all pre-mRNAs to distinguish them from other Pol II-derived
RNPs or regulate their downstream fate. In line with such a function, the activity of
SRSF2 is very adjustable and is regulated under various stresses and changing
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cellular conditions through PTMs, including Ser and Pro phosphorylation, Lys
acetylation, Pro hydroxylation and Arg methylation (Botti et al. 2017; Edmond
et al. 2011; Larsen et al. 2016; Preussner et al. 2017; Stoehr et al. 2016). Through
changes in PTMs, SRSF2 was shown to influence transcription efficiency, AS and
nucleo-cytoplasmic shuttling of mRNPs.

In addition to PTMs on proteins, modifications of the pre-mRNA itself may also
modulate SR protein binding. For example, the nuclear reader protein YTHDCI
recognizes the modification of N6-methy1adenosine (mGA) in RNAs and recruits
SRSF3 to these sites, while blocking the binding of SRSF10. In this way, YTHDCl1
and m®A modulate the access of SR proteins to their cognate binding sites in target
mRNAs (Xiao et al. 2016). Moreover, iron ions reduce the RNA-binding capacity of
SRSF7, likely by replacing zinc in the Zn knuckle (Tejedor et al. 2015). Finally, SR
protein binding to pre-mRNAs is also regulated through the long non-coding RNA
MALATI, which resides in nuclear speckles and sequesters phosphorylated SR
proteins through non-specific interactions in these compartments (Tripathi et al.
2010). Hyper-phosphorylation of SR proteins may break these low-affinity interac-
tions and enable SR proteins to escape from nuclear speckles.

3.5 Co-transcriptional Splicing

SR proteins bind to pre-mRNAs as soon as the first splice sites emerge from Pol II
and engage in co-transcriptional splicing (Bjork et al. 2009; Mabon and Misteli
2005; Sapra et al. 2009). This rapid recruitment to nascent RNA suggests that SR
proteins piggyback on transcribing Pol II, although it is not clear whether their
recruitment occurs before or after initiation of transcription. There is evidence for
both scenarios. In agreement with the former, SR proteins co-localize with Pol II in
nuclear speckles, and this interaction is mediated by the C-terminal domain (CTD) of
Pol I (Kim et al. 1997; Yuryev et al. 1996). Truncation of the CTD or selective
mutations prevent their targeting to transcription sites and inhibit pre-mRNA splic-
ing (de la Mata and Kornblihtt 2006; Du and Warren 1997; Misteli and Spector
1999), suggesting that the CTD pre-assembles with SR proteins in nuclear speckles
in the absence of pre-mRNA. In contrast, chromatin immunoprecipitation (ChIP)
experiments demonstrated that the interaction between most SR proteins and Pol II
was dependent on RNA and ongoing transcription (Sapra et al. 2009).

Recruitment of SR proteins to Pol II affects its elongation rate as depletion of
SRSF1 and SRSF2 leads to a dramatic decrease in the production of nascent RNA.
Particularly, SRSF2 was shown to promote Pol II elongation in a subset of genes that
contain SRSF2-binding sites close to the transcription start site (Ji et al. 2013; Lin
et al. 2008; Mo et al. 2013). SRSF2 binds to the non-coding RNA 7SK, which is part
of stalled Pol II complexes that pause near the promoter of genes. When SRSF2-
binding sites emerge, SRSF2 is transferred from 7SK onto the nascent pre-mRNA,
which triggers a coordinated release of the transcriptional regulator positive tran-
scription elongation factor, subsequent phosphorylation of Pol II and its release from
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promoter-proximal pausing (Ji et al. 2013). This example highlights a close coupling
of transcription and splicing through SR proteins, which may allow selective
transcription and splicing of specific pre-mRNAs. Binding of SRSF2 labels the
transcribed Pol II product as a specific pre-mRNA and feeds the information back
to the transcription machinery. This may enhance the elongation rate of transcribing
Pol II and at the same time alter the recognition of alternative exons in this
pre-mRNA (de la Mata et al. 2003). The physical coupling also enables a rapid
recruitment of SRSF2 to the first splice site for efficient co-transcriptional
spliceosome assembly. At the same time, enzymes associated with chromatin
might modify the SR proteins, either to change their binding/splicing activities in
downstream exons or to integrate external signals (Hnilicova et al. 2011).

Removal of non-coding introns and the ligation of coding exons are catalysed by
the spliceosome, which consists of five small nuclear ribonucleoproteins (snRNPs)
called Ul, U2, U4, U5 and U6, and of approximately 200 associated proteins
(Scheres and Nagai 2017). The spliceosome assembles de novo onto each intron.
SR proteins contribute to the recognition of splice sites (ss) during both constitutive
and alternative splicing through the binding of ESEs or intronic splicing enhancer
(ISE) sequences. ESEs and ISEs are short 4-8-nt-long degenerate sequences that are
located in close proximity to splice sites. Several CLIP studies revealed that SR
proteins bind similarly to 5’ and 3'ss in a distance of ~60 nt (Anko et al. 2012;
Bradley et al. 2015; Miiller-McNicoll et al. 2016; Pandit et al. 2013). Binding to
ESEs activates neighbouring splice sites and facilitates the recognition of exon-
intron boundaries. Interactions between different SR proteins via their RS domains
bring 5" and 3'ss in close proximity while intronic or exonic sequences loop out. In
this way, SR proteins participate in intron and exon definition (De Conti et al. 2013).
During spliceosome assembly, SR proteins stabilize the binding of the Ul snRNP
component U170K at the 5" and of U2AF35 at the 3’ splice site through RS domain
interactions. The RS domain also contacts RNA directly at the splice sites and
enhances binding of improperly paired U2 snRNA (3'ss) and U6 snRNA (5'ss)
(Shen and Green 2006). Indeed, minor binding peaks of SR proteins were observed
in these regions in several CLIP studies, but it is unclear whether RS domains are
responsible (Miiller-McNicoll et al. 2016; Pandit et al. 2013).

In nuclear speckles, SRSF1 is prevented from binding to RNAs through intra-
molecular contacts between its N-terminally phosphorylated RS domain and its
RRM (Cho et al. 2011b; Serrano et al. 2016) (Fig. 3.4). Hyper-phosphorylation of
the C-terminal RS domain by CLK1 was shown to cause a switch from a floppy
disordered state to a more ordered and rigid arc-like structure (Xiang et al. 2013).
This likely induces a conformational change in the SR protein, breaking the inter-
actions between RRMs and RS domain and making both domains become available
for interactions (Cho et al. 2011b; Serrano et al. 2016). The RRMs bind to ESEs or
interact with other RRM-containing proteins, while the RS domain contacts Ul and
U2 snRNP components (Zhou and Fu 2013). Assembly of early and active
spliceosomes only occurs when SR proteins are hyper-phosphorylated (Keshwani
et al. 2015).
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Fig. 3.4 Storage of SRSF1 in nuclear speckles and its recruitment to pre-mRNAs are regulated
through an interplay between kinases and phosphatases. SRSF1 is stored in nuclear speckles in a
partly phosphorylated state where its floppy, intrinsically disordered RS domain is free to interact
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Interestingly, recent studies suggest that CLK1 stays tightly bound to SRSF1 after
its hyper-phosphorylation and inhibits the recruitment of the Ul snRNP due to a
strong interaction between the N-terminus of CLK1 and the RS domain of SRSF1
(Aubol et al. 2014, 2016; Keshwani et al. 2015) (Fig. 3.4). This sustained interaction
might protect the RS domain from premature dephosphorylation by protein phos-
phatase 1 (PP1) prior to splicing. Only when SRPKI1 enters the complex and
removes CLK1, SRSF1 is able to recruit Ul snRNP (Aubol et al. 2016, 2017) (see
section below). It remains to be determined whether SRPK 1, which is predominantly
cytoplasmic at steady state, is required for completion of most splicing reactions or
whether this occurs only at specific splice sites and/or under particular circum-
stances. Moreover, it is unclear whether phosphorylation of other SR proteins is
controlled by a similar mechanism. For example, the single RRM-containing SRSF3
appears to be rather phosphorylated by SRPK2 throughout its entire RS domain
in vitro (Long et al. 2018). Since SRSF3 is hypo-phosphorylated in cells at steady
state, it was hypothesized that the absence of the WYRRM renders SRSF3 more
susceptible to dephosphorylation by phosphatases.

Altogether, this suggests that the phosphorylation states of different SR proteins
might be maintained by unique mechanisms. The regulated hyper-phosphorylation
of SR proteins ensures the recognition of bona fide splice sites and promotes the
recruitment of factors for the assembly of early and catalytic spliceosomes. Specific
recognition of ESEs is ensured by the balance between RRM availability, their high
sequence affinity and the electrostatic repellence of negatively charged phospho-Ser
residues within the RS domain (Tacke et al. 1997).

3.6 Regulation of Splicing

Several CLIP studies confirmed that SR proteins bind preferentially within exons of
protein-coding genes, but are notably absent in exons of long non-coding RNAs,
which are poorly spliced (Krchnakova et al. 2018). A major challenge remains
to understand how different combinations of SR proteins influence the splicing of
specific exons. Whereas constitutive exons are bound by many SR proteins, unique
binding is prevalent in alternative exons, untranslated regions (UTRs) and introns

Fig. 3.4 (continued) with its RRM domain, thereby masking its RNA-binding site. In this state, the
RS domain is also protected from the activity of bound phosphatase PP1. Upon co-transcriptional
recruitment to the pre-mRNA, CLK1 hyper-phosphorylates SRSF1 in the C-terminal portion of its
RS domain, causing its rearrangement into a rigid, arc-like structure. This frees both the RRM and
RS domains, which can now interact with the pre-mRNA and splicing factors, respectively, and at
the same time releases PP1, which is now poised to dephosphorylate the RS domain. Prolonged
binding of CLKI to the RS domain after phosphorylation might further protect it from PP1’s
activity until the appropriate step of the splicing reaction, where CLK1 is removed through
recruitment and binding of additional factors such as SRPKI1. See text for more details and
references
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(Anko et al. 2012; Bradley et al. 2015; Miiller-McNicoll et al. 2016; Pandit et al.
2013). Most exons are bound by at least one SR protein, but a significant level of
binding site co-occupancy by particular SR proteins is indicative of competition or
cooperation. For example, SRSF5 and SRSF2 often co-bind within the same exons
and can be co-immunoprecipitated within the same mRNPs, indicating that they
likely coordinate their functions (Botti et al. 2017). SRSF1 and SRSF2 appear to
have a very complex relationship, either cooperating or competing for binding sites
depending on the context (Pandit et al. 2013). In contrast, SRSF3 and SRSF4 share
only few common targets (Anko et al. 2012).

In general, SR proteins act as splicing activators. Binding to alternative exons
with weak splice sites often leads to their inclusion in the mature mRNA, and there is
an inverse correlation between the extent of SR protein binding and the strength of
the splice site and the extent of exon skipping after depletion (Bradley et al. 2015).
However, several transcriptome-wide studies have reported that depletion of indi-
vidual SR proteins leads to similar proportions of exon inclusion and skipping events
(Bradley et al. 2015; Miiller-McNicoll et al. 2016; Pandit et al. 2013). Indeed, the
splicing outcome for a particular exon depends on the position and sequence context
of SR protein binding. When SR proteins bind to exons that flank an alternative
exon, they repress its inclusion (Han et al. 2011). Similarly, SR proteins binding to
introns repress splicing of the flanking exons (Erkelenz et al. 2013; Simard and
Chabot 2002). Contributing to the complexity of AS regulation, individual SR
proteins activate splice sites differently due to differences in their affinity for ESEs
and cooperation with each other. Moreover, some atypical SR proteins, e.g. SRSF10
and SRSF12, act as inducible global splicing repressors (Shin and Manley 2002;
Simard and Chabot 2002). SRSFI10 is converted into a potent splicing repressor
through dephosphorylation by PP1, which occurs during heat stress or M phase of
the cell cycle, leading to an inhibition of the splicing of bound transcripts (Shin et al.
2004; Shin and Manley 2002). Finally, the activities of individual SR proteins can be
antagonized by heterogeneous nuclear ribonucleoprotein (hnRNP) family proteins
that bind to exonic splicing silencer (ESS) sequences within the same exons (Caceres
and Kornblihtt 2002).

This illustrates the complex network of AS regulation, where SR proteins can
have opposite effects on the splicing of a particular exon depending on the position
and context of their binding sites, their phosphorylation state and the presence of
synergizing or antagonizing factors. The integration of genome-wide splicing data
and high-resolution binding maps as well as high-resolution structures of full-length
SR proteins will help to better understand the prevalent modes and mechanisms of
splicing regulation as well as the roles of PTMs (Rot et al. 2017).
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3.7 mRNP Maturation and Remodelling

SR protein-containing mRNPs are extensively remodelled throughout the different
stages of the splicing reaction. These rearrangements require adenosine triphosphate
(ATP), suggesting the involvement of ATP-dependent helicases (Wongpalee et al.
2016). Once SR proteins bind to an exon, they recruit the early spliceosomal U1 and
U2 snRNPs, which bind to 5’ss and 3'ss, respectively. Interactions via their RS
domains bridge Ul and U2 snRNP proteins to form the exon definition complex
(EDC). Further recruitment of SR proteins may also replace inhibitory hnRNP
proteins (Fu and Ares 2014; Wongpalee et al. 2016).

During formation of the active spliceosome, SR proteins are dephosphorylated
by the protein phosphatase PP1 and PP2A (Mermoud et al. 1994). Dephosphoryla-
tion is crucial for splicing catalysis, for the release of the splicing machinery from the
mRNP and to gain nuclear export competency (Naro and Sette 2013). Although the
exact mechanistic details of SR protein dephosphorylation are unknown, recent data
suggest that prior to SRSF1 binding to the pre-mRNA, PP1 is already bound to
SRSF1 (to a short RVxF motif within the RRM), but allosterically inhibited and
unable to dephosphorylate SRSF1. Pre-mRNA binding by SRSF1 releases PP1 from
the RRM, which is now free to dephosphorylate the RS domain of SRSF1 during the
splicing reaction. Binding of CLK to the RS domain additionally protects it from
PP1’s activity until CLK is released by additional factors such as SRPK1 (Aubol
etal. 2017; Ma et al. 2010) (Fig. 3.4). Clearly, the splicing activity of SR proteins is
precisely controlled through the interplay between kinases and phosphatases.

After splicing, dephosphorylated SR proteins can follow one of two paths: one
subset is removed from mature mRNPs and re-phosphorylated by CLK1 for further
rounds of pre-mRNA splicing (Lin et al. 2005). In line with this, a recent CLIP-Seq
study showed that many interactions of SR proteins with (pre)-mRNAs are
compartment-specific (Brugiolo et al. 2017). The other subset remains associated
with spliced mRNAs and regulates downstream steps of gene expression (Botti et al.
2017; Lai and Tarn 2004; Sanford et al. 2005). Indeed, all SR proteins tested to date
have shown substantial crosslinking to spliced exon-exon junctions, indicating that a
large fraction of SR proteins remain bound to mature mRNAs after splicing is
completed (Botti et al. 2017; Miiller-McNicoll et al. 2016; Pandit et al. 2013). Stable
binding of SR proteins to spliced mRNPs may be assisted by exon-junction com-
plexes (EJC), which are deposited ~20-24 nucleotides upstream of each exon—exon
junction during splicing (Boehm and Gehring 2016). Depletion of the EJC subunit
elF4AIIl reduced the RNA-binding activity of SRSF1 and SRSF3 (Singh et al.
2012). EJC proteins form higher-order complexes with hypo-phosphorylated SR
proteins via their RS domains, which assist in the packaging and compaction of
mRNPs for nuclear export (Singh et al. 2012). Consistent with this, CLIP-Seq of EJC
RNA footprints revealed many additional EJC-binding sites that overlap with SR
protein-binding sites (Sauliere et al. 2012).
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3.8 3’End Processing and Alternative Polyadenylation

In addition to exons and introns, SR proteins also bind substantially to 3'UTRs
(Anko et al. 2012; Bradley et al. 2015; Miiller-McNicoll et al. 2016; Pandit et al.
2013; Sanford et al. 2008). Depletion of individual SR proteins causes changes in the
length and identity of 3'UTRs of specific target mRNAs, suggesting that some SR
proteins regulate alternative polyadenylation (APA) (Bradley et al. 2015; Miiller-
McNicoll et al. 2016). For example, SRSF3 and SRSF7 often bind at a defined
distance to proximal poly(A) sites and may regulate their usage in an opposite
manner, as depletion of SRSF3 leads to an accumulation of transcripts with shorter
3'UTRs and depletion of SRSF7 causes 3'UTR extension (Miiller-McNicoll et al.
2016). SR proteins could affect the length of 3'UTRs by various mechanisms. First,
splicing and 3’end processing occur co-transcriptionally and compete kinetically
with each other. Thus, by enhancing splicing, SR proteins may inhibit the usage of
intronic poly(A) sites, which are frequent in last introns (Lou et al. 1998). Second,
SR proteins regulate the alternative inclusion of last exons through AS and thereby
determine the identity of 3'UTRs (Miiller-McNicoll et al. 2016). Third, SR proteins
assist in the recognition of last exons and enhance polyadenylation through interac-
tions with cleavage and polyadenylation (CPA) factors and in turn may stabilize
their binding at alternative poly(A) sites (Kaida 2016). Fourth, SR proteins may bind
to ESEs located in close proximity to alternative poly(A) sites and selectively
activate them by recruiting CPA factors via their RS domains (Hudson et al. 2016;
Zhu et al. 2018). In line with this, it was shown that SRSF7 and the CPA factor
CFIm68 interact via their RS domains and that SRSF7 is able to recruit the CPA
machinery and enhance polyadenylation in Rous sarcoma virus transcripts
(Dettwiler et al. 2004; Hudson et al. 2016). This suggests that SRSF7 may actively
regulate 3'UTR length of selected cellular mRNAs (Miiller-McNicoll et al. 2016).
Fifth, it is possible that SR proteins affect APA only indirectly, e.g. by promoting the
selective export of transcripts with long 3'UTRs or their stabilization in the cyto-
plasm. Finally, SR proteins may also affect the levels of CPA factors by splicing.
The integration of global changes in poly(A) site usage and CPA factor binding after
depletion of individual SR proteins will shed light on the impact and mechanisms of
SR protein-regulated 3’end processing.

3.9 mRNP Export and Nucleo-Cytoplasmic Shuttling

Eukaryotic gene expression is compartmentalized into nuclear and cytoplasmic
events, which are connected through shuttling RBPs. Most members of the SR
protein family shuttle between the nucleus and the cytoplasm (Botti et al. 2017,
Misteli et al. 1998; Sapra et al. 2009). Individual SR proteins exhibit differences in
their shuttling activities, which correlate with the phosphorylation state of their RS
domains and the extent of NXF1 recruitment to the mRNP (Botti et al. 2017; Caceres
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et al. 1998; Cazalla et al. 2002; Lin et al. 2005). It was proposed that dephosphor-
ylation of SR proteins represents one mechanism for the selective export of spliced
mRNAs (Huang and Steitz 2005). Indeed, most SR proteins serve as adaptors for
NXF1 and their depletion affects the selective nuclear export of specific cellular
mRNA isoforms (Miiller-McNicoll et al. 2016). SR proteins bind NXF1 only in their
hypo-phosphorylated state (Fig. 3.2). Two pairs of neighbouring Arg residues
flanking a glycine-rich region in the linker domain are required for NXF1 interaction
(Botti et al. 2017; Hargous et al. 2006; Huang and Steitz 2005; Lai and Tarn 2004;
Tintaru et al. 2007). Interestingly, these Arg residues are differentially methylated in
SRSF1 and SRSF5, which affects their NXF1 interaction and nucleo-cytoplasmic
shuttling (Botti et al. 2017; Sinha et al. 2010).

Binding of SRSF3 and SRSF7 enhances the RNA-binding capacity of NXF1
in vitro and in vivo, suggesting that a structural change in NXF1 upon binding
exposes its RNA-binding domain (RBD) as occurs upon interacting with other
export adaptors such as ALYREF (Hautbergue et al. 2008; Miiller-McNicoll et al.
2016; Viphakone et al. 2012). However, in contrast to ALYREF, which hands the
mRNA over to NXF1, SR proteins and NXF1 appear to form a trimeric complex
with the mRNA, as both proteins bind in close proximity to the same mRNAs and
shuttle together to the cytoplasm (Botti et al. 2017; Miiller-McNicoll et al. 2016).
SRSF3 emerged as the most potent NXF1 adaptor and was shown to selectively
export isoforms with long 3'UTRs, m°®A-containing mRNAs, intronless histone
transcripts, NANOG, PDCD4 and some viral transcripts (Escudero-Paunetto et al.
2010; Huang and Steitz 2001; Miiller-McNicoll et al. 2016; Park and Jeong 2016;
Ratnadiwakara et al. 2018; Roundtree et al. 2017). SRSF1 was shown to selectively
export neurotoxic C9orf72 mRNAs that contain G4C2 repeat expansions and
thereby contribute to neurodegeneration (Hautbergue et al. 2017).

Nucleo-cytoplasmic shuttling of SRSF5 and SRSF2 is regulated depending on the
cellular differentiation state through phosphorylation of SRSF2 (Botti et al. 2017). In
HelLa cells and differentiated murine cells, SRSF2 and SRSF5 are confined to the
nucleus (Botti et al. 2017; Caceres et al. 1998; Cazalla et al. 2002; Lin et al. 2005;
Sapra et al. 2009). SRSF2 does not shuttle because its unusual RS domain renders it
resistant to dephosphorylation by PP1 during splicing and, consequently, SRSF2
cannot recruit NXF1 (Cazalla et al. 2002; Lin et al. 2005). However, in
undifferentiated cells, both proteins remain bound to mature mRNAs after splicing
in a partially dephosphorylated state, recruit NXF1 to the mRNPs and shuttle to the
cytoplasm, in this way likely contributing to selective mRNA export of
pluripotency-specific transcripts (Botti et al. 2017; Hammarskjold and Rekosh
2017).

SR proteins may also prevent the recruitment of export factors to mature or
partially spliced mRNPs and thereby cause their nuclear retention, possibly in
nuclear speckles. This would provide the possibility to uncouple mRNA export
from co-transcriptional splicing and allow a coordinated release of transcripts with
related functions in response to external stimuli. For example, transcripts with
retained introns are often sequestered in nuclear speckles and can be released in
response to external stimuli, either through post-transcriptional splicing, through



3 View from an mRNP: The Roles of SR Proteins in Assembly, Maturation and Turnover 101

removal of retention factors or through acquisition of export factors (Wegener and
Muller-McNicoll 2017; Wickramasinghe and Laskey 2015). SRSF1 was shown to
cause retention of mRNAs related to inflammation in the nucleus of macrophages
and their release upon stimulation with LPS (Zhou et al. 2017). LPS signalling
causes migration of Interleukin-1 receptor-associated kinase-2 (IRAK2) to the
nucleus and hyper-phosphorylation of SRSF1, which reduced its binding to target
mRNAs and allows recruitment of the export adaptor ALYREF and NXF1 (Zhou
et al. 2017). Given that SRSF1 normally recruits NXF1 efficiently to mRNAs and
shuttles robustly between the nucleus and the cytoplasm (Botti et al. 2017; Caceres
et al. 1998; Lai and Tarn 2004; Miiller-McNicoll et al. 2016), it remains unclear why
in this case SRSF1 binding prevents the export of specific mRNAs. One possibility
is that these inflammation-specific transcripts have SRSF1-binding sites within their
very long 3'UTRs, in which case SRSF1 would remain phosphorylated even after
completion of splicing and thereby interfere with NXF1 recruitment. Altogether,
selective mRNA export through SR proteins may constitute a novel layer of gene
expression regulation, but the underlying mechanisms and the roles of individual SR
proteins need to be further studied.

3.10 Nonsense-Mediated Decay

In the cytoplasm, SR protein-containing mRNPs can be either translated into pro-
teins or degraded by nonsense-mediated decay (NMD). NMD is a cytoplasmic
surveillance pathway that inspects mRNPs during the first round of translation for
premature termination codons (PTCs) that can be introduced either through muta-
tions or splicing errors. Functional mRNPs are remodelled for efficient bulk trans-
lation, whereas PTC-containing mRNAs are rapidly degraded (Nasif et al. 2017). SR
proteins affect the efficiency of NMD in many different ways, both directly and
indirectly. First, SR proteins promote the inclusion of poison cassette exons that
contain PTCs into their own transcripts during splicing. This “unproductive splicing’
is widely used by RBPs to maintain homeostatic expression levels (Nasif et al.
2017). SRSF3 was shown to also cross-regulate other SR protein family members
through unproductive splicing (Ank® et al. 2012). Second, SR proteins may promote
the splicing of introns located within 3’UTRs, which turns normal stop codons into
PTCs and renders these transcripts sensitive to NMD (Sureau et al. 2001). Third,
through selective export and retention, SR proteins may affect the availability of
mRNPs in the cytoplasm for NMD. Fourth, SR proteins may stabilize EJCs down-
stream of PTCs, which are required to trigger NMD, and thus may enhance NMD of
specific isoforms (Singh et al. 2012; Zhang and Krainer 2004). Finally, SRSF1 was
shown to directly promote NMD of bound PTC-containing reporter and endogenous
mRNAs through a direct recruitment of the NMD factor UPF1 (Aznarez et al. 2018;
Zhang and Krainer 2004). SRSF1 also promotes NMD by enhancing the translation
of bound transcripts (see next section).
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3.11 mRNP Translation

Although SRSF1 was only found in mRNPs containing the nuclear cap-binding
protein CBP8O0, its overexpression shifted both CBP80- and elF4E-bound mRNAs
to heavier polysomes, suggesting that SRSF1 enhances both the pioneer and subse-
quent rounds of translation (Sato et al. 2008). The former is thought to occur through
NXF1, which is recruited to the shuttling mRNP by SRSF1. NXF1 associates with
translating ribosomes and was shown to enhance translation of viral RNAs (Jin et al.
2003; Sato et al. 2008). The stimulatory effect of SRSF1 on bulk translation depends
on elF4E. It was proposed that SRSF1 recruits the protein kinase mammalian target
of rapamycin to a subset of ESE-containing reporter mRNAs, while inhibiting
PP2A. This caused the hyper-phosphorylation of eukaryotic translation initiation
factor 4E (4E-BP1), a competitive inhibitor of cap-dependent translation, its release
from eIF4E and activation of translation (Michlewski et al. 2008; Sanford et al.
2004). Intriguingly, interaction of SRSF1 with PP2A and mTOR required the
conserved SWQDLKD motif within the YRRM of SRSF1, which is also required
for specific RNA binding (Clery et al. 2013; Michlewski et al. 2008). This implies
three possible scenarios: (1) the specific activation of SRSF1-bound mRNAs causes
the subsequent release of SRSF1 from the mRNA; (2) SRSF1 is not bound directly
to the mRNA but held in place by other RNP components, such as NXF1 (Tintaru
et al. 2007); and (3) translational targets of SRSF1 are only bound by the RRM1 of
SRSF1. In favour of the first scenario, a genome-wide study identified 505 direct
translational targets of SRSF1, which were bound directly by SRSF1 (CLIP-Seq)
and contained an enriched purine-rich sequence motif similar to the ESE used in the
reporter gene studies and structural studies with WRRM (Clery et al. 2013;
Maslon et al. 2014).

Altogether, these data suggest that alternative splice isoforms may be subject to
differential translation regulated by individual SR proteins. Indeed, more than 30%
of alternative mRNA isoforms exhibit differential polysome association, and it was
suggested that specific cellular functions, e.g. cell-cycle control, are subject to
AS-dependent modulation of translation (Sterne-Weiler et al. 2013; Weatheritt
et al. 2016). In line with this, shuttling SR proteins have been detected in polysomal
fractions from mitotic cells (Aviner et al. 2017).

SRSF3, SRSF5 and SRSF7 may also regulate translation, since a fraction of them
was found to associate with light polysomes. CLIP-Seq on polysomal fractions
(piCLIP) revealed that SRSF3 and SRSF5 bind directly to mRNAs undergoing
translation (Botti et al. 2017). SRSF3 was also shown to repress translation of the
PDCD4 mRNA (Kim et al. 2014), whereas SRSF7 enhances translation of unspliced
viral RNAs that contain a constitutive transport element (CTE) bound by NXF1
(Swartz et al. 2007). Tethering SRSF1 and SRSF7 to reporter genes also supported
their active role as translation activators (Mo et al. 2013). More studies are required
to reveal the underlying mechanisms of translational regulation by individual SR
proteins.
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3.12 mRNP Remodelling and Re-import of SR Proteins

It is generally accepted that once in the cytoplasm, SR proteins are rapidly
re-phosphorylated by SRPK1/2, which triggers their immediate dissociation from
NXF1 and the exported mRNA cargo. SRPK1/2 phosphorylates the N-terminal half
of the RS domain of SRSF1 and then dissociates from it (Ghosh and Adams 2011).
The partially phosphorylated RS domain acts as a potent NLS and mediates the rapid
nuclear re-import of SRSF1 via the SR-specific nuclear import receptor transportin-
SR (TRN-SR) and its localization to nuclear speckles (Lai et al. 2001) (Fig. 3.2).

Despite extensive research on SRPKI, it is not clear how and where in the
cytoplasm this phosphorylation-mediated disassembly occurs. RNA binding and
SRPK1 binding are mutually exclusive events, since both occupy the same residues
within the YRRM of SRSF1 (Clery et al. 2013; Ngo et al. 2008). In vitro structural
studies suggested that SRSF1 is not directly bound to the mRNAs in shuttling
mRNPs. Instead, the mRNA is handed over from SRSF1 to NXF1 during the
formation of export-competent mRNPs (Tintaru et al. 2007); thus a free YRRM
would allow SRPK1 to re-phosphorylate SRSF1. However, this model contrasts
with CLIP-Seq studies, which showed that a proportion of SRSF1, SRSF3, SRSF5
and SRSF7 bind to the same sites on mRNAs whether they localize to the nucleo-
plasm, cytoplasm or polysomes and, in the case of SRSF1, regulate the translation of
selected targets (Botti et al. 2017; Brugiolo et al. 2017; Maslon et al. 2014; Miiller-
McNicoll et al. 2016; Sanford et al. 2008). Moreover, NXF1 crosslinks are in close
proximity to SRSF3-binding sites (Miiller-McNicoll et al. 2016).

Thus, it appears more likely that SR proteins are rather re-phosphorylated by
SRPK1/2 after they are removed from bound mRNAs during the pioneer round of
translation. This would allow SR proteins to regulate the fate of bound isoforms
based on where they bind in the transcript. Binding within the open-reading frame
close to EJCs may enhance recognition of NMD targets, while binding in 5UTRs
may regulate translation initiation. In line with the latter possibility, SRSF3 binds to
the 5UTR of PDCD4 and inhibits its translation. SRSF3 is also found in stress
granules associated with stalled ribosomes (Jayabalan et al. 2016; Kim et al. 2014).
Binding in the 3'UTRs would allow SR proteins to remain bound during several
rounds of translation and thereby regulate mRNA stability, localization and/or bulk
translation efficiency. Further investigations are needed to solve the discrepancies
between in vitro and in vivo studies.

3.13 Concluding Remarks

SR proteins are extremely versatile and adjustable proteins that engage in a wide
spectrum of mutually exclusive interactions with proteins and RNAs in different
cellular compartments. Thus, SR proteins can be seen as molecular adaptors that
connect gene expression and processing machineries, providing the unique
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possibility to investigate the roles of other RBPs in each step of the mRNP life cycle.
Over the past 30 years, extensive research focussing on SRSF1 has provided a
wealth of mechanistic insights into how SR proteins influence the assembly, matu-
ration, function and turnover of mRNPs and has significantly contributed to
deciphering the SR protein ‘code’. However, many of the functions and mechanisms
described herein are probably unique to SRSFI, either because the responsible
protein domains or motifs are missing in other family members, because their RS
domains are different or because each SR protein is uniquely modified. It has also
become clear that individual SR proteins are present in distinct mRNPs and regulate
distinct sets of genes and that they connect different steps of gene expression in
different cell types. The composition of SR protein-containing mRNPs indicates that
they often act in pairs, whereby one partner might provide binding specificity and the
other, adjustability to the mRNP. The loss of one SR protein could cause the
coordinated loss or the compensatory gain of another SR protein at bound exons.
Obviously, we have barely scratched the surface, and much remains to be discovered
by also studying the other members of this family of multitasking RBPs.
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Chapter 4 )
The Nuclear RNA Exosome and Its Creck o
Cofactors

Manfred Schmid and Torben Heick Jensen

Abstract The RNA exosome is a highly conserved ribonuclease endowed with 3'—
5" exonuclease and endonuclease activities. The multisubunit complex resides in
both the nucleus and the cytoplasm, with varying compositions and activities
between the two compartments. While the cytoplasmic exosome functions mostly
in mRNA quality control pathways, the nuclear RNA exosome partakes in the 3'-end
processing and complete decay of a wide variety of substrates, including virtually all
types of noncoding (nc) RNAs. To handle these diverse tasks, the nuclear exosome
engages with dedicated cofactors, some of which serve as activators by stimulating
decay through oligoA addition and/or RNA helicase activities or, as adaptors, by
recruiting RNA substrates through their RNA-binding capacities. Most nuclear
exosome cofactors contain the essential RNA helicase Mtr4 (MTR4 in humans).
However, apart from Mtr4, nuclear exosome cofactors have undergone significant
evolutionary divergence. Here, we summarize biochemical and functional knowl-
edge about the nuclear exosome and exemplify its cofactor variety by discussing the
best understood model organisms—the budding yeast Saccharomyces cerevisiae,
the fission yeast Schizosaccharomyces pombe, and human cells.

Keywords RNA exosome - Nuclear RNA decay - Exosome cofactors -
Polyadenylation - TRAMP - NEXT - PAXT

4.1 The RNA Exosome
4.1.1 The Core

The central core of the RNA exosome is barrel-shaped and composed of six RNase
PH-like proteins that form a ring. This ring associates with 3 S1/KH RNA-binding
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domain containing proteins positioned on one end of the barrel, typically pictured as
the “top” (Januszyk and Lima 2014; Liu et al. 2006; Lorentzen et al. 2007). The
structure of the resulting 9 protein subunit core complex, termed Exo09, is very
similar to eubacterial exonucleases RNase PH and PNPase, and the archaecal RNA
exosome, which all have active phosphorolytic exonuclease sites positioned in the
central cavity of a characteristic barrel-shaped structure (Januszyk and Lima 2014).
In contrast, most eukaryotic Exo9 homologs have altered active site residues, which
results in a catalytically inactive exosome core (Dziembowski et al. 2007; Liu et al.
2006). Notable exceptions are plants and some early-branching nonplant eukaryotes,
where one of the RNase PH domains has retained phosphorolytic activity (Sikorska
et al. 2017).

4.1.2 Catalytic Subunits

To compensate for the widespread loss of activity within their cores, eukaryotic
exosomes assemble with the processive 3'-5’ exonuclease and endonuclease Dis3
(often also referred to as Rrp44; DIS3 in humans) and the distributive 3’5" exonu-
clease Rrp6 (EXOSC10 in humans), which bind to the bottom and the top of the core
exosome, respectively (Dziembowski et al. 2007; Makino et al. 2013; Mitchell et al.
1997; Wasmuth et al. 2014; Zinder et al. 2016). Exosome complexes comprising
Dis3 or Dis3 plus Rrp6 are commonly referred to as Exo10 and Exo11, respectively.
Dis3 receives RNAs that are threaded down through the central channel of the
exosome core, whereas Rrp6 accesses RNA from the exosome top without threading
through the core structure (Kowalinski et al. 2016; Liu et al. 2016; Makino et al.
2013; Wasmuth et al. 2014; Zinder et al. 2016). Even so, Rrp6 functions are
intimately linked with the exosome core, and its position close to the entry site of
the central channel is consistent with data, suggesting that Rrp6 may control RNA
threading to Dis3 (Makino et al. 2015; Wasmuth et al. 2014). Conversely, core KH
domain proteins contribute to the binding of RNAs processed by Rrp6 (Zinder et al.
2016). In addition, Rrp6 and its partner Rrp47 provide critical binding surfaces for
exosome cofactors, such as Mtr4 (Fig. 4.1) (Falk et al. 2017a; Schuch et al. 2014).

Dis3 and Rrp6 association with the exosome core varies to some extent between
organisms and subcellular compartments. Both budding and fission yeasts possess a
single Dis3 and Rrp6 paralog, with Rrp6 being exclusively nuclear, while Dis3 is
present on both nuclear and cytoplasmic exosomes (Allmang et al. 1999; Mitchell
et al. 1997). The situation is more complex for higher eukaryotes; the human
genome, for example, encodes three different Dis3 paralogs: DIS3, “DIS3 like”
(DIS3L), and DIS3L2. While DIS3 and DIS3L inhabit nuclear and cytoplasmic
exosomes, respectively (Staals et al. 2010; Tomecki et al. 2010), DIS3L2 exercises
cytoplasmic 3’5" exonucleolytic activities independent of the core exosome (Chang
etal. 2013; Lubas et al. 2013; Malecki et al. 2013). Moreover, even though the single
human Rrp6 paralog EXOSC10 is primarily nuclear, some cytoplasmic presence has
also been reported (Brouwer et al. 2001; Lejeune et al. 2003; Tomecki et al. 2010).
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Fig. 4.1 The exosome and its cofactors in the S. cerevisiae nucleus. The major exosome cofactor in
S. cerevisiae nuclei is the TRAMP complex (Mtr4, Airl/Air2, and Trf4/TrfS), which acts in the
nucleoplasm and nucleolus. In the nucleoplasm, the NNS adaptor complex (Nrd1, Nab3, Senl) is
important for exosome targeting of all major RNAPII transcript classes, such as CUTs,
sn/snoRNAs, and mRNAs. In nucleoli, TRAMP and the Mtrd-interacting proteins Nop53 and
Utp18 recruit the exosome for the processing of rRNA precursors and the decay of processing
by-products. TRAMP also facilitates decay of hypomodified tRNA. Asterisks denote enzymatic
activities. See text for more detail

The mechanisms determining the subcellular fractioning of exosomes and which
nucleases they carry still remain to be elucidated.

4.1.3 Lrpl and Mpp6

In addition to the core and catalytic components, the Lrp1 (often also referred to as
Rrp47, CID in humans) and Mpp6 (MPP6 in humans) proteins are considered
constituents of the nuclear exosome, yielding Exo13 (Makino et al. 2015; Milligan
et al. 2008; Mitchell et al. 2003; Schilders et al. 2005; Schuch et al. 2014; Wasmuth
etal. 2017). Both Lrp1 and Mpp6 are nuclear restricted and were originally proposed
to act as exosome adaptors by facilitating exosome access to specific substrates
either by direct RNA binding or by contacting specific RNP components (Milligan
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et al. 2008; Schilders et al. 2005). More recent structural studies position both
proteins on top of the exosome core, in close contact with Mtr4, suggesting that
they contribute to exosome core function by aiding the Mtr4—exosome interaction
and its RNA threading activity (Fig. 4.1) (Makino et al. 2015; Schuch et al. 2014;
Wasmuth et al. 2017; Falk et al. 2017a). Lrpl binds to, and stabilizes, Rrp6,
wherefore its in vivo functions are largely overlapping those of Rrp6 (Mitchell
et al. 2003). Mpp6, on the other hand, contacts other exosome core subunits, but it
is curiously enough only associated in substoichiometric amounts, suggesting a
more specialized function (Schilders et al. 2005; Shi et al. 2015). Recently, budding
yeast Mpp6 was suggested to promote RNA threading to Dis3, whereas Mpp6
absence would result in the threading-independent decay by Rrp6 (Kim et al.
2016). Whether such an Mpp6-mediated switch in decay mechanism is general
and conserved in other organisms remains to be determined.

4.2 RNA Helicase Activities Central to Exosome Function:
Mitr4/Ski2

While the various RNA exosome assemblies outlined above in principle can bind
and degrade RNA, efficient activity and substrate recognition depend on additional
protein complexes, with RNA helicases of the Mtr4/Ski2 (MTR4 (SKIV2L2)/
SKIV2L in humans) family playing central roles (Johnson and Jackson 2013; Zinder
and Lima 2017). Binding to the top of the exosome, these proteins hand RNA
substrates to the exosome core, possibly using the RNA helicase activity to inject
the substrate for threading down to Dis3 or for presenting the RNA to Rrp6 (Falk
et al. 2017a; Halbach et al. 2013; Zinder et al. 2016). Critically, Mtr4/Ski2 are also
part of other complexes, containing so-called adaptor proteins, which serve to
directly recognize exosome substrates (see below). Despite some commonalities,
these complexes have diverged considerably within and between different eukary-
otic species. Ski2 homologs are generally cytoplasmic, while Mtr4 homologs are
nuclear (Zinder and Lima 2017). As this chapter focuses on nuclear exosome
biology, the next sections will describe the different Mtr4-containing complexes in
the three model organisms of choice.

4.3 S. cerevisiae

4.3.1 The TRAMP and NNS Complexes

The S. cerevisiae Trf4—Air2-Mtr4 polyadenylation (TRAMP) and Nrd1-Nab3-
Senl (NNS) complexes were among the first nuclear exosome cofactors to be
discovered (Fig. 4.1) (LaCava et al. 2005; Vanacova et al. 2005; Wyers et al.
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2005). TRAMP consists of Mtrd4, the poly(A) polymerase Trf4, and the
RNA-binding protein Air2. Trf4 and Air2 can be replaced by their paralogs Trf5
and Airl, yielding different possible TRAMP compositions (LaCava et al. 2005;
Vanacova et al. 2005; Wyers et al. 2005). Current evidence suggests that at least a
subset of these different TRAMP complexes are present in vivo and serve partially
nonoverlapping functions (San Paolo et al. 2009; Schmidt et al. 2012). The molec-
ular contribution of TRAMP complexes to exosome activity is believed to involve
the addition of short A-tails to RNA 3’ ends by the Trf4/5 enzymes (Schmidt and
Butler 2013; Zinder and Lima 2017). Consistently, in wild-type cells, TRAMP
targets can be found carrying short (~4 nt) oligo(A) tails, which are lost in Trf4/5
mutants but accumulate upon exosome inactivation (Jia et al. 2011; Tuck and
Tollervey 2013; Wlotzka et al. 2011). These short unstructured tails are then
suggested to facilitate the loading of RNA 3’ ends by Mtr4 to promote the exosomal
threading of otherwise structured RNAs. The Zn-finger containing Airl/2 proteins
may provide RNA-binding capacity to the TRAMP complex, while also promoting
overall complex stability through cooperative binding with Trf4/5 to Mtr4 (Falk
et al. 2014; Hamill et al. 2010).

In budding yeast, TRAMP engages in a wide variety of nuclear exosome func-
tions, including the decay of aberrant tRNA, processing of rRNA precursors, and
decay of processing by-products (Schmidt and Butler 2013). In these cases, the
combined adenylation and helicase activities of TRAMP may allow for the decay of
otherwise highly structured substrates resilient to exosomal attack. Moreover,
TRAMP also targets RNA polymerase II (RNAPII) products, e.g., facilitating
decay of the so-called cryptic unstable transcripts (CUTs; see below) and the 3
trimming of snRNA and snoRNA precursors (Schmidt and Butler 2013). These latter
exosome substrates are unlikely to be highly structured, reflecting that TRAMP
might also serve as an RNA-binding adaptor, in addition to its role as enzymatic
activator.

How does TRAMP get in contact with RNA? At least some targeting capacity is
likely to be mediated by direct RNA contacts via the Air proteins (Holub et al. 2012;
Schmidt and Butler 2013; Schmidt et al. 2012). However, in the case of RNAPII-
produced substrates, target recognition is often mediated by the NNS complex
through the sequence-specific RNA-binding domains of the Nrd1 and Nab3 proteins
(Tudek et al. 2014; Vasiljeva and Buratowski 2006; Wlotzka et al. 2011). Nrdl
further contains a so-called C-terminal domain (CTD) interaction domain (CID),
which specifically binds the SerSP phosphorylated CTD of the largest subunit of
RNAPII, while also directly binding to the TRAMP complex component Trf4
(Gudipati et al. 2008; Tudek et al. 2014; Vasiljeva et al. 2008). Hence, the NNS
complex associates with both, early elongating RNAPII, and the TRAMP and
exosome complexes (Fig. 4.1). In doing so, it serves two functions: (1) promoting
transcription termination of RNAPII from short transcription units (TUs), and
(2) channeling 3’ ends derived from such termination events for TRAMP/
exosome-mediated trimming or decay (Arigo et al. 2006; Gudipati et al. 2008;
Schulz et al. 2013; Steinmetz et al. 2006; Thiebaut et al. 2006; Tudek et al. 2014).
The contemporary view suggests that NNS function relies on the binding of Nrd1



118 M. Schmid and T. H. Jensen

and Nab3 to their respective RNA recognition sites during early transcription
(Porrua and Libri 2015). This likely involves the interaction of Nrd1 with RNAPII,
since the CTD Ser5-P modification is most prominent at TU 5’ ends. Since the
helicase activity of Senl can promote the disassembly of RNAPII transcription
complexes in vitro (Porrua and Libri 2013), this explains the termination function
of the NNS complex. After transcription termination, NNS supposedly “hands” the
resulting transcript to the RNA exosome via the Nrd1-Trf4 interaction (Tudek et al.
2014). However, disruption of this interaction causes only a moderate stabilization
of NNS targets (Tudek et al. 2014). Moreover, Nrd1/Nab3 can directly contact the
exosome components Mpp6 and Rrp6 independent of TRAMP (Fasken et al. 2015;
Kim et al. 2016). Thus, TRAMP appears to not be strictly required for exosome
association with NNS targets but may rather serve to promote degradation of
transcripts that are not directly amenable to exosomal decay.

Exosome removal of NNS-targeted transcripts is highly efficient, and typically,
these RNAs are only revealed in NNS-, TRAMP-, or exosome-depleted cells, hence
their nomenclature as CUTs (Neil et al. 2009; Wyers et al. 2005; Xu et al. 2009). The
RNA sequence motifs recognized by Nrdl and Nab3 are short and abundantly
present in the S. cerevisiae genome but conspicuously absent from the coding strand
of protein-coding genes (Cakiroglu et al. 2016; Schulz et al. 2013). This explains
how the NNS complex discriminates the numerous RNAs produced by spurious
transcription, either bidirectionally from gene promoters or antisense to mRNAs,
from protein-coding transcripts. At sn/snoRNA TUs, NNS activity facilitates the
production of short stable RNAs. This is presumably due to the highly structured and
protein-bound nature of mature sn/snoRNAs, which stops RNA exosome progress
after its initial removal (processing) of the unstructured 3’ extensions (Coy et al.
2013). CUTs do not assemble stable structures and are thus completely decayed.

Although the NNS and TRAMP complexes were long believed to target only
ncRNAs, recent data revealed NNS and Mtr4 interaction with a host of mRNAs
whose expression changes in response to glucose depletion (Bresson et al. 2017).
This suggests the interesting possibility that mRNAs can be targeted for nuclear
decay and that this can be regulated in a stimulus-specific manner. Such potential
re-purposing of the NNS complex from ncRNA to mRNA targeting is consistent
with an earlier study, showing that Nrd1 is dephosphorylated during nutrient deple-
tion and that this influences nutrient-dependent protein-coding gene expression
(Darby et al. 2012). However, whether Nrd1/Mtr4 mRNA targeting elicits decay
and if so, how such regulation may occur remains to be determined.

4.3.2 Nucleolar Exosome Cofactors

In addition to its role in TRAMP, S. cerevisiae Mtr4 also interacts directly with the
nucleolar proteins Nop53 and Utpl8 (Fig. 4.1, “NUCLEOLUS”). This occurs
through the so-called arch domain of Mtr4, which binds a conserved short sequence
motif, the arch interaction motif (AIM) (Falk et al. 2017b; Thoms et al. 2015).
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Nop53 is a component of nuclear ribosomal pre-60S particles, which contain 5.8S
rRNA precursors, and its interaction with Mtr4 is required for the exosomal trim-
ming of 3’ extensions of 5.8S pre-rRNAs. Utpl8, instead, is part of ribosomal
pre-90S particles and takes part in the release, and Mtr4-dependent decay, of the
nonfunctional 5" external transcribed spacer (5'ETS) (Thoms et al. 2015). Interest-
ingly, TRAMP is also implicated in 5’ETS removal (Houseley and Tollervey 2006),
but the functional relationship between Mtr4’s action in the context of TRAMP and
together with Utp18 has not been disentangled. Assembly of the TRAMP complex
does not depend on the Mtr4 arch domain, and it is therefore possible that Utp18
recruits Mtr4 as part of the TRAMP complex for 5’ETS decay (Falk et al. 2017b;
Thoms et al. 2015). At the same time, there are nonessential direct contacts between
the Mtr4 arch domain and Air2 within TRAMP (Falk et al. 2017b), suggesting that
Air2 and Utp18 interactions with Mtr4p influence each other to control 5’ETS decay.

4.4 S. pombe
4.4.1 TRAMP

The composition of the fission yeast TRAMP complex is overall similar to its
budding yeast paralog with subunits Cid14 (homologous to Trf4/5), Airl, and
Mtrd (Fig. 4.2, “NUCLEOLUS”) (Keller et al. 2010). Compared to S. cerevisiae,
S. pombe TRAMP appears to be a more specialized exosome cofactor, still impli-
cated in the processing or decay of nucleolar substrates but with a less general role in
the nucleoplasm (Larochelle et al. 2012; Win et al. 2006). Consistently, a functional
analog of the S. cerevisiae NNS complex has not been identified (Lemay et al. 2016;
Wittmann et al. 2017). Instead, Cid14 and the exosome subunit Rrp6 were shown to
be involved in RNAi-independent heterochromatin formation processes, pointing
toward a still ill-defined link between decay of heterochromatin-derived transcripts
and the deposition of chromatin marks (Buhler et al. 2007; Keller et al. 2010; Reyes-
Turcu et al. 2011; Wang et al. 2008).

4.4.2 MTREC

To engage in nuclear activities outside of nucleoli, the fission-yeast specific
nucleoplasmic-residing Mtr4 paralog, called Mtr4-like 1 (Mtll), forms a tight
complex with the Zn-finger protein Red1 (Fig. 4.2). This dimer then interacts with
numerous other proteins to form higher-order complexes termed MTREC (Mtl1-
Red1 core) or NURS (nuclear RNA silencing) (Egan et al. 2014; Lee et al. 2013;
Zhou et al. 2015). Redl1 is required for MTREC’s association with the S. pombe
exosome, supposedly compensating for Mtl1’s loss of a specific N-terminal domain
required for Mtr4:Rrp6/Lsd1 interaction (Schuch et al. 2014; Zhou et al. 2015). The
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Fig. 4.2 The exosome and its cofactors in the S. pombe nucleus. Mtl1 and Red1 form the core of
the major exosome cofactors in the S. pombe nucleoplasm. MTREC comprises Mtl1-Red1 and a
number of other protein complexes, including nCBC (Cbcl, Cbc2, Ars2); a subcomplex comprising
Mmil and Iss10; a subcomplex of Pab2, Rmnl, and Red5; and the poly(A) polymerase Plal.
MTREC targets include meiosis-specific RNAs during vegetative growth but also other RNAPII-
derived transcripts, such as CUTs. In addition to MTREC, Mtl1 is part of a complex including Ctr1
and Nrl1, which also binds the exosome and is involved in decay of unspliced RNAs. The S. pombe
TRAMP complex functions in the nucleoplasm where it targets centromeric heterochromatin and in
the nucleolus where it is involved in rRNA processing. Utp18 and Nop53 homologs contain AIM
domains and are conserved, and therefore also likely to act as exosome cofactors via Mtr4. Asterisks
denote enzymatic activities. Question marks are used to symbolize that roles of Utp18 and Nop53
have not been demonstrated in S. pombe. See text for more detail

MTREC complex comprises a number of other proteins, including Red5, Iss10,
Mnmil, poly(A)-binding protein Pab2, poly(A) polymerase Plal, and the nuclear
mRNA 5’ cap-binding complex (nCBC) proteins (Egan et al. 2014; Lee et al. 2013;
Zhou et al. 2015) (Fig. 4.2). The presence of Plal and Pab2 in MTREC might
provide a means to add and recognize A-tails of MTREC targets, independent of
TRAMP. At the same time, Plal (and probably Pab2) are also required for the
production of regular mRNAs that normally need to avoid nuclear decay. How this
distinction is achieved is presently under intense investigation (see below).
MTREC should not be seen as a single well-defined complex, but rather com-
prises a number of functionally distinct subcomplexes associating around the Mtl1—
Redl1 core (Fig. 4.2). Mtll also engages in a Redl-independent complex with the
Nrll and Ctrl proteins, which interact with the splicing machinery and seem to be
specifically involved in exosomal decay of unspliced transcripts, including those
containing so-called cryptic introns (Lee et al. 2013; Zhou et al. 2015).
Interestingly, homologs of many MTREC components are also cofactors of the
human RNA exosome (Table 4.1) and several harbor RNA-binding domains, which
might contribute to target recognition. An example is the sequence-specific
RNA-binding protein Mmil, which serves a highly specific role in the targeting of
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Table 4.1 Exosome components and cofactors

121

Complex | S. cerevisiae |S. pombe | Human Domains
Exol3 Csl4 Csl4 EXOSC1 S1
Rrp4 Rrp4 EXOSC2 S1/KH
Rrp40 Rrp40 EXOSC3 S1/KH
Rrp41 Rrp41 EXOSC4 RNase PH
Rrp46 Rrp46 EXOSC5 RNase PH
Mtr3 Mtr3 EXOSC6 RNase PH
Rrp42 Rrp42 EXOSC7 RNase PH
Rrp43 Rrp43 EXOSCS8 RNase PH
Rrp45 Rrp45 EXOSC9 RNase PH
Rrp6 Rrp6 EXOSC10 3'-5' exonuclease (RNase D)
Dis3 Dis3 DIS3, DIS3L 3/-5’ exonuclease (RNase II), PIN
(Rrp44) endonuclease domain
Lrpl Ctil C1D (LRP1) C1D
(Rrp47)
Mpp6 Mpp6 MPP6 -
Mtr4 Mtr4 Mtr4 MTREX (MTR4, | ATP-dependent RNA helicase
Mt SKIV2L2)
TRAMP | Trf4, Trf5 Cid14 PAPDS (TRF4-2) | poly(A) polymerase
Airl, Air2 Airl ZCCHCT7 (AIR1) | Zn-knuckle
NNS Nrdl Seb1” ? SCAF4, SCAF8 | RRM, CID
Nab3 Nab3* | ?RALY RRM
Senl Senl” SETX (ALS4, ATP-dependent RNA helicase
AOA2Y*
NEXT RBM7 RRM
ZCCHC8 Zn-finger
nCBC ? Cbc2 Cbc2 NCBP2 (CBP20) |RRM
(Cbp20)
? Stol Cbcl NCBP1 (CBP80) |-
(Cbp80)
Pir2 SRRT (ARS2) Zn-finger
ZC3H18 Zn-finger
MTREC/ Redl ZFC3H1 Zn-finger
PAXT Red5 7 ZC3H3 Zn-finger
Mmil ? YTHDF1/2/3 YTH domain
Iss10 ZFC3HI N -
terminus
Rmnl ? RBM26, RRM
RBM27
Papl Plal 7 PAPOLA, Poly(A) polymerase
PAPOLG
Pab2 PABPNI1 RRM (poly(A) binding)
- Ctrl ? CCDC174 -
Nrll ? NRDE2 -

(continued)
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Table 4.1 (continued)

Complex | S. cerevisiae |S. pombe | Human Domains
- Utp18 2Utpl8 | ? UTPIS WDR40, AIM
(WDR50)
Nop53 ?Rrpl6 | ?2 NOP53 AIM
(GLTSCR2)
- ? Rix7 ? Rix7 NVL (NVL2) AAA ATPase

List of exosome components and cofactors from S. cerevisiae, S. pombe, and human cells. Listed
are standard gene names from the S. cerevisiae and S. pombe genome databases (Www.
yeastgenome.org and www.pombase.org) as well as approved symbols for human genes from the
“HUGO” Gene Nomenclature Committee (www.genenames.org). Alternative, commonly used
names are in parenthesis. Sequence homologs which are not proposed to have a functional
connection with the nuclear RNA exosome are marked with “#,” and sequence homologs where
a functional connection to the exosome is possible but not yet demonstrated are marked with “?”

meiosis-specific mRNAs during S. pombe vegetative growth (Harigaya et al. 2006).
This silencing is partly achieved by the posttranscriptional decay of these transcripts
mediated by Mmil-MTREC binding to cognate sites in the target RNAs and their
subsequent handover to the nuclear exosome (Chen et al. 201 1; Harigaya et al. 2006;
Yamashita et al. 2012). In addition to posttranscriptional decay, silencing of meiosis-
specific genes involves the formation of heterochromatic islands around affected
loci, and the MTREC complex is involved in the deposition of repressive chromatin
marks (Egan et al. 2014; Lee et al. 2013). This activity is independent on Cid14 and
therefore provides a unique link between RNA decay and heterochromatin formation
in S. pombe that has not been reported in other organisms.

4.5 Human

4.5.1 TRAMP

A TRAMP-like complex, although still poorly characterized, also exists in human
cells and is composed of MTR4, the poly(A) polymerase PAPDS, and the Zn-finger
protein ZCCHC7 (Lubas et al. 2011). This complex, hTRAMP, localizes to nucleoli,
and its depletion mainly results in phenotypes affecting nucleolar substrates (Lubas
et al. 2011), which is consistent with the presence of distinct adaptor complexes
serving exosome functions in the nucleoplasm. This yields a conceptually similar
setup as for S. pombe (Fig. 4.3). MTR4 also interacts with other nucleolar proteins,
such as NVL, which promotes pre-rRNA processing, and the human homologs of
S. cerevisiae Nop53 and Utpl8, suggesting that these proteins are also exosome
cofactors in human rRNA metabolism (Lubas et al. 2011; Yoshikatsu et al. 2015).
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Fig. 4.3 The exosome and its cofactors in the human cell nucleus. Human exosome cofactors
NEXT (MTR4, ZCCHCS, and RBM7) and PAXT (MTR4, ZFC3H1, and PABPN1) are present in
the nucleoplasm. PAXT targets poly(A)" IncRNAs, including the subclass hosting intronic
snoRNAs (“sno-host RNA”), and mRNAs. NEXT facilitates decay of numerous unstable tran-
scripts (i.e., some PROMPTs, eRNAs, and spliced-out introns) and the 3’ processing of
pre-snRNAs, pre-snoRNAs, and replication-dependent histone (RDH)-encoding mRNAs. Both
PAXT and NEXT bind to the CBCA complex (CBC80, CBC20, ARS2) via the protein ZC3H18,
but a functional role of CBCA in exosomal decay has primarily been shown for NEXT targets.
Cofactors in human nucleoli include hTRAMP (MTR4, ZCCHC7, PAPDS) and the MTR4-
interacting protein NVL. In addition, human MTR4 associates with NOP53 and UTP18, suggesting
a conserved role of these proteins, even though the AIM domain is only conserved in NOP53.
Nucleolar cofactors facilitate pre-rRNA processing and decay of processing by-products. Asterisks
denote enzymatic activities. Question marks are used to symbolize that roles of UTP18 and NOP53
have not been demonstrated in humans. See text for more detail

4.5.2 NEXT

The nuclear exosome targeting (NEXT) complex is presently the best-characterized
human exosome adaptor complex. It consists of the RNA-binding protein RBM7,
linked to MTR4 by the Zn-finger protein ZCCHCS8 (Lubas et al. 2011) (Fig. 4.3).
NEXT facilitates the exosomal decay of many promoter-upstream transcripts
(PROMPTs, also called upstream antisense (ua)RNAs) and other labile ncRNAs,
like enhancer RNAs (eRNAs) (Lubas et al. 2011, 2015; Meola et al. 2016). More-
over, it mediates the exosomal trimming of 3/-end extensions of sSnRNAs, snoRNAs,
and histone-encoding mRNAs (Lubas et al. 2011, 2015).
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Human snRNAs and histone-encoding mRNAs are produced from autonomous
TUs using specialized transcription termination mechanisms based on the Integrator
and CPSF complexes, respectively (Guiro and Murphy 2017; Marzluff and Koreski
2017). In contrast, most human snoRNAs are hosted within the introns of
pre-mRNAs and pre-ncRNAs, where from they are produced by the trimming of
excised intron 5" ends by the exonuclease XRN2 and 3’ ends by the exosome (Valen
et al. 2011). RBM7 Individual-nucleotide resolution Cross-Linking and Immuno-
Precipitation (iCLIP) experiments demonstrated that the protein promiscuously
contacts RNAs in a manner unlikely to involve sequence-specific target recognition
(Lubas et al. 2015). Thus, RBM7 binding appears to only be consequential in
combination with the presence of an unprotected 3’-end. At the same time, RBM7
also interacts with the splicing factor SF3B2 (also termed SAP145), which likely
underlies the enriched binding of RBM7 to intronic 3’ ends and explains how NEXT
facilitates the exosomal decay of intronic regions (Falk et al. 2016).

Interestingly, RBM7 gets phosphorylated upon cellular UV damage, which
debilitates the ability of the protein to bind RNA without otherwise affecting
NEXT complex integrity (Blasius et al. 2014; Tiedje et al. 2015). This provides a
first characterization of a posttranslational modification of an RNA exosome cofac-
tor, and a further delineation of its physiological consequence(s) and mechanistic
background will be revealing for how nuclear RNA decay might be regulated in
response to external stimuli.

4.5.3 PAXT

A third human MTR4-containing complex assembles around the stable MTR4—
ZFC3H1 dimer (Meola et al. 2016). ZFC3H1 and MTR4 depletions both lead to
the accumulation of the mature products of some snoRNA host genes as well as
numerous other nuclear transcripts (Meola et al. 2016; Ogami et al. 2017). Many
ZFC3H1-specific targets are also stabilized upon depletion of the nuclear poly(A)-
binding protein PABPN1, and exosomal decay depends on their polyadenylation by
the canonical poly(A) polymerase PAP prompting the idea of a so-called
PAP-mediated RNA decay (PPD) pathway (Beaulieu et al. 2012; Bresson and
Conrad 2013; Bresson et al. 2015; Meola et al. 2016). The PPD pathway was
originally suggested to primarily affect ncRNAs, but transcriptome-wide analysis
of ZFC3H1 and PABPNI inactivation indicated that mRNAs are also frequently
targeted (Meola et al. 2016; Silla et al. 2018). Taken all evidence together, the
emerging picture suggests that PABPN1 binding to RNA poly(A) tails will lead to
recruitment of the exosome via MTR—ZFC3H1 unless the RNA manages to escape
the nucleus (Meola and Jensen 2017). Consistently, PABPNI1 associates with MTR4
in a ZFC3HI1-dependent manner (Meola et al. 2016), yet, this interaction is less
robust than that of the core MTR4-ZFC3H1 dimer, inspiring the proposition of a
“poly(A) exosome targeting” (PAXT) connection, comprising MTR4, ZFC3H1, and
PABPNI1 (Meola et al. 2016) (Fig. 4.3). The term “connection” recognizes that this
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is not a stable complex and the suboptimal binding of PABPN1 may indeed help
explain how stable polyadenylated transcripts evade decay (see below).

ZFC3HI1 and PABPNI1 are the human homologs of the S. pombe Redl and Pab2
MTREC components, suggesting an overall conserved function between PAXT and
MTREC in the decay of polyadenylated nuclear RNA, including mRNA.

4.5.4 The Nuclear RNA Cap-Binding Complex

Both NEXT and PAXT components can be physically bridged to the nuclear 5’
cap-binding complex (nCBC) and nCBC proteins also co-IP the nuclear exosome
(Andersen et al. 2013; Lubas et al. 2011; Meola et al. 2016). The link between
NEXT/PAXT and the nCBC is mediated by the ZC3H18 protein, which further
binds to the nCBC proteins Cbp20 and Cbp80 (also termed NCBP1 and NCBP2) via
the protein ARS2 (also termed SRRT) (Giacometti et al. 2017) (Fig. 4.3). Individual
depletion of all of these proteins leads to the stabilization of some nuclear exosome
substrates, suggesting that nCBC in some instances contribute to exosome recruit-
ment (Andersen et al. 2013; Iasillo et al. 2017). In addition, nCBC and ARS2, but
neither ZC3H18 nor NEXT, are required for the efficient termination of RNAPII
transcription at PROMPT, snRNA, and histone mRNA TUs, which suggests an
active coupling between transcription termination and decay (Andersen et al. 2013;
Tasillo et al. 2017). This is reminiscent of budding yeast NNS activity, which also
promotes transcription termination before offering substrates to the exosome for
decay. nCBC components are also part of S. pombe MTREC (Egan et al. 2014; Lee
et al. 2013; Zhou et al. 2015), suggesting an omnipresent role of the RNA 5’ cap in
facilitating nuclear 3'-5" decay. While this at first sight seems counterproductive due
to the unwanted targeting of capped RNAs with functional roles in the cell, it may
indeed provide an important connection, enabling the quality control of capped
transcripts.

4.6 Nuclear Decay vs. RNA Export

An emerging concept in RNA biology suggests that nuclear RNA decay, as
described above, is in competition with RNA nuclear export, to prevent the cyto-
plasmic appearance of too many nonfunctional molecules. In line with this notion,
there are clear indications that nuclear exosome cofactors impact RNA export. This
is perhaps best exemplified by the nCBC and ARS2 (forming the CBCA complex),
which also actively facilitates RNA export by interacting with the “phosphorylated
adaptor for RNA export” (PHAX) protein (Giacometti et al. 2017; Hallais et al.
2013). Interestingly, this interaction is mutually exclusive with the binding of
ZC3H18 to the CBC, which would otherwise bridge the CBCA complex to the
exosome adaptors NEXT and PAXT (Giacometti et al. 2017). Moreover, the nuclear
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mRNA export factor ALYREF binds at transcript 5'- and 3’-ends via interactions
with the nCBC and PABPNI, respectively (Fan et al. 2017; Shi et al. 2017). As
described above, both nCBC and PABPNI1 also interact with PAXT and/or NEXT,
indicating that RNA association with exosome cofactors is generally mutually
exclusive with binding of export factors. Consistent with this idea, the PAXT
component ZFC3H1 appears to be capable of retaining RNA exosome substrates
in the nucleus, as upon depletion of ZFC3H1, numerous PAXT targets are now
found in the cytoplasm where they may even engage in translation (Ogami et al.
2017; Silla et al. 2018). This ability of ZFC3H1 to counter untimely RNA export
appears to reach beyond simply preventing the binding of export factors as exosome
substrates accumulating in exosome-depleted cells concentrate in ZFC3HI-
dependent subnuclear aggregates (Silla et al. 2018). ZFC3H1 contains long low
complexity regions, suggesting a direct role of ZFC3H1 in forming such foci, which
probably reflect RNP complexes formed to prevent their unsolicited export from the
nucleus.

But what then decides how RNAs are chosen for decay or export? Targeting of
polyadenylated RNAs for exosomal decay mediated by PAXT or MTREC involves
PABP recruitment, which occurs not only on exosome targets but also on to stable
mRNAs. This conundrum has inspired the so-called nuclear timer model, where
PABPs serve to initially protect poly(A) tailed RNA only later to elicit decay of
transcripts that remain nuclear (Libri 2010; Meola and Jensen 2017). Mechanisti-
cally, this could be achieved through transient interactions of PABPN1/Pab2 with
MTR4-ZFC3H1/Mtl1-Red and the exosome, leading to the slow assembly of a
decay-promoting complex and avoiding decay of timely exported mRNAs (Meola
et al. 2016).

4.7 Concluding Remarks

The nuclear RNA exosome partakes in the processing and/or decay of virtually all
types of transcripts. Being able to handle such diverse tasks depends on exosome
interaction with a number of adapter proteins as described above. This places the
RNA exosome as a central player in cellular RNA metabolism. It may therefore
come as no surprise that the RNA exosome and some of its cofactors have been
linked to various disease states. For example, the exosome subunit DIS3 is recur-
rently found mutated in multiple myeloma, and mutations in several exosome core
subunits are linked to inherited neurodegenerative diseases (Morton et al. 2017;
Robinson et al. 2015). In addition, the RNA exosome and its cofactors also figure in
the arms races occurring between viruses and their hosts. This is exemplified by
influenza viruses, which, on one hand, have been shown to actively hijack the
nuclear RNA exosome to produce RNA fragments required for priming transcription
of their genomes (Rialdi et al. 2017), while, on the other hand, the cellular defense
against other types of RNA viruses involves export of hTRAMP proteins to the
cytoplasm to aid in the decay of viral RNA (Molleston et al. 2016). Although still
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immature, these examples provide a glimpse of the central role of the nuclear RNA
exosome in cell biology. While the composition and function of basic exosome
machinery is now reasonably understood, much still remains to be learned about the
regulation and cellular function of the various exosome cofactors and their relation to
cell physiology in different systems.
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Chapter 5 )
3’-UTRs and the Control of Protein ekl
Expression in Space and Time

Traude H. Beilharz, Michael M. See, and Peter R. Boag

Abstract The noncoding elements of an mRNA influence multiple aspects of its fate.
For example, 3'-UTRs serve as physical and sequence-based information hubs that
direct the time, place, and level of translation of the protein encoded in cis, but often also
have additional roles in frans. Understanding the information content of 3’-UTRs has
been a challenge. Bioinformatic searches for motifs, such as those that encode the
polyadenylation signal or microRNA seed regions, are simple enough, but rarely do
these inferred positions in genomes correlate well with the actual sites chosen by the
relevant nanomachines in living cells. This is almost certainly due to three-dimensional
complexity of RNA, the physical states of which are recognized by RNA-binding
proteins that serve to read and interpret the information content. Here, we follow the
3-UTR-mediated posttranscriptional metabolism of mRNA in the germline of the
nematode worm Caenorhabditis elegans. While many areas still require the clarification
only detailed fundamental research can provide, this model system can serve as a basis
of 3’-mediated regulatory control for elaboration in more complex metazoan systems.
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5.1 Introduction

The genome is brought to life by expression of RNA which, either directly or
indirectly, controls all aspects of a living organism. The maturation of nascent
protein-coding RNA in eukaryotes concludes with cleavage and polyadenylation
after a segment of noncoding RNA termed the 3’-untranslated region (3’-UTR), the
length of which scales with organismal complexity (Mayr 2017). The machinery for
this terminal modification travels with the RNA polymerase and cuts the mRNA
shortly after recognition of the polyadenylation signal (PAS). The canonical nuclear
poly(A) polymerase then extends a non-templated poly(A)-tail to a length that is
typical for the species in question. In the nematode worm Caenorhabditis elegans,
this tail is extended to approximately 250 bases (Janicke et al. 2012). However, this
maximal length is rapidly trimmed, such that the steady-state poly(A)-tail for any
given transcript is typically distributed between ~20 and 100 adenosine residues
(Nousch et al. 2013). When more than one position for cleavage and adenylation is
available, transcript isoforms with 3’-UTR of different lengths can be generated. At
least 60% of the worm transcriptome has been reported to undergo such alternative
polyadenylation (APA) (Blazie et al. 2017; Mangone et al. 2010). The mechanism
that decides switching between PAS sites is still under active investigation. How-
ever, it likely includes the combined influence of epigenetic marks, the transcrip-
tional rate, and the effective concentration of the locally available cleavage and
polyadenylation machinery (Gruber et al. 2014; Tian and Manley 2017; Turner et al.
2018). The result of such switching is the inclusion/exclusion of additional regula-
tory information (Fig. 5.1).

The information content of 3'-UTRs is generally considered to be centered around
the stability, localization, and translational control of its associated protein-coding
open reading frame (Turner et al. 2018). For example, AU-rich elements and
microRNA-binding sites are well-documented meditators of both translation and
stability (Chen and Shyu 1995; Filipowicz et al. 2008). Moreover, the role of the
3/-UTR in transcript localization has long been recognized (Heym and Niessing
2012; Holt and Bullock 2009; Jung et al. 2012; Lecuyer et al. 2007). However,
recent research also points toward a more integrative role for 3’-UTR in the organi-
zation of cellular gene expression. For example, pioneering work from Christine
Mayr’s laboratory shows that 3’-UTR can function as assembly platforms to chap-
erone interactions between proteins and, by extension, that APA can influence
participation of the encoded protein into higher order protein complexes (Berkovits
and Mayr 2015; Mayr 2017). Alternatively, 3’-UTRs might also operate in trans to
sponge microRNA (Ebert and Sharp 2010; Thomson and Dinger 2016) and possibly
other regulatory elements and thereby alter the cellular regulatory paradigm.



5 3’-UTRs and the Control of Protein Expression in Space and Time 135

Nucleus Transcription
Proximal PAS  Distal PAS
one —2 p—— '
mRNA w RBP-AAAARAARAAAAAAAA
15000 o ST —

YN

Cytoplasmic Polyadenylation

mRNA o [T —— REP —GEB Mg i

P granule

Silence by
Cytoplasm Localization Stability  Translation

Fig. 5.1 Schematic illustration of mRNA 3’-end processing and subsequent sorting. Alternative
polyadenylation signals (PAS) encoded in the genome create the possibility of mRNA with 3'-UTR
length isoforms. This creates scope for alternative regulatory fates for the encoded protein upon
export to the cytoplasm. In the C. elegans germline, nuclear pore complexes direct their cargo into P
granules that directly about the nuclear membrane. These are thought to warehouse mRNA for
distribution and translation at later time points in development

5.2 The C. elegans System as a Tool for Investigating
Spatiotemporal Control of Translation

The free-living, nonparasitic soil nematode C. elegans has served as an excellent
model for understanding many facets of germ cell biology, including its RNA
biology, with much of the focus being on the hermaphrodite germline that produces
sperm during the fourth larval stage and then switches to producing oocytes during
adulthood. The hermaphrodite germline has a linear organization, in which Notch
signaling by the somatic distal tip cell maintains the germline stem cell population
(Kimble and Simpson 1997). Once beyond the influence of the Notch signaling, the
germ cells enter mitotic prophase 1 and progress through spatially separated cell
cycle stages before arresting in diakinesis at the proximal end of the gonad (Fig. 5.2).
This simple organization has provided a unique window within which to observe the
progression of germ cell development and visualize changes in signaling pathways,
transcription levels, and localization of mRNA and proteins. Collectively, this has
led to a highly detailed understanding of how germ cell development is controlled by
changes in gene expression and mRNA dynamics, processes that are likely to be
conserved among sexually reproducing species.

A common feature of oogenesis across species is the broad suppression of
transcription during meiosis. Although the exact timing of the transcriptional quies-
cence varies between species, it most often occurs early in meiosis (Lesch and Page
2012) and is thought to permit the reorganization of the oocyte genome in prepara-
tion for union with the sperm genome (Eckersley-Maslin et al. 2018). This
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Activation of maternal mRNAs

Fig. 5.2 Illustration depicting the organization of the adult hermaphrodite C. elegans gonads. The
adult worm has two U-shaped gonad arms (green) that share a common uterus (blue). Each gonad
arm consists of ~1000 germ cells organized in a linear developmental pattern. The gonad initially
consists of a syncytium, in which germ cells are only partially enclosed in a membrane and share a
common cytoplasmic core. At the distal end of the gonad, a single somatic cell, the distal tip cell
(DTC), maintains the germline stem cell population (solid black nuclei). Once cells have moved
~20 cell diameters from the DTC, the germ cells enter mitotic prophase I (solid gray nuclei) in the
“transition zone.” As the cells move further proximally, they enter the pachytene stage of mitotic
prophase I and exit this stage as they progress through the gonad “loop” to develop into completely
cellularized oocytes arrested in diakinesis. Transcription levels are low in the stem cell population
(light green) and then dramatically increase as germ cells enter mitotic prophase I (green).
Transcription is essentially inhibited in diakinesis-stage oocytes awaiting fertilization. Zygotic
transcription does not broadly commence until the 4-cell stage of embryogenesis. The maternal
RNAs stored in P granules (pink) are selectively released and translated in the maturing oocytes and
early embryo (blue). At the first cell division, P granules coalesce and distribute mainly to the
anterior (PO) blastomere and become further asymmetrically segregated at the second cell division
toward the germ cell lineage

quiescence provides a significant challenge for germ cell development, as new
protein products are still required to drive key temporally defined developmental
changes (Huelgas-Morales and Greenstein 2017). To overcome this challenge, germ
cells produce what can be considered as two distinct transcriptomes. The first
transcriptome is used shortly after it is produced and encodes proteins required for
building the germline, as well as those required for chromosome synapsis and the
repair of meiotic double-stranded DNA breaks. The second transcriptome is
translationally repressed and activated at specific points later in development when
transcriptional quiescence prevails. The activation of repressed mRNAs shows
exquisite specificity and fidelity, with different mRNA species differentially trans-
lated between neighboring oocytes or in specific cell lineages in the early embryo
(Merritt et al. 2008). Translational repression is largely mediated through the 3’-UTR
(Merritt et al. 2008). Indeed, both repression and activation of mRNAs rely upon a
complex interplay between 3’-UTR binding of diverse array of RNA-binding pro-
teins (RBPs) that combine to form ribonucleoprotein (RNP) granules.
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5.3 C. elegans Germline RNP Granules

A conserved feature of germ cells is the presence of large RNA-protein-rich gran-
ules, often called nuage, in close proximity to the nucleus. In C. elegans, the most
prominent germ granule is the “P granule,” and in the early stages of germ cell
development, these are physically associated with the cytoplasmic face of the
nuclear pores (Fig. 5.1). This association has led to the idea that they extend the
nuclear pore environment (Andralojc et al. 2017), providing a space where RNAs
can be “sorted” and bound by their appropriate RBP(s). Interestingly, diverse RNA
pathways appear to share the P granule environment. For example, many core
components of the multiple endo-siRNA pathways localize to P granules, as well
as proteins whose functions appear to be more closely involved in translational
control pathways (Boag et al. 2005; Ciosk et al. 2006; Sengupta et al. 2013). The
sequestration of RNP into P granules may help preserve the totipotency of germ cells
by providing an environment that enables suppression of the somatic differentiation
program until the onset of zygotic development (Ciosk et al. 2006; Updike et al.
2014). Defects in P granule formation or organization often result in sterility,
highlighting their importance in maintaining correct gene expression, while inap-
propriate early translation of embryonic mRNA can result in a tumorous germline
(Francis et al. 1995).

The existence of P granules in the germline requires active transcription. It has
been experimentally shown that inhibition of transcription leads to P granule loss,
suggesting that these RNA hubs are highly dynamic structures that rapidly turnover
their RNA and protein complement (Sheth et al. 2010). Moreover, the maintenance
of P granule integrity requires many different RNA pathways, including small RNA
and silent maternal mRNA. Recent evidence suggests that perinuclear P granules
detach from the nuclear pores by shear force stress (Brangwynne et al. 2009) and are
subsequently distributed among the enlarging oocytes by actin-dependent cytoplas-
mic streaming. In cellularized oocytes where transcription is inhibited, P granules
provide a reservoir of translationally repressed mRNAs for use later in development.
Upon fertilization, P granules rapidly coalesce and localize to germline blastomeres
in the first embryonic cell division (Fig. 5.2). This complexity of P granule assembly
and localization is driven by an intricate interplay of protein-protein and protein-
RNA events that are only now beginning to be understood. Mutagenic and RNAi
screens have identified over 100 proteins that result in defects in P granule formation
and/or organization (Updike and Strome 2009; Wood et al. 2016). Many of the P
granule-resident proteins contain prion-like, low complexity, or intrinsically disor-
dered regions. Accordingly, like other RNA-protein granules, P granules display
liquid-like behaviors (Brangwynne et al. 2009) and RNA-induced phase separation.
These properties allow self-assembly of RNPs in a highly dynamic subcellular
environment.

The complexity of the described RNP granules within germ cells continues to
grow. Several decades after P granules were first identified, a new RNP granule type,
designated as Mutator foci, was described and is defined by proteins that are required
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for the efficient amplification of the RNAIi gene silencing pathways (Phillips et al.
2012). Although Mutator foci are found physically adjacent to P granules, their
formation appears to be independent of core P granule components, suggesting that
they are a unique subcellular component required for small RNA amplification and
mRNA silencing (Phillips et al. 2012). The most recent addition to the family, Z
granule, appears sandwiched between P granules and Mutator foci in adult germ
cells (Wan et al. 2018). Z granules are marked by the helicase ZNFX-1 and the
Argonaute WAGO-4, both of which are required for small RNA-mediated epige-
netic inheritance (Ishidate et al. 2018; Wan et al. 2018). Interestingly, ZNFX-1 and
WAGO-4 localize to P granules during early embryogenesis but then separate from
them during germ cell development. How Z granules form, and their functional
relationship to P granules and Mutator foci, remains unclear; however, the distinct
spatial arrangement of these liquid-like RNP granules in adult germ cells suggests
that they are highly specialized structures that are unique, but possibly also interre-
lated, in their mechanisms of formation and function. Unravelling how these RNP
granules form and interact and, most importantly, how their diverse cargo is
released, will provide an exciting new layer of complexity in how germline tran-
scripts are spatiotemporally regulated.

5.4 Translational Activation of mRNAs During the Oocyte-
to-Embryo Transition

As a final step in oocyte development, the trigger for oocyte maturation is usually a
signaling hormone that initiates a cascade of events that lead to significant changes in
both nuclear and cytoplasmic organization (Von Stetina and Orr-Weaver 2011).
Integral to these changes is the cytoplasmic reorganization of repressive RNP
complexes that had blocked translation of stored mRNAs, but whose cargo now
need to become activated for translation. Key players in this process are two
antagonistic proteins, the TRIM-NHL RNA-binding protein LIN-41 and the redun-
dant TIS11 zinc-finger RNA-binding proteins OMA-1 and OMA-2. LIN-41 pro-
motes oocyte growth by inhibiting M-phase entry via translational repression of the
key cell-cycle activating proteins (Spike et al. 2014). Interestingly, LIN-41 and the
OMA proteins appear to be components of a large RNP complex present in tran-
scriptionally silent late-stage germ cells. Further research found that this RNP
complex also contained the conserved cytoplasmic poly(A) polymerase GLD-2
and its accessory proteins GLD-3 and RNP-8, the CCR4-NOT deadenylase com-
plex, and translation initiation factors (Tsukamoto et al. 2017). Analysis of tran-
scripts that associate with LIN-41 or the OMA proteins revealed many shared
mRNA, but also distinct subsets. Interestingly, many of the transcripts that encode
components of this complex are also enriched within the complex, suggesting there
may be autoregulatory feedback mechanisms to control protein levels. Many of the
LIN-41-associated mRNAs were also GLD-2 target mRNAs, suggesting that
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re-adenylation of LIN-41 target mRNAs enhances the translation of these transcripts.
It is intriguing that the RNP granules contain proteins with antagonistic function;
LIN-41 is a repressor (e.g., of spn-4 and meg-1), whereas the OMA proteins activate
translation; GLD-2 is a poly(A) polymerase, whereas CCR4-NOT is a deadenylase.
Co-localization of these opposing functions suggests that there may not be a simple
binary switch between states. Instead, the relative activities of the antagonistic
pathways may prove a delicate rheostat in which translation can be tightly regulated
at a subcellular level.

The complexity of posttranscriptional control is revealed by the number of
different RBPs that can act on a single mRNA in different cells of the embryo. For
example, the zif-1 3’-UTR can be bound by multiple RBPs which result in different
outcomes in different cell types. In oocytes, the redundant OMA-1/2 pair represses
its translation (Guven-Ozkan et al. 2010), while in the 1-cell embryo, the transla-
tional repression of zif-1 requires both the KH domain containing MEX-3 and RRM
domain containing SPN-4 (Oldenbroek et al. 2012). In germline blastomeres, the
Zn-finger POS-1 is sufficient to repress translation (Tabara et al. 1999). On the other
hand, activation of translation of zif-/ in the somatic blastomeres is promoted by the
redundant Zn-finger proteins MEX-5/6 (Oldenbroek et al. 2012). Establishment of
RNP gradients by asymmetric localization and degradation appears to be a critical
process, and the integration of cell-type-specific regulatory networks ensures robust
repression/activation of maternal RNA. Further work is required to understand the
molecular details of these complexes and possibly competitive interactions that
refine mRNA fate.

5.5 Cytoplasmic Polyadenylation Is Key to Activation
of Silent mRNA

One way to dissect the combinatorial influence of the RNA-binding proteins on
translation is to measure their influence over the adenylation state of the
transcriptome. The steady-state poly(A)-tail length distribution of any transcriptome
is a sum of multiple different activities. Nascent transcripts are fully adenylated at
synthesis, but rapidly trimmed by the sequential activities of the PAN2 and CCR4/
CAF1 deadenylases (Harrison et al. 2015; Janicke et al. 2012). In metazoans,
noncanonical cytoplasmic polyadenylation further complicates understanding of
what steady-state adenylation status means. The gene encoding the cytoplasmic
poly(A) polymerase, GLD-2, was identified in worms in a genetic screen for
germline-defective (GLD) mutants (Francis et al. 1995; Wang et al. 2002). Loss of
GLD-2 results in major germline dysfunction, failure of oocyte-germline transition,
and ultimately inviable embryos. Since transcription is globally shutdown for the
final stages of oocyte maturation, any subsequent development is largely driven by
new proteins synthesized from stored maternal mRNAs. How these stored mRNAs
are activated at specific points in oocyte maturation and in early embryonic
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development is one of the major mysteries of germ cell biology. One aspect that is
clear is that lengthening of the poly(A)-tail by GLD-2 is involved (Charlesworth
et al. 2013). Early work showed that in vitro the GLD-2 enzyme required only a
tether to recruit its poly(A) polymerase function to its targets (Kwak et al. 2004), and
in vivo this function is achieved by a series of 3’-UTR-binding proteins.

We recently investigated 3’-UTR-mediated control of cytoplasmic
polyadenylation in the C. elegans germline and early embryo as a surrogate for
activation of mRINA for translation in a spatiotemporal manner (Boag et al. 2018).
Our research is built upon pioneering work in the Xenopus oocyte (Hake and Richter
1994), contemporary work in the fly (Lim et al. 2016), and a body of research
surrounding the gld-2 mutant worm (Janicke et al. 2012; Nousch et al. 2017;
Sengupta et al. 2013; Wang et al. 2002). Specifically, we wondered whether the
embryonic lethality of worms without functional GLD-2 activity was due to a failure
to activate a small number of regulatory mRNA or reflected a widespread depen-
dence on this process within the sequential activation of mRNA at different devel-
opmental times within the germline and early embryo.

To probe the landscape of cytoplasmic polyadenylation in C. elegans, we used
the PAT-seq approach to analyze 3’-end dynamics (Harrison et al. 2015). This
method identifies changes in poly(A)-tail length distribution between
transcriptomes, in addition to the gene expression and 3’-end idenification of more
traditional 3’-end focused sequencing approaches. We discovered that more than
1000 transcripts depend on GLD-2-mediated polyadenylation. These transcripts
contained overall longer 3’-UTR than nontargeted transcripts (Fig. 5.3), consistent
with the idea that length scales with the complexity of regulation. Moreover, while
the 3’-UTR of GLD-2-associated transcripts tended to be more cytosine rich and the
PAS tended to be noncanonical (AAUGAA), there were no specific linear sequence
motifs that associated particularly with the requirement for cytoplasmic
polyadenylation (Boag et al. 2018). This contrasted strongly with the literature in
both Xenopus and mammalian cells, where a U-rich cytoplasmic polyadenylation
element (CPE) upstream of the canonical (AAUAAA) PAS was suggested as the
anchor recognized by the CPE-binding protein (CPEB), which, in turn, tethered the
GLD-2 activity to 3’-UTR (Hake and Richter 1994; Pique et al. 2008). The expla-
nation for this is likely that CPEB is just one of many proteins that tether GLD-2 to
its targets. Thus, like the zif-I example discussed above (see also Fig. 5.3c), the
native adenylation state is likely the integrated outcome of multiple opposing
activities in the mixed cell-types of the whole animal.

Our search was for mRNA that depends on GLD-2 enzymatic activity for normal,
wild-type poly(A)-tail length distribution in whole animals and early embryos (Boag
et al. 2018). A similar study compared the adenylation state of the fly embryo +/—
Whisp, the Drosophila GLD-2 homolog (Lim et al. 2016). Neither study showed
enrichment of a U-rich CPE or alternative global explanatory motif. However, by
reanalysis of previous data testing the adenylation state in early embryos +/— the
3’-UTR tether for GLD-2, GLD-1, or either of the two 3’-regulatory RBPs, MEX-5
and POS-1 (Elewa et al. 2015), we could demonstrate that, similar to the germ cell to
embryo transition, the wild-type adenylation state of developing early embryos is
sculpted by multiple activities to restrict protein expression. For example, in the
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Fig. 5.3 (a) The 3'-UTRs of GLD-2 target mRNA are overall longer than nontarget mRNA,
consistent with increased regulatory information required for the posttranscriptional fate of such
transcripts. In green are the length distributions of the 3'-UTR of 1986 mRNA that did not change
adenylation state in our study. The width of the violin plots reflects the relative transcript abundance
at the indicated 3’-UTR length. The GLD-2 target transcripts included those that were significantly
shorter in their polyadenylation state in the adult gid-2 mutant worm (p < 0.01) than in the wild
type. The average length of nontarget 3'-UTR is 189 bases, whereas the GLD-2 targets have an
average 3'-UTR length of 307 bases. The indicated RNA-binding proteins are each encoded by
transcripts that themselves have long 3’-UTRs consistent with their complex autoregulation. (b) The
poly(A)-tail length distribution recorded by PAT-seq and other next-generation sequencing
approaches can be visualized by cumulative distribution plots as shown in the schematic. (¢) The
cumulative distribution of the poly(A)-tail associated with zif-/ transcripts in either the adult wild-
type worm or the gld-2 mutant worm (triplicate of each). The length of poly(A)-tails sequenced in
the gld-2 mutant was significantly distributed toward shorter. In total, 1064 transcripts were
identified having a significant difference in poly(A)-length distribution (Boag et al. 2018). The
changes in poly(A)-distribution between conditions serve a surrogate read-out for regulatory
control. For example, changes to the adenylation state of zif-/ after knockdown of specific RBP
(see main text) or after ablation of 3’-UTR sequences might help to define the regulatory circuitry of
this developmental regulator

worm, cell fate in the early embryo is entirely posttranscriptionally programed
(Evans and Hunter 2005). In the 2-cell embryo, one cell is destined to specify the
endomesoderm linage, while the other will asymmetrically divide to produce meso-
dermal muscles, intestinal endoderm, and germline lineages (Rose and Gonczy
2014). By the second embryonic cell division, the major body-plan polarity axes
are established. RNA-binding proteins are integral to these asymmetric divisions. By
a complex autoregulatory mechanism, MEX-5 is expressed predominantly in the
AB-cell that specifies anterior fate, whereas POS-1 is active in the P1 cells that will
become the germline and posterior tissues such as muscles and the intestine. Our
research showed that it is possible to distinguish a maternal mRNA destined for
expression in one or other cell type based on its dependence on MEX-5 or POS-1 for
a native poly(A)-length distribution. One example of this is NEG-1, which is
essential for correct anterior specification (Elewa et al. 2015; Osborne Nishimura
et al. 2015). Failure to curtail cytoplasmic adenylation in the P1 linage due to a loss



142 T. H. Beilharz et al.

of POS-1 results in overall longer poly(A)-tails (than wild-type) and aberrant protein
expression (Elewa et al. 2015). Both these phenotypes require the 3’-UTR anchoring
protein GLD-3. We identified many further transcripts whose asymmetric translation
is likely regulated in a similar spatiotemporal manner, to restrict protein expression
to a specific cell-fate lineage (Boag et al. 2018). By combinatorial depletion of
RNA-binding proteins, we predict it will become possible to dissect the regulatory
circuitry of transcripts whose expression is regulated in space and in time. Beyond its
role within the germline, we predict that many other asymmetric divisions in
biology, such as those in muscle progenitor cells (Gurevich et al. 2016), will be
governed by selective cytoplasmic polyadenylation, recruited to target transcripts by
similar mechanisms.

5.6 Scaling 3'-UTR Regulatory Capacity with Complexity

The extent of noncoding sequence in genomes is broadly correlated to evolutionary
complexity (Taft et al. 2007). The noncoding regions of the transcriptome, especially
3'-UTR, are even more tightly correlated to complexity (Chen et al. 2012). Whereas
prokaryotic, and their derivative mitochondrial, mRNA, often have minimal or no
3'-regulatory sequence, the 3’-UTR of eukaryotes globally increased in length with
higher evolutionary complexity (Fig. 5.4). Hence, the small, tightly packed genome
of S. cerevisiae has quite short 3’-UTRs (139 bases, on average), the C. elegans
transcriptome displays an intermediate length (226 bases, on average), and the
mouse 3’-end repertoire is even longer (1049 bases, on average). Note that the
transcriptome of both worms (Fig. 5.3) and mouse (Fig. 5.4) contains 3’-UTR with
different length distributions based on the regulatory complexity of the encoded
protein. In the case of the worm, the transcripts subject to cytoplasmic
polyadenylation tend to be longer (as discussed above). Similarly, transcripts
encoding house-keeping functions such as those annotated with the GO term
“structural constituent of the ribosome,” in the mouse tend to have shorter 3’-UTR
than transcripts whose expression is more highly regulated such as those associated
with the GO term “transcription coactivator activity” or “integral component of the
endoplasmic reticulum membrane” (Fig. 5.4). Specific secretory and tissue-restricted
proteins have also previously been shown to be prone to longer more complex
3/-UTR (Berkovits and Mayr 2015; Mayr 2016, 2017). The transcriptome analyzed
in Fig. 5.4 was obtained from murine bone marrow-derived macrophages differen-
tiated in vitro (Tucey et al. 2018). We expect that analysis of a brain transcriptome
would reveal an even more biased length distribution for those mRNAs that are
distributed along dendrites for localized translation at the stimulated synapse. For
example, in mice, the brain-derived neurotrophic factor (BDNF) expresses two
3/-UTR isoforms, with the shorter 3’-UTR resulting in mRNA localization to cell
body and the longer 3’-UTR leading to localization to dendrites (An et al. 2008).
Neuronal cells might represent the most extreme regulatory complexity of 3'-UTR
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Fig. 5.4 3’-UTR length scales with morphological complexity and regulatory capacity. The
3/-UTR length distribution of baker’s yeast Saccharomyces cerevisiae (Verma-Gaur et al. 2015),
the C. elegans worm (Boag et al. 2018), or untreated murine bone marrow-derived macrophages
(Tucey et al. 2018) are shown in the violin plot. The average length is given within the center of
each. The global 3’-UTR distribution can be subset into different Gene Ontology categories having
different length distributions. Shown are the M. mus data subset to display GO:0003713,
GO0:0010256, and GO:0003735 which correspond to “transcription coactivator activity,” “integral
component of the endoplasmic reticulum membrane,” and “structural constituent of ribosome,”
respectively. Nofe: For these bioinformatic analyses, the 3’-UTR length represents the length of the
major 3’-UTR isoform detected in the experiment analyzed. Where multiple 3’-UTRs were detected,
the isoform having the most reads (under the condition tested) was utilized, irrespective of
annotated transcript coordinates

use and will likely make an excellent model for studies into the functional conse-
quence of 3’-UTR isoform selection and/or switching.

A propensity to scale 3’-UTR regulatory capacity with evolution is paralleled by
the number and complexity of described 3’-UTR cis regulatory factors. In
S. cerevisiae, the major 3'-regulatory factors are RNA-binding proteins (Hogan
et al. 2008). With increasing organismal complexity, the repertoire of such proteins
is much expanded and to it are added microRNAs and further RNA-mediated
regulatory mechanism such as the parallel evolution of retro-transposon-derived
sequences into mammalian 3’-UTRs to stimulate Staufen-mediated decay (Lucas
et al. 2018). As a final regulatory layer, the growing list of modified nucleotides such
as methyl-6-adenosine, collectively termed the epitranscriptome (Saletore et al.
2012), are likely to refine the regulatory landscape of 3’-UTR even further.
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5.7 Future Directions for Dissection of the Information
Content of 3'-UTR

3’-UTRs have long been viewed through the lens of mRNA subcellular localization,
mRNA stability, and translational efficiency. However, hidden in plain sight has
been the role of RNA as scaffolds with complex three-dimensional topology. The
structure of the ribosome has been elucidated for nearly 20 years, and the essential
role of the rRNA in the function of this machine was known well before that
(Dahlberg 1989). More recently, IncRNAs have been identified as scaffolds for the
formation of higher-order RNA-protein complexes, such as the polycomb repressive
complexes (PRC1 and PRC2) (Khalil et al. 2009; Yap et al. 2010). The length of
many 3’-UTRs, and specifically GLD-2 target mRNA, is comparable to IncRNA and
indeed also the RNA backbone of the small ribosomal subunit (18S rRNA). It is
quite possible that 3’-UTRs are equally complex in their three-dimensional folding in
order to create the scaffold for binding of RBPs and small RNAs. The recently
rediscovered interest in the phenomena of co-translational formation of protein
complexes (Berkovits and Mayr 2015; Duncan and Mata 201 1; Fulton and L’Ecuyer
1993) adds a new perspective to the role of the 3’-UTR. Assembly at the site of
translation, via 3’-UTR assembly platforms, is likely to be an efficient way to form
multimeric complexes, compared to the chance association of their parts, by random
diffusion in the cytoplasm (posttranslational assembly). The use of alternative
3’-UTR would allow for different three-dimensional surface topologies (for the
same protein) and thereby binding of distinct cohorts of interacting proteins. Further,
the complex topology achievable by RNA folding could rapidly be reshaped by
RNA helicases and the binding of additional RBPs providing a swift response to
changes in the local cellular environment. An exciting opportunity now exists to
effectively examine RNA three-dimensional surfaces using the expanded technolo-
gies of chemical mapping coupled with RNA sequencing, for example, selective
2'-hydroxyl acylation analyzed by primer extension (SHAPE) (Merino et al. 2005;
Poulsen et al. 2015) and its related next-generation sequencing approaches (Smola
and Weeks 2018; Watters et al. 2016) that are now being applied to in vitro and
in vivo contexts. Although these approaches still hold their challenges, including
questions regarding their accuracy, they will continue to be refined and will provide
important insights into the complex three-dimensional topology of 3’-UTRs.
Finally, the emerging single-cell RNA-sequencing technology (scRNA-seq) has
the potential to further enlighten our understanding of the regulatory landscape of the
early embryo. Recently, each cell from the C. elegans 1-cell zygote to the 16-cell
stage embryo was individually analyzed (Tintori et al. 2016). It will be fascinating to
use similar approaches to dissect the role of specific RBPs in the coordinated
localization and translational activation of mRNAs across development.
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Chapter 6 )
Communication Is Key: 5-3' Interactions sz
that Regulate mRNA Translation

and Turnover

Hana Fakim and Marc R. Fabian

Abstract Most eukaryotic mRNAs maintain a 5" cap structure and 3’ poly(A) tail,
cis-acting elements that are often separated by thousands of nucleotides. Nevertheless,
multiple paradigms exist where mRNA 5’ and 3’ termini interact with each other in order
to regulate mRNA translation and turnover. mRNAs recruit translation initiation factors
to their termini, which in turn physically interact with each other. This physical bridging
of the mRNA termini is known as the “closed loop” model, with years of genetic and
biochemical evidence supporting the functional synergy between the 5’ cap and 3’ poly
(A) tail to enhance mRNA translation initiation. However, a number of examples exist
of “non-canonical” 5'-3' communication for cellular and viral RNAs that lack 5 cap
structures and/or poly(A) tails. Moreover, in several contexts, mRNA 5'-3' communi-
cation can function to repress translation. Overall, we detail how various mRNA 5'-3'
interactions play important roles in posttranscriptional regulation, wherein depending on
the protein factors involved can result in translational stimulation or repression.

Keywords mRNA translation - mRNA decay - RNA-binding proteins -
Posttranscriptional control - Protein—protein interactions

6.1 The Genesis of the Closed-Loop Model

The idea that the termini of eukaryotic mRNAs functionally interact in order to
regulate protein synthesis is not a new hypothesis. Primarily based on electron
micrograph images of polysome-bound mRNAs, it was proposed in the mid
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twentieth century that eukaryotic mRNAs translate as circular complexes rather than
as linear molecules (Mathias et al. 1964; Philipps 1965; Baglioni et al. 1969). This
was posited to allow for terminating ribosomes to be “recycled” rather than falling
off the mRNA, thus enhancing mRNA translation. While enticing, this model was
nevertheless proposed without any genetic or biochemical evidence to support
it. Studies in the following decades identified the mRNA 5’ cap structure and 3’
poly(A) tail, as well as the translation factors that bind these cis-acting elements and
stimulate translation, including the 5’ cap-bound elF4F complex and the poly(A)-
binding protein (PABP) (Tarun et al. 1997; Imataka et al. 1998). Importantly, it was
shown that eIF4F physically binds PABP to stimulate protein synthesis and lent
credence to a model where this interaction helps to bridge the mRNA termini. This
model became commonly referred to as the “closed loop” model for translational
control (Gallie 1991; Amrani et al. 2008). Moreover, there now exist multiple
examples where alternative 5'-3’ interactions between protein and RNA elements
at the mRNA termini are utilized to stimulate the translation of select cellular and
viral mRNAs that lack either a 5’ cap and/or poly(A) tail. Finally, just as 53
mRNA interactions promote translation, a number of examples exist where the
remodeling of mRNA circularization plays an important role in repressing the
translation of specific mRNAs. In this chapter, we provide a broad overview of the
different modes of communication between mRNA termini and how they stimulate
or inhibit mRNA translation and decay.

6.2 5 Cap- and 3’ Poly(A) Tail-Dependent Translation

The majority of eukaryotic mRNAs maintain a 5" cap structure (m’GpppN) and a 3’
poly(A) tail. Early experiments in cells and cell-free systems established that the cap
and poly(A) tail elements stabilize mRNAs in an additive manner, but synergistically
stimulate mRNA translation (Gallie 1991; lizuka et al. 1994; Tarun et al. 1997,
Preiss and Hentze 1998). This interdependency between the cap and poly(A) tail led
to the hypotehsis that these elements must be directly communicating to engender
optimal mRNA translation (Gallie 1991). Data that supported a physical interaction
between these terminal elements came with the discovery of translation initiation
factors that bind the cap and poly(A) tail structures. The 5 cap is bound by the eIF4F
complex, which consists of elF4E, elF4A, and elFAG (Merrick and Pavitt 2018).
elF4E physically contacts the 5’ cap and binds to eIF4G, a scaffold protein that also
interacts with a number of translation factors including e[F4A, an ATP-dependent
RNA helicase, and elF3. Ultimately, these translation initiation factors function to
recruit the 40S ribosomal subunit as part of the 43S pre-initiation complex. Follow-
ing scanning of the 5" UTR and the identification of a proper start codon, the 60S
ribosomal subunit joins the 40S subunit to form a functional 80S ribosome that can
initiate translation. Regardless of being at the opposite end of the mRNA, the 3’ poly
(A) tail stimulates translation by recruiting the poly(A)-binding protein (PABP),
which serves as a bona fide translation initiation factor (Kahvejian et al. 2005).
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Fig. 6.1 Schematic diagram of mRNA translation initiation mechanisms. (a) Canonical cap- and
poly(A) tail-dependent translation. e[F4E interacts with the 5’ cap structure and forms the elF4F
complex by binding eIF4A and elF4G. elF4G mediates mRNA circularization by simultaneously
binding to both elF4E and PABP on the 3’ poly(A) tail. Paipl may also assist in mRNA
circularization by simultaneously interacting with eIF4A, elF3, and PABP. (b) Histone mRNA
translation. Histone mRNAs maintain a 3’ stemloop (SL) that recruits the SL-binding protein
(SLBP). SLBP in turn interacts with the SLBP-interacting protein (SLIP) that binds eIF3 in order
to promote translation initiation. (¢) Rotaviral RNA translation. Rotaviral mRNAs maintain a 3’
terminal sequence (GACC-3') that recruits NSP3, which dimerizes and interacts with eIF4G to
promote mRNA translation. (d) 3’ cap-independent translational enhancer (3’ CITE)-mediated
translation. The 3’ CITE is located in the 3’ UTR of the viral RNA, where it physically interacts
with eIF4F. elF4F then is brought into proximity with the 5’ end of the RNA by a long-distance
RNA-RNA interaction between the 3’ CITE and an RNA structure in the 5" UTR. Base pairing
between the 3’ CITE and the 5" UTR is denoted by a red arrow

PABP stimulates translation at least in part by physically contacting eIlF4G, an
interaction that is conserved from yeast to humans as well as in plants (Tarun and
Sachs 1995; Le et al. 1997; Gray et al. 2000; Wakiyama et al. 2000; Kahvejian et al.
2005). As PABP and eIF4G are bound at the 5’ and 3’ termini of mRNAs, it is
postulated that their interaction helps to form a “closed loop” by bridging the two
ends of the mRNA (Fig. 6.1a). This model was further reinforced by mRNAs
forming closed-loop structures, as observed by atomic force microscopy, in the
presence of yeast elF4G, elF4E and PABP in vitro (Wells et al. 1998). What exactly
is the biochemical mechanism by which PABP-eIF4G contact stimulates translation
initiation? Several lines of evidence, both in yeast and in cell-free in vitro translation
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systems, indicate that PABP and the PABP-eIF4G interaction stimulate translation
initiation by promoting 40S ribosomal subunit recruitment, 60S ribosomal subunit
joining, as well as the interaction between eIF4E and the 5’ cap (Ptushkina et al.
1998; Wei et al. 1998; Borman et al. 2000; von Der Haar et al. 2000; Kahvejian et al.
2005). Furthermore, experiments with recombinant mammalian PABP and a frag-
ment of elF4G that binds PABP have demonstrated that e[F4G binding to PABP
increases its affinity to poly(A) RNAs (Safaee et al. 2012).

In addition to binding to eIF4G, PABP also interacts with the PABP-interacting
protein 1 (Paipl) which functions to stimulate mRNA translation (Craig et al. 1998).
Paip1 shares similarity with the middle domain of e[F4G, which interacts with both
elF3 and elF4A. In keeping with this, Paip1 also interacts with both e[F4A and eIF3.
Specifically, the binding of Paipl to elF3 has been reported to stimulate mRNA
translation, which was suggested to be due to the stabilization of the PABP-eIF4G
interaction (Craig et al. 1998; Martineau et al. 2008). Based on these data, it has been
proposed that Paipl may assist in generating circular mRNAs to promote their
translation (Fig. 6.1a).

6.3 Poly(A) Tail-Independent mRNA Translation

As mentioned above, most eukaryotic mRNAs maintain both a 5’ cap and 3’ poly
(A) tail, elements that stimulate their translation. However, several examples exist of
cellular and viral RNAs that do not possess a poly(A) tail. Nevertheless, these
mRNAs have adopted alternative PABP-independent mechanisms to stimulate
their translation that still rely upon contact between their 5 and 3’ termini. Two
key examples of this are mRNAs that code for replication-dependent histone pro-
teins and rotaviral mRNAs.

Histone mRNA Translation Histones are evolutionarily conserved amongst
eukaryotes and maintain pivotal roles in packaging genetic material into chromatin
and regulating transcription. There are two types of histones: replication-
independent and -dependent histones. Replication-independent histones are
expressed throughout the cell cycle and act to modulate chromatin state in a locus-
specific manner (Talbert and Henikoff 2017). Replication-dependent histones
(referred from hereon as histones) include core histones (H2A, H2B, H3 and H4)
that form nucleosomes, the structural unit of chromatin, and H1 linker histones that
are found between nucleosomes (Marzluff et al. 2008). Transcription of core
histones-encoding genes increases at the beginning of S-phase to accommodate
DNA replication, but these transcripts are rapidly degraded at the end of S-phase
given that an imbalance between histone and DNA abundance is detrimental,
whereby it has been shown to cause chromosome loss and genomic instability
(Singh et al. 2010).

Like all eukaryotic mRNAs, histone-encoding mRNAs possess a 5 cap structure.
However, histone-encoding mRNAs are unique in that they are the only cellular
mRNA species to lack a 3’ poly(A) tail. Nonetheless, despite the lack of a poly



6 Communication Is Key: 5’3’ Interactions that Regulate. . . 153

(A) tail and the consequential absence of PABP association, the 5" and 3’ termini of
these histone transcripts interface in order to efficiently recruit the pre-initiation
complex (Fig. 6.1b). Instead of a poly(A) tail, histone mRNAs possess a conserved
25-26 nucleotide 3’ terminal stem loop (SL). This terminal structure functions to
stimulate histone mRNA translation by interacting with the histone stem-loop-
binding protein (SLBP), a protein that plays a key role in regulating histone
mRNA maturation, degradation, and translation (Wang et al. 1996; Tan et al.
2013; Marzluff and Koreski 2017). Just as PABP stimulates mRNA translation by
interacting with eIF4G to circularize canonical mRNAs, SLBP also interacts with the
5’ cap-associated translation machinery on histone mRNAs. However, unlike PABP,
SLBP does not directly bind to eIF4G. Instead, SLBP recruits the SLBP-interacting
protein (SLIP1), a middle domain of initiation factor 4G (MIF4G)-like protein,
which simultaneously interacts with both SLBP and eIF3 to circularize the transcript
and promote efficient translation (Neusiedler et al. 2012; von Moeller et al. 2013)
(Fig. 6.1b). In keeping with the cell-cycle dependent regulation of histone mRNAs,
SLBP levels increase during the G1/S phase to stimulate the production of histones,
and is rapidly degraded by the proteasome by the end of the S-phase (Marzluff and
Koreski 2017).

Rotaviral PABP-Independent Translation Rotaviral mRNAs maintain a 5’ cap
but lack a poly(A) tail and instead terminate with a 3’ GACC sequence (Vende et al.
2000) (Fig. 6.1c). However, rotaviral mRNAs are efficiently translated due to the
recruitment of the viral nonstructural protein 3 (NSP3) to this 3’ terminal element.
NSP3 enhances viral translation by simultaneously interacting with the 3’ GACC
viral element and with eIF4G in a manner similar to PABP (Vende et al. 2000; Groft
and Burley 2002; Gratia et al. 2015). Interestingly, NSP3 has been reported to
interact with e[F4G as a dimer, which binds elF4G with a tenfold higher affinity
as compared to PABP (Deo et al. 2002). In addition to directly enhancing rotaviral
mRNA translation initiation, NSP3 binding to eIF4G is proposed to assist rotavirus
infection by displacing PABP from eIF4G and leading to PABP nuclear localization,
thereby shutting down host protein synthesis (Harb et al. 2008). Thus, NSP3 pro-
vides an alternative mode of circularizing viral mRNAs and selectively enhancing
viral translation in the absence of a 3’ poly(A) tail (Fig. 6.1c).

6.4 Long-Distance RNA-RNA Interactions that Support
Cap- and Poly(A) Tail-Independent Translation

A number of positive-strand plant RNA viruses lack both cap and poly(A) tail
structures but have adopted unique modes of mRNA circularization in order to
stimulate the production of viral proteins (Miller and White 2006; Nicholson and
White 2011, 2014). These include viruses from the Tombusviridae and Luteoviridae
families, which maintain highly structured RNA elements in their 3’ UTRs that are
termed cap-independent translational enhancer (CITE) elements (Simon and Miller
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2013). In general, 3’ CITEs function by physically recruiting the eIF4F translation
initiation complex to the 3’ UTR of viral RNAs (Gazo et al. 2004; Treder et al. 2008;
Wang et al. 2009; Nicholson et al. 2010, 2013). However, some viral 3’ CITE
elements directly bind ribosomal subunits independently of elF4F to stimulate
viral translation (Stupina et al. 2008; Gao et al. 2012). While 3’ CITEs are necessary
to promote viral translation, they must communicate with the viral 5 UTR. This is
mediated by long-distance RNA-RNA interactions between RNA stem loop struc-
tures in the 5 UTR and the 3’ CITE, thus generating RNA-RNA-based closed-loop
interactions (Fig. 6.1d). Site-directed mutagenesis experiments have demonstrated
the functional significance of these long-distance RNA-RNA interactions in stimu-
lating viral translation. Viral translation was inhibited when 5" UTR/3’ CITE base
pairing was disrupted, however, compensatory mutations that reestablished these
long-distance interactions efficiently rescued translation (Guo et al. 2001; Fabian
and White 2004, 2006; Nicholson and White 2008; Nicholson et al. 2010, 2013).
Thus, it has been proposed that 3’ CITE elements recruit translation factors or
ribosomal subunits to viral 3’ UTRs, which are then brought into proximity with
the 5 UTR in order to facilitate translation initiation.

6.5 5'-3 Interactions that Repress mRNA Translation

Just as 5'-3' interactions are critical for stimulating eukaryotic translation, a number
of repressive mechanisms exist that rely upon contact between the mRNA termini in
order to inhibit mRNA translation. An overarching theme for these regulatory
mechanisms is the tethering of translational repressor proteins to specific cis-acting
elements in the 3’ UTRs of select mRNAs. These, in turn, interface with the mRNA
5" terminus and shut down protein synthesis. In general, these translational repres-
sors fall into two classes: 5’ cap-binding proteins, such as the eI[F4E homolog protein
4EHP, or eIF4E-binding proteins, such 4E-T, CUP, Maskin and Neuroguidin.

4EHP and 4E-T The elF4E homolog protein (4EHP) represents a translational
repressor that is similar to eIF4E, in that it binds to the mRNA 5’ cap structure (Rom
et al. 1998). However, unlike elF4E, 4EHP does not interact with elF4G and
therefore acts to repress mRNA translation initiation. In flies, Drosophila AEHP
(d4EHP) targets select mRNAs during embryogenesis, including the caudal and
hunchback encoding mRNAs (Cho et al. 2005, 2006; Lasko 2011). d4EHP is
recruited to the caudal mRNA via Bicoid, an RNA-binding protein that interacts
with the Bicoid-binding region (BBR) in the caudal mRNA 3’ UTR (Cho et al.
2005). d4EHP then interacts with the caudal mRNA 5’ cap structure, thus circular-
izing the mRNA, displacing eIF4E and shutting down caudal protein synthesis
(Fig. 6.2a). d4EHP uses a similar mechanism to inhibit hunchback mRNA transla-
tion by simultaneously interacting with the 5’ cap and a 3’ UTR-bound RNA protein
complex. However, instead of binding Bicoid, d4EHP interacts with a complex of
three proteins, Nanos (NOS), Pumilio (PUM), and brain tumor protein (BRAT),
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Fig. 6.2 Schematic diagram of drosophila 4EHP (d4EHP)-mediated translational repression. (a)
Caudal mRNA is translationally repressed by the d4EHP/Bicoid complex, which simultaneously
binds to the Bicoid-binding region (BBR) in the caudal mRNA 3’ UTR and the 5’ cap structure. (b)
Huncback mRNA is translationally repressed Pumilio (PUM), which binds to the Nanos response
element (NRE). There, it interacts with Nanos (NOS) and Brain Tumor (BRAT). BRAT binds
d4EHP, which interacts with the 5’ cap structure to inhibit mRNA translation

which are recruited to the Nanos-responsive element (NRE) in the hunchback 3’
UTR (Cho et al. 2006) (Fig. 6.2b). d4EHP therefore plays an important role in the
development of the Drosophila embryo by making sure that Caudal and Hunchback
proteins are produced in the proper locations within the embryo.

Proteomic and structural analyses of mammalian 4EHP have determined that it
has two major binding partners: the RNA-binding protein GIGYF2 and the eIF4E-
binding protein 4E-T (Morita et al. 2012; Chapat et al. 2017; Peter et al. 2017,
Amaya Ramirez et al. 2018). Although less is currently known regarding the
function of the GIGYF2/4EHP complex, several groups have implicated 4E-T in
the translational repression and turnover of microRNA-targeted mRNAs (Kamenska
et al. 2014a, 2016; Nishimura et al. 2015; Ozgur et al. 2015; Chapat et al. 2017;
Duchaine and Fabian 2019). Like other 4E-BPs, 4E-T competes with eIF4G for
binding to eIF4E (Dostie et al. 2000). However, in contrast to eI[F4E-binding pro-
teins such as elF4G, 4E-T also has the ability to bind to 4EHP (Kubacka et al. 2013;



156 H. Fakim and M. R. Fabian

Chapat et al. 2017). In addition to containing an N-terminal eIF4AE/4EHP-binding
motif, 4E-T also interacts with proteins involved in mRNA translational repression
and turnover, including UNR, LSM14, PATLI1, and DDX6 (Dostie et al. 2000;
Nishimura et al. 2015; Kamenska et al. 2016; Brandmann et al. 2018). How is 4E-T
recruited to miRNA-targeted mRNAs? Briefly, the miRNA-induced silencing com-
plex (miRISC) recruits a number of factors to targeted mRNAs that engender
translational repression and mRNA decay (Jonas and Izaurralde 2015; Duchaine
and Fabian 2019). These include the CCR4-NOT deadenylase complex and the
translational repressor and decapping enhancer protein DDX6, which binds to the
CNOT1 subunit of the deadenylase machinery. The crystal structure of the CNOT1/
DDXG6/4E-T complex was recently solved and demonstrates that DDX6, when
directly bound to CNOT1, forms a unique complex with 4E-T (Ozgur et al. 2015).
From a functional standpoint, several studies have reported that the 4E-T/4EHP
complex plays a role in miRNA-mediated translational repression (Chapat et al.
2017; Jafarnejad et al. 2018). Knocking down 4EHP in mammalian cells partially
impaired miRNA-mediated translational repression (Chapat et al. 2017; Chen and
Gao 2017) and 4EHP has also been reported to be important for silencing the DUSP6
mRNA by miR-145 (Jafarnejad et al. 2018). Taken together, these data lend cre-
dence to a model where the 4E-T/4AEHP complex is recruited by the CCR4-NOT
complex to miRNA-targeted mRNAs where it has been postulated that 4EHP
competes with eIF4E for the 5’ cap, thus inhibiting mRNA translation (Fig. 6.3a).

In addition to playing a role in translational repression, 4E-T has also been linked
to enhancing mRNA decay of CCR4-NOT targets, including miRNA-targeted
mRNAs and transcripts regulated by the AU-rich element (ARE)-binding protein
tristetraprolin (TTP) (Ferraiuolo et al. 2005; Nishimura et al. 2015). Complementa-
tion experiments in HeLa cells demonstrated that a 4E-T mutant that cannot bind to
elF4E (or 4EHP) was unable to efficiently bring about the destabilization of miRNA-
and TTP-targeted mRNAs. It was this suggested that 4E-T acts to enhance mRNA
decay by bringing its interaction partners, that include the decapping factors LSM 14,
PATL1 and DDX6, into proximity with the 5’ terminus by binding to 4EHP
(Fig. 6.3a) or elF4E (Fig. 6.3b) (Nishimura et al. 2015).

CUP The Drosophila protein CUP is a well-characterized eIF4E-binding protein
(4E-BP) that functions in the spatial and temporal regulation of specific mRNAs
during oogenesis and embryogenesis. 4E-BPs [reviewed in (Kamenska et al. 2014b)]
represent a class of translational regulators that compete with elF4G bound on eIFAE
to inhibit translation initiation. 4E-BPs include, but are not limited to, 4E-T, 4E-BP1,
and Thor, which possess a canonical (C) (YXXXXL®, where X is any residue and ®
is hydrophobic) and a noncanonical (NC) elF4E-binding site (Igreja et al. 2014).
CUP was initially identified as a cytoplasmic protein present in Drosophila oocytes
that functions in the translational repression and localization of oskar mRNA (Keyes
and Spradling 1997; Wilhelm et al. 2003). Importantly, the proper localization of
oskar mRNA is critical for posterior patterning of the embryo and germ line
establishment (Ephrussi et al. 1991; Kimha et al. 1991). Instead of acting as a
general translational repressor, CUP represses specific mRNAs (oskar and nanos)
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by tethering to their 3’ UTRs. CUP is recruited to oskar and nanos mRNAs via the
RNA-binding proteins Bruno and Smaug (SMG), respectively, that bind to response
elements in their 3’ UTRs (Wilhelm et al. 2003; Nakamura et al. 2004; Nelson et al.
2004). Thus, CUP represents a tethered translational repressor that simultaneously
interacts with e[F4E and 3’ UTR-bound RBPs (Bruno or Smaug) in order to bridge
the mRNA termini, displace elF4G, and inhibit the translation of oskar and nanos
mRNAs (Fig. 6.4a, b).

Maskin Maskin is an e[F4E-binding protein that plays an important role in regu-
lating gene expression in Xenopus oocytes. Translational repression is pivotal during
vertebrate oocyte maturation as immature oocytes are arrested at prophase of meiosis
I (stage IV) where they synthesize large amounts of mRNA that are silenced and will
serve to drive subsequent meiotic progression that takes place in the absence of
transcription (Reyes and Ross 2016). Maskin is recruited to targeted mRNAs by
directly interacting with the cytoplasmic polyadenylation element-binding (CPEB)
protein, which binds to mRNAs containing cytoplasmic polyadenylation elements
(CPEs) in their 3’ UTRs (Huang et al. 2006; Pique et al. 2008; Igea and Mendez
2010; Novoa et al. 2010). Specifically, Maskin is recruited by CPEB to maternal
mRNAs with short poly(A) tails. There, Maskin simultaneously interacts with both
CPEB and eIF4E, thereby preventing the association of elF4E with eIF4G and
consequently inhibiting mRNA translation (Stebbins-Boaz et al. 1999) (Fig. 6.4c).
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Fig. 6.4 Tethered elF4E-binding protein-mediated translational repression. (a) Oskar mRNA is
translationally repressed by Bruno, which binds to the Bruno response element (BRE). There,
Bruno interacts with the eIF4E-binding protein CUP, which binds to the 5’ cap-bound eIF4E in
order to displace elF4G and inhibit translation initiation. (b) Nanos mRNA is translationally
repressed by Smaug (SMG), which binds to the Smaug response element (SRE). There, Smaug
interacts with the eIF4E-binding protein CUP, which binds to the 5’ cap-bound eIF4E in order to
displace elF4G and inhibit translation initiation. (¢) CPEB is recruited to CPE-containing mRNAs
in late-stage Xenopus oocytes to repress their translation. CPEB binds to the e[F4E-binding protein
Maskin, which binds to the 5’ cap-bound eIF4E in order to displace eIF4G and inhibit translation
initiation

Maskin-mediated translational repression is then relieved in mature oocytes upon its
phosphorylation on one or more of six major sites (T58, S152, S311, S343, S453,
S638) by CDKI1, which causes the release of eIF4E from Maskin (Barnard et al.
2005). Importantly, Minshall et al. showed that Maskin is only expressed after stage



6 Communication Is Key: 5’3’ Interactions that Regulate. . . 159

IV and thus proposed another mode of silencing maternal transcripts in stages I-IV
(Minshall et al. 2007). Instead, they found that CPEB interacted with a number of
translational repressors, including DDX6 and 4E-T, as well as an elF4E isoform
(eIF4E1D). In contrast to e[F4E, e[F4E1b shows weak binding to both eIF4G and the
cap structure. Based on these data, it was proposed that the CPEB/4E-T/eIF4E1b
translational repression complex plays a role in early maternal silencing in growing
oocytes.

Neuroguidin In addition to being expressed in Xenopus oocytes, CPEB is also
expressed in neural tissues where it plays a role in regulating synaptic plasticity and
memory formation (Darnell and Richter 2012; Rayman and Kandel 2017).
Neuroguidin represents a neural-specific CPEB-interacting el[F4E-binding protein.
Neuroguidin is not detected in Xenopus oocytes, however, ectopic expression of
Neuroguidin in oocytes bound CPEB and led to the translational repression of CPE-
containing mRNAs. In addition, knocking down Neuroguidin in the Xenopus
embryo led to defects in neural crest migration and neural tube closure (Jung et al.
2006). Thus, Neuroguidin may act in a manner similar to Maskin to translationally
repress CPEB-targeted mRNAs in neural tissues.

6.6 Conclusions and Future Perspectives

Overall, there is an abundance of biochemical and genetic evidence indicating that
interactions between the mRNA 5 and 3’ termini regulate mRNA translation.
Notwithstanding these data, several key aspects of 5-3' mRNA communication
remain to be elucidated. mRNA circularization via PABP-eIF4G enhances mRNA
translation; yet, we do not know how stable these closed-loop structures are. Are
they long-lasting interactions during protein synthesis, or transient structures that
briefly form and then are disrupted upon translation initiation? Moreover, as much of
the data behind this model have been generated using reporter mRNAs or in the
context of select mRNA species, it remains to be determined whether all mRNAs
require PABP—eIF4G contact or whether specific types of mRNAs are more depen-
dent on mRNA circularization for their efficient translation (Archer et al. 2015;
Thompson and Gilbert 2017).

While many observations favor the closed-loop model for promoting translation
initiation, it is still a working model that is under investigation (Thompson and
Gilbert 2017). Experiments in cell-free systems have shown that the translation of
capped mRNAs lacking 3’ poly(A) tails can be stimulated upon the addition of free
poly(A) RNA in trans (Borman et al. 2002). In addition, this stimulation was
abolished upon the addition of a viral protein that disrupts the PABP—eIF4G
interaction. Taken together, these data suggest that while the PABP—eIF4G interac-
tion stimulates translation, it may not always act to circularize mRNAs. Recent
investigations using cryo-electron tomography suggest that circular polysomes in
cell-free systems can exist on mRNAs that lack both a 5’ cap structure and a 3’ poly
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(A) tail (Afonina et al. 2014). Finally, mRNA closed-loop dynamics during transla-
tion have recently been investigated in cellulo using single-molecule resolution
fluorescent in situ hybridization (smFISH) and super-resolution microscopy
(Adivarahan 2018; Khong and Parker 2018). Both studies conclude that the 5’ and
3’ ends of actively translating mRNAs rarely co-localize, and that the distance
between the mRNA termini increases as a function of ribosome occupancy. Thus,
the mRINA closed-loop state may not be stable during translation, and the interaction
between elF4G and PABP may only occur during specific stages of the translation
cycle and/or for a subset of mRNAs. In conclusion, while communication between
the mRNA termini is a key aspect of translational control, it would be premature to
close the book on the closed-loop model.
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Chapter 7 ®)
Bioinformatics Approaches to Gain Insights <o
into cis-Regulatory Motifs Involved

in mRNA Localization

Louis Philip Benoit Bouvrette, Mathieu Blanchette, and Eric Lécuyer

Abstract Messenger RNA (mRNA) is a fundamental intermediate in the expression
of proteins. As an integral part of this important process, protein production can be
localized by the targeting of mRNA to a specific subcellular compartment. The
subcellular destination of mRNA is suggested to be governed by a region of its
primary sequence or secondary structure, which consequently dictates the recruit-
ment of frans-acting factors, such as RNA-binding proteins or regulatory RNAs, to
form a messenger ribonucleoprotein particle. This molecular ensemble is requisite
for precise and spatiotemporal control of gene expression. In the context of RNA
localization, the description of the binding preferences of an RNA-binding protein
defines a motif, and one, or more, instance of a given motif is defined as a
localization element (zip code). In this chapter, we first discuss the cis-regulatory
motifs previously identified as mRNA localization elements. We then describe motif
representation in terms of entropy and information content and offer an overview of
motif databases and search algorithms. Finally, we provide an outline of the motif
topology of asymmetrically localized mRNA molecules.
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7.1 General Introduction

In 1950, it was first hypothesized that RNA was synthesized in the nucleus and then
transferred into the cytoplasm, where it was aggregating with other molecules
(Jeener and Szafarz 1950). A better appreciation of the role of RNA was gained in
1961 when three publications revolutionized the way gene function was perceived
by establishing messenger RNA (mRNA) as an information carrier in a transitional
stage towards the synthesis of protein (Brenner et al. 1961; Gros et al. 1961; Jacob
and Monod 1961). Following these breakthroughs, it was not immediately apparent
whether mRNA could localize to specific subcellular sites. It was not until the
mid-1980s that the first elements of the answer were identified when it was reported
that the actin mRNA in ascidian oocytes and embryos was asymmetrically distrib-
uted (Jeffery et al. 1983). The discovery of additional localized RNAs implicated in
processes such as embryonic patterning and cell migration led to the realization that
regulated subcellular trafficking of mRNAs was biologically important (Cody et al.
2013; Hoek et al. 1998; Johnstone and Lasko 2001; Lecuyer et al. 2007; Martin and
Ephrussi 2009; Paquin and Chartrand 2008). This work led to the model that mRNA
transport is a multiple step process involving (1) the formation of a messenger
ribonucleoprotein (mRNP) created by the association of an mRNA with
RNA-binding proteins (RBPs), (2) the transport of this mRNP to a specific subcel-
lular region, (3) the in situ anchoring of this mRNP and (4) the local translation of the
mRNA to produce the required protein (Ainger et al. 1993; Wilhelm and Vale 1993).
Since then, a broad diversity of mRNAs have been shown to be localized, through
different mechanisms, in different cell types, organisms and developmental stages
(Benoit Bouvrette et al. 2018; Crofts et al. 2004; Henry et al. 2010; Heym and
Niessing 2012; Keiler 2011; Lasko 2012; Lecuyer et al. 2007; Medioni et al. 2012;
Prodon et al. 2007; Serikawa et al. 2001; Wang et al. 2012; Zarnack and Feldbrugge
2010). With the advances of microscopy techniques, genomic approaches and,
nowadays, bioinformatics modelling, it is now appreciated that a majority of
mRNAs undergo regulated subcellular trafficking (Batish et al. 2012; Benoit
Bouvrette et al. 2018; Blower et al. 2007; Eberwine et al. 2002; Farris et al. 2014;
Hutten et al. 2014; Jambor et al. 2015; Lecuyer et al. 2007; Lefebvre et al. 2017,
Mikl et al. 2011; Mili et al. 2008). This growing body of evidence has underlined the
importance of RNA localization as a key aspect of post-transcriptional gene regula-
tion while also emphasizing the potentially critical role played by cis-acting local-
ization elements in this regulatory process.

This chapter is aimed at the informatics-enthusiast biologists with an interest in
RNA localization and who are keen to gain insights in the processing and analysis of
RNA biology data. While the methods described herein to study cis-regulatory
motifs, and their instances, may be applied to many aspects of post-transcriptional
gene regulation, the examples given are focused on the specifics of RNA localization
analysis. Additionally, we do not aim to provide a complete picture of the diverse
resources available, but we cover useful examples to help guide the reader.
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7.2 Fundamental Aspects of RNA Localization

Gene expression is modulated by a wide array of regulatory events that can be
mediated by compartment-specific ribonucleoprotein (RNP) complexes. These com-
plexes are involved in all aspects of the mRNA life cycle, from synthesis,
processing, editing, nuclear export, cytoplasmic localization, translation and degra-
dation (Gerstberger et al. 2014). These events are interdependent and can occur in
different locales of a cell, from precise intra-nuclear regions, where nascent tran-
scripts are synthesized, to the targeting of mature transcripts to specific regions of the
cytoplasm or extracellular milieu through secretion. An important facet of post-
transcriptional gene regulation is the subcellular transit of mRNA, which may serve
a variety of functions mechanistically. Firstly, when combined with localized trans-
lation, this process can serve to enrich protein products within a specific compart-
ment of the cell in an efficient manner. Indeed, targeted translation has been
proposed as a possible facilitator of the assembly of localized protein complexes
(Batada et al. 2004; Kuriyan et al. 2007). Consistent with this notion, transcripts that
encode functionally related proteins can have similar localization patterns, which, in
turn, are often distinct among different functional classes (Jambor et al. 2015;
Lecuyer et al. 2007; Wilk et al. 2016). Secondly, mRNA localization may also be
important to avoid the aberrant targeting of protein products, which could have
deleterious effects if they were to accumulate in certain regions of the cell. Interest-
ingly, while RNA localization has been known to have a special relevance in
polarized cells, especially neurons, it has also been described to be highly prevalent
in a myriad of cell types and appears to be conserved evolutionarily (Benoit
Bouvrette et al. 2018; Crofts et al. 2004; Henry et al. 2010; Heym and Niessing
2012; Keiler 2011; Lasko 2012; Lecuyer et al. 2007; Medioni et al. 2012; Prodon
et al. 2007; Serikawa et al. 2001; Wang et al. 2012; Zarnack and Feldbrugge 2010).

At the molecular level, mRNA localization is coordinated by cis-regulatory
motifs (CRMs), where one or more instances of these motifs, present within the
RNA molecule itself, are referred to as localization elements or zip codes that
mediate interaction with frans-acting factors (Bergalet and Lécuyer 2014;
Jambhekar and DeRisi 2007) (Fig. 7.1). These CRMs are generally defined by
their primary sequence and/or secondary/tertiary structure features (Van De Bor
and Davis 2004). CRMs are thought to be recognized by RNA-binding proteins
(RBPs) that seed the formation of mRNP complexes necessary for transit. RBPs
form a prominent and deeply conserved family of regulatory proteins, which are
classified based on their RNA-binding domains (RBDs) (Gerstberger et al. 2014).
While RBDs often confer binding to single-stranded RNA sequences, some RBP
subfamilies mediate binding to structured regions of the target RNA. Different
mechanisms may exist in order to target mRNA molecules and to keep them in a
translationally repressed state during transport (Dahm and Kiebler 2005). After
nuclear export, an mRNP may acquire or discard a series of trans-regulatory factors
(e.g. RBPs, miRNA) that will guide RNA fate by modulating its transport, transla-
tion and stability (Giorgi and Moore 2007). One of the major mechanisms
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Fig. 7.1 Distinct mRNA cis-regulatory motifs, acting as localization elements, guide the assembly
with an RBP to form an mRNP that gets targeted to a specific subcellular region. Schema of RNA
localization cis-regulatory motifs. Following transcription (1), mRNAs are bound in the nucleus by
RBPs (2) that recognize CRMs formed by primary sequence (red) or secondary structure (orange) to
form an mRNP. Following export into the cytoplasm via a nuclear pore (3), RBPs and trans-acting
elements may be added, or removed, to remodel the mRNP and assemble it into RNA granules (4).
These RNA granules associate with motor proteins and are transported by cytoskeletal elements
towards their target subcellular location (5)

characterized to achieve subcellular targeting implies the direct trafficking of a
localization-competent RNP by association with specific molecular motor proteins
that direct transport along cytoskeletal networks in the cytoplasm (Bergalet and
Lécuyer 2014; Tekotte and Davis 2002). Upon reaching its destination, the mRNP
can be anchored and remodelled to enable translation to take place (Forrest and
Gavis 2003).

In this section, we survey some of the better-documented CRMs implicated in the
intracellular trafficking of RNA. For more comprehensive discussion of the func-
tions and biological benefits of intracellular RNA trafficking or the molecular
mechanisms involved, please refer to other recent reviews (Bergalet and Lécuyer
2014; Bovaird et al. 2018; Jambhekar and DeRisi 2007; Martin and Ephrussi 2009).

7.2.1 cis-Regulatory Motifs Implicated in RNA Localization

The characterization of CRMs involved in RNA localization is of great importance
to gain insights into the mechanisms of this post-transcriptional regulatory process.
CRMs are typically discrete intrinsic elements of information that can function
independently from their host mRNA molecule, i.e. they can confer localization
activity to a normally non-localized reporter RNA molecule (e.g. gfp, lacz). As such,
CRMs can be identified via structure-function studies, by tracking the subcellular
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localization of fragments derived from an asymmetrically distributed mRNA, which
is achieved by fusing such fragments to a reporter transcript. This chimeric transcript
makes it possible to identify which region of an mRNA exhibits CRM activity and
whether this component is sufficient for proper RNA targeting. For example, the
vasopressin CRM was used to confer dendritic compartmentalization to alpha-
tubulin mRNA, normally confined to the cell body (Prakash et al. 1997). This has
allowed the delimitation of a number of CRMs from a wide array of localized
mRNAs (Jambhekar and DeRisi 2007). In Table 7.1, we compile a summarized
list of few CRMs known to be involved in mRNA localization.

Interestingly, while many localization CRMs have been mapped to the 3’
untranslated region (UTR) of mRNAs, some have also been characterized in the 5’
UTR or coding regions (Chartrand et al. 1999; Gavis and Lehmann 1992; Jambhekar
and DeRisi 2007; Kowanda et al. 2016; Meer et al. 2012; Mowry and Melton 1992;
Serano and Rubin 2003; Van De Bor and Davis 2004). In addition to their variability
in distribution across the mRNA molecule, the CRMs can also exhibit heterogeneity
both in their sequence length and structure. The relative length of a CRM can vary
greatly between transcripts, with some being only a few nucleotides long while
others running over kilobases of sequence (Bergalet and Lécuyer 2014; Jambhekar
and DeRisi 2007). Moreover, as mentioned above, some CRMs are defined by
simple primary sequence motifs or stem-loop elements, while others may be com-
posed of more complex structural features, such as G-quadruplexes (Jambhekar and
DeRisi 2007; Van De Bor and Davis 2004). For example, transcripts such as beta-
actin, nanos, MBP or vgl have CRMs in the form of short primary sequence
elements (Afroz et al. 2014; Ainger et al. 1993; Allen et al. 2003; Bergsten et al.
2001; Betley et al. 2004; Chao et al. 2010; Czaplinski et al. 2005; Deshler et al. 1997,
1998; Farina et al. 2003; Forrest and Gavis 2003; Gautreau et al. 1997; Gavis et al.
19964, b; Gavis and Lehmann 1992; Gu et al. 2002; Hoek et al. 1998; Huttelmaier
et al. 2005; Kislauskis and Singer 1992; Kress et al. 2004; Lerit and Gavis 2011;
Munro et al. 1999; Oleynikov and Singer 2003; Pan et al. 2009; Patel et al. 2012;
Ross et al. 1997; Shestakova et al. 2001; Zhang et al. 2001). In most cases, the CRMs
of these mRNAs are composed of multiple regions that may act sequentially or in
concert to direct localization. In particular, Drosophila nanos mRNA bears four
CRMs spanning a 280-nucleotide region of its 3’ UTR, which govern localization in
a combinatorial way and ultimately function in the patterning of the anterior-
posterior body axis (Afroz et al. 2014; Bergsten et al. 2001; Forrest and Gavis
2003; Gavis et al. 1996a, b; Gavis and Lehmann 1992; Lerit and Gavis 2011). By
contrast, transcripts such as Anxa2, ASHI, bicoid, CamKlla and Gurken have
structural CRMs (Afroz et al. 2014; Bertrand et al. 1998; Blichenberg et al. 2001;
Bullock and Ish-Horowicz 2001; Chartrand et al. 1999, 2002; Ferrandon et al. 1997;
Gonzalez et al. 1999; Heym and Niessing 2012; Kugler and Lasko 2009; Long et al.
1997, 2000; Macdonald and Kerr 1997, 1998; Macdonald et al. 1993; Macdonald
and Struhl 1988; Mayford et al. 1996; Mori et al. 2000; Rihan et al. 2017; Saunders
and Cohen 1999; Snee et al. 2005; Takizawa et al. 1997; Van De Bor et al. 2005;
Weil et al. 2006). In particular, in Drosophila oogenesis, the localization of bicoid
mRNA is driven by a 650-nucleotide segment of its 3’ UTR, for which five domains
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of secondary structure have been shown to cooperate at the various steps of the
transport process (Ferrandon et al. 1997; Kugler and Lasko 2009; Macdonald and
Kerr 1997, 1998; Macdonald et al. 1993; Macdonald and Struhl 1988; Snee et al.
2005; Weil et al. 2006). Lastly, it is common to observe that multiple elements of
different motifs cooperate in a combinatorial fashion and act at distinct steps of the
localization process (Gautreau et al. 1997; Mori et al. 2000). On the other hand,
recurring copies of a single motif can act synergistically to promote individual steps
(Ainger et al. 1997; Deshler et al. 1997). While these examples convey the diversity
of CRM topological organization within localized mRNA molecules, it has been
difficult to glean consensus sequence or structure features within families of mRNAs
that share similar localization properties. It is important to note that the variability in
CRM features might be in part due to the experimental complexity inherent to their
study, often requiring painstaking structure-function mapping via sequence trim-
ming and mutagenesis. As such, in many cases, the characterization of minimal
regions that define specific CRMs may have been imprecise.

Evidence supports the notion that RNAs have similar localization phenotypes in
different cell types and species, suggesting that some CRMs might be evolutionarily
conserved and operating via similar pathways (Benoit Bouvrette et al. 2018; Bullock
and Ish-Horowicz 2001). For example, strong correlations in the distribution profiles
of ~2500 mRNA orthologs between human and Drosophila were recently charac-
terized, with shared general similarities with respect to their UTR and coding
sequence lengths (Benoit Bouvrette et al. 2018). With the development of new
experimental approaches to characterize subcellular transcriptomes, such as CeFra-
seq or APEX-RIP (Benoit Bouvrette et al. 2018; Kaewsapsak et al. 2017), and the
datasets generated, this establishes the basis for the implementation of bioinformat-
ics approaches to map putative sequence motifs that may drive RNA localization.

7.3 Representation and Information Content of Sequence
Motifs

RNA sequence motifs, regardless of their biological functions, can be viewed, from a
more mathematical point of view, as blocks of regulatory information. This notion
that information can be quantitatively measured is important as it allows for the
modelling and discovery of additional instances of a given sequence motif. Here, we
define a sequence motif as a specific pattern that is common to a set of DNA, RNA or
protein molecules, which are presumed to share particular biological properties or
regulatory logic. In the case of RNA localization regulation, the sequence motifs can
be the states and patterns that modulate the interaction of a transcript with specific
RPBs that direct its targeting to a given subcellular destination. Below, we discuss
the various ways by which RNA regulatory motifs can be represented and provide an
overview of the different approaches used to map putative regulatory motifs.

There are numerous ways to describe sequence motifs within biological mole-
cules in order to accurately annotate the binding preferences of a given RBP
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(Fig. 7.2). For instance, one of the first biological motifs identified was the TATA
box, which was identified by aligning gene promoter elements and transcription start
sites and observing an over-representation of that short DNA substring. Therefore,
the simplest representation of a motif is stating it as a short sequence. Similarly, if we
were interested in the A2RE motif found in RNA targets of the HNRNP A2 protein,
we could align multiple sequences containing the motifs and search for a cognate
subsequence (Fig. 7.2a). The consensus, or canonical, sequence is obtained by
selecting the most frequent nucleotide (or amino acid in the case of proteins)
observed at each position (Fig. 7.2b). While this is an adequate way of modelling
a motif, it is insufficient to fully capture its essence or identify other naturally
occurring motifs, because RBPs tend to have flexible binding preferences. A motif
is usually described as exact (precise), or degenerate (weak), according to the

A
>Human_alphaCaMKII_ A2RE
GCCAGGAGCCA
>Human_Putative_ A2RE-like_ sequence
GAGAAGGAGGG
>Human_Neurogranin_ A2RE
CUGUUGAGGGC
>Human_ARC_AZ2RE
GCGGACGAGGA
B
GCGAAGANGGA
Cc
SHSDDSRRSSV
D
A 0.00 0.25 0.00 0.50 0.50 0.00 ... 0.50
U 0.00 0.25 0.00 0.25 0.25 0.00 ... 0.00
G 0.75 0.00 0.75 0.25 0.25 0.75 ... 0.25
C 0.25 0.50 0.25 0.00 0.00 0.25 ... 0.25
E
2
24
B - e AA e
R e e e

Fig. 7.2 Various formats can be used to describe the A2RE motif. (a) Aligned fasta sequences of
the A2RE localization element in four different human mRNA. (b) Consensus motif of (a) showing
the most represented nucleotide at each position. Ambiguous nucleotides, where all bases are
equally represented, are noted as “N.” (¢) IUPAC representation of (a). (d) Truncated position
weight matrix (PWM) showing the percentage of each base observed at each position of (a). (e)
Sequence logo, assuming a uniform background nucleotide probability
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amount of deviations observed between its different instances. For example, the
motif bound by HNRNP K is the fixed subsequence GCCGAC, which is considered
an exact motif (Dominguez et al. 2018). On the other hand, HNRNP A2 mediates
trafficking of RNAs containing the A2RE motif, which display greater diversity and
is therefore more degenerate (Fig. 7.2a). One way to capture variations among
instances is by way of a regular expression. For example, a cis-regulatory sequence
motif might be formulated as [A][G][U][U or G][A][G], which can be abbreviated
by the International Union of Pure and Applied Chemistry IUPAC) nomenclature as
AGUKAG, where K is the shorthand for either appearing nucleotide U or G
(Fig. 7.2c). Most scripting languages handle the search for regular expression
(regex) well. Here the search for AGUKAG could simply be encoded as AGU
[UG]JAG.

Many alternative ways exist to describe a motif, of which the most popular is the
position weight matrix (PWM), which is further described here (Fig. 7.2d)
(Liefooghe et al. 2006; Sandve and Drablos 2006; Staden 1984). This is a matrix
with four rows (one for each base A, U, G, C) and width k equal to the number of
bases in the motif. A PWM assumes that each position has its own probability
distribution over nucleotides and that the choices of nucleotide at different positions
are independent. This means that the columns of a PWM can be thought of as a set of
independent multinomial distributions. This allows for the easy calculation of the
probability of a subsequence given a PWM, done by simply multiplying each
relevant probability. For example, the probability of the sequence S = CUG would
be calculated by multiplying the probability of having a “C” in position 1, a “U” in
position 2 and a “G” in position 3. Taking the three first positions of the PWM of
Fig. 7.2d, this would be 0.25 x 0.25 x 0.75 = 0.0468.

The level of specificity (or, inversely, flexibility) of a PWM is an important
property that is captured in terms of the information theoretic notions of information
content and entropy. Consider a given column of a PWM, with nucleotide
probabilities P, (n = A, C, G, U). The Shannon entropy of a probability distribution
is defined as H(P) = 722:1Pn log,P,. This will yield a non-negative value,
measured in bits. A bit represents the amount of information necessary to select
between two equiprobable options (Machta 1999; Schneider 2010). For DNA and
RNA, which are each made of 4 bases, this value will be between 0 and log,4 = 2,
whereas for protein motifs it can reach log,20 = 4.32. Since entropy is a measure of
uncertainty, when P,, assigns a probability of 1 to a particular nucleotide, the entropy
of P, will be 0 bits, as there is no uncertainty. On the contrary, when all four bases
are equiprobable, the entropy will be 2 bits. It requires 2 bits of information to
determine which of the four bases occurs at that position. The first 1 bit of decision
divides the set by half (e.g. purine vs. pyrimidine), leaving only 2 choices, A/G or
C/T. A related notion is that of the information content H of a distribution P (e.g. a
column of a PWM) against a certain background distribution B (e.g. the genome-
wide nucleotide frequencies), defined as H(P) = ZizlP” log, g—:. The information

content of P against B, also known as the Kullback-Leibler divergence (Gupta et al.
2007) between the two distributions, is a measure of how different the two
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distributions are. Note that when B is a uniform distribution (B,, = 0.25 forn = A, C,
G, U), H(P,B) =2 — I(P).

An elegant way to visually represent a PWM while conveying its information
content is called the graphical sequence logo (Fig. 7.2e) (Schneider and Stephens
1990; Shaner et al. 1993). In a sequence logo, each position of the motif is
represented as a stack of nucleotides, whose total height corresponds to the infor-
mation content at that position. The height of each nucleotide is proportional to its
probability at that position. Therefore, the sequence logo provides a rapid visual
portrayal of the conservation and composition of each position in a motif (Crooks
et al. 2004).

Knowing the information content of a motif is useful when searching for addi-
tional instances as a motif with n bits of information will occur about once in
every 2" bases of random sequence. For example, the six-mer GCCCAC motif of
HNRNP K has an information content of 12 bits (6 base motifs with 2 bits of
information each); it is expected that a putative motif instance for this RBP will be
observed in an RNA sequence every 2'> = 4096 bases (assume a uniform back-
ground), close to what has been described before (Paziewska et al. 2004). By
contrast the information content of the more degenerate HNRNP K motif [GC]
CCCAC is logy(2) + 5 x logy(4) = 11 and would be expected to occur twice as
frequently as 2'' = 2048. It is easy to see that GCCCAC or CCCCAC can occur two
times more often than GCCCAC alone. However, this frequency of putative motif
instance estimation is different than the frequency of actual RBP binding sites, as the
former could include identifications of motif instances as false-positive binding sites
and therefore be much larger than the latter.

7.4 Algorithms and Tools for Finding Motifs

7.4.1 Fundamentals of Major Motif Discovery Algorithms

One important question in bioinformatics applied to the study of RNA is: How can
one extract known and unknown regulatory motifs from an ensemble of given
sequences? This question comes in two flavours. Motif scanning aims to predict
new instances of one or more known motifs in a given sequence. For example, one
may use this approach to identify, in a given mRNA sequence, candidate binding
sites for an RBP with a known PWM. De novo motif discovery, on the contrary, aims
to determine, from a set of sequences thought to be co-regulated (e.g. identified
through a CLIP-seq experiment on a given RBP) or co-localized, the motif(s) that
may best capture the binding preferences of the RBPs involved.

Motif scanning is simple and fast. When searching for matches given a PWM in a
given sequence longer than k, the score of the k-mer starting at every possible
position in the sequence is evaluated as shown above, and high-scoring sites are
reported (Beckstette et al. 2006; Kel et al. 2003; Matys et al. 2003; Sandelin et al.
2004). The main issue is to decide on a score threshold above which sites should be



7 Bioinformatics Approaches to Gain Insights into cis-Regulatory Motifs. . . 177

reported. Various strategies have been proposed, aiming to maximize the sensitivity
of the scan while maintaining an acceptable level of false positives (Giudice et al.
2016; Kel et al. 2003; Liu et al. 2017; Paz et al. 2014). One such approach is
illustrated in the next section.

De novo motif discovery typically falls within one of three types: enumerative
algorithms, probabilistic optimization and deterministic optimization.

The first, and perhaps simplest, de novo motif discovery approach is designated
as an enumerative, or dictionary, approach. In its basic form, it aims at discovering
motifs represented as strict consensus sequences. For every possible consensus
sequence w of length k (user-defined), these algorithms contrast the number of
occurrences of w in a set of positive sequences (e.g. isolated RNA from a subcellular
compartment), compared to a control set (unlocalized or random sequences). Enrich-
ment within the positive set is then quantified statistically, to obtain an enrichment p-
value. While effective, this approach is based on exact occurrence of specific strings
of characters and is often too restrictive for a sensible application in biology where
proteins generally bind RNA via degenerate motifs. As such, it is possible that none
of the motifs would occur often enough to be observed in a statistically significant
fashion. Fortunately, it is possible to generalize the method by being more flexible
on the definition of the motifs to search. This alternative approach to the enumeration
algorithm can be achieved by either using regular expression or allowing an explicit
number of mismatches (Carlson et al. 2007; Fauteux et al. 2008; Korn et al. 1977,
Maclsaac and Fraenkel 2006; Pavesi et al. 2004; Queen et al. 1982; Sandve and
Drablos 2006; Sinha and Tompa 2003).

A second approach for finding motifs de novo is the probabilistic optimization
strategy, which aims at inferring a PWM from a set of co-regulated sequences. It is
perhaps best exemplified by the Gibbs sampling algorithm, one of the earlier motif
detection methods (Lawrence et al. 1993; Maclsaac and Fraenkel 2006). It works by
first selecting a random position in each sequence and building a PWM from them. It
further selects a sequence at random to scan and score all possible sites in this
sequence using this predetermined PWM. It can then select a new motif site and
update the motif instances and the weight matrix accordingly. Finally, the algorithm
iterates over the last steps until a convergence is reached. This algorithm works well
to find de novo motifs since a real motif is expected to be overrepresented and
therefore should be encountered more often when searching at random, which will
bias the original weight matrix. Updating the matrix will further lean it towards
finding more motifs, until convergence. Since there is a random element involved,
one caveat is that while it will always find a motif, there is no certainty that it will
always converge towards the same motif.

A third strategy for finding de novo motifs, similar to Gibbs sampling, makes use
of a deterministic optimization of the PWM for describing a motif and the binding
probabilities for its associated sites and is referred to as the expectation maximization
(EM) strategy (Bailey and Elkan 1994; Bailey and Elkan 1995; Lawrence and Reilly
1990; Maclsaac and Fraenkel 2006). EM class algorithms are often used for learning
probabilistic models in problems that involve hidden states. In a motif-finding tool,
this can be defined as the position(s) where the motif occurs in each sequence.
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Sequences can have 0, 1 or multiple occurrences of a given motif. This approach has
the advantage of simultaneously identifying the position and characteristics of a
motif. Briefly, this is achieved by initializing a weight matrix with a single k-mer and
a subset of the background frequencies. Then, by scanning the possible space of
motifs for each k-mer in the sequence set, it calculates the probability that this k-mer
was generated by the motifs from the matrix, rather than by the background
distribution. The matrix then gets updated based on these probabilities. A new and
refined motif is therefore produced by alternating the calculation of the probability of
each site based on the current matrix and calculating the new matrix based on these
probabilities. By performing multiple iterations, this algorithm converges towards a
maximum value for the motifs’ matrix.

The algorithms described above are aimed at identifying de novo motifs. It is
essential to consider that there is an understated yet important difference between
searching for known and de novo motifs. While searching for known motifs in a set
of sequences can be of great interest, the ultimate result will solely reveal which of
these motifs are present and their position in the sequences. Conversely, a de novo
motif search is done by querying the sequences to identify which motifs are most
enriched. This should be taken into consideration as it influences the interpretation of
the results. For example, performing a de novo search on a set of sequences could
result in the proper identification of the GAGAAGGAGGG in the human putative
A2RE-like sequence (similar to Fig. 7.2a). On the other hand, if an unrelated known
motif search was performed on these same sequences using a database of genome-
wide annotations of transcription factors like JASPAR, hits like the myeloid zinc
finger 1 (MZF1), whose canonical motif is GAGGGG, would be identified, perhaps
erroneously, despite having a low p-value (Khan et al. 2018). While biologically
counterintuitive, this example shows the limits of motif searches. This demonstrates
that motif search can be reduced to local multiple string alignments where context is
easily lost at the algorithm level but should be kept in consideration when
performing such analyses.

While the two approaches aim to do different things, as one seeks to annotate
sequences with known motifs and the other seeks to discover new motifs, they are
often complementary. One decisive advantage of known motif searches is when the
ensemble of sequences is limited as the accuracy of de novo searches can be reduced
in such cases. For example, a de novo search is impossible on a single sequence.
Otherwise, de novo searches are often thought to be less limiting. One common way
to palliate this dilemma is to first perform a robust de novo motif search and then
complete a detailed comparison of these hits to a database of known motifs. Tools to
achieve this, like HOMER or the MEME suite, methodologies and examples are
detailed in the next sections.

To add to the complexity of robust identification of CRMs involved in localiza-
tion, RNA often possesses additional cis-regulatory elements found scattered
throughout its sequence, which may be needed for other aspects of post-
transcriptional regulation, such as splicing and stability regulation. This can make
it challenging to assign a specific localization function to a given signature motif.
Furthermore, certain RBPs might bind only very short motifs that are quite prevalent
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in biological sequences (e.g. there might be cases where a CRM necessary and
sufficient for localization is only 3 nucleotides long). One major challenge will be to
distinguish these real but small motifs, from a background of specious motifs, for
example, stemming from common repeat elements bearing little information content.
In other words, the challenge rapidly becomes to distinguish the true positive among
the large number of false positives created by these short motifs that can be found
throughout the sequence space.

7.4.2 Overview of Existing Computational Tools to Search
for CRMs

Most bioinformatics tools available nowadays tend to be developed through open
collaborations and are offered with open source licences, thus allowing the source
code to be used, modified or shared under defined terms and conditions, often free of
charge, especially for academic uses. They are mostly available only on Linux or
Mac OS operating systems and available on platforms such as web-based version
control repository hosting services (e.g. GitHub, Bitbucket). Furthermore, as there is
often little use for an elaborate graphical user interface, they are predominantly
offered as command-line tools (e.g. using Terminal, iterm). This provides the most
flexibility and allows for a wide range of customizable options. The running time and
memory requirements of these algorithms can be quite high; therefore, it is often
advisable to rely on high-performance computers (HPCs) allowing the use of parallel
processing, which are generally accessible through major universities or private
vendors (e.g. AWS). To be more accessible, many tools are offered as online
databases and web servers, where analyses can be run without any local installation.
However, web servers often come with strict limitations regarding the size of the
inputs and local installation becomes necessary for larger-scale analyses.

In Table 7.2, we compile a non-exhaustive list of motif scanning and de novo
motif discovery tools available to the community. These tools can be used, for
example, to identify motifs that are likely to be candidates for potential regulatory
roles in modulating different features of the RNA life cycle, including localization
control. Dissecting the exact functions of a particular motif therefore requires the
implementation of biological assays to assess the impact of the motif on RNA
processing or activity (e.g. the use of reporter assays and site-specific mutagenesis
to disrupt candidate motifs).

As there are an ever-increasing number of biologically validated motifs identified,
databases are a valuable first place to search. The RNA-Binding Protein DataBase
(RBPDB) is a large, manually curated, database grouping published observations of
experimentally defined motifs (Cook et al. 2010a). This database has the advantage
of allowing one to search by RNA-binding domain (RBD) or by species or to use it
as a web server to scan an RNA sequence for putative RBP binding sites. Along the
same line, the Catalog of Inferred Sequence Binding Proteins of RNA (CISBP-
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Table 7.2 A selection of motif databases, web servers and search algorithms

Tools Type URL Motif types | References
ATtRAC Database, https://attract.cnic.es Primary Giudice et al.
web server sequence (2016)
CISBP-RNA Database, http://cisbp-rna.ccbr. Primary Ray et al.
web server utoronto.ca sequence (2013)
DeepBind Database; http://tools.genes.toronto. Primary Alipanabhi et al.
stand-alone | edu/deepbind/ sequence (2015)
Gibbs sampling | Algorithm Primary Lawrence et al.
sequence (1993)
GRAPHprot Stand-alone | http://www.bioinf.uni-frei Primary Maticzka et al.
burg.de/Software/GraphProt/ | sequence; (2014)
secondary
structure
Homer Stand-alone | http://homer.ucsd.edu/ Primary Heinz et al.
homer/index.html sequence (2010)
LESMoN Stand-alone | http://cs.mcgill.ca/ Primary Lavallée-Adam
~blanchem/LESMoN/ sequence et al. (2017)
MatrixREDUCE | Stand-alone | https:/systemsbiology. Primary Foat et al.
columbia.edu/matrixreduce sequence (2005, 2006),
Ward and
Bussemaker
(2008)
MEME Stand-alone | http://meme-suite.org Primary Bailey et al.
sequence (2009), Bailey
and Elkan
(1994)
MEMERIS Stand-alone | http://www.bioinf.uni-frei Primary Hiller et al.
burg.de/~hiller/MEMERIS/ | sequence (2006)
MotifMap- Database, http://motifmap-rna.ics.uci. Primary Liuetal. (2017)
RNA*® web server | edu sequence
RBPDB Database, http://tbpdb.ccbr.utoronto.ca | Primary Cook et al.
web server sequence (2010b)
RBPmap Web server | http://rbpmap.technion.ac.il | Primary Paz et al.
sequence (2014)
RCK Stand-alone | http://cb.csail.mit.edu/cb/ Primary Orenstein et al.
rck/ sequence (2016)
RNAcontext Web server; | http://www.cs.toronto.edu/ Primary Kazan et al.
stand-alone | ~hilal/rnacontext/ sequence; (2010)
secondary
structure
ssHMM Stand-alone | https://github.molgen.mpg. Primary Heller et al.
de/heller/ssHMM sequence; (2017)
secondary
structure

“oRNAment Database http://mabiology.ircm.qc.ca/oORNAment/Primary sequence; Benoit Bouvrette

etal. (2019)

RNA) is a database of RBP motifs and specificities derived from the impressive
work compiling the results of systematic RNAcompete experiments. RNAcompete
is a method through which the consensus binding motifs of ~300 RBPs were
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characterized through an in vitro selection assay in which purified RBPs were
incubated with a random RNA pool, followed by the profiling of the RNA molecules
selectively bound by the RBP (Ray et al. 2013).

A separate database that extends RBPDB and CISBP-RNA, and which has
rapidly established itself as a gold standard, is the “A daTabase of experimentally
validated RNA-binding proteins and AssoCiated moTifs” (ATtRACT) resource
(Giudice et al. 2016). This database currently compiles information on 370 RBPs
and 1583 manually curated consensus RBP binding motifs, in addition to having
integrated updates and information about protein-RNA complexes as described in
the Protein Data Bank (PDB) database (Gene Ontology 2015). As with other
databases, ATtRACT also provides the capacity to search for motifs in target
sequences. Finally, MotifMap-RNA is another database and web server that expands
on RBPDB/CISBP-RNA and allows for genome-wide motif searches (Liu et al.
2017). While most databases described also offer web server capabilities to scan
sequences and search for potential motifs, these tend to be limited. RBPmap is a web
server that improves upon the scanning of sequences. Building on motifs compiled
in all the previously mentioned databases and with the possibility to input additional
user-defined motifs, this algorithm can be quite efficient in predicting and mapping
binding sites (Paz et al. 2014).

In order to gain more insights into CRMs, de novo motif search tools are a great
complement to established motif databases. These algorithms typically use only the
sequence, and do not consider structure, when calling a motif. A first suite of tools
for de novo motif discovery is the Hypergeometric Optimization of Motif EnRich-
ment (HOMER) (Heinz et al. 2010). HOMER is a powerful tool that identifies motifs
by looking for subsequences with differential enrichment between two sets of
sequences. While it is advised to use a background of meaningful sequences
(e.g. localized vs. non-localized), the background set can be simply random
sequences. Interestingly, HOMER will also make some attempts to compare the
motifs observed to a database of known motifs and will identify similarities. When
only one group of sequences is available, Multiple EM for Motif Elicitation
(MEME) is perhaps best suited. It is a suite of tools that implement multiple
motif-finding algorithms, each with their own specificities for sequence search and
motif discovery, analysis and comparison. It builds upon the EM algorithm
described in Sect. 7.4.1 (Bailey et al. 2009; Bailey and Elkan 1994). Alternatively,
MatrixREDUCE is a motif discovery algorithm that was originally designed to infer
the binding specificity of transcription factors from microarray data (Foat et al. 2005,
2006; Ward and Bussemaker 2008), but can also be applied to the study of RNA
sequence motifs. Local Enrichment of Sequence Motifs in biological Networks
(LESMoN) takes a different approach by being an enumerative motif discovery
algorithm that integrates gene set enrichment and biological network analysis
(Lavallée-Adam et al. 2017).

While primary sequence is a critical component of cis elements, RNA secondary
and tertiary structures can also be key features that can influence the binding to trans-
regulatory machineries. Indeed, depending on the type of RNA-binding domain
(RBD) they contain, RBPs can bind RNA based on primary sequence or structural
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motifs, although the most abundant classes of RBPs tend to bind specific primary
sequence motifs (Gerstberger et al. 2014; Ray et al. 2013). As such, some regulatory
motif prediction algorithms are taking structural prediction information into account.
For example, the MEMERIS algorithm is built on the same principle as MEME but
searches for RNA motifs enriched in any type of single-stranded regions (e.g. the
loop of a hairpin). This has been shown to improve RNA-binding site predictions
(Hiller et al. 2006). Expanding on the idea that approaches making use of RNA
sequence and structure can be used for better motif predictions, the RNAcontext tool
integrates predictions on whether a nucleotide is paired, in a hairpin loop or unstruc-
tured region, to help define putative regulatory elements (Kazan et al. 2010).

Machine-learning frameworks are proving to be quite efficient for identifying RBP
binding preferences. In that category, GRAPHprot is able to detect motifs by taking
into consideration both sequence and structure (Maticzka et al. 2014). Alternatively,
DeepBind, a state of the art in sequence models, only considers sequence and not
structure but has been shown to perform better than GRAPHprot (Alipanahi et al.
2015). RCK is an elegant machine-learning algorithm that takes into account both
sequence and structure and has established itself as an efficient and scalable tool for
robust motif discovery (Orenstein et al. 2016). Another tool named sequence-structure
hidden Markov model (ssHMM) searches for motif based on a statistical model named
hidden Markov model (HMM) and Gibbs sampling, which it performs while integrat-
ing the sequence and structure preference of an RBP (Heller et al. 2017).

Some algorithms have also been developed specifically to provide answers on
localization. DeepLncRNA is a machine-learning algorithm that predicts the sub-
cellular localization of IncRNA considering only its sequences (Gudenas and Wang
2018). Finally, RNATracker is a novel algorithm that takes advantage of deep neural
network using both sequence and structural information to infer subcellular distri-
bution of transcripts (Yan et al. 2019).

Individually, the results obtained from these databases, web servers and stand-
alone algorithms must be analysed with great caution, as they are likely to produce a
very large number of false-positive predictions. This is unavoidable, given the low
information content of certain motifs. Cross-validation of results from multiple tools,
detailed literature consideration and experimental validation via mutational analysis
or reporter assays is therefore of the utmost importance.

7.5 Examples of Motif Discovery Applications

In order to exemplify the most important concepts addressed in this chapter, we
performed different known and de novo motif searches on the complete human
coding transcriptome (i.e. all portions of an mRNA) and between two sets of
sequences that were observed to be localized to either the nucleus or the cytoplasm
of human HepG2 cells (Benoit Bouvrette et al. 2018; Lefebvre et al. 2017; Benoit
Bouvrette et al. 2019).

We first sought to assess the general distribution of motifs for 70 RBPs (listed in
Fig. 7.3a) for which PWMs were obtained by RNAcompete (Ray et al. 2013). Sites
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Fig. 7.3 Global overview of known and de novo motifs and their putative role in RNA
localization. (a) Circos plot showing the relative regionalization towards the 5 UTR, coding
sequence (CDS) and 3’ UTR of 70 known motifs from RNAcompete. (b) Histogram showing the
percent of localized sequences, either enriched in the cytoplasm or the nucleus, harbouring a known
motif from an RNAcompete experiment (upper panel) and from a de novo motif search using
HOMER (lower panel) in their 3’ UTR. (c) Sequence logos comparing the known motif from an
RNAcompete experiment to the de novo motif identified by HOMER in the 3’ UTR of localized
sequence, in the normal strand or its reverse complement (b)
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were identified using the PWM scanning approach described in Sect. 7.4.1. For
each PWM, we recorded sites whose score was greater than a certain
PWM-specific threshold 7, where T was established as the 99th percentile of
the score distribution for that PWM. For example, for a PWM of length 4, we
would calculate the score of all 256 possible 4-mers and kept only the two highest
scores as a threshold. As RNAcompete motifs were designed for preferentially
binding single-stranded RNA, we further reduce the list of putative motifs
by selecting for those predicted to lie within single-stranded regions of each
mRNA. For this we used RNAplfold, a gold standard RNA folding algorithm
that calculates locally stable secondary structures and outputs base pairing
probabilities for each nucleotide of an RNA of interest (Lorenz et al. 2011).
We retained only predicted sites located in regions with a higher than 90%
probability of being unpaired for each nucleotide of the k-mer. This provided us
with a comprehensive list of predicted binding sites for all 70 RBPs in all 179,236
annotated human mRNA transcripts. As shown in Fig. 7.3a, each of these 70 sets
of putative CRMs exhibited variable distribution profiles across the 5 UTR,
coding region and 3’ UTR of mRNAs. For example, target motifs of the
CPEB4 protein are predominantly found in 3’ UTRs, consistent with its previ-
ously established binding preferences (Afroz et al. 2014).

Having a list of transcripts and their embedded motif instances, we next
sought to determine whether any of these motifs could be correlated with local-
ization. For this we took advantage of a recently published list of asymmetrically
distributed mRNAs, determined using subcellular fraction and RNA sequencing,
where we could cluster mRNAs based on their degree of enrichment within
the nucleus or cytoplasm of HepG2 cells (Benoit Bouvrette et al. 2018). Starting
with a naive approach, we enumerated the percent of sequences bearing known
RNAcompete motifs, within the nucleus and cytoplasm. As shown in Fig. 7.3b
(upper panel), the top 6 interrogated motifs tended to be roughly equally
represented within nuclear and cytoplasmic mRNA populations. We therefore
executed de novo searches using HOMER, on the same set of mRNA sequences.
By doing so, it becomes apparent that specific subsequences are enriched
in one group or the other (Fig. 7.3b, lower panel). Strikingly, all the de novo
motifs identified are longer than the ones previously defined using the
RNAcompete in vitro pipeline. Interestingly, when we compared the known
motifs with those found de novo using TOMTOM, a motif comparison tool
available in the MEME suite, we observed significant similarities between the
two sets of results (Gupta et al. 2007). Indeed, these 6 motifs of length 7 derived
from RNAcompete data can be embedded in the longer motifs identified by
HOMER (Fig. 7.3c). We can conclude from this that short motifs may not contain
enough information to differentiate sets of RNA with distinctive biological
features or behaviours. However, supplementing such analyses with de novo
motif prediction strategies offers a promising avenue to identify biologically
relevant CRM involved in localization.
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7.6 Conclusion

As outlined in this review, mRNA localization has been shown to be a key layer of
post-transcriptional gene regulation that impacts a wide array of biological pro-
cesses. The targeting of a transcript to a precise subcellular location involves a
complex coaction between a variety of CRMs, RBPs and additional factors to
form an mRNP. Nevertheless, there is much to be discovered regarding the neces-
sary and sufficient region of each mRNA dictating their subcellular distribution.
Mathematical tools, such as information content and entropy, have been adapted to
address the representation of biological motifs, like PWMs and sequence logos. This
has laid the groundwork for the implementation of computational procedures, such
as motif enumeration, that may help in deciphering and classifying individual
CRMs. Already, a variety of programs exist that use these tools and procedures
with the aim of filtering true motifs within a given subset of sequences. We
demonstrated that it was possible to identify putative motifs involved in localization
through the execution of these programs on sets of asymmetrically distributed
transcripts. By combining the resulting motif inferences with classical molecular
biology experiments, such as reporter assays, it is but a question of time before we
have a more comprehensive knowledge of the regulatory code driving mRNA
subcellular localization.
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Chapter 8 )
RNA Granules and Their Role e
in Neurodegenerative Diseases

Hadjara Sidibé and Christine Vande Velde

Abstract In recent years, cytoplasmic RNA granules, which are micron-sized
membrane-less entities formed by phase separation, have progressively gained
recognition as essential constituents of neuronal RNA metabolism. Stress granules
form under adverse growth conditions in order to protect nontranslating mRNA,
shift translation toward the production of prosurvival factors, as well as potentially
serve as hubs for intracellular signaling. In contrast, processing bodies play a role in
RNA degradation in both stressed and homeostatic conditions. Lastly, transport
granules permit, as their name indicates, the transport of mRNA within neurons.
All of these granule subtypes are required for proper neuronal function; thus,
impairments in their regulation and/or composition are expected to be deleterious.
Here, we review these cytoplasmic RNA granule subtypes and discuss how they
have been implicated in some neurodegenerative diseases.

Keywords Neurodegeneration - RNA metabolism - Stress granules - Transport
granules - Processing bodies - Amyotrophic lateral sclerosis - Alzheimer’s disease -
Tauopathy

8.1 Introduction

Intracellular compartmentalization serves to organize and regulate biochemical
processes. While lipid-bound organelles such as mitochondria and lysosomes have
long been described, the study of membrane-less organelles, such as RNA granules,
is relatively recent. The discovery of these membrane-less organelles introduced a
new level of cellular regulation. Indeed, these granules are essential for a variety of
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cellular processes including oogenesis, neuronal plasticity, and RNA metabolism
(Anderson and Kedersha 2006). RNA granules are microscopic foci composed of
both protein and RNA and are implicated in a wide range of post-transcriptional
processes including RNA stabilization, repression, and transport (Anderson and
Kedersha 2009). RNA granules can be classified as nuclear or cytoplasmic. Nuclear
RNA granules that include splicing speckles, Cajal bodies, and paraspeckles play an
important role in the precise regulation of gene expression in the nucleus. The
present chapter will focus on how cytoplasmic RNA granules participate in the
fine-tuning of gene expression. Cytoplasmic RNA granule subtypes include stress
granules (SGs), processing bodies (PBs), and transport granules. Each of these
granules holds specific functions linked to their characteristic composition (Ander-
son and Kedersha 2006; Sephton et al. 2011; Alami et al. 2014).

In recent years, cytoplasmic RNA granules have been increasingly recognized as
essential to the regulation of neuronal gene expression. Dysfunction of these gran-
ules and/or their key components is associated with several neurodegenerative
diseases including amyotrophic lateral sclerosis (ALS), frontotemporal dementia
(FTD), and Alzheimer’s disease (AD) (Ash et al. 2014; Wolozin and Apicco
2015; Maziuk et al. 2017). Here, we will briefly describe the three main cytoplasmic
RNA granule subtypes and expand on how they may be relevant to ALS, FTD,
and AD.

8.1.1 RNA-Binding Proteins

RNA-binding proteins (RBPs) are a class of proteins intrinsically related to RNA
functions. mRNAs are not synthesized as lone molecules. At every step of their life,
transcripts are associated with RBPs and other factors in messenger ribonucleopro-
tein (mRNP) complexes. This association is crucial for the control of gene expres-
sion. While some RBPs remain bound to an RNA until its degradation, others bind
transiently to influence specific processes (Dreyfuss et al. 2002). RBPs regulate
and/or participate in a wide range of processes, from splicing and alternative
polyadenylation to mRNA localization, storage, and degradation (Glisovic et al.
2008). Ultimately, RBPs are major players in translational control (Glisovic et al.
2008). The actions exerted by RBPs have profound impacts on normal cellular
physiology as well as on several pathologies, including neurodegenerative disease
(Cestra et al. 2017). For the longest time, RBPs have been considered as ubiqui-
tously expressed. However, it has recently been revealed that their expression can
vary remarkably in an age- and tissue-dependent manner (McKee et al. 2005;
Masuda et al. 2009). Interestingly, the activities of some RBPs are specific to the
brain (McKee et al. 2005). Thus, changes in the levels of RBPs or defects in these
proteins are suggested to have a singular effect on the brain and play a major role in
the development of some neurodegenerative diseases.

Many RBPs feature a conserved structure which includes specialized RNA
recognition motifs (RRMs) that dictate RNA binding specificity (Lunde et al.
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2007) and low complexity domains (LCDs) that are highly enriched in select amino
acids (Rado-Trilla and Alba 2012; Harrison and Shorter 2017). While the mecha-
nisms underlying RNA binding specificity are as yet poorly understood but seem to
be influenced by electrostatic interactions and steric inhindrance, recent studies have
shed light on the importance of the LCD (Lukavsky et al. 2013; Lin et al. 2015; Van
Treeck and Parker 2018). These domains are most often composed of glycine-rich
regions and regions enriched in polar uncharged residues such as asparagine,
glutamine, tyrosine, and serine (Sun et al. 2011; Maniecka and Polymenidou
2015). The repetition of these amino acids allows hydrophobic interactions between
LCDs, leading to protein-protein interactions. These weak interactions are highly
affected by molecular crowding, temperature, and aliphatic molecules; thus, tight
regulation of these interactions is expected (Lin et al. 2015; Molliex et al. 2015; Nott
et al. 2015; Patel et al. 2015).

RBPs associated with their target mRNAs can assemble into macrostructures
referred to as RNA granules via protein-protein, RNA-protein, and RNA-RNA
interactions mediated by the polar amino acids and the nucleic acids (Lin et al.
2015; Molliex et al. 2015; Van Treeck and Parker 2018). The cytoplasmic foci
thereby formed are, thus, membrane-less and contain regulatory components and
translationally repressed mRNAs. They play a major role in mRNA metabolism;
thus, any malfunction can be detrimental to the cell and the entire organism. While
each RNA granule contains key specific components that are linked to the purported
function of the granule, it is appreciated that there is some overlap of components
between RNA granule subtypes (Anderson and Kedersha 2006). This is likely due to
interactions between granules which facilitate the sharing and exchange of compo-
nents (Anderson and Kedersha 2008). Thus, although each granule has specific
functions, they are all intricately linked, leading to the hypothesis that common
mRNA regulatory pathways operate in diverse mRNA granule subtypes (Anderson
and Kedersha 2006).

8.1.2 RBP Aggregation

Most proteins, including RBPs, need to fold into well-defined three-dimensional
structures in order to properly perform their functions (Kim et al. 2013b). Misfolded
proteins often form insoluble aggregates that are presumably cytotoxic and are
suggested to contribute to various neurodegenerative diseases (Ciryam et al.
2015). In order to properly fold, a protein must overcome numerous challenges.
First, it must find the binding partners that facilitate its folding in a highly crowded
environment prone to promiscuous interactions. Relevant here, many RBPs are
present in the cell at supersaturated concentrations, rendering them prone to aggre-
gation (Ciryam et al. 2015). Mutations can further increase the misfolding of certain
RBPs and thus increase their propensity to aggregate (Labbadia and Morimoto 2015;
Conicella et al. 2016). In normal physiology, multimeric protein assemblies are often
required to achieve functionality; thus controlled protein aggregation is essential.
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With this in mind, we will explore the controlled aggregation of RNPs that is critical
for RNA granules and then scrutinize where loss of this regulation may contribute to
the pathogenesis of select neurodegenerative diseases.

8.2 Stress Granules

Cells are continuously exposed to numerous stress-inducing stimuli. Changes in pH,
viral or bacterial exposure, lack of metabolites, and increased oxidative stress are just
a few of the many adverse processes which cells need to overcome in order to
survive. To cope with these challenges, cells are equipped with mechanisms to
conserve energy and protect macromolecules. One of these involves the temporary
shutdown of global translation and the concomitant prioritized production of
enzymes and chaperones which function to counteract the stressful stimulus. This
is facilitated by the formation of stress granules (SGs). These micron-sized, highly
dynamic structures provide protection to translationally arrested polyadenylated
mRNAs and some essential components of the translational machinery (Anderson
and Kedersha 2008). SGs are suggested to be a triage site, such that transcripts to be
preserved until the stress abates are sorted from the ones that are to be degraded
during stress. It is presumed that this sequestration protects the molecules from
degradation until the stress subsides (Anderson and Kedersha 2008). The prevailing
viewpoint is that the storage of mRNAs, rather than degradation, permits the rapid
reinitiation of translation following dissolution of the SGs without the costly process
of resynthesis. Given that energy stores might be compromised post-stress exposure,
from an energetic point of view, the storage and release of SG components represent
a more attractive solution than protein degradation and de novo synthesis (Anderson
and Kedersha 2002a).

In mammalian cells exposed to a dramatic environmental change (stress), the
formation of canonical SGs is triggered by the phosphorylation of elF2a by one of
four kinases and the consequent specific translational arrest of non-stress-related
transcripts (Anderson and Kedersha 2002b). Each kinase is activated by a specific
stimulus that is linked to a specific survival process. elF2a phosphorylation leads to
polysome disassembly and the release of translation initiation factors, ribosomal
subunits, and mRNPs which can assemble into SGs (Wolozin 2012). Certain RBPs,
such as Ras GTPase-activating protein-binding protein 1 (G3BP1) and T-cell-
restricted intracellular antigen-1 (TIA-1), nucleate SGs as driven by their LCDs.
Note that a subset of SGs can be generated in an el[F2a-independent manner and are
referred to as non-canonical SGs. In this case, translation is also specifically
inhibited but the phosphorylation of elF2a is not necessary (Dang et al. 2006;
Moujaber et al. 2017). The mechanism for polysome disassembly and promotion
of non-canonical SG formation has yet to be uncovered.

As previously mentioned, one of the main features of RBPs is the presence of
LCDs which facilitate the protein-protein and RNA-protein interactions that are
implicated in SG formation. SGs assemble due to increased cytoplasmic
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concentration of RBPs which enhances self-assembly mediated by hydrophobic
interactions (Kim et al. 2013a). This promotes the phase separation of
RNA-protein complexes within the cytoplasm, resulting in the formation of
micron-sized dynamic inclusions with droplet-like properties (Molliex et al. 2015;
Courchaine et al. 2016). The generation of these dynamic foci requires the presence
of both RNA and highly hydrophobic LCDs. Thus, the concentration and intrinsic
properties of RBPs and RNAs are highly regulated in order to tightly control SG
formation (Kroschwald et al. 2015; Smith et al. 2016). It is important to also mention
the importance of the cytoskeleton in the formation of SGs and the other cytoplasmic
RNA granules. Indeed, while protein-protein, RNA-protein, and RNA-RNA inter-
actions allow the phase separation of molecules at short distances, motor proteins
and microtubules are important for the gathering/fusing of mRNPs over longer
distances (Perez-Pepe et al. 2018). Thus, RBPs serve as the link between mRNPs
and motor proteins.

SGs have recently been proposed to be composed of two compartments: a less
concentrated shell, made of loosely interacting molecules, and an internal, more
stable/less dynamic core structure (Jain et al. 2016). According to this, two assembly
models can be expected (Wheeler et al. 2016). The first model suggests that SGs
initially assemble into individual mRNPs which will form droplet-like structures.
The supersaturation of RBPs in the internal part of the droplet will drive the
transition into less dynamic structures over time and the formation of inner cores
(Jain et al. 2016). However, SG core size does not change over time, suggesting that
this model may not be valid (Wheeler et al. 2016). The second model proposes that
nontranslating mRNPs first coalesce into stable cores so as to create a nucleating
platform for the growth of a more dynamic, less dense shell around these cores.
Then, the coalescence of individual core/shell assemblies into larger ones gives rise
to SGs (Wheeler et al. 2016). The first step of this model would coincide with what
has been previously referred to as primary aggregation which is driven by SG
nucleating proteins such as G3BP1 and TIA-1. By extension, the shell would
correspond with the previously described secondary aggregation which represents
coalescence of smaller SGs into larger assemblies and the recruitment of various
other RBPs and/or SG accessory components (Kedersha et al. 2005; McDonald et al.
2011; Aulas et al. 2012; Aulas and Vande Velde 2015). This biphasic architecture of
SGs provides certain advantages for cells. For example, one might expect that the
lower-density shell compartment allows for an easier and more dynamic exchange of
RNAs between the cytoplasm, ribosome, and other RNA granule subtypes (Wheeler
etal. 2016). In contrast, those RNAs located within the cores may be sequestered and
not exchanged. This interesting idea remains to be tested.

Due to their liquid-like properties, the isolation of SGs and study of their
composition are difficult. Microscopic analyses have historically been the only
reliable technique to determine SG protein composition. These studies have dem-
onstrated that foci contain not only RBPs and polyadenylated mRNAs but also some
components of the translational machinery. RBPs such as TDP-43, FUS, SMN,
Staufen, PABP, TIA-1, G3BP1 and G3BP2 are localized to SGs (Kedersha et al.
1999; Anderson and Kedersha 2002a, b; Tourriere et al. 2003; Hua and Zhou 2004;
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McDonald et al. 2011). Most of these RBPs are essential for RNA metabolism such
that their dysfunction is deleterious for cells (and whole organisms). Small ribosomal
subunits are also selectively recruited to SGs as well as the translation factors elF2,
elF3 and eIF4E (Anderson and Kedersha 2002a, b; Kedersha and Anderson 2002;
Kedersha et al. 2002).

Recently, a biochemical approach to isolate and define SG composition has been
described (Khong et al. 2017a; Wheeler et al. 2017). As SGs are closely linked to
translational control, studies aimed at describing RNA composition have been
primarily focused on the polyadenylated mRNAs that localize to SGs (Kedersha
et al. 2002). A recent study from Khong et al. (2017c¢) estimates that SG cores are
composed of 42,000 RNAs, of which 80% were mRNAs, representing 10% of the
total cellular pool. Surprisingly, no single RNA represents more than 1% of the total
RNA isolated from these substructures. If one recalls the paradigm (that SGs are to
store translationally arrested mRNAs), then this result is not expected. It has long
been thought that SGs sequestered specific mRNAs in order to regulate specific
cellular pathways. However, these new findings challenge that view, instead
suggesting that no specific pathway is selectively preserved in SGs.

It is well known that SG protein composition varies according to the stress
condition (Kedersha and Anderson 2002; Kedersha et al. 2002). It seems that SG
mRNA composition also follows the same trend. For example, transcripts encoding
the glycolysis-related enzyme glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) are excluded from SGs induced by heat, osmotic, and ER stress, while
mRNA encoding the transferrin receptor TFRC is targeted only to heat shock-
induced SGs (Khong et al. 2017c¢). That SG transcriptomes and proteomes change
as a function of stress suggests that cells modulate the molecular triage depending on
the insult. It can be further speculated that each stress condition triggers the selective
SG recruitment of particular RBPs with specific bound transcripts in need of
preservation (Khong et al. 2017c). Given that each stress condition is expected to
generate specific types of damage, it makes sense that different transcripts and RBPs
would require protection in order to facilitate the return to a normal physiological
state as quickly as possible after the stress clears. However, this hypothesis also
suggests that there is an active mechanism for the selection and targeting of certain
RBPs and their bound mRNAs to SGs. The mechanism underlying this selection
remains to be discovered. One hypothesis is that RNA post-transcriptional modifi-
cations influence mRNA localization to specific SGs. This hypothesis stems from the
observation that G3BP1 and FMR1, two proteins that are considered as SG markers,
are differentially engaged with transcripts harboring N°-methyladeosine modifica-
tions (m®A). While G3BP1 is repelled by this modification, FMR1 preferably binds
these methylated RNAs, implying that FMR1-positive granules may be enriched
with m®A, while G3BP1 granules are not (Edupuganti et al. 2017). However, both
proteins are suggested to, in some cases, form a complex rendering the interpretation
of these results more complicated (Wu et al. 2016). Very interestingly, m°A mod-
ifications are predominantly observed in the brain and their levels increase with
adulthood and neuronal maturation, suggesting that age influences the transcriptome
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of G3BP1 and FMRI1 granules; this influence could play a role in neurodegenerative
disorders (Meyer et al. 2012; Edupuganti et al. 2017).

Khong et al. further uncovered a number of characteristics of SG core-associated
transcripts. In general, they found that transcripts enriched in SG cores have a short
half-life, have lower GC content, and are of low translational efficiency (Khong et al.
2017c). Indeed, these mRNA are generally less abundant in the cell and less stable
(Radhakrishnan and Green 2016). In addition, SG core-enriched mRNAs averaged
7.1 kb in length, which is larger than non-enriched transcripts. These longer RNAs
may facilitate phase separation and RNP condensation since longer sequences may
impart increased opportunities for RBP or RNA-RNA interactions (Khong
et al. 2017¢; Van Treeck and Parker 2018).

While the data generated in this study are intriguing and yielded important
information on SG biology, it is important to remember that the isolation method
is based on complexes involving G3BP1, which have been interpreted to be SG
cores. Given that super-resolution microscopy indicates that cores measure
0.0066 pm’, but that SGs are estimated to be 10 um® (Khong et al. 2017b), it
seems that a major proportion of SGs remains to be sampled. New approaches to
isolate and characterize SGs are required to obtain a more comprehensive appraisal
of SG composition.

SGs are systematically disassembled within a few hours after their initial appear-
ance (Alberti et al. 2017). The disassembly of SGs allows for the recycling of SG
components such as signaling molecules, mRNAs, and 40S ribosomal subunits
which otherwise would need to be resynthesized de novo. The exact mechanism
underlying SG clearance has not yet been established. However, the current litera-
ture suggests two possible mechanisms. First, SGs are proposed to disassemble in a
two-step process: the dissolution of the less rigid shell followed by the disassembly
and/or clearance of the cores by autophagy. This mechanism implies many cellular
advantages. Indeed, as the shell would presumably allow for an exchange between
molecular components of the shell and the cytosol, the dissolution of the shell could
permit the rapid reintroduction of mRNAs and translation initiation factors to the
translational machinery. Once the shell is disbanded, the degradation machinery
would be able to access and degrade the cores. Another possibility is that the SG
shell is enriched in degradation factors that can directly dissolve the core when the
stress is resolved. SG clearance requires factors involved in the proteasomal system
and autophagic pathway, especially VCP/p97, HDAC6 and SYK, all of which are
themselves localized to SGs (Kwon et al. 2007; Buchan et al. 2013; Krisenko et al.
2015). Interestingly, both HDAC6 and VCP/p97 are key components of the
aggresome, which functions to sequester misfolded/aggregated proteins. Thus, it is
has been demonstrated that SGs can be cleared via autophagy (Kawaguchi et al.
2003; Kitami et al. 2006; Boyault et al. 2007; Kwon et al. 2007; Buchan et al. 2013;
Ling et al. 2013; Meyer and Weihl 2014; Ganassi et al. 2016; Mateju et al. 2017;
Chitiprolu et al. 2018). Indeed, the recruitment of the pro-inflammatory tyrosine
kinase SYK into SGs also promotes autophagy-mediated SG clearance via the
phosphorylation of SG proteins (Krisenko et al. 2015). It has also been reported
that siRNA-mediated depletion of VCP/p97 in mammalian cells, as well as VCP
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chemical inhibition, impairs SG clearance and short-term inhibition of the ubiquitin
proteasome system (UPS) triggers the accumulation of ubiquitinated SGs positive
for HDAC6 (Kwon et al. 2007; Buchan et al. 2013).

Alternatively, SG cores may be dissolved via chaperone activity. The yeast
ortholog of HSP70 and the small HSPs HSPB1/HSP27 and HSPB8/HSP22 are all
localized to SGs (Collier and Schlesinger 1986; Scharf et al. 1998; Kedersha et al.
1999; Walters et al. 2015; Ganassi et al. 2016). Furthermore, while cells
overexpressing HSP70 are incapable of forming SGs, cells depleted of this chaper-
one fail to disassemble their SGs and have impaired translational recovery post-
stress (Mazroui et al. 2007). Moreover, HSP70 detangles protein aggregates in order
to facilitate refolding by HSP100 (Liberek et al. 2008). Thus, it is possible that these
chaperones facilitate disaggregation of SG core proteins after stress. The exact
mechanism governing SG disassembly is not yet fully understood and may entail
one or more of these pathways.

8.3 Processing Bodies

Processing bodies (PBs) are cytoplasmic aggregates of 100-300 nm in diameter and
are present in both basal and stress conditions (Eulalio et al. 2007b). PBs were
identified following the discovery that Dcpl, Dcp2, and the miRNA pathway
component GW182 colocalize into cytoplasmic foci distinct from SGs and also
containing translationally arrested mRNAs (Bashkirov et al. 1997; Ingelfinger et al.
2002; van Dijk et al. 2002; Eystathioy et al. 2003). As PBs are observed even in
physiological conditions, it has been suggested that they contribute to the coordina-
tion of basal cellular functions by sequestering transcripts and preventing translation
(Decker and Parker 2012). A few models have been proposed regarding PB func-
tions. First, it is hypothesized that PBs allow the condensation of mRNPs and their
association with the decapping and mRNA decay machinery. This is premised on the
observation that PBs are enriched in components of the mRNA-decapping machin-
ery (Eulalio et al. 2007c; Parker and Sheth 2007), the AU-rich element (ARE)-
mRNA decay, and nonsense-mediated decay (NMD) pathways (Kedersha et al.
2005; Franks and Lykke-Andersen 2008). Thus, it is supposed that PBs are a site
of mRNA degradation. Second, it has been suggested that PBs are an mRNA storage
site. This is based on data demonstrating that some mRNPs are targeted to PBs in
order to silence specific pathways according to cellular requirements. Indeed, this
model is supported by recent data demonstrating that some PB-enriched mRNAs are
protected from 5'-truncation (Hubstenberger et al. 2017), thus inhibiting their deg-
radation. Also, the coalescence of RBPs and their associated mRNA targets yields an
increase in the catalytic activity of condensing enzymes such as DDX6, a central
component of PBs (Ayache et al. 2015). Finally, it has been demonstrated that
DDX6 along with its partner for translational repression 4E-T are essential for PB
formation, but not DDX6 partners which are linked to RNA decay machineries
(Ayache et al. 2015). Moreover, the dissolution of PBs is not associated with any
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impairment in mRNA decay or RNA-mediated gene silencing (Eulalio et al. 2007b).
It is suggested that the decay and silencing processes initiate in the cytoplasm in
soluble complexes that aggregate to form PBs (Eulalio et al. 2007b ). In any case,
PBs seem to not be primarily responsible for the translational repression of mRNAs
but, instead, are the result of translational arrest. Indeed, yeast and in vitro studies
have demonstrated that mRNAs released from polysomes are not sufficient to trigger
PB formation, while interactions with the decapping factors Dcp2, Pdcl, and Edc3
promote PB formation via phase separation (Eulalio et al. 2007b; Fromm et al.
2014).

PBs are dynamic structures formed by the assembly of translationally repressed
mRNPs, suggesting that their formation is directly proportional to the cytoplasmic
concentration of translationally repressed transcripts (Franks and Lykke-Andersen
2008). Indeed, PB assembly is RNA-dependent (Decker et al. 2007). In addition,
pharmacological arrest of translation in human, yeast, and Drosophila cells enhances
PB formation (Cougot et al. 2004; Teixeira et al. 2005; Eulalio et al. 2007a, b, c).
GW182 and Ge-1, a component of the miRNA pathway and a decapping cofactor,
respectively, are suggested to act as scaffolds in PB assembly, as their depletion
leads to the dissolution of PBs, while their overexpression leads to the formation of
enlarged PBs (Eulalio et al. 2007a). As well, the proteins Edc3 and Lsm4 promote
physical interactions between mRNPs and their coalescence into PBs in yeast and
Drosophila (Decker et al. 2007; Ling et al. 2008; Reijns et al. 2008). Interestingly,
deletion of the LCDs of either Edc3 or Lsm4 completely abrogates PB assembly,
demonstrating the importance of these domains in the biogenesis of RNA granules
(Decker et al. 2007; Reijns et al. 2008). Edc3 and Lsm4 are components of two
separate complexes, the decapping complex and the Lsm-Patl complex (which
drives mRNA decay), respectively, both involved in RNA degradation (Decker
et al. 2007). Thus, it is suggested that PBs are formed via the assembly of
non-translationally active mRNPs and driven by proteins involved in mRNA deg-
radation. As alluded to earlier, it remains unknown how mRNAs are selected for
recruitment to PBs. Recent work indicates that PBs contain mRNAs relevant to
select pathways such that PB formation is perhaps intended to repress mRNA
regulons (Hubstenberger et al. 2017; Wang et al. 2018). This leads to several other
questions, including how are RNAs selected for PB targeting? Does a single PB
contain only a single type of mRNA or various members of the same regulon? And
lastly, do basal PBs and stress-induced PBs serve the same cellular function? Future
work will undoubtedly address many of these concepts.

A comparison between PB and SG core proteomes reveals that 75% of PB
proteins and 91% of SG proteins are granule-specific (Jain et al. 2016;
Hubstenberger et al. 2017). Thus, even if SGs and PBs have several common
proteins, their primary composition is unique, which may indicate specific functions
and a rare redundancy between these granule subtypes. PBs are three times denser
than SGs and are two-fold enriched in RBPs compared to SGs (Hubstenberger et al.
2017). It is hypothesized that this may be due to the inherent promiscuity of PB
proteins such that they can simultaneously bind numerous mRNAs, which may
further bridge additional proteins. For example, DDX6 interacts with half of all
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known PB proteins, which is consistent with its central role in PBs (Hubstenberger
et al. 2017). Of interest, the proteins in common between PBs and SGs are mainly
related to translational arrest. Moreover, PBs are enriched in decapping and mRNA
degradation proteins (Hubstenberger et al. 2017). Indeed, as previously mentioned
the decapping-associated protein Edc3 and the degradation-associated protein Lsm4
are localized to PBs. To this, we can add the decapping agents Dhh1p, Patlp, DDX6
and the nucleases Xrnl and Ccrdp (Teixeira and Parker 2007). Other RBPs, such as
HuR, TTIA-1 and Staufen, are also found in these entities (as well as SGs) (Parker and
Sheth 2007). The exact functions of most PB proteins are as yet unknown; however,
some have been suggested to play a role in translational arrest, while others are
proposed to have a structural or scaffolding role. Finally, the human Argonaute
proteins and GW 182, key components of miRNA-mediated gene silencing, are also
localized to PBs suggesting a role for PBs in mRNA degradation via miRNA
silencing. This is reinforced by the observation that Agol and Ago2
coimmunoprecipitate with Dcpla and Dcp2, respectively, and that depletion of
GW182 disrupts PBs and impairs miRNA-mediated gene silencing (Jakymiw et al.
2005; Liu et al. 2005a; Sen and Blau 2005).

Protein-encoding RNAs are enriched in PBs, more so than non-coding RNAs
(Hubstenberger et al. 2017). In addition, mRNAs encoding housekeeping genes are
excluded from PBs, while protein-encoding transcripts that require regulation are
enriched in PBs. This is in accord with the suggestion that PBs are associated with
translation control (Hubstenberger et al. 2017). mRNAs involved in miRNA
processing (Agol, 2, and 3 and MOV) are also enriched in PBs. In addition, it is
now known that PB-enriched mRNAs are typically bound by RBPs in their 3'UTRs.
In contrast, RNAs bound by RBPs in their coding regions are depleted from PBs.
Also, as polyA tail length is typically correlated with mRINA stabilization, it has
been suggested that PBs are composed of mRNA lacking their polyA tail. Indeed,
the absence of the polyA tail has been considered a main difference between SGs and
PBs. However, it has been recently determined that mRNAs in PBs may contain
heterogeneous polyA tail lengths (Hubstenberger et al. 2017). Furthermore, it seems
that a third of cellular mRNAs are enriched in PBs, suggesting that specific mRNAs
are targeted to PBs (Hubstenberger et al. 2017). In the future, it will be interesting to
understand the mechanism which selectively targets mRNAs to PBs.

The exact mechanisms underlying PB disassembly are poorly understood. Evi-
dence suggests that PBs can undergo one of two fates: either they can disassemble
into smaller mRNP units that re-enter the translational pool or they can be degraded
via autophagy (Sheth and Parker 2003; Parker and Sheth 2007; Franks and Lykke-
Andersen 2008). The first step of the disassembly involves the release of mRNPs. As
PBs are supposed to assemble via the linkage of mRNPs by proteins involved in
mRNA degradation, it is possible that mRNP release is linked to these proteins.
Indeed, loss of the adhesive function of key degradative components is expected to
be associated with PB disassembly. The idea that mRNAs can be released from PBs
for translation stems from observations in yeast where mRNAs assembled in PBs
upon glucose starvation can later re-enter the translational pool once glucose levels
are restored (Brengues et al. 2005). Moreover, when translation is increased such as
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during neuronal stimulation, the number of PBs is reportedly decreased (Zeitelhofer
et al. 2008). Interestingly, autophagy is also associated with PB disassembly. The E3
ubiquitin ligase TRIM21, which is involved in the ubiquitin-dependent protein
degradation pathway, is localized to PBs. The deubiquitinating enzyme UPSP4,
while not localized to PBs, strongly interacts with TRIM21 and modulates PB
number (Zheng et al. 2011). UPSP4 also interacts with the PB proteins DCPla,
Edc3 and Lsm4, all of which are essential for PB formation and activities. Thus,
these interactions suggest that ubiquitination and protein degradation is linked to PB
disassembly. Also, ATG2, which is essential for autophagosome formation, interacts
with the PB proteins DDX6 and MOV10 (Zheng et al. 2011). The functional
relevancy of these interactions is not yet determined. However, it is plausible that
autophagosomes play a role in PB clearance. This is supported by results showing
that ATG2 function is required for the targeting of liquid droplets to
autophagosomes (Velikkakath et al. 2012).

Microscopic analyses indicate that PBs and SGs are often found closely
juxtapositioned, referred to as docked (Kedersha et al. 2005; Aulas et al. 2015).
The exact reason for this interaction is not yet totally understood but is hypothesized
to permit the transfer of select mRNAs from SGs to PBs for degradation. This
interaction between SGs and PBs leads to some interesting questions. First, what
maintains them as distinct granules despite juxtapositioning? It is possible that the
specific proteins contained within SGs and PBs confer differences in surface tension
of the droplets, thus rendering the granules non-miscible. Then, it is possible that an
internal reorganization of both foci could lead to interactions between common
components and thus mediate mRNA exchange. The docking between SGs and
PBs also raises another question: if SGs and PBs do exchange components, how is it
that certain mRNPs/RBPs are selected for this? Moreover, if the recent new view that
PBs function to repress mRNA regulons is accepted, how is it that transcripts are
translationally repressed in two different locations and what governs this decision?
Much work remains to fully understand the function and mechanisms of granule
interactions.

8.4 Transport Granules

Neurons are highly polarized cells with elaborate processes extending long dis-
tances. The distance between the cell body and the distal synaptic bouton, as well
as the functional and morphological differences between dendrites and the axon,
impose numerous challenges that neurons need to overcome (Hirokawa 2006). The
optimal physiology of neurons highly depends on the trafficking of mRNAs, in a
translationally dormant state, from the soma to synapses. This is accomplished via
packaging into transport RNA granules (also referred to as transport or transfer
RNPs, tRNPs or neuronal granules) (Knowles et al. 1996). These transport granules
facilitate local protein translation which is critical for neuronal activity thus permit-
ting neurons to rapidly respond to their ever-changing environment (Tada and Sheng
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2006; Alami et al. 2014). Indeed, the local modulation of the proteome allows a
direct modification of the synapse and efficient storage of information in the brain
and is essential for axon guidance and nerve regeneration (Klann and Dever 2004;
Willis et al. 2005). Precise synapse development, formation, and maintenance are
important for accurate neuronal network activity and normal brain function and
critically rely on these specialized granules, which further provide for synaptic
independence of somal transcriptome/proteome changes.

Transcripts synthesized in the nucleus are packaged with regulatory RBPs and
referred to as mRNPs. Once in the cytoplasm, depending on their fate, mRNPs can
either be directly translated in the soma, stored, degraded or assembled into transport
granules and delivered to neuronal processes (Steward and Levy 1982; Singh et al.
2015). Mechanistically, mRNAs are transported in transport granules via the fol-
lowing distinct steps (Doyle and Kiebler 2011). First, mRNAs are bound by RBPs
via specific sequences in their 3'UTR, referred as zipcodes or cis-acting localization
elements. These elements are very heterogeneous as they can be either a sequence of
5-6 nucleotides or complex secondary structures. In addition, an individual mRNA
may contain a variety of zipcodes (Doyle and Kiebler 2011). These sequences act as
molecular targeting signals that, when recognized by specific trans-acting RBPs,
prepare the RNA for delivery to a specific subcellular compartment. Following this
binding, RBPs self-assemble to form microscopically visible granules. In addition to
serving as a scaffold for transport granule formation, the implicated RBPs protect the
client mRNAs during transport and act as intermediates between the mRNAs and the
cytoskeleton to facilitate active transport. Indeed, transport granules targeted to their
final destination are bound to microtubules and remain anchored until translational
activation (Doyle and Kiebler 2011).

Transport granules contain translationally arrested mRNAs associated with reg-
ulatory RBPs and noncoding RNAs (Doyle and Kiebler 2011). The exact composi-
tion of these granules is unknown. However, evidence suggests that their
composition is context-dependent (Krichevsky and Kosik 2001; Kiebler and Bassell
2006). It is thought that distinct stimuli activate the transport of specific families of
mRNAs, via activation of RBPs that recognize particular zipcodes. The molecular
mechanism underlying this specific activation is yet to be understood, but it is
speculated that groups of mRNAs which comprise part of the same pathway
and/or work in cooperation harbor the same zipcode so as to permit their collective
transport and activation (Farina et al. 2003; Doyle and Kiebler 2012). This is
supported by data demonstrating that each particle is composed of a particular
subgroup of mRNAs associated with specific RBPs (Doyle and Kiebler 2011,
2012). Many of the proteins that have been reported in these granules are either
related to transport, RNA regulation or protein synthesis. The most studied core
transport granule proteins include Staufen 1, Staufen 2, Fragile X mental retardation
protein (FMRP), and Zipcode binding protein 1 (ZBP1) (Kiebler and Bassell 2006;
Doyle and Kiebler 2011).

Staufen proteins are RBPs implicated in mRNA localization, silencing, and decay
(Vessey et al. 2008; Gong and Maquat 2011). While Staufen 1 is ubiquitously
expressed, Staufen 2 is preferentially expressed in the brain (Mallardo et al. 2003;
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Monshausen et al. 2004). Both proteins are directly involved in synaptic plasticity.
Indeed, Staufen 1 is required for the late phase of long-term potentiation (LTP),
while Staufen 2 is involved in metabotropic glutamate receptor (mGluR)-dependent
long-term depression (Lebeau et al. 2008, 2011a, b). Both are mechanisms which
require synaptic remodelling. Moreover, Staufen-positive granules move bidirec-
tionally between the soma and dendrites (Kohrmann et al. 1999). Thus, Staufen
depletion impairs mRNA transport to synapses and negatively impacts synaptic
plasticity (Chatel-Chaix et al. 2004; Lebeau et al. 2008, 2011a, b; Vessey et al.
2008).

FMRP is mainly expressed in the brain and is implicated in a number of mRNA
regulation steps (Zalfa et al. 2006; Bassell and Warren 2008). As an RBP, it is
involved in activity-dependent mRNA transport to dendrites and the local translation
of transported transcripts (Bassell and Warren 2008; Dictenberg et al. 2008). Indeed,
FMRP associates with the molecular motor kinesin following mGIuR activation
(Dictenberg et al. 2008). In addition, loss-of-function studies demonstrate that
FMRP is required for synaptic protein translation and optimal dendritic spine
morphology and synaptic function (Bassell and Warren 2008; Dictenberg et al.
2008). Taken together, these studies indicate that FMRP serves dual functions in
active mRNA transport and local translation (Bassell and Warren 2008).

Finally, ZBP1 is also one of the most studied transport granule frans-acting
factors. ZBP family members were initially reported as interferon-inducible tumor-
associated proteins essential for pro-inflammatory response and post-transcriptional
gene regulation of the oncogenes MYC, CD44, and fTrCP1 (Noubissi et al. 2006;
Stohr et al. 2006; Vikesaa et al. 2006; Kuriakose and Kanneganti 2017). However, in
neurons, ZBP1 plays a pivotal role in mRNA transport and local translation. For
example, the protein mediates the transport of B-actin mRNA to axonal growth cones
and neurites via the recognition of a loop within the 3’UTR (Kiebler and Bassell
2006; Kim et al. 2015). Disruption of the secondary structure or impairment of the
binding via antisense oligonucleotides disrupts p-actin, but not CamKIIl, mRNA
localization (Zhang et al. 2001; Eom et al. 2003; Kim et al. 2015). This differential
regulation implies that ZBP1 can distinguish different structures and/or sequences
within its targets. Once granules arrive at their final destination, ZBP1 is phosphor-
ylated by the kinase Src, triggering the simultaneous release of p-actin mRNA and its
subsequent translation to further drive growth of the cone (Huttelmaier et al. 2005;
Lin and Holt 2007). Finally, upon synaptic stimulation, ZBP1 targets p-actin mRNA
into dendritic spines, further demonstrating the importance of ZBP1 for f-actin
mRNA trafficking (Tiruchinapalli et al. 2003; Welshhans and Bassell 2011).

8.5 Neurodegenerative Disease

Neurodegenerative disease is a term used to describe a variety of incurable and
debilitating conditions leading to the progressive loss of neurons (Buratti and Baralle
2009; Wolozin and Apicco 2015). The consequences of neuronal loss are
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irreversible and devastate cognitive and physical function. To date, the etiologies of
many cases of prevalent neurodegenerative diseases are still unknown. While some
of these disorders are considered rare and having genetic origins and thus are
typically familially inherited, a significant proportion lack any specific etiology
and are referred to as sporadic. Aging and age-related loss of neuronal functions
are the key descriptors of many neurodegenerative diseases (Buratti and Baralle
2009). Impairment in RNA metabolism, including RNA granule dysfunctions, has
been suggested as one of the leading causes of neurodegeneration (Shukla and
Parker 2016; Alberti et al. 2017; Cestra et al. 2017; Frankel et al. 2017; Harrison
and Shorter 2017; Lechler and David 2017).

Links between RBP dysfunctions and impaired granule dynamics exist in the
context of several neurodegenerative diseases. For example, the protein Huntingtin
(HTT), whose gene arbors a pathological number of CAG expansions in
Huntington’s disease, is associated with mRNA transport in neurons via transport
granules and coimmunoprecipitates with the PB resident protein Ago2, and its
pathological deposits colocalize with the SG protein TIA-1 in transformed cell
lines (Savas et al. 2008; Savas et al. 2010; Bentmann et al. 2013). Similarly,
pathogenic CAG expansions in ATXN2, which are causative for spinocerebellar
ataxia type 2, yield a mutant form of ATXN2 that impairs SG and PB assembly
and is expected to affect transport granule physiology (Nonhoff et al. 2007; Paul
et al. 2018). Here, we will specifically describe the contribution of RNA granule
dysfunctions to the neurodegenerative diseases ALS, FTD, and AD (Tables 8.1, 8.2
and 8.3).

ALS is a fatal neurodegenerative disease characterized by the progressive degen-
eration of upper and lower motor neurons (Al-Chalabi and Hardiman 2013). FTD is
a form of dementia characterized by the selective atrophy of the frontal and anterior
temporal lobes of the brain (Neary et al. 2005). The comorbidity between these two
diseases and the shared genetic risk factors suggests that ALS and FTD are part of
the same continuum of neurodegenerative disorders (Guerreiro et al. 2015). Intra-
cellular protein aggregates positive for RBPs and/or RNA granule markers are a
common pathological hallmark of both diseases. Emerging evidence suggests that
impaired RNA processing and disrupted protein homeostasis are two major patho-
genic pathways for these diseases (De Conti et al. 2017).

Alzheimer’s disease (AD) is the most common neurodegenerative disease
(Hebert et al. 2003). It is characterized by the presence of intracellular neurofibrillary
tangles (NFTs) composed of the hyperphosphorylated protein tau and extracellular
plaques containing amyloid beta (Ap) peptide and is associated with brain atrophy
(Wenk 2003; Tiraboschi et al. 2004). AD belongs to a class of diseases referred as
tauopathies. These disorders are characterized by the abnormal accumulation of
hyperphosphorylated tau into NFTs. Interestingly, some cases of FITD, including
frontotemporal dementia with Parkinsonism linked to chromosome-17 (FTDP-17),
are classified as tauopathies. The following paragraphs will discuss the role of the
RNA granule dysfunction in the context of ALS/FTD and Alzheimer’s disease.
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Table 8.1 Summary of SG dysfunction caused by neurodegenerative disease-related proteins

Protein Expression SG-related dysfunctions Models References
APP (AP | Basal expression * Impaired microglial N9 Ghosh and
plaques) function due to sequestra- | BV-2 Geahlen
tion of microglial factors | Primary (2015)
into SGs microglia
» Formation of large and | AD patient
long-lasting SGs positive | cortex
for G3BPland TIA-1
CYorf72 Protein « Spontaneous SG N2a Maharjan
overexpression formation Cortical et al. (2017)
neurons
Genetic deletion * Increased cell death C9orf72 KO | Maharjan
 Impaired SG formation | N2a et al. (2017)
* Reduced levels of
TIA-1, HuR, and G3BP1
RNA foci * Increased cell death SH-SY5Y Lee et al.
overexpression * Sequestration of RBPs N2a (2013)
Maharjan
et al. (2017)
DPR GR/PR * Formation of insoluble | Drosophila Lee et al.
overexpression inclusions U2-0S (2016)
» Formation of spontane- | HeLa Lin et al.
ous SGs with reduced (2016)
dynamism Lopez-
* Sequestration of Gonzalez
SG-related RBPs et al. (2016)
FUS Mutant « Cytoplasmic localization | HEK-293 Bosco et al.
overexpression ¢ Enhanced and irrevers- | Zebrafish (2010)
(R521G, R495X, ible aggregation embryos
and G515X) ¢ Increased recruitment to
SGs
Mutant * Cytoplasmic localization | N2a Gal et al.
overexpression * Increased recruitment to | Primary (2010)
(R518K, R521G, SGs motor
and R521H) * Protein inclusions neurons
colabel with SG markers
Mutant * Nuclear import disrup- HeLa Dormann
overexpression tion Primary et al. (2010)
(P525L) * Protein aggregation neurons
Mutant basal expres- | * Inclusions containing FTLD-FUS Dormann
sion (R521C) SG proteins patients Spi- | et al. (2010)
nal cord
Recombinant protein | Impaired liquid droplet | In vitro Murakami
(R522G, P525L, phase transition et al. (2015)
G495X, and
FUS501)
Mutant * Sequestration of SMN C. elegans Murakami
overexpression and STAU-1 In vitro et al. (2015)
(G156E, S96del) * Reduced levels of SMN
and STAU-1 RNPs
Recombinant protein | ¢ Acceleration of droplet | In vitro Patel et al.
(G156E) to fibril conversion (2015)

(continued)



210

Table 8.1 (continued)

H. Sidibé and C. Vande Velde

Protein Expression SG-related dysfunctions Models References
hnRNP Mutant basal expres- | ¢ Cytoplasmic inclusions | MSP patients | Kim et al.
Al sion (D262V and » Cytoplasmic fibers muscles (2013a, b)
D262N) ¢ Loss of nuclear locali-
zation
* VCP cytoplasmic accu-
mulation
« Partial colocalization
with TDP-43 and hnRNP
A2/B1 inclusions
* Ubiquitin and p62
immunoreactive
Recombinant pro- * Acceleration of the In vitro
teins (D262V and fibrillization
D262N)
Mutant * Cytoplasmic inclusions | HeLa
overexpression * Enhanced recruitment to | Drosophila
(D262V and D262N) | SGs
hnRNP Mutant basal expres- | ¢ Cytoplasmic inclusions | MSP patient
A2/B1 sion (D290V) » Cytoplasmic fibers muscles
* Loss of nuclear locali-
zation
* VCP cytoplasmic accu-
mulation
« Partial colocalization
with TDP-43 and hnRNP
Al inclusions
Recombinant pro- * Acceleration of the In vitro
teins (D290V) fibrillation process
Mutant * Cytoplasmic inclusions | HeLa
overexpression * Enhanced recruitment to | Drosophila
(D290V) SG
Mutant  Formation of G3BP- rTg4510 tau
overexpression positive SGs in cells JNPL3 mice
(P301L) without phospho-tau

immunoreactivity

* Impaired TIA-1 interac-
tion network

¢ Increased SG size and
number with disease
course

¢ Increased levels of
TIA-1, G3BP1, TTP, and
TDP-43 with disease
course

¢ Loss of G3BP1 and
TIA-1 colocalization

* TIA-1-positive SG
colocalization with
hyperphosphorylated tau
inclusions

(continued)
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Protein Expression SG-related dysfunctions Models References
* TDP-43 and FUS cyto-
plasmic inclusions in
brain of animals with
moderate pathology
Basal expression * Loss of G3BP and TIA-1 | Frontal cor-
colocalization tex AD
* TIA-1 colocalization patients
with tau pathology in
frontal cortex of AD and
FTLD-17 patients
» TIA-1-positive inclu-
sions in neurons,
microglia, and astrocytes
of AD patients
WT and mutant ¢ Increased number of HT22 Vanderweyde
overexpression SGs et al. (2016)
(P301L) ¢ Increased size of SGs
WT and mutant « Internalized tau recruited | HEK293T Brunello et al.
overexpression to SGs in a TIA-1-depen- | N2a (2016)
(TauE14 and P301L) | dent manner
* Alteration of SG
dynamics by internalized
tau
 Lack of TTP in
TAU-induced SGs
Recombinant protein | Phase separation, poten- | In vitro Ambadipudi
(repeat region of tial transition into fibrils et al. (2017)
4R-Tau)

TDP-43 Mutant RRM-GFP » Formation of condensed | Hek293 Schmidt and
overexpression droplet with fewer inter- Rohatgi
M337 V) nal bubbles than WT (2016)

* Impairment of the liquid

properties of the droplets
Recombinant  Abrogation of phase In vitro Conicella
C-terminal domain separation (A321G and et al. (2016)
(A321G, Q331K Q331K)
A326P, and A321V) | e Decreased phase separa-

tion (M337V)

* Increased phase separa-

tion (A326P, A321V)
Mutant Following oxidative BE-M17 Liu-
overexpression stress: HEK 293 Yesucevitz

(G294A, A315T,
Q331K, and Q343R)

* Increased stress-induced
aggregation

* Increased insoluble pro-
tein aggregates

et al. (2010)

(continued)
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Protein Expression SG-related dysfunctions Models ‘ References
Mutant Following osmotic stress: | HEK 293 Dewey et al.
overexpression » Formation of larger SGs (2011)
(G294A. A315T,

G348C, and
N3920S)
Basal expression * Presence of TIA-1 and Spinal cord Liu-
elF3 in pathological ALS patients | Yesucevitz
TDP-43 inclusions Frontal cor- et al. (2010)
tex FTLD-U
patients
Depletion ¢ Impairment SG assem- | HeLa McDonald
bly and disassembly SK-N-SH et al. (2011)
* SG number and size Aulas et al.
reduction (2012)
* Impaired SG-PB
docking
* Altered expression
TIA-1 and G3BP1
Mutant basal expres- | Following oxidative Patients McDonald
sion (R361S) stress: lymphoblasts | et al. (2011)
* Decreased SG number
* Reduced G3BP levels

TIA-1 Recombinant pro- * Impaired mobility In vitro MacKenzie
teins (P362L, et al. (2017)
A381T, and E384K)

Mutant Following heat shock: HeLa

overexpression * Delayed SG disassembly

(P362L, A38IT, and | * Increased TDP-43-SG

E384K) insolubility

WT and mutant ¢ Increased tau insolubil- | Tau—/— hip- | Vanderweyde
overexpression ity, misfolding, and pocampal et al. (2016)
(P362L) incorporation into SGs WT

VCP Mutant basal expres- | * Ubiquitinated TDP-43 Neurons, Gitcho et al.

sion (R155H) and VCP inclusions frontal lobe (2009)
of FTLD
patients
Mutant * TDP-43 cytoplasmic U2-08 Juetal.
overexpression localization (2009)
(R155H)
Mutant * ER stress SH-SY5Y Gitcho et al.
overexpression * Increased ubiquitination (2009)
(R155H) * Increased cell death
* Impaired proteasomal
activity
* TDP-43 cytoplasmic
relocalization
Mutant * TDP-43 cytoplasmic Drosophila Ritson et al.
overexpression localization HEK?293 (2010)
(R155H and A232E) Mouse corti-
cal neurons

(continued)
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Table 8.1 (continued)

Protein Expression SG-related dysfunctions Models ‘ References
Mutant * Accumulation of high Transgenic Rodriguez-
overexpression molecular weight TDP-43 | mouse model | Ortiz et al.
(A232E) isoform that interacts with (2013)

VCP
* TDP-43 cytoplasmic
accumulation to TIA-1
positive SGs
Mutant * TDP-43 cytoplasmic SH-SYS5Y
overexpression inclusions
(A232E)
Depletion * Synaptic and locomotive | Drosophila Azuma et al.
defects (2014)

TDP-43 Mutant RRM-GFP » Formation of condensed | Hek293 Schmidt and
overexpression droplet with fewer inter- Rohatgi
(M337V) nal bubbles than WT (2016)

* Impairment of the liquid
properties of the droplets
Recombinant * Abrogation of phase In vitro Conicella
C-terminal domain separation (A321G and et al. (2016)
(A321G, Q331K Q331K)
A326P, and A321V) | e Decreased phase separa-
tion (M337V)
* Increased phase separa-
tion (A326P, A321V)
Mutant Following oxidative BE-M17 Liu-
overexpression stress: HEK 293 Yesucevitz
(G294A, A315T, * Increased stress-induced et al. (2010)
Q331K, and Q343R) |aggregation
* Increased insoluble pro-
tein aggregates
Mutant Following osmotic stress: | HEK 293 Dewey et al.
overexpression » Formation of larger SGs (2011)
(G294A. A315T,
G348C, and
N3920S)
Basal expression * Presence of TIA-1 and Spinal cord Liu-
elF3 in pathological ALS patients | Yesucevitz
TDP-43 inclusions Frontal cor- et al. (2010)
tex FTLD-U
patients
Depletion  Impairment SG assem- | HeLa McDonald
bly and disassembly SK-N-SH et al. (2011)
* SG number and size Aulas et al.
reduction (2012)

* Impaired SG-PB
docking

« Altered expression
TIA-1 and G3BP1

(continued)
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Protein ‘ Expression SG-related dysfunctions Models ‘ References
Mutant basal expres- | Following oxidative Patients McDonald
sion (R361S) stress: lymphoblasts | et al. (2011)
¢ Decreased SG number
* Reduced G3BP levels
TIA-1 Recombinant pro-  Impaired mobility In vitro Mackenzie
teins (P362L, et al. (2017)
A38I1T, and E384K)
Mutant Following heat shock: HeLa
overexpression * Delayed SG disassembly
(P362L, A381T, and | * Increased TDP-43-SG
E384K) insolubility
WT and mutant ¢ Increased tau insolubil- | Tau—/— hip- | Vanderweyde
overexpression ity, misfolding, and pocampal et al. (2016)
(P362L) incorporation into SGs WT
VCP Mutant basal expres- | ¢ Ubiquitinated TDP-43 Neurons, Gitcho et al.
sion (R155H) and VCP inclusions frontal lobe (2009)
of FTLD
patients
Mutant * TDP-43 cytoplasmic U2-0S Ju et al.
overexpression localization (2009)
(R155H)
Mutant * ER stress SH-SYSY Gitcho et al.
overexpression * Increased ubiquitination (2009)
(R155H) * Increased cell death
 Impaired proteasomal
activity
* TDP-43 cytoplasmic
relocalization
Mutant * TDP-43 cytoplasmic Drosophila Ritson et al.
overexpression localization HEK?293 (2010)
(R155H and A232E) Mouse corti-
cal neurons
Mutant ¢ Accumulation of high Transgenic Rodriguez-
overexpression molecular weight TDP-43 | mouse model | Ortiz et al.
(A232E) isoform that interacts with (2013)
VCP
* TDP-43 cytoplasmic
accumulation to TIA-1
positive SGs
Mutant * TDP-43 cytoplasmic SH-SY5Y
overexpression inclusions
(A232E)
Depletion * Synaptic and locomotive | Drosophila Azuma et al.
defects (2014)
Ubiquilin- | Mutant » Age-dependent aggrega- | Transgenic Le et al.
2 overexpression tion in brain and spinal mouse model | (2016)

(P4978S and P506T)

cord

* TDP-43 cytoplasmic
inclusions

* Slowed protein
degradation
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Table 8.2 Summary of PB dysfunction potentially involved in neurodegenerative diseases
Potential PB
Protein | Function dysfunctions Evidence References
4E-T Translational * Disrupt PB forma- | * Depletion leads to PB Ayache et al.
repressor tion/maintenance dissolution (2015)
* Impair transla-
tional inhibition
* Impair RNA
silencing and
degradation
ATG2 Autophagy- * Impair PB * Interact with PB proteins | Zheng et al.
related protein: dissolution 2011)
autophagosome Velikkakath
formation et al. (2012)
Agol/ miRNA/siRNA * Impair miRNA- * Lack of siRNA binding | Liu et al.
Ago2 silencing mediated silencing | domain leads to impaired | (2005a, b)
Ago?2 localization to PBs
CYorf72 |- * Disrupt PB * Localizes to PB Mabharjan
formation et al. (2017)
Dcpl/ Decapping ¢ Disrupt PB forma- | ¢ Dcp2 KO induces Lykke-
Dcp2 enzyme/catalytic | tion smaller PBs Andersen
subunit of * Impaired RNA (2002)
decapping silencing and Ingelfinger
enzyme degradation et al. (2002),
van Dijk
et al. (2002)
DDX6 Decapping com- | ¢ Disrupt PB forma- | ¢ Deletion impairs trans- Chu and
plex tion/maintenance lational repression Rana (20006)
CPEB1 * Impair RNA * Repression stimulates Mathys et al.
translation- silencing and degra- | cellular translation (2014)
repression dation * Participates in miRNA- | Holmes
complex * Impair transla- mediated silencing et al. (2004)
tional inhibition * Participates in Ayache et al.
impairment deadenylation (2015)
* Impair miRNA- * Depletion leads to PB
mediated silencing | dissolution
impairment
Dhhlp Decapping * Disrupt PB forma- | * Modulate PB composi- | Teixeira and
activator tion tion and assembly Parker
* Impair RNA (2007)
degradation
Edc3 Decapping * Disrupt PB forma- | * Deletion of LCDs Decker et al.
activator tion impairs PB assembly (2007)
* Impair RNA Reijns et al.
degradation (2008)
Reijns et al.
(2008)
G3BP1 |RBP * Impair docking * Depletion reduces Aulas et al.
with SGs docking and increases PB | (2015)

number

(continued)
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Table 8.2 (continued)
Potential PB
Protein | Function dysfunctions Evidence References
Ge-1 Decapping * Impair RNA » Overexpression causes Yu et al.
cofactor silencing and degra- | accumulation of (2005)
dation deadenylated mRNA Fenger-Gron
* Impair transla- * Enhances decapping et al. (2005)
tional inhibition in vitro
* Disrupt PB * Impaired DCP1/2 local-
formation ization to PBs
GW182 | miRNA pathway | Disrupt PB forma- |« Depletion leads to PB Eystathioy
tion dissolution and impaired | et al. (2003)
* Impair miRNA- miRNA-mediated
mediated silencing silencing
Lsm4 Lsm-Patl * Disrupt PB forma- | ¢ Deletion of LCDs Decker et al.
complex tion impairs PB assembly (2007)
* Impair RNA Reijns et al.
degradation (2008)
MOV miRNA/siRNA * Impair miRNA- « Participates in the cleav- | Meister et al.
silencing mediated silencing | age of miRNA precursors | (2005)
* Participates in the incor-
poration of miRNAs into
Ago2 complexes, and
cleavage of complemen-
tary target RNA
Patlp Decapping acti- * Disrupt PB forma- | « Modulate PB composi- | Teixeira and
vator and transla- | tion tion and assembly Parker
tional repressor * Impair RNA deg- (2007)
radation
* Translational
inhibition
Staufen | RBP * Defect in the RNA | » Localizes to PBs Anderson
localization to PB and
* Impair PB forma- Kedersha
tion/maintenance (2006)
e Impair RNA
silencing and
degradation
TIA-1 RBP * Defect in the RNA | » Localizes to PBs David
localization to PBs Gerecht
* Impair PB forma- et al. (2010)
tion/maintenance
* Impair RNA
silencing and
degradation
TDP-43 | RBP * Defect in the RNA | ¢ Depletion reduces Aulas et al.
localization to PBs | docking and increases PB | (2015)

* Impair PB forma-
tion/maintenance
 Impair RNA
silencing and
degradation

number

(continued)
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Table 8.2 (continued)
Potential PB
Protein | Function dysfunctions Evidence References
TRIM21 | E3 ubiquitin * Impair PB * Localizes to PBs Zheng et al.
ligase dissolution (2011)
UPSP4 | Deubiquitinating | ¢ Impair PB ¢ Localizes to PBs Zheng et al.
enzyme dissolution (2011)
Xrnl 5 to3 * Impair RNA * Repression alters general | Ingelfinger
exonuclease degradation cellular mRNA et al. (2002)
Moon et al.
(2015)

8.5.1 Stress Granules and ALS

TDP-43 is an RBP and a major component of the cytoplasmic inclusions observed in
ALS patient neurons (Arai et al. 2006; Neumann et al. 2006). TDP-43 normally
localizes to the nucleus, where it plays a key role in RNA metabolism (Lagier-
Tourenne et al. 2010; Da Cruz and Cleveland 2011). However in ALS, TDP-43 is
depleted from the nucleus and accumulates in large cytoplasmic aggregates. FUS
(fused in sarcoma; also referred to as TLS, translocated in sarcoma) is another RBP
associated with ALS and is localized in protein inclusions in some familial cases. To
date, more than 40 RBPs have been associated with ALS, raising the intriguing
possibility that misregulation of RNA processing contributes greatly to the pathol-
ogy (Kapeli et al. 2017; Chia et al. 2018; Maurel et al. 2018). Indeed, RNA granules
have been suggested to be involved in ALS since cytoplasmic TDP-43 inclusions are
reported to label with the SG markers TIA-1 and TIAR in post-mortem samples from
ALS and FTD patients (Liu-Yesucevitz et al. 2010; Wolozin 2012). This has been
furthered by similar findings in cultured cells and in primary neurons responding to
cellular stress (Ayala et al. 2008; Dormann et al. 2010). Indeed, overexpression
studies of ALS-related TDP-43 and FUS mutant proteins demonstrate enhanced
cytoplasmic aggregation following stress compared to their physiological counter-
parts, ultimately triggering an increased association with SGs (Bosco et al. 2010;
Liu-Yesucevitz et al. 2010; Dewey et al. 2011). Interestingly, cells expressing
mutant TDP-43 appear to either exhibit attenuated SG formation or are prone to
abnormal SG assembly, while FUS mutants are more prone to localize to SGs and
increase the size and number of granules (Bosco et al. 2010; Gal et al. 2010;
Liu-Yesucevitz et al. 2010; McDonald et al. 2011; Sun et al. 2011). Thus, TDP-43
SG-related pathology has been suggested to be linked to the impairment of SG
assembly, while FUS is linked to abnormal interactions with SGs leading to SG
dysregulation (Bosco et al. 2010; Sun et al. 2011; Aulas and Vande Velde 2015).
Interestingly, some of the most aggressive cases of ALS are associated with two
FUS mutations. These mutations, namely, P525L and R495X, are linked to rare and
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Table 8.3 Summary of transport granule dysfunction caused by neurodegenerative disease-related
proteins
Transport granule-related
Protein | Expression dysfunctions Models References
CYorf72 | RNA foci » TDP-43 sequestration to | Rat cortical Ishiguro et al.
overexpression | soma neurons (2016)
TDP-43 | Mutant » Formation of larger gran- | Rat hippocam- | Liu-Yesucevitz
overexpression | ules sparingly distributed in | pal neurons et al. (2014)
(A315T and the processes
Q343R) * Reduced mobility
* Reduced granule localiza-
tion to dendrites upon
depolarization
Mutant basal * Insoluble aggregates IPS-derived Liu-Yesucevitz
expression motor neurons et al. (2014)
(G298S) from fALS
patient
Mutant basal * Higher levels of soluble IPS-derived Alami et al.
expression and detergent resistant motor neurons (2014)
(M337V) TDP-43 from ALS
patient
Mutants * Impaired retrograde Drosophila Alami et al.
overexpression | movement of granules (2014)
(M337V and * Cytoplasmic accumula-
A315T) tion of TDP-43 and defi-
ciency at the NMJ
Mutant * Increased retrograde Mouse cortical | Alami et al.
overexpression movement neurons (2014)
(M337V and ¢ Defective Neurofilament-
A315T) L axonal trafficking
Basal e Accumulation of MAP1B | Neurons of the | Coyne et al.
expression in cell body lumbar spinal (2014)
cord and hippo-
campus
of ALS patients
with TDP-43
pathology
Mutant * Impaired G4-containing Rat cortical Ishiguro et al.
overexpression | mRNA transport neurons (2016)
(M337V)
- * Impaired neuronal RNA - Proposed from
metabolism Wang et al.
* Impaired synaptic forma- (2008a, b)
tion
* Impaired neurotransmitter
release
FUS Mutant * Spontaneous granule for- | NIH/3T3 Yasuda et al.
overexpression mation (2013)
(R521C, ¢ Translation of mRNA that
R495X, and should be targeted to the
P525L) dendrites or the axon in the

soma

(continued)



8 RNA Granules and Their Role in Neurodegenerative Diseases

219

Table 8.3 (continued)
Transport granule-related
Protein | Expression dysfunctions Models References
- * Impaired targeting of - Proposed from
RNA to axons and den- Belly et al.
drites (2005) and
* Impaired synaptic locali- Fujii et al.
zation (2005)
* Impaired synaptic changes
upon depolarization
G3BP1/ | Wild-type * Shift between tau HMW | PC12 stable cell | Moschner et al.
IMP1 overexpression and LMW forms lines (2014)
Deletion of * Impaired granule forma-
2 LCDs tion
* Inhibition of sprouting
- * Impaired tau mRNA - Proposed from
transportation Moschner et al.
(2014)
APP/tau | NFTs/plaques * Sequestration of neuronal | Brain from AD | Proposed from
granules patients Ginsberg et al.
(1999,
1997)
APP Recombinant * Sequestration of Staufen-1 | In vitro Proposed from
proteins neuronal granules Yu et al. (2015)

severe forms of juvenile ALS (Conte et al. 2012; Leblond et al. 2016). In these cases,
the mutant FUS protein lacks the nuclear localization signal resulting in increased
FUS cytoplasmic localization, which is accentuated by environmental stress
(Dormann et al. 2010; Zhang and Chook 2012). This suggests that ALS is closely
linked to abnormal RBP cytoplasmic localization. Furthermore, in C. elegans, FUS
mutant mRNPs sequester other RBPs, including Staufen 1, SMN, and TIAR-1,
suggesting an impairment of RNA granules with the expression of these mutants
(Murakami et al. 2015; Patel et al. 2015). Finally, in vitro, some FUS mutants form
membrane-less droplets that transition into a fibrillary solid form at a more rapid rate
than the wild-type protein (Patel et al. 2015). If we link these very interesting
observations to SGs, FUS mutations are involved in ALS pathobiology through
either the transformation of SGs into pathological aggregates or an increase in
cytoplasmic localization, thus promoting aggregation and the possible sequestration
of specific (regular partners) and non-specific (other RBPs with LCDs) RBPs. Note
that these possibilities are not mutually exclusive.

As, previously mentioned, mutations in other RBPs are causative of ALS.
Recently, mutations in the LCD of TIA-1, a key SG nucleating protein, have been
identified (Mackenzie et al. 2017). The newly described mutations delay SG disas-
sembly and enhance immobile SGs. Very interestingly, TDP-43 recruited into these
dysfunctional SGs becomes insoluble, reminiscent of the inclusions observed in
patients (Mackenzie et al. 2017). This mutation is therefore suggested to be directly
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causative of the inclusions observed in patients although TIA-1 itself is curiously not
observed in the inclusions (Hirsch-Reinshagen et al. 2017).

Mutations in hnRNP A1 and hnRNP A2/B1 are associated with familial and
sporadic forms of ALS as well as the complex disorder inclusion body myopathy
with frontotemporal dementia, Paget’s disease of bone, with ALS (IBMPFD/ALS)
(Kim et al. 2013a). In cellular models, mutant proteins are recruited into SGs at a
higher rate than their wild-type counterparts (Kim et al. 2013a). This observation led
to the conclusion that the ALS-related mutations induce aggregation-prone species.
Indeed, these mutations have been further suggested to induce protein misfolding
and/or fibril formation (Sawaya et al. 2007; Kim et al. 2013a). This suggests that SG
dynamics are impaired by mutations in hnRNP A1l and hnRNP A2/B1.

Recently, a hexanucleotide repeat expansion in a non-coding region of the
C90ORF72 gene has been described in the majority of ALS/FTD cases (Bigio
2011; Dejesus-Hernandez et al. 2011; Renton et al. 2011; Ratti et al. 2012; Simon-
Sanchez et al. 2012). Three pathogenic mechanisms are proposed for ALS/FTD
caused by C9ORF72 expansions. The first mechanism involves the decreased
expression (haploinsufficiency) of C9ORF72 protein. This is supported by the
observation that expression of C9ORF72 is decreased in brain tissues from ALS
and FTD patients (DelJesus-Hernandez et al. 2011). However, genetic deletion of
C90RF?72 in mice yields macrophage dysfunction, not motor neuron degeneration
(Koppers et al. 2015; O’Rourke et al. 2016). Therefore, the contribution of the loss of
CI90RF72 function is currently inconclusive in ALS/FTD pathogenesis. Relevant
here, the C9ORF72 protein is reported as required for SG formation in mammalian
cells (Maharjan et al. 2017). Furthermore, the protein and transcript levels of key SG
proteins TIA-1, HuR, and G3BP1 are reduced in C9ORF72-null cells (Maharjan
et al. 2017), providing an explanation for its role in SG formation.

The second mechanism suggests that neurodegeneration is due to the abnormal
aggregation of intranuclear RBPs with RNA containing the expanded repeat, leading
to RNA toxicity (Mizielinska et al. 2013; Zu et al. 2013). The GGGGCC sequence
motif is predicted to bind several RBPs, including hnRNP A1, hnRNP A2/B1, HuR,
and FUS, all of which are SG-related proteins (Cartegni et al. 1996; Smith et al.
2006; Sofola et al. 2007; Mori et al. 2013a). hnRNP A2/B1 dysregulation via
sequestration into GC-rich RNA repeats is already known to be associated with
Fragile X syndrome (Sofola et al. 2007), and hnRNP A3, another protein of the
hnRNP A/B family, is localized to C9ORF72 RNA foci in patients bearing an
expanded C9ORF72 allele (Mori et al. 2013a). Moreover, RNA foci in iPSC-
derived motor neurons generated from C9ORF72-expanded ALS patients also
colabel with hnRNP A1 (Sareen et al. 2013). Therefore, hnRNP A2/B1, HuR, and
FUS could also be sequestered within C9ORF72 RNA foci, potentially impairing
SG dynamics.

Finally, the third mechanism suggests that neuronal degeneration is due to the
synthesis and aggregation of dipeptide repeat proteins (DPRs) through repeat-
associated non-ATG translation (Ash et al. 2013; Mori et al. 2013b). These DPRs
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include those encoded by sense transcripts (polyGA and polyGR), by antisense
transcripts (polyPA and polyPR), and by both (polyGP). Interestingly, in mamma-
lian cells and Drosophila, expression of polyGR and polyPR results in interaction
with multiple RBPs including the SG components TDP-43, FUS, hnRNP Al and
Ataxin-2 and the formation of insoluble inclusions (Lee et al. 2013, 2016; Lin et al.
2016; Lopez-Gonzalez et al. 2016). Moreover, expression of polyGR and polyPR in
U20S cells induces spontaneous assembly of SGs with reduced dynamism (Lee
et al. 2016). This impairment is suggested to be due to the DPRs directly binding and
altering the physical properties of hnRNP A1 and TIA-1, rendering them susceptible
to phase separation at a lower concentration (Lee et al. 2016). Altogether, these
studies show that DPRs rich in arginine impair SG dynamics, without impacting SG
formation, and it is presumably due either to DPR interactions with the LCDs of
relevant RBPs and/or components of the nucleocytoplasmic transport machinery that
traps them in SGs, thereby perturbing nuclear-cytoplasmic movement of RBPs (Lee
et al. 2016; Zhang et al. 2018).

The molecular mechanisms by which ALS-related RBPs contribute to disease
pathogenesis is not yet fully understood; however, a clear link to SGs has been
established. Two main hypotheses, which are not mutually exclusive, may possibly
synergize to varying degrees, and have been proposed to explain the role of RBPs
and SG biology in ALS/FTD, are gain-of-function and loss-of-function hypotheses.
The gain-of-function hypothesis suggests that SG-associated proteins linked to ALS
gain pathological functions that impede SG physiological functions and RNA
homeostasis (Lee et al. 2011). One example contributing to this hypothesis is the
fact that insoluble FUS and TDP-43 mutant proteins form cytoplasmic aggregates
which alter SG dynamics (Parker et al. 2012), resulting in SG persistence and
increased cell death (Bosco et al. 2010; Dormann et al. 2010; Liu-Yesucevitz et al.
2010, 2011; Dewey et al. 2011; Wolozin 2012). Thus, it is suggested that SG
persistence (i.e., failure to resolve) may lead to the sequestration of a number of
mRNAs and subsequent perturbation of RNA metabolism and eventual cellular
death. Some have also suggested that a persistence of SGs, after stress removal, is
due to a gain of function in important regulators and can generate the pathological
inclusions observed in patient neurons. Indeed, the fact that in vitro, FUS liquid-like
droplets can strikingly transition into a fibril state provides a clue as to how SGs
could potentially become pathological inclusions (Molliex et al. 2015). However, to
date, it remains to be demonstrated that this dramatic transition occurs in vivo.

The loss-of-function hypothesis, on the other hand, posits that ALS-related pro-
teins lose their essential functions, thus affecting SG physiology. Indeed, TDP-43
has been repeatedly demonstrated as an important regulator of SG dynamics since its
depletion reduces SG size and alters SG morphology (McDonald et al. 2011; Aulas
et al. 2012). Also, ALS-related RBPs have been implicated in numerous RNA
processes including pre-mRNA splicing, RNA stability, and transcriptional regula-
tion (Nussbacher et al. 2015). This has led to the suggestion that the loss of function
of ALS-linked RBPs negatively impacts essential SG proteins via defective mRNA
processing. Indeed, TDP-43 regulates the expression of key SG components, such as
G3BP1 and TIA-1 (McDonald et al. 2011). TDP-43 depletion causes a loss of
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G3BP1 protein and mRNA and correlates with dysfunctional SG dynamics (and
docking with PBs) which can be rescued by restoration of G3BP1 levels (Aulas et al.
2012, 2015). The exact molecular mechanism governing this regulation remains to
be elucidated. Several ALS-related genes are linked to protein homeostasis and SG
clearance. Indeed, it is hypothesized that loss-of-function mutations in VCP are
linked to ALS and IBMPFD (Johnson et al. 2010; Shaw 2010; Miller 2012). The
VCP mutation RI155H is associated with increased ubiquitination, ER stress,
impaired proteasomal activity, and increased cell death (Gitcho et al. 2009),
supporting a loss of function for this mutation. Interestingly, VCP mutations are
clustered within a region predicted to be necessary for protein-protein interaction
(Majcher et al. 2015). Moreover, expression of VCP mutations induces TDP-43
cytoplasmic localization in SK-N-SH cells and in Drosophila (Gitcho et al. 2009;
Ritson et al. 2010). Furthermore, in flies, the overexpression of the wild-type VCP
ortholog (ter94) rescues the synaptic and locomotive defects in caz mutant flies
(FUS-null), while loss-of-function ter94 mutants do not (Azuma et al. 2014).
Collectively, these results suggest that VCP loss of function is relevant to TDP-43
and FUS function and possibly SG dynamics.

Mutations in UBQLN2, a gene relevant to the regulation of the UPS and
autophagy pathways which are themselves linked to SG clearance, are causative
for ALS (Deng et al. 2011; Williams et al. 2012; Zhang et al. 2014b). Interestingly,
Ubiquilin-2 interacts with VCP in order to send substrates to the proteasome (Lim
et al. 2009; Brown and Kaganovich 2016; Le et al. 2016; Osaka et al. 2016). The
ALS-related Ubiquilin-2 mutations P497S and P506T induce an age-dependent
aggregation of the protein in the brain and spinal cord of transgenic mice, as well
as motor deficits and TDP-43 cytoplasmic inclusions (Le et al. 2016). Interestingly,
ALS-linked mutations have longer half-lives than the wild-type protein and show a
slower degradation of a substrate (Myc) due to defective proteasome binding (Chang
and Monteiro 2015). Altogether, these results suggest that Ubiquilin-2 ALS-linked
mutations are associated with a loss of function and thus may impact SG clearance.

8.5.2 Stress Granules and Alzheimer’s Disease
and Tauopathies

Tau is primarily known as an axonal microtubule binding protein (Vanderweyde
etal. 2016), yet its role in the somatodentric compartment is not fully understood. In
the cytosol, tau can bind RNA with a preference for tRNAs (Zhang et al. 2017). Very
interestingly, RNA stimulates tau aggregation, and a number of transcripts are found
in NFTs (Kampers et al. 1996; Ginsberg et al. 1997; Dinkel et al. 2015). Recently,
similar to FUS and hnRNP Al, tau has been shown to phase separate in vitro
(Ambadipudi et al. 2017; Wegmann et al. 2018). Phosphorylated, FTD-related
mutants (P301L, P301S, and A152T) and high molecular weight soluble phospho-
tau from AD patients were found to also phase separate and transition over time
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toward aggregates that can seed tau aggregation, as is seen in AD. Moreover, tau
interacts with RBPs in physiological conditions and these interactions are influenced
by the expression of the FTD-related mutation P301L (Gunawardana et al. 2015).
Taken together, these findings suggest that tau dysfunction may influence mRNPs
and RNA granules and vice versa.

In the soma, tau facilitates SG formation in a TIA-1-dependent manner
(Vanderweyde et al. 2016). Tau overexpression in mouse hippocampal neurons
accelerates the rate of SG formation, suggesting that it is involved in SG dynamics
(Vanderweyde et al. 2016). Interestingly, cells expressing the FTD mutant tau
P301L assemble SGs faster and have larger granules compared to cells expressing
its wild-type counterpart. Thus, these data imply that dysfunction in SG dynamics is
potentially also involved in the pathogenesis of tauopathies. Interestingly, tau
interacts with both SG nucleating proteins G3BP1 and TIA-1 (Atlas et al. 2007;
Moschner et al. 2014; Vanderweyde et al. 2016). While G3BP1 can interact with tau
mRNA in transport granules (to be discussed later), TIA-1 and tau modulate each
other’s function. Specifically, tau depletion from mouse brain eliminates the inter-
action of TIA-1 with proteins involved in RNA metabolism and SG-related proteins
PABPC1 and SYNCRIP (Vanderweyde et al. 2016). Therefore, in AD and other
tauopathies, loss of tau function may impair the formation of functional SGs,
rendering neurons more susceptible to stress and cellular death. Moreover, it is
important to note that TIA-1 overexpression increases tau insolubility through the
modulation of tau misfolding (Vanderweyde et al. 2016). Indeed, it is suggested that
this change of physical state may be key to the formation of the NFTs which
characterize tauopathies. Recently, tau has been demonstrated to phase separate,
similar to FUS and hnRNP A1 (Ambadipudi et al. 2017). Thus, tau has the same
capacity as FUS, either upon mutation, with aging, or via interaction with RBPs, to
transition from droplet-like granules into fibrils.

In the P301L tau transgenic mouse model, SG number and TIA-1 protein levels
increase with the disease course (Vanderweyde et al. 2012). While TIA-1-positive
granules are co-labeled with tau in this transgenic mouse model, as well as in AD and
FTD patient brains, G3BP1 aggregation is not found in neurons bearing tau aggre-
gates (Vanderweyde et al. 2012). This differential pattern suggests different mech-
anisms for TIA-1 and G3BP1 granules. A possibility is that in these tauopathies, the
increased levels of TIA-1 protein leads to the formation of defective SGs that
become trapped in tau aggregates, possibly as a means to provide protection from
these toxic aggregates. Since tau modulates the TIA-1 interactome, it is also possible
that under stress, tau impairs the interaction of TIA-1 with G3BP1, leading to
“incomplete” SG formation. In this scenario, neurons which can form functional
SGs, containing TIA-1 and G3BP1, do not have tau aggregation. Another hypothesis
is that tau aggregates sequester TIA-1 mRNP complexes before they can interact
with G3BP1 and form SGs, while cells without tau aggregates can properly form
SGs. In both cases, the constitutive sequestration of functional proteins into tau
aggregates or SGs is detrimental for the cell. Interestingly, tau can also be secreted.
This secreted tau can be internalized and recruited to SGs in a TIA-1-dependent
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manner, suggesting that in tauopathies, SG-related pathobiology is contingent on
TIA-1 (Brunello et al. 2016).

In AD, microglia remove AP plaques via phagocytosis (Ghosh and Geahlen
2015). However, chronic stress induced by AP induces the formation of large SGs
positive for both TIA-1 and G3BP1 which persist even after the removal of Ap
(Ghosh and Geahlen 2015; Brunello et al. 2016). Long-lasting SGs are associated
with sensitization upon encounter with a second stress exposure; thus, Af stress
presumably renders microglia less resistant to a second stress. These defective SGs
sequester important microglial factors such as SYK, a tyrosine kinase essential for
both microglial phagocytosis and inflammatory responses (Crowley et al. 1997;
Kiefer et al. 1998; Ghosh and Geahlen 2015). SYK sequestration into SGs impairs
phagocytosis and drives chronic generation of both reactive oxygen and nitrogen
species (Ghosh and Geahlen 2015). This chronic inflammatory response generates
constitutive stress conditions that leads to the maintenance of SGs in microglia,
which can be deleterious for neighboring cells. Interestingly, SYK is localized to
G3BP1-positive puncta in the microglia of mild and severe AD cases, strongly
suggesting that the latter mechanism may play a role in disease (Ghosh and Geahlen
2015).

8.5.3 Processing Bodies and ALS

So far, little is known about PB dysfunction in neurodegenerative disease. This is
likely due to the fact that no genetic mutations have yet been directly linked to these
diseases. However, functions related to PBs have been associated to neuronal loss.
Indeed, genetic deletion of key proteins of the RNA silencing pathway results in PB
dysfunction as well as neurodegeneration, impaired nerve regeneration, and motor
dysfunction (Eulalio et al. 2007c; Haramati et al. 2010; Chen and Wichterle 2012;
Wu et al. 2012). These findings suggest that PB-specific functions, such as decay,
storage, or miRNA processing, could be impaired in these diseases. Moreover, RNA
granules are recognized to interact with each other; therefore, dysfunction in one
granule subtype could potentially impair the function of the other granules (Ander-
son and Kedersha 2009; Decker and Parker 2012). PB dysfunction in neurodegen-
erative disorders could also be related to their interaction with SGs or transport
granules.

Transport granules, SGs and PBs are intrinsically related. First, they share a
number of essential components (Anderson and Kedersha 2006). For example,
TIA-1 is shared by all three of the granule subtypes. Thus, it is expected that the
TIA-1 mutations reported in ALS could affect more than just SGs. If we extrapolate
from the observations of TIA-1 mutations on SG dynamics, one may expect that PBs
could be similarly impaired in ALS. As PBs are essential to physiological function,
this would be deleterious in basal conditions. Immobile and insoluble granules do
not efficiently exchange RNAs or proteins with the cytosol. Thus, it is hypothesized
that mRNA decay/storage may be impaired in ALS; however, this has not yet been
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directly demonstrated. Recent evidence indicates that mRNAs are sent to PBs in a
context-dependent manner with mitochondrial-related mRNAs being particularly
enriched in PBs under stress, while they are excluded under normal conditions
(Wang et al. 2018). This specific composition suggests that mitochondrial dysfunc-
tion is anticipated to be associated with mutant TIA-1-related PB dysfunction
(Hubstenberger et al. 2017; Wang et al. 2018). Interestingly, mitochondrial dysfunc-
tion is reported in ALS (Manfredi and Xu 2005; Pickles et al. 2013). Intriguingly, it
has also been reported that PBs associate with mitochondria; however, the nature and
purpose of this association remain to be determined (Huang et al. 2011).

As discussed previously, PBs and SGs physically interact during docking. So far,
little is known about the functional relevance of this process but it is suggested to be
necessary for the degradation of specific mRNAs (Anderson and Kedersha 2006).
Depletion of TDP-43 reduces the frequency of docking events, a process which is
governed by the size of individual SGs (Anderson and Kedersha 2006; Aulas et al.
2015). TDP-43 depletion also causes an increased number of PBs, suggesting an
important link between TDP-43 function and PB formation (Aulas et al. 2015).
Finally, transport granules and PBs have also been reported to interact (Zeitelhofer
et al. 2008), although just as with SGs, the nature of this interaction is not
understood.

PBs are involved in miRNA synthesis. Thus, it is reasonable to hypothesize that
impaired PB function may also lead to significant changes in miRNA expression
and, by extension, transcript stability. Furthermore, miRNAs are considered to be
essential to the control of localized translation at the synapse, which is associated
with synaptic defects that can progress into synaptic loss. Indeed, miRNA profile
changes are reported in ALS (De Felice et al. 2012; Campos-Melo et al. 2013;
Pegoraro et al. 2017; Rinchetti et al. 2018), and loss of the specialized synapse, the
neuromuscular junction, is one of the first features of ALS pathology.

8.5.4 Processing Bodies and Alzheimer’s Disease
and Tauopathies

Some of the same PB-related processes identified as possible contributors to ALS
pathogenesis may also be relevant to AD. Namely, miRNA profile changes have
long been studied in AD, some of which can be directly linked to NFT and Af
plaque formation. For example, the B-secretase BACE1 which triggers the release of
the AP peptide is regulated by select miRNAs. Specifically, miR-107 is decreased in
the temporal cortex of AD patients (Wang et al. 2008b). Similarly, the miR-29
family is decreased in the anterior temporal cortex of sporadic AD patients (Hebert
et al. 2008). Decreased expression of these miRNAs is associated with increased
levels of BACEL1 and, consequently, increased AP peptide levels (Hebert et al. 2008;
Wang et al. 2008b; Nelson and Wang 2010). Interestingly, miR-29c overexpression
in mouse brain is associated with memory improvement, while depletion of miR-29a
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is associated with increased neuronal death (Hebert et al. 2008; Wang et al. 2011;
Roshan et al. 2014; Yang et al. 2015). Similarly, reduced levels of miR-188-3p are
observed in the 5XFAD mouse model. Rescue of miR-188-3p levels via
overexpression diminishes BACEI levels and AP peptide burden. This correlated
with reduced neuroinflammation and improved synaptic plasticity and memory
(Zhang et al. 2014a).

AP plaques are generated by the oligomerization of AP peptides, which are
generated by the consecutive cleavage of the amyloid precursor protein (APP) by
the B-secretase BACEI and the y-secretase. Several miRNAs regulate APP synthesis
and thus the generation of AP plaques (Basavaraju and de Lencastre 2016). For
example, miR-101 and miR-16 both target APP mRNA and reduce APP production,
respectively, in rat hippocampal neurons expressing APP and senescence-
accelerated mouse prone 8 (SAMPS) (Vilardo et al. 2010; Liu et al. 2012; Zhang
et al. 2015). miRNAs can also indirectly influence AP formation. Depletion of
miR-137, miR-181c, miR-9, and miR-29a/b-1 causes an increase in the expression
of serine palmitoyltransferase, the first rate-limiting enzyme of ceramide synthesis.
Ceramide levels are elevated in sporadic AD patients and are suggested to be an
important risk factor (Geekiyanage and Chan 2011; Schonrock et al. 2012). An
increase of this enzyme is also observed in the AD mouse model TgCRNDS8 which
also features AP plaques (Geekiyanage and Chan 2011).

Finally, miRNAs have been shown to regulate tau and its aggregation. Specifi-
cally, low levels of the miR-132/122 cluster are reported in tauopathies (Wanet et al.
2012; Smith et al. 2015) and are associated with the suppression of tau expression
(Smith et al. 2015). Interestingly, treatment with miR-132 mimics partially restores
tau levels and improves cognitive function in the 3 xTg-AD mouse model (Smith
et al. 2015). In addition, overexpression of both miR-125b and miR-138 increases
tau phosphorylation and, thus, influences NFT formation (Banzhaf-Strathmann et al.
2014; Wang et al. 2015; Yin et al. 2015). Collectively, these results, coupled with the
fact that it remains unclear why or how miRNA levels change in AD, demonstrate
that miRNA levels can influence AD pathobiology and thereby suggest that PB
dysfunction may be associated with disease. Indeed, PB aggregation is associated
with increased sequestration of certain RBPs such as TIA-1 (and its interacting
partners). This could contribute to an impairment of PB functions and miRNA
synthesis. Interestingly, tauopathies are highly associated with TIA-1 loss of func-
tion (Vanderweyde et al. 2012, 2016). Lastly, it remains unclear why selected
miRNAs are upregulated in the disease and others are not. It is possible that RBPs
which facilitate the incorporation of certain families of pre-miRNAs into the RISC
complex or the presentation of mRNAs to the miRNAs are sequestered in aggre-
gates, thereby interfering with miRNA-mediated silencing. More studies are needed
in order to fully comprehend the role of PBs in AD.
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8.5.5 Transport RNA Granules in ALS

Most studies have focused on TDP-43 functions in RNA processing. However,
TDP-43 is also involved in a number of neuronal mechanisms, including the
transport of mRNA from the soma to the dendrites (Sephton et al. 2011; Alami
et al. 2014). In primary neurons, TDP-43 is localized in neuronal RNA granules that
also contain the SG protein TIA-1; these granules are present in the soma and the
dendrites. In contrast, TDP-43 granules containing both TIA-1 and G3BP1 are
generally confined to the soma. Interestingly, granules containing TIA-1/G3BP1/
TDP-43 are larger, supporting previous work that G3BP1 is responsible for the
assembly of SGs (McDonald et al. 2011; Aulas et al. 2012). TDP-43-enriched
granules do not colocalize with the PB marker DCP1a but, instead, are localized at
the proximity of the granules (Liu-Yesucevitz et al. 2014). This closeness suggests
that TDP-43-positive transport granules and PBs interact, similar to SGs and PBs,
and thus may exchange mRNA components. Thus, PB functions are potentially
essential to transport granules. The ALS-related TDP-43 mutations A315T and
Q343R negatively impact the size and distribution of transport granules. Specifi-
cally, mutant TDP-43 induced larger RNA granules which were more sparingly
distributed in neuronal processes (Liu-Yesucevitz et al. 2014). These larger granules
have reduced mobility compared to their wild-type counterparts, suggesting that
ALS-related mutations impair transport granule function (Liu-Yesucevitz et al.
2014). This has been confirmed, as the TDP-43 mutations examined both reduced
RNA granule trafficking and TDP-43 localization to dendritic arbors following
neuronal depolarization (Wang et al. 2008a; Liu-Yesucevitz et al. 2014). These
observations suggest that TDP-43 dysfunction stems from the acquisition of
aggregation-prone properties either from mutations or from cytoplasmic localization
(Conicella et al. 2016). This would impair TDP-43 granule mobility and disassem-
bly, leading to synaptic deficiencies from loss of transport granule function (Dewey
et al. 2012; Fallini et al. 2012; Pascual et al. 2012; Wolozin 2012; Alami et al. 2014).
Moreover, in rat brain, TDP-43 mRNPs target RNA metabolism, synaptic formation,
and neurotransmitter-related transcripts (Sephton et al. 2011). This includes
neuroligins and neurexins which are essential for synaptic connectivity and are
linked to cognitive dysfunction (Siidhof 2008). Therefore, impairing TDP-43-bear-
ing transport granules is deleterious for neuronal processes. In ALS, it is suggested
that defects in synaptic processes happen first. Deregulation of RNA metabolism at
the synapse may become so impaired that it results in massive synaptic degeneration
that may precede clinical symptoms by years.

FUS is also associated with neuronal transport granules and synaptic localization
upon depolarization (Belly et al. 2005; Fujii et al. 2005). Indeed, in mouse hippo-
campal neurons, FUS localizes to dendrites. After activation of mGIuRS, FUS
translocates to excitatory dendritic spines. Functionally, FUS is reportedly
transported to spines in order to control the localization and anchoring of mRNAs
at the synapse (Sephton et al. 2014). Therefore, depolarization induces FUS trans-
port in order to properly drive the translational changes required at the spines (Belly
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et al. 2005; Fujii et al. 2005). The necessity of FUS at the spines is demonstrated by
the abnormal spine morphology observed in FUS knockout mice (Fujii et al. 2005).
FUS also associates with the tumor-suppressor protein adenomatous polyposis coli
(APC) in APC-RNPs which function to target mRNAs to cell protrusions and is
required for efficient localized translation at these sites (Yasuda et al. 2013).
However, ALS-associated FUS mutants R521C, R495X, and P525L enhance pro-
tein recruitment to APC-RNP complexes, generating spontaneous granules and
causing bound transcripts to be translated in the cytoplasm rather than at the pro-
trusions (Yasuda et al. 2013). In neurons, loss of the correct localization for
translation impairs dendritic spine function resulting in neurodegeneration. This
suggests that FUS mutants in ALS are associated with a loss of function with regards
to transport granules. mRNAs translated at the wrong place can involve two
non-mutually exclusive pathogenic consequences: the incorrectly translated proteins
will not be able to exert their functions at their target location and they may exert
their activity at the site where it has been translated. If the site is not appropriate, then
these mistranslated peptides can potentially confer a gain of toxicity. Both scenarios
can be deleterious for neurons.

8.5.6 Transport Granules and Alzheimer’s Disease

The axonal localization of tau mRNA to the proximal end of the axon is essential to
promote microtubule assembly (Elie et al. 2015; Kadavath et al. 2015). As discussed
earlier, tau is highly regulated by G3BP1 (Moschner et al. 2014). G3BP1 is impli-
cated in the transport of tau mRNA in G3BP1-IMP1-positive transport granules
(Atlas et al. 2007; Moschner et al. 2014). The formation of G3BP1-IMP1 granules is
associated with a shift in the ratio of tau isoforms, increasing the high molecular
weight (HMW) forms compared to the low molecular weight (LMW) forms at both
the protein and mRNA levels (Moschner et al. 2014). Interestingly, high levels of
HMW tau are detected in the CSF of AD patients, as well as in post-mortem AD
brains (Takeda et al. 2015, 2016). Moreover, these HMW forms can be absorbed by
neurons and seed aggregates, supporting their importance in AD pathogenesis
(Takeda et al. 2015).

The relationship of transport granules to AD pathogenesis is also demonstrated by
their composition. IMP1 granules have a distinct composition, compared to other
neuronal RNA granules (Jonson et al. 2007). Instead of being principally enriched in
RBPs, these granules are rich in factors involved in protein secretion, including APP
(Jonson et al. 2007). Very interestingly, dysfunction in IMP1 granules may impact
both AD-related proteins Af and tau. Functionally, G3BP1-IMP1 granules are
involved in neuronal sprouting in a G3BP1-dependent manner. G3BP1 contains
one RRM and four LCDs (Moschner et al. 2014; Reineke et al. 2015). Removal of
two LCDs impairs granule formation and abrogates sprouting, even after treatment
with nerve growth factor (NGF) (Moschner et al. 2014). In AD, a massive increase in
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somatodendritic sprouting is noted: hence, an increase in G3BP1-IMP1 granules is
potentially relevant in AD.

Finally, both NFTs and plaques contain transcripts coding for the kainate recep-
tors which are essential for synaptic activity (Ginsberg et al. 1997, 1999). Interest-
ingly, the kainate receptor GluR1 is co-repressed in dendrites by TDP-43 and FRMP
to regulate spinogenesis (Majumder et al. 2016). It is therefore possible that NFTs
and amyloid plaques sequester neuronal RNA granules, thus impairing their func-
tion. In support of this is that TDP-43 immunoreactivity is observed in NFTs in 20%
of AD cases in the absence of TDP-43 nuclear depletion, suggesting that nuclear
TDP-43 functions are retained (Amador-Ortiz et al. 2007). As tau is rich in disor-
dered domains, it is actually not surprising that dendrite localized TDP-43 can be
sequestered in NFTs. Also, using a yeast two-hybrid system, APP has been found to
interact with Staufen 1; however, the functional relevance of this interaction remains
to be determined (Yu et al. 2015). Nonetheless, it is tempting to speculate that this
interaction disrupts the dendritic transport of associated mRNAs and possibly
contributes to neuronal dysfunction.

8.6 Concluding Remarks

Perturbations in RNA granules are associated with many neurodegenerative dis-
eases. These dysfunctions are critical as they compromise RNA metabolism and
contribute to cell death/neuronal loss. In the majority of cases, RNA granule
dysfunction is the result of disturbed RBP functions. Thus, it is essential to establish
the composition of each RNA granule subtype and understand the role of their
components. This will facilitate the study of RNA granule dynamics. Indeed,
neurodegenerative diseases are associated with hypo- and hyper-assembly of
mRNPs (Shukla and Parker 2016). Comprehending how RNA granules assemble
and disassemble will not only shed light on new molecular mechanisms, it will also
help understand the pathological processes relevant to these diseases and subsequent
therapeutic and/or biomarker development. Furthermore, our understanding of
disease-related aggregate formation and whether RBP-containing aggregates are
pathogenic or protective will also be advanced.
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Chapter 9 )
Lessons from (pre-)mRNA Imaging s

Srivathsan Adivarahan and Daniel Zenklusen

Abstract Cells are complex assemblies of molecules organized into organelles and
membraneless compartments, each playing important roles in ensuring cellular
homeostasis. The different steps of the gene expression pathway take place within
these various cellular compartments, and studying gene regulation and RNA metab-
olism requires incorporating the spatial as well as temporal separation and progres-
sion of these processes. Microscopy has been a valuable tool to study RNA
metabolism, as it allows the study of biomolecules in the context of intact individual
cells, embryos or tissues, preserving cellular context often lost in experimental
approaches that require the collection and lysis of cells in large numbers to obtain
sufficient material for different types of assays. Indeed, from the first detection of
RNAs and ribosomes in cells to today’s ability to study the behaviour of single RNA
molecules in living cells, or the expression profile and localization of hundreds of
mRNA simultaneously in cells, constant effort in developing tools for microscopy
has extensively contributed to our understanding of gene regulation. In this chapter,
we will describe the role various microscopy approaches have played in shaping our
current understanding of mRNA metabolism and outline how continuous develop-
ment of new approaches might help in finding answers to outstanding questions or
help to look at old dogmas through a new lens.

Keywords mRNA - mRNPs - Electron microscopy - In situ hybridization -
smFISH - Polysomes - RNA imaging - Single molecule microscopy - Gene
expression

S. Adivarahan - D. Zenklusen (b))

Département de Biochimie et médecine moléculaire, Université de Montréal, Montréal, Québec,
Canada

e-mail: srivathsan.adivarahan @umontreal.ca; daniel.r.zenklusen @umontreal.ca

© Springer Nature Switzerland AG 2019 247
M. Oeffinger, D. Zenklusen (eds.), The Biology of mRNA: Structure and Function,

Advances in Experimental Medicine and Biology 1203,
https://doi.org/10.1007/978-3-030-31434-7_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-31434-7_9&domain=pdf
mailto:srivathsan.adivarahan@umontreal.ca
mailto:daniel.r.zenklusen@umontreal.ca

248 S. Adivarahan and D. Zenklusen

9.1 Tools for RNA Visualization at Different Scales

The dynamic regulation of gene expression is critical for cells and organisms to
develop and maintain homeostasis. mRNAs play a central role in this process, acting
as messenger molecules that connect the information stored in the genome and the
machineries translating them into proteins. However, despite their often-short-lived
role as templates for proteins synthesis, controlling mRNA metabolism is among the
most complex cellular processes composed of numerous steps, many of which are
subject to regulation and quality control, involving hundreds of proteins. Therefore,
a long-standing and critical effort has been made towards studying gene regulation
and mRNA metabolism, as mis-regulation in any step can lead to a wide range of
diseases (Cooper et al. 2009). Microscopy approaches have been critical tools in this
effort, as they allow to study these processes in the context of the native environment
of the cell.

Many imaging-based approaches have been developed to observe mRNA and
messenger ribonucleoproteins (mRNPs) in cells, either in a fixed cell or a living cell
context, and each of these approaches has its own strengths and limitations. While
fixation prior to any kind of labelling for RNA detection comes with the benefit of
allowing complex labelling protocols and long exposures during image acquisition
that is often required for robust detection and multiplexing, the dynamics of inter-
actions within the cell is lost and can only be captured using live-cell approaches.
Light microscopy techniques are most commonly used to study mRNAs, but they are
limited in resolution; however, recently developed single molecule localization and
super-resolution microscopy approaches have helped overcome this barrier, but their
usage in understanding the behaviour of RNAs in cells is still in its infancy . Electron
microscopy, on the other hand, is superior in terms of resolution and has been used in
combination with different staining protocols or combined with immunolabelling to
detect RNPs or target specific RNA binding proteins in cells or in vitro; however, it
is limited in terms of labelling efficiencies for specific RNAs and multiplexing. In
this chapter, we will describe the most commonly used techniques for visualizing
mRNPs both in fixed and live cells, at low and high resolution, before discussing in
more detail how RNA imaging has contributed to the current understanding of
mRNA metabolism.

9.1.1 RNA Detection in Fixed Cells and Tissues

Most studies involving mRNA detection using microscopy have been performed in
fixed cells and tissues. The main reason to work in a fixed cell environment is largely
technical, allowing access to a wider range of tools and methodologies that are easier
to implement and requiring less sophisticated microscopy setups to image, making
them a preferable choice over live-cell imaging. Moreover, due to the crudeness of
sample preparation and the destructive nature of high-energy electron beams, EM
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studies have to be restricted to fixed cells. Two approaches are generally used to
visualize mRNPs—either through direct targeting of the mRNA or indirect targeting
of associated RNA-binding proteins within the mRNA-protein complex. When
using RNA as the target for mRNA imaging, the most common tools use antisense
probes, most often DNA probes of various lengths, that hybridize specifically to an
mRNA of interest. These probes can be coupled with labels that can be recognized
using either electron microscopy or tomography (EM-in situ hybridization), fluores-
cent in situ hybridization (FISH) or, in the early days of RNA detection, radioactiv-
ity. The use of fluorescent dyes instead of heavy metals in EM or radioactive
materials is advantageous as it allows for multiplexing using probes labelled with
spectrally differentiable fluorophores. Early RNA studies were often limited to the
detection of either highly abundant mRNAs or mRNAs that show high local
concentrations within specific cellular compartments, such as localized RNAs,
largely due to the limited sensitivity and low signal-to-noise ratio of RNA FISH
when using single and often long (>1 kB) fluorescent probes. The development of
methods that allowed for detection of single mRNA molecules in cells, independent
of their abundance, represented a milestone in RNA imaging and opened the door for
more quantitative approaches to mRNA imaging in cells. However, adoption of the
technique as the standard tool for cellular mRNA imaging was a slow process. The
development of single molecule resolution RNA FISH (smFISH) by the Singer
laboratory in 1998 was the first of many crucial steps towards this process (Femino
et al. 1998). In a seminal paper by Femino et al., multiple DNA oligonucleotides
probes ~50 nt in length were targeted to hybridize with the beta- and gamma-actin
mRNAs allowing for the simultaneous detection of single mRNA molecules of
multiple transcripts within the same cell (Fig. 9.1a top). However, the limited
availability of sensitive cameras and high-end imaging equipment, combined with
the need for custom synthesis of densely labelled probes that were both expensive
and harder to generate for laboratories that did not had access to a DNA synthesizer,
limited the adoption of the technique. Over the last decade, however, various
modifications to the initial approach have been made that have made single
mRNA detection much more accessible. The approach that is currently most widely
adopted uses 35-50 DNA oligonucleotides, each 20 nt in length and coupled to a
single fluorescent dye. The probes are hybridized in fixed cells in low formamide
concentrations, resulting in robust single molecule detection (Fig. 9.1a bottom) (Raj
et al. 2008). The high signal-to-noise ratio observed for single mRNAs has seen its
wide adoption for mRNAs imaging in many organisms, cells and tissues. A more
cost-efficient adaptation of this approach, termed single molecule inexpensive FISH
(smiFISH), has also been developed that uses target-specific probes containing a
transcript-specific sequence as well as an overhang that can hybridize with a
common set of fluorescently labelled antisense probes (Fig. 9.1b) (Tsanov et al.
2016). Additionally, alternative approaches have been successfully implemented,
using either branched probes (Sinnamon and Czaplinski 2014; Wang et al. 2012),
rolling circle amplification (Larsson et al. 2010) or click chemistry to padlock probes
to the target mRNA or probes hybridized to the target mRNA (Rouhanifard et al.
2019) to increase signal amplification (Fig. 9.1c—f). Furthermore, to overcome the
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Fig. 9.1 Methods used to visualize mRNA in fixed cells. (a) Single molecule RNA in situ
hybridization (smFISH) uses either multiple 50 nt ssDNA oligos labelled with multiple dyes or
20 nt ssDNA oligos labelled at a single position. (b) smiFISH uses a 20-35 nt target-specific
sequence plus a 28 nt overhang which can hybridize to an antisense FLAP probe coupled to
fluorescent dyes. (¢) Branched DNA FISH requires hybridization of two gene-specific probes to
allow the hybridization of a preamplifier and subsequent amplifier probes that are then detected with
dye-labelled readout probes. (d) FISH-STICS is similar to branched DNA FISH, with the pream-
plifier sequence present as an overhang to the gene-specific probe. (e) and (f) Padlock-based
systems for detection rely on single-stranded target-specific probes with ligatable ends. ClampFISH
uses multiple round of hybridization with padlock probes with each round amplifying the signal.
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low multiplexing capability of RNA FISH due to the limited availability of spectrally
differentiable fluorophores, spectral barcoding has often been used, either by using
probes labelled with specific combinations of dyes for specific RNAs or through
sequential rounds of hybridization with a subset of probes followed by rounds of
imaging and stripping of hybridized probes, and has allowed for the detection of tens
to hundreds of RNAs in the same cell (Fig. 9.1g, h) (Chen et al. 2015; Codeluppi
et al. 2018; Eng et al. 2017, 2019; Jakt et al. 2013; Levsky et al. 2002; Lubeck and
Cai 2012; Lubeck et al. 2014; Wang et al. 2018).

mRNAs in cells are part of mRNPs, and mRNAs can also be visualized indirectly
by visualizing protein bound to mRNAs, either using antibodies to specific
RNA-binding proteins (RBPs) or using fluorescent protein fusions. Similar to
FISH probes, antibodies can be conjugated either with fluorescent dyes or heavy
metals to be imaged using either fluorescence or electron microscopy, respectively.
However, there are important differences to direct RNA detection as most RBPs bind
to many different mRNAs and, in addition, exist in cells in RNA-bound as well as in
free fractions. Imaging RBPs, therefore, reveals a different kind of information than
the RNA-centric information obtained from hybridization approaches that target
specific transcripts. Nevertheless, combining RBP imaging and FISH is a powerful
tool to study regulatory mechanisms acting on mRNAs.

For electron microscopy and tomography studies, mRNPs can be labelled using
heavy metal salt solutions such as uranyl acetate and lead citrate. These salts can
react with cellular structures including RNA and RNA-binding protein to increase
their contrast when imaging by electron microscopy (Bozzola and Russell 1999).
This methodology can either be used alone or combined with EM-ISH or antibody-
based targeting of RNA-binding proteins to further increase the labelling of mRNPs
or identification of specific proteins as part of the mRNP complex. More recently, the
advent of cryo-electron microscopy/tomography has made it possible to determine
structures of different RNA-protein complexes in vitro without the need for crystal-
lization (Kiihlbrandt 2014); however, its usage in imaging mRNPs in cells might be
limited as mRNPs are heterogeneous both in protein and mRNA composition.
Moreover, the crowded environment of the cell combined with the low contrast
while imaging has limited the usage of cryo-electron tomography to specific regions
of the cell, where it is possible to spatially separate RNPs (Mahamid et al. 2016).

<
«

Fig. 9.1 (continued) Rolling circle amplification uses one padlock probe from which the signal can
be amplified. (g) and (h) Spectral barcoding approaches to detect multiple mRNA targets either
through differential labelling (g) or multiple rounds of hybridization and stripping to generate
unique barcodes for specific mRNAs (h). See text for more details
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9.1.2 RNA Detection in Living Cells

Cellular processes are dynamic and the various steps within the gene expression
pathway involve spatial progression through different cellular structures and com-
partments. Investigating such dynamic processes is limited when using approaches
that rely on cell fixation, and various imaging techniques have been developed to
visualize mRNPs in living cells (Fig. 9.2). Early approaches relied on hybridizing
probes labelled with single fluorophore to target mRNAs. These probes contained
either a single fluorescent dye, were labeled with an acceptor or donor FRET pair that
only fluoresce when bound to the target RNA or were designed such as to contain a
dye and quencher on the same oligonucleotide sequence, where the dye is quenched
when the probe is not hybridized to its target (Fig. 9.2a, b) (Bao et al. 2009;
Molenaar et al. 2001; Santangelo et al. 2004; Tyagi and Kramer 1996). However,
the usage of these probes for visualizing mRNAs in live cells was challenging and
often limited due to their low signal-to-noise ratio, fast degradation and difficulty to
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Fig. 9.2 Tools for life cell RNA imaging. Cartoons illustrating different methods to visualize
mRNA in living cells. (a) Antisense probes. Single-stranded DNA or RNA probes labelled with
fluorescent dyes can be inserted into cells using different transfection or injection strategies where
they hybridize to specific mRNAs. (b) Molecular beacons change their fluorescent properties when
binding to a target mRNA, thereby reducing background. (¢) Aptamer-fluorescent protein pair.
RNA stem-loops bound with high affinity and specificity by RNA-binding proteins such as the
capsid proteins from the bacteriophages MS2 and PP7, which when fused to a fluorescent protein
result in a fluorescent labelled RNA. (d) Aptamer-aptamer binding dye pair. Molecules designed to
bind to RNA aptamers such as Spinach or Mango can result in fluorescent RNAs. (e) Cas13a RNA
imaging. Cas13a binds RNA specifically, mediated by a guide RNA (gRNA). Co-expressing a
gRNA and a catalytic dead mutant termed dCasl3a fused to a fluorescent protein results in a
fluorescent labelled mRNA. Multiple gRNAs to an mRNA are used to enhance the signal. (f)
Translation imaging using the SunTag peptide labelling system. An antibody fused to GFP (scFv-
GFP) that recognizes a short multimerized peptide sequence at the N-terminus of a nascent protein
allows imaging of translating mRNAs. See text for more details
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permeate through the cell membrane, requiring the use of delivery methods such as
microinjection, electroporation, cell membrane permeabilization or packaging in
cell-penetrating peptides [discussed in Bao et al. (2009)].

To overcome many of these drawbacks, aptamer-based RNA visualization
approaches have been developed that allow detection of RNAs either using endog-
enously expressed fluorescent proteins (aptamer-protein combination) or through
membrane-permeable fluorescent dyes (aptamer-dye combination) (Fig. 9.2¢c, d).
The most commonly used aptamer-protein combinations are derived from bacterio-
phage capsid proteins that bind with high affinity and specificity to short stem-loop
RNA structures. Because they are derived from bacteriophages, these proteins do not
have endogenous targets in eukaryotic systems. Coat protein/RNA stem-loop com-
bination of the MS2 and PP7 bacteriophages is most frequently used, but other
combinations, such as lambda N or UlA, have also been utilized (Bertrand
et al. 1998; Brodsky and Silver 2000; Daigle and Ellenberg 2007; Larson et al.
2011; Urbanek et al. 2014). Insertion of a specific aptamer sequence to an RNA of
interest and co-expression of a coat protein fused to a fluorescent protein result in a
fluorescently labelled RNA. However, insertion of a single stem-loop does not allow
for detection of single RNAs, and aptamer sequences need to be multimerized to
amplify the signal. To obtain robust single molecule sensitivity, typically 12-24
stem-loops are inserted to an mRNA of interest, often within the 3’ untranslated
region. Over the years, many modifications have been made to the system to fine-
tune signal-to-noise ratio and to adopt the system for the study of specific processes,
either through modifications to the RNA aptamer sequences, dimerization of the
proteins or fine-tuning the expression levels of the aptamer binding proteins (Tutucci
et al. 2017; Wu et al. 2012, 2015a). Aptamer labelled RNAs are either ectopically
expressed or integrated into genomic loci or the aptamer sequence can be integrated
to endogenously expressed mRNAs. Common in lower eukaryotes such as
S. cerevisiae for a long time, genomic integration only recently got adapted in higher
eukaryotes using different genome editing approaches such as TALEN (Ochiai et al.
2014) or CRISPR/Cas9 (Spille et al. 2019).

One limitation of the MS2/PP7 systems is that it requires the expression of the
aptamer binding proteins fused to a fluorescent protein. To circumvent this problem,
dye binding aptamers have been developed such as Mango and Spinach
(Dolgosheina et al. 2014; Paige et al. 2011). Aptamer-dye combinations provide a
distinct advantage in terms of theoretically stronger signal because of the use of
organic dyes that are generally brighter and more photostable than fluorescent
proteins and, for dyes that change their fluorescent properties upon binding to the
aptamer (fluorgenic dyes), can further reduce background. However, despite having
great potential, aptamer-dye pairs have not yet shown to result in robust single
molecule detection, possibly due to issues in RNA folding, cell permeability
and/or dye binding properties. Aptamer-based imaging systems are discussed more
in detail in (Dolgosheina and Unrau 2016; Urbanek et al. 2014). Moreover, the
limitations of aptamer-based methods still apply to aptamer-dye combinations
requiring genetic manipulations to insert aptamer sequences to the RNA of interest
and are therefore laborious for studying endogenously expressed RNAs.
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More recently, a CRISPR-Cas9-based method was developed that uses an
RNA-targeting Cas9 to recognize RNAs of interest (Nelles et al. 2016), as well as
Cas13a, which directly binds to RNA (Abudayyeh et al. 2017) (Fig. 9.2e). Though
successfully applied for detecting the population of highly abundant endogenously
expressed mRNAs, signal-to-noise ratio sufficient for single molecule detection has
not yet been reported.

In addition to new methodologies for mRNP imaging in cells, tools for
image analysis have simultaneously been developed with the aim to facilitate
detection, localization and tracking of single RNA molecules. Single-particle
tracking algorithms initially developed for tracking receptor diffusion on cell
surfaces were later utilized to tracking of single molecules in cells with a
very high spatial accuracy (~10-20 nm) (Cherry et al. 1998). These algorithms
were further developed by Thompson et al. to enable sub-diffraction resolution
localization of single particles for a wide range of circumstances (Thompson
et al. 2002). To overcome the resolution limit determined by the wavelength
of light, the signal emitted from individual spatially distinct particles was fitted
to a 2D Gaussian with the centroid of the Gaussian being able to determine
molecule localization to a very high precision. This and similar approaches
have since been widely adapted to create tools for localization and counting
of single mRNPs in fixed cells and localization, as well as counting and
tracking of single mRNPs in living cells (Jagaman et al. 2008; Lionnet et al. 2011;
Mueller et al. 2013; Tinevez et al. 2017).

Together, these imaging techniques have been used to study various aspects
of mRNP metabolism, starting from transcription to degradation, as well as
have been used to study biophysical properties of mRNPs. Below, we will
discuss how imaging approaches have contributed to the current understanding of
these processes.

9.2 Visualizing Nuclear (pre-)mRNPs

The life of an mRINA starts with its synthesis by RNA polymerase II, when mRNAs
are produced as precursors that require extensive processing and maturation before
being released from chromatin to find their way to the nuclear periphery to be
exported to the cytoplasm for translation. Imaging has been an important tool to
study all aspects of nuclear RNA metabolism, including mRNA synthesis and
processing, and has revealed important aspects of the kinetics and dynamics of
these various processes (Fig. 9.3).
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Fig 9.3 Visualizing nuclear mRNA metabolism. Clockwise starting at the top left. Organization
and dynamics of nuclear mRNPs. (Top) Conformations of nuclear MDN1 mRNAs in HEK293 cells
visualized using smFISH (left), their ball-and-stick representations (right) and cartoon showing
regions of probe hybridization (top) from Adivarahan et al. (2018). (Bottom) Reconstruction of BR
mRNPs observed with electron tomography. Modified with permission from Mehlin et al. (1992).
(Right) Restricted diffusion of mRNPs through interchromatin space visualized using molecular
beacons. Blue shows DAPI signal. Modified from Vargas et al. (2005). Copyright (2005) National
Academy of Sciences, USA. mRNP export. Scanning and export of beta-actin mRNA visualized
using MS2 RNA tagging. Figure shows time series of a single -actin mRNP reaching the nuclear
periphery prior to its export. Bottom right panel shows overlay of time series. Nuclear pores are
labelled in red. Modified with permission from Griinwald and Singer (2010). Export of BR mRNPs
observed using electron microscopy. mRNPs were found to dock to the nuclear basket and
remodelled before exiting through the central channel. Modified with permission from Mehlin
et al. (1992). Transcription bursting. smFISH illustrating transcription bursting of an inducible
reporter (green) and the large subunit of RNA polymerase II (red). Modified with permission from
Raj et al. (2006). Constitutive transcription. Image showing constitutive expression of MDN1
mRNA in Saccharomyces cerevisiae using smFISH. Modified from Zenklusen et al. (2008).
Measuring transcription elongation. Images showing expression of PP7 labelled reporter mRNA
(green) in live cells. Nuclear pores are shown in red. Panels represent different time points with
arrows pointing sites of active transcription. Modified from Larson et al. (2011). mRNA processing.
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9.2.1 RNA Imaging to Study Transcription Initiation
and Elongation

Transcription regulation is a complex process initiated by recruitment of the
pre-initiation complex at the promoter region, a process itself influenced by a
multitude of factors including the binding of transcription factors, chromatin
remodelling and interaction with regulatory elements such as enhancers (Hager
et al. 2009). Extensively studied for a long time using different experimental systems
and approaches, including in vitro assays to determine binding affinities of TF and
the role of general and specific factors in modulating the transcription reaction, the
emergence of RNA imaging to study transcription quickly revealed the limitations of
some of these approaches to recapitulate many aspects of transcription regulation in
the context of a living cell (Coulon et al. 2013). One factor that made application of
in vitro studies in particular difficult to living systems is that many regulatory
elements that have to assemble at promoters are present in finite numbers in cells.
This implies that transcription in cells can best be described as a stochastic rather
than a purely deterministic process, an effect which would result in variability of
RNA numbers expressed in different cells, even between clonal cells grown under
identical conditions. Indeed, using single cell and single molecule imaging
approaches, the stochastic nature of transcription has since been described in many
different organisms. One such approach uses variants of smFISH to determine
cellular mRNA levels as a measure for transcription output, similar to measuring
mRNA levels using RNAseq or qRT-PCR, but at the single cell level. Moreover, in
addition to quantifying total RNA, smFISH also allows determining the number of
nascent transcripts, revealing transcriptional activity at individual loci. These two
measurements can be combined with modelling approaches to describe transcription
behaviour in single cells and have been applied in many studies (Bartman et al. 2019;
Halpern et al. 2015; Paré et al. 2009; Raj and van Oudenaarden 2008; Raj et al. 2006;
Senecal et al. 2014; Zenklusen et al. 2008). Alternatively, transcription can be
monitored in real time by inserting aptamer repeats into genes and measuring the
intensity of fluorescence signals of nascent mRNAs using fluorescently tagged
proteins with high affinity to these aptamers, such as MS2 and PP7 (see above).
As each initiation and termination event leads to fluctuation in transcription site
intensity, these measurements can reveal transcription dynamics, including initiation
frequencies (Chubb et al. 2006; Darzacq et al. 2007; Golding et al. 2005; Larson

Fig 9.3 (continued) (Top) Electron micrograph of a Miller spread chromatin isolated from Dro-
sophila embryos and drawing showing tracing of the micrograph. The numbers represent different
mRNA templates transcribed. Looping of introns can be observed along with the co-transcriptional
splicing of mRNPs identified by the deposition of the spliceosome complexes. Modified with
permission from Beyer and Osheim (1988). (Bottom) Co- and post-transcriptional splicing of
c-Fox pre-mRNAs visualized by smFISH. Exons shown in red, introns in green. Bottom shows
overlay of the localized signals on a bright-field image with yellow spots representing unspliced
pre-mRNAs not colocalizing with transcription sites. Modified with permission from Vargas et al.
(2011). See text for more details
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et al. 2011; Muramoto et al. 2012; Yunger et al. 2010). Such measurements have
revealed many important features on how genes are transcribed that could not be
obtained using classical approaches, including the stochastic nature of many aspects
of transcription regulation. One of the most consequential observations was that
most genes are transcribed in a discontinuous manner, where periods of active
transcription are interspaced with periods where there is no new initiation by RNA
polymerase II (Chubb et al. 2006; Golding et al. 2005; Muramoto et al. 2012;
Zenklusen et al. 2008). Thereafter, various studies have showed that both the
duration of ‘on’ and ‘off’ periods, as well as the initiation frequency during the
‘on’ time, often described as a transcription burst, are extensively regulated. Factors
such as histone modifications, promoter architecture, binding of transcription fac-
tors, formation of enhancer-promoter loops, cell volume and position of genes in the
genome were all found to regulate transcription bursting which continues to be
extensively studied (Bartman et al. 2016; Chen and Larson 2016; Lenstra et al.
2016; Nicolas et al. 2018; Padovan-Merhar et al. 2015; Raj and van Oudenaarden
2008; Raj et al. 2006; Senecal et al. 2014; Suter et al. 2011).

Assays used to study transcription initiation have also been used to measure the
speed of an RNA polymerase along the template, either by modelling smFISH data
or by correlating signal fluctuations from time traces of aptamer labelled RNAs.
These measurements revealed a high amount of variability in the elongation speed of
RNA polymerase II, ranging from ~25 nt/s in E. coli (Golding and Cox 2004;
Golding et al. 2005) to 5-1000 nt/s in eukaryotes (Ben-Ari et al. 2010; Brody
et al. 2011; Darzacq et al. 2007; Femino et al. 1998; Hocine et al. 2013; Larson
et al. 2011; Maiuri et al. 2011; Wada et al. 2009; Yunger et al. 2010). Moreover,
transcription elongation rates were found to vary from cell to cell, with some of the
variations linked to the cell cycle (Hocine et al. 2013; Larson et al. 2011). One cause
of the variability in elongation rates was attributed to RNA polymerase pausing,
previously suggested by ChIP studies that showed non-uniform distribution of RNA
polymerase II across genes, with intermittent spikes (Churchman and Weissman
2011; Jonkers et al. 2014; Zeitlinger et al. 2007). This was further confirmed by
FRAP studies on the transcription site of MS2-labelled mRNA, revealing that RNA
polymerases can stochastically pause during the elongation step, or at the 3’ terminus
post the polyadenylation site (Boireau et al. 2007; Darzacq et al. 2007). In addition to
stochastic pausing events, ChIP results also indicated the RNA polymerases could
pause throughout the body of the gene with particularly enrichment near the pro-
moter (termed promoter-proximal pausing), before nucleosome dyads and at intron-
exon junctions, suggesting a wider role for RNA polymerase in regulation of gene
expression (Churchman and Weissman 2011; Kwak et al. 2013; Lenstra et al. 2016).
However, single molecule FRAP observations on reporter mRNAs did not observe
pausing in the body of intron-containing genes (Brody et al. 2011), indicating that
pausing might not be a universal for all intron-exon junctions. Overall, single
molecule microscopy techniques have provided a platform to image the transcrip-
tional behaviour of genes at the level of single alleles, providing a better spatial
resolution as well as sensitivity in comparison to single cell sequencing techniques.
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However, despite the progress in determining factors affecting transcriptional burst-
ing, the molecular mechanisms regulating this process are not yet fully understood

9.2.2 Pre-mRNA Maturation

mRNAs are first transcribed as precursors, and the process of mRNA maturation
involves multiple processing steps, including modification of the 5', excision of
introns, 3’ end cleavage and polyadenylation as well as chemical modification of
bases along the length of the mRNA. Many of these processes occur
co-transcriptionally, are coupled with each other and are essential to ensure that
mRNPs are properly assembled to allow for their export and subsequent translation.
Already early into the discovery of RNA processing steps, imaging provided
important insights into this complex process. Hybridization approaches combined
with electron microscopy were critical for the discovery of introns, when experi-
ments in the Roberts and Sharp laboratories showed DNA segments looping from
DNA-RNA R-loop regions, when RNA was hybridized to viral genomic DNA
fragments (Berget et al. 1977; Chow et al. 1977). Similarly, electron micrographs
of chromatin spreads from Drosophila melanogaster showed RNP assemblies at the
intron-exon junctions which were later identified as spliceosomes, indicating that
splicing might be a co-transcriptional process (Osheim et al. 1985).
Co-transcriptional spliceosome assembly was later elucidated by many studies and
approaches, including using variants of chromatin immunoprecipitation that allowed
cross-linking of snRNPs and splicing factors to chromatin in transcription- and/or
splicing-dependent manner (Alpert et al. 2017; Gornemann et al. 2005; Kotovic et al.
2003) as well as using an in vitro TIRF microscopy system with labelled RNAs and
spliceosome components (Hoskins et al. 2011). Dynamics of spliceosome associa-
tion at sites of transcription was further studied using single molecule microscopy
approaches using either antibodies against U snRNP proteins or FISH probes against
U snRNAs (Brody et al. 2011; Schmidt et al. 2011; Wetterberg et al. 2001).
Interestingly, it was shown that recruitment of the Ul snRNP to active transcription
sites could occur independent of the presence of introns in the pre-mRNA, indicating
an RNA-independent recruitment possibly mediated by RNA pol II (Brody et al.
2011). The same study found that mRNAs with higher number of introns had more
spliceosome components recruited to the transcription site, suggesting that multiple
spliceosomes could potentially assemble onto the same mRNA. However, the
number of spliceosomes acting on the pre-mRNA is likely to vary depending on
the strength of the 5" and 3’ splice sites, the presence of RNA secondary structures
and splicing of adjacent introns. Moreover, it is not clear which proteins are recruited
as preassembled complexes and which join as individual proteins. Co-transcriptional
recruitment to sites of transcription or loading onto pre-mRNPs was also observed
for various splicing regulators, including several SR proteins using either immuno-
fluorescence or immuno-EM (Bjork et al. 2006, 2009; Brody et al. 2011; Misteli
et al. 1998; Wetterberg et al. 1996).
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Co-transcriptional assembly of splicing factors resulting in the co-transcriptional
splicing was first observed on chromatin Miller spreads from Drosophila embryos.
These electron micrographs showed nascent pre-mRNA with multiple stages of
intron excision with loops of introns 5’ and 3’ in the process of getting excised
(Beyer and Osheim 1988). Since then, co-transcriptional splicing has been reported
for several intron-containing mRNAs either using dual-colour RNA labelling of spe-
cific intron and exon sequences through incorporation of MS2, lambda N or PP7
aptamer sequences to monitor splicing in live cells, or by in situ hybridization in
fixed cells (Brody et al. 2011; Coulon et al. 2014; Martin et al. 2013; Schmidt et al.
2011; Vargas et al. 2011). These experiments also showed that not all introns are
spliced at the site of transcription, as a small fraction of intron-containing mRNAs
was observed to be either retained at the site of transcription, close to the site of
transcription or within the nucleoplasm, with some indication that splicing of
mRNAs is enhanced post-transcriptionally (Boireau et al. 2007; Brody et al. 2011;
Coulon et al. 2014; Vargas et al. 2011; Waks et al. 2011). Co- or post-transcriptional
splicing might be defined by many factors, including the position of an intron within
a pre-mRNA, the strength of splice sites and possibly other regulatory processes that
might facilitate faster or slower splicing of specific introns. Splicing of introns
has also been shown to impact elongation rates, and recent studies have provided evi-
dence that splicing of one intron can influence splicing of nearby introns (Blazquez
et al. 2018; Boehm et al. 2018). Moreover, intron retention has recently been
proposed as a mechanism to regulate mRNA and protein expression, and imaging
approaches will likely play an important role in dissecting the mechanisms of this
regulatory process (Bahar Halpern et al. 2015; Wegener and Miiller-McNicoll 2018).

Upon reaching the 3’ of a gene, RNA polymerases have to terminate transcription,
and mRNAs are cleaved and polyadenylated before being released into the nucleo-
plasm. Studies using various experimental approaches have shown that termination,
cleavage and release of the mRNA are possibly linked to other transcriptional
process including elongation and splicing (Bentley 2014; Kyburz et al. 2006;
Niwa and Berget 1991). Single molecule live-cell imaging has been used to deter-
mine the relationship between splicing and release of mRNAs from the transcription
site (Coulon et al. 2014; Martins et al. 2011). Using MS2-labelled mRNAs, it was
found that inhibition of splicing using spliceostatin A did not result in an increased
release time of mRNAs; on the contrary, beta-globin mRNAs were released faster
after treatment with the drug, indicating a link between splicing and 3’ end
processing possibly through pausing of RNA polymerases at the 3’ end of the
gene. Similar experiments were used to measure the post-transcriptional dwell times
of transcripts at sites of transcription. These measurements showed varying release
times for different genes and cell cycle stages, ranging from 60 s to 8 mins (Boireau
et al. 2007; Coulon et al. 2014; Darzacq et al. 2007; Larson et al. 2011). Overall,
however, the mechanisms modulating mRNPs release are still poorly understood,
and only few models have so far been proposed to explain these observations
(Lenstra et al. 2016).
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9.2.3 Organization and Movement of mRNPs Within
the Nucleoplasm

It is thought that nascent mRNAs do not exist in cells as long extended polymers but
that pre-RNAs are co-transcriptionally folded and packaged into pre-mRNPs, a
process mediated in part by RNA-binding proteins (RBPs), many of which contain
homo- or hetero-dimerizing domains (Singh et al. 2015). Very little is known about
how (pre-)mRNP formation is achieved, and much of our knowledge comes from
electron microscopy (EM) experiments visualizing the long Balbiani ring
(BR) mRNPs expressed from polytene chromosomes of the dipteran Chironomus
tentans. Due to the large size of mRNAs expressed from the BRI, BR2.1, BR2.2 and
BR6 loci (between 35 and 40 kB in length), the resulting mRNPs are sufficiently
electron dense to be visualized using EM and have been an extremely valuable
model system to study different aspects of mRNP metabolism (Bjork and
Wieslander 2015). These studies showed that mRNA packaging begins sequentially
with the formation of a short 19-20 nm-thick fibre which is later packaged into a
globular particle of ~50 nm diameter, before being released into the nucleoplasm
(Skoglund et al. 1986). Complementing these studies, measuring diffusion charac-
teristics of BR mRNPs labelled using complementary oligonucleotides suggests
similar-sized particles (Siebrasse et al. 2008). A somewhat different kind of organi-
zation was observed for nuclear 18 kB-long MDN1 mRNPs in human tissue culture
cells using smFISH and super-resolution microscopy. These mRNPs were found to
have a more linear architecture and were similar to purified nuclear mRNPs from
S. cerevisiae, which showed elongated, rodlike structures with variable length but a
constant width when visualized by EM (Batisse et al. 2009; Adivarahan et al. 2018).
Such a linear organization is also consistent with data from a recent developed
RNA-RNA proximity ligation approach (Metkar et al. 2018). Due to the limited
number of studies investigating the organization of nuclear mRNPs, it is still difficult
to assess whether there exists a universal mechanism that mediates organization
of mRNPs in the nucleus, and the role of different co- and post-transcriptional
processes in regulating this process.

Once released from the site of transcription, mRNPs need to reach the nuclear
pore to be exported to the cytoplasm. While very early studies suggested that there
might be directed movement of mRNPs from the site of transcription to the nuclear
pore, as stated by the ‘gene gating hypothesis’ proposed by (Blobel 1985), various
studies using either EM or fluorescent microscopy approaches since then have
shown that mRNPs move within the nucleoplasm and reach the nuclear pore through
diffusion. First indications for this nondirected movement came once again from
visualizing nuclear BR mRNPs which were observed to have a random distribution
within the nucleoplasm, suggesting that these mRNPs do not have a defined path
from the site of transcription towards nuclear pores, but possibly diffuse throughout
the nucleoplasm in a random manner (Singh et al. 1999). However, the first direct
measurement of diffusion kinetics of nuclear mRNAs used oligo dT probes labelled
with caged carboxyfluorescein that, when allowed to penetrate cells, hybridized to
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nuclear poly(A) RNA and permitted monitoring diffusion of all poly(A) RNAs in
cells. These studies showed that poly(A) RNAs move freely within the nonchromo-
somal space of the nucleus with properties characteristic of diffusion (Politz et al.
1999). Thereafter, various other studies have visualized mRNP diffusion in the
nucleoplasm and found them to have a wide distribution of diffusion coefficients
(Calapez et al. 2002; Molenaar et al. 2004; Politz et al. 1998, 1999). Using single-
particle imaging approaches such as antisense oligonucleotides targeted to specific
mRNA or using the MS2 tagging system, it was then revealed that nuclear mRNP
diffusion was, although random in its movement, restricted to the extranucleolar
space (Mor et al. 2010; Shav-Tal et al. 2004; Siebrasse et al. 2008; Vargas et al.
2005). Moreover, diffusion was slowed while passing through high-density chro-
matin, suggesting possible interactions with chromatin, and resolution of this stalling
required the presence of ATP (Miralles et al. 2000; Shav-Tal et al. 2004; Vargas et al.
2005).

At least for some mRNPs, the path taken from the site of transcription towards the
nuclear pore might be more complex than simple diffusion through the
interchromatin space to reach the nuclear periphery. In higher eukaryotes, mRNAs
containing inverted Alu repeat elements in their 3’ UTRs have been shown to
localize to paraspeckles, membrane-less nuclear subcompartments, from where
they can be released upon further processing or binding of specific RNA-binding
proteins that promote their export. A first example for such localization was the
CTN-RNA, an alternatively processed transcript expressed from the mCAT2 locus
that contains alternative 5" and 3’ UTRs but is otherwise identical to the protein-
coding mCAT mRNA. The longer CTN-RNA 3’ UTR contains Alu-like SINE
repeats that are A-to-I edited, resulting in the RNA localizing to paraspeckles.
Upon stress, the transcript is processed to the mCAT2 mRNA, released and
transported to the cytoplasm (Prasanth et al. 2005). Alternatively, paraspeckle
localization of different Alu repeat containing mRNAs was shown to be mediated
by the binding of the Staufen 2 protein (Elbarbary et al. 2013); however, the
mechanism that facilitates this localization is not yet known. While paraspeckles
are often located adjacent to nuclear speckles, nuclear domains located in the
interchromatin regions and enriched in splicing factors, poly(A) RNAs and noncod-
ing RNAs, the abundance of paraspeckles is much lower than that of nuclear
speckles (Galganski et al. 2017; Stanék and Fox 2017), and the dynamics of
mRNP localization to paraspeckles remains unclear. It is possible that mRNPs
might be transcribed and spliced in or close to nuclear speckles and are subsequently
transferred to paraspeckles. Alternatively, it remains possible that mRNAs once
released from the transcription site diffuse through the interchromatin space to
reach either the nuclear speckles or paraspeckles. In addition to Alu containing
mRNAs, recent studies have shown that many other mRNAs are retained within
the nucleus and that the process of mRNA retention is regulated. Combining
fractionation with RNA sequencing and smFISH, Bahar Halpern et al. found that
in different mouse metabolic tissues such as beta cells, liver and gut, many mRNAs
exhibited varying retention within the nucleus depending on exposure to different
metabolic conditions (Bahar Halpern et al. 2015). Similarly, a high-throughput RNA
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FISH study aimed towards determining expression variability of over 900 different
mRNAs in HeLa cells suggested that mRNAs can be nuclear retained and that their
slow export buffers expression noise in the cytoplasm (Battich et al. 2015). Further-
more, many transcripts can contain retained introns which results in their nuclear
retention (Wegener and Miiller-McNicoll 2018). However, the mechanistic details
on how nuclear retention is achieved and whether these mRNAs are retained in
specific subnuclear compartments is not yet known.

9.2.4 mRNP Export Through the Nuclear Pore Complex

Diffusion takes mRNPs to the nuclear periphery where they interact with the nuclear
pore complex (NPC) to be exported. The time for mRNPs to reach the nuclear
periphery varies widely across organisms and largely depends on the size of the
nucleus, taking only a few seconds in lower eukaryotes, such as S. cerevisiae, but
possibly up to minutes in human cell nuclei (Griinwald and Singer 2010; Mor et al.
2010; Oeffinger and Zenklusen 2012; Saroufim et al. 2015; Shav-Tal et al. 2004;
Siebrasse et al. 2012; Smith et al. 2015). Live-cell single molecule fluorescence
microscopy has shown that when mRNPs reach the periphery, they often first scan
the region possibly making contact with multiple nuclear pore complexes before
stably docking onto a nuclear pore for export (Griinwald and Singer 2010; Mor et al.
2010; Saroufim et al. 2015; Siebrasse et al. 2012). At the NPC, mRNPs first interact
with the nuclear basket, a structure attached to the central framework of the nuclear
pore complex that protrudes towards the nuclear interior (Buchwalter et al. 2018).
Docking to the NPC has been shown to be a rate-limiting step for the export of
mRNPs. Different single molecule studies found prolonged residency times of
mRNPs at NPCs, with some of these studies being able to map prolonged residency
at the basket (Griinwald and Singer 2010; Mor et al. 2010; Saroufim et al. 2015;
Siebrasse et al. 2012). This increased residency might be a result of mRNPs being
rearranged at the basket due to the release and/or binding of specific proteins that
could facilitate its interaction with the nuclear basket and/or its translocation
through the central channel. Indeed, EM studies of the BR mRNPs showed that
the large BR mRNPs are unfolded at the distal ring of the nuclear basket before
entering the basket with the 5’ of the mRNA first (Mehlin et al. 1992). However, it is
unclear whether such remodelling is required for all mRNPs as most are at least one
order magnitude smaller than BR mRNPs. Moreover, as mentioned above, recent
single molecule super-resolution microscopy studies suggest that mRNPs in mam-
malian cells, as well as nuclear mRNPs purified from yeast, show a linear organiza-
tion which could negate the need for such a reorganization (Batisse et al. 2009;
Adivarahan et al. 2018).

Upon accesses of the central framework of the NPC, translocation is a very fast
process (Griinwald and Singer 2010; Siebrasse et al. 2012). Using a super-
registration approach to follow the translocation process of MS2-labelled beta-
actin mRNAs through the NPC, Griinwald and Singer showed that translocation
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only takes around 20 ms. Moreover, mRNPs can move in either direction within the
central channel, suggesting the directionality is not encoded by the central channel
but by events at either side of the NPC (Griinwald and Singer 2010). Consistent with
such a model, residency times at the cytoplasmic side of the pore are similar to the
residency times at the nuclear basket, around 80 ms. Moreover, mRNP
rearrangements, in part mediated by RNA helicases, are thought to be required at
the cytoplasmic side of the NPC to facilitate the release of mRNPs into the cytoplasm
(Alcazar-Roman et al. 2006; Smith et al. 2015; Weirich et al. 2006).

9.3 Visualizing Cytoplasmic mRNPs

The main function for cytoplasmic mRNAs is to associate with ribosomes for
translation. However, following their translocation through the nuclear pore, many
mRNAs are first transported to various cytoplasmic compartments before associating
with ribosomes and initiating protein synthesis. Mechanisms for mRNA localization
are diverse, including diffusion followed by local retention and motor-driven move-
ment, a process best described in neurons (Buxbaum et al. 2015). Moreover, mRNAs
can switch between translationally active and repressed states upon certain stimuli
such as stress, and this is, at least in part, concurrent with their accumulation in
membraneless organelles such a stress granules (SG) (Guzikowski et al. 2019).
Similarly, degradation has been linked to membraneless organelles called processing
bodies (P-bodies) that contain high concentration of proteins involved in RNA
degradation and are distinct from SGs. Imaging has been pivotal in the identification
and characterization of all these processes, in particular RNA localization and local
translation, with many methods now applied to study mRNA metabolism using
microscopy being first developed to study mRNA localization, including smFISH
and the MS2 aptamer system (Bertrand et al. 1998; Femino et al. 1998). Moreover,
recent developments now allow monitoring translation at the single mRNA level in
real time, as well as to study localization and mRNA turnover more directly in their
relation to translation regulation and dynamic association with phase separated
compartments, such as P-bodies and stress granules.

9.3.1 Discovery of mRNA Localization and Local mRNA
Translation

Much like for studying nuclear mRNA metabolism, EM and transcript-specific
fluorescent RNA imaging have both played important roles towards today’s under-
standing of many aspects of cytoplasmic RNA metabolism. When researchers
initially became aware of the extensive cytoplasmic compartmentalization, the
question arose as to how proteins are targeted to these subcellular structures and
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organelles. One proposed mechanism was that protein targeting could occur through
post-translational transport, with mRNAs translated anywhere in the cytoplasm and
proteins finding their final location by diffusion or through some active transport
mechanism. However, EM images of polysomes, clusters of ribosomes translating a
single mRNA, provided a first indication that translation of at least some protein
coding mRNAs might occur in a more regulated and localized manner. Polysomes
were observed to localize at different cellular structures such as the endoplasmic
reticulum (Christensen et al. 1987; Lin and Chang 1975) and mitochondria (Kellems
et al. 1975), as well as within dendritic spines (Steward and Levy 1982). Later, in
situ hybridization approaches showed the localization of specific cytosolic protein-
coding mRNAs, such as the actin-coding mRNAs in Styela plicata embryos, has a
distinct localization pattern (Jeffery et al. 1983). Localization of few specific exam-
ples of mRNAs has since been observed in many organisms such as S. cerevisiae
(Long et al. 1997), Xenopus (Melton 1987; Yisraeli and Melton 1988), Drosophila
(Akam 1983) and mammalian cells (Lawrence and Singer 1986). For a long time
thought to be a process restricted to only few specific transcripts, a high-throughput
in situ hybridization study that surveyed localization patterns revealed that 71% of
the 3370 transcripts examined preferentially localized to distinct subcellular com-
partments in Drosophila embryos, suggesting that RNA localization, and possibly
localized translation, is the rule rather than the exception (Lécuyer et al. 2007).
Similarly, recent studies have identified subcellular localization of a large number of
mRNAs in specialized cells like neurons, as well as single-cell eukaryotes like yeast,
further establishing the role of mRNA localization in regulation of gene expression
(Cajigas et al. 2012; Gonsalvez et al. 2005; Jung et al. 2014). mRNA localization and
localized translation offer distinct advantages compared to protein targeting through
diffusion, in particular in larger cells such neurons but also in dividing cells
(Buxbaum et al. 2015). Localized translation can quickly increase the local concen-
tration of proteins, circumventing time and energy that would otherwise be required
to transport each individual protein molecule. Moreover, a single mRNA can
undergo many rounds of translation and, therefore, allow a fast response to stimuli
at the site of localization, by either increasing or decreasing translation. Additionally,
localization of mRNAs might help restrict synthesis and hence localization of pro-
teins to subcellular compartments which could be essential in case the proteins either
are toxic to the cell or have alternate functions based on their localization.

RNA imaging has also been extensively used as a readout when determining the
mechanisms that mediate mRNA localization and localized translation across dif-
ferent transcripts and organisms. mRNA localization commonly depends on the
presence of cis-acting localization elements, often called ‘zip codes’, and are fre-
quently located within the 3’ UTR of an mRNA. In situ hybridization is most often
used as a functional readout for localization, such as during the characterization of
one of the first RNA localization elements located within 3’ UTR of the chicken
B-actin mRNA that mediates the localization of the mRNA to the leading lamellae of
chicken embryo fibroblasts (Kislauskis et al. 1994). The short sequence was shown
to be sufficient to mediate localization of the reporter mRNA when isolated from its
host RNA context and placed into a reporter RNA, an assay often used to define
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localization sequences. In addition, mutations to the localization element deterred
but did not abolish the localization of mRNAs, suggesting multiple important
elements within the sequence (Kislauskis et al. 1994). The same study determined
that this ‘zip code’ was conserved across species both in sequence and function, as
replacing the 3’-UTR with one from the human p-actin gene did not alter localization
pattern for B-galactosidase mRNAs in chicken cells. Similar localization elements
have been found for mRNAs in other organisms targeting mRNAs to various cellular
compartments, including the ASHI mRNA in S. cerevisiae (Bertrand et al. 1998;
Long et al. 1997; Takizawa et al. 1997), Vg1 in Xenopus (Mowry and Melton 1992),
oskar (Kim-Ha et al. 1993), nanos (Gavis and Lehmann 1992; Gavis et al. 1996),
bicoid (Macdonald and Struhl 1988) in Drosophila and MBP mRNA in neurons
(Ainger et al. 1997). In addition to the use of FISH, the RNA aptamer system has
been extensively applied to the study of RNA localization in live cells. The MS2
system was first developed to study the localization of the ASH/ mRNA to the bud
tip of the daughter cell in dividing cells in S. cerevisiae and enabled the demonstra-
tion of a motor-driven localization of this particular mRNA to the daughter cell. This
process was found to depend on a protein complex with the myosin protein She3p as
a core component, which allowed the mRNA to move along actin cables (Bertrand
et al. 1998). Since then, the MS2 and other aptamer systems have become indis-
pensable tools for studying localization dynamics, with many examples showing
motor-driven movements, such as in neurons, or diffusion-based localization and
retention, as observed in fly oocytes (Becalska and Gavis 2009; Buxbaum et al.
2015; Lee et al. 2016; Wu et al. 2016).

cis-RNA localization elements work in conjunction with trans-acting factors,
i.e. RNA-binding proteins (RBPs) that bind to these zip-code sequences and are
required for transport of mRNAs to their subcellular destination. Many
RNA-binding proteins have been implicated in transport of mRNAs, some of
which function through interaction with other protein partners that can link them
to motor proteins such as myosin, kinesin or dynein (Buxbaum et al. 2015).
Examples for frans-acting factors include the Staufen protein, required for the
localization of oskar and bicoid mRNAs in Drosophila, the Imp1/ZBP1 and ZBP2
proteins that are important for localization of pf-actin mRNA in mammals and Vera
for Vg1 localization in Xenopus (Deshler et al. 1997; Farina et al. 2003; Hiittelmaier
et al. 2005; Johnston et al. 1991; Martin and Ephrussi 2009). However, the use of
imaging in characterizing the role of these proteins in the localization process has
been challenging. In comparison to RNA imaging that allows visualizing individual
mRNAs, visualizing of single proteins, and in particular their association with
mRNA:s, is still challenging. RBPs are typically labelled using fluorescent proteins
or by immunolabelling, but signals from such stainings are difficult to attribute to
specific RNA-protein complexes. Therefore, the readout from RBP imaging is much
less direct and can represent both unbound and bound fractions, with the bound
fraction possibly representing RBPs associated with multiple mRNA targets. Nev-
ertheless, RBP imaging has been an important tool for studying mRNA localization,
as RBPs colocalizing with mRNAs or in transport granules in neurons were shown to
have similar localization dynamics to mRNAs and can therefore be used to study
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RNA localization mechanisms (Buxbaum et al. 2015). To bridge the gap between
the single molecule sensitivity of mRNA imaging and protein imaging, approaches
have been developed to measure interactions of RBPs with localized mRNAs, such
as fluorescence fluctuation spectroscopy (FFS) which was used by Wu et al. to
characterize the interaction and stoichiometry of ZBP1 association with f-actin
mRNA in living cells (Wu et al. 2015b). However, further technological develop-
ment is needed in order to use RBPs as targets to monitor mRNP localization
dynamics (see Outlook).

In addition to the sequence-specific ‘zip-code’ binding proteins, localization of
certain mRNAs has been found to depend on proteins deposited during splicing,
including proteins that are part of the exon junction complex; however, the mech-
anism behind the role of these proteins in mRNA localization is less well understood
(Martin and Ephrussi 2009). Furthermore, recent studies in Drosophila suggest yet
another mechanism regulating localization of mRNAs through modulation of local
stability of mRNAs within the cell as has been observed for Hsp83 mRNAs
(Bashirullah et al. 2001; Martin and Ephrussi 2009). The different mechanisms
regulating mRNA localization are only in the process of being unravelled, with the
localization elements determining localization of a vast majority of mRNAs yet to be
identified. Moreover, it has been shown mRNA localization is linked to translation,
with at least some mRNAs being transported in a translationally silenced form and
with translation of these mRNAs only initiated upon reception of specific signals at
the site of localization (Buxbaum et al. 2015; Halstead et al. 2015; Hiittelmaier et al.
2005; Yoon et al. 2016). Combining recently developed translation imaging assays
with single molecule RNA microscopy and advancements in protein imaging will be
essential to dissect these processes in a much more detailed manner (see also below).

9.3.2 Dynamics of Translation Initiation and Elongation

Although some mRNAs are translationally repressed after reaching the cytoplasm,
many are thought to rapidly associate with ribosomes and start translation. Once
again, imaging of BR mRNPs was the first indication for fast translation initiation,
with ribosomes shown to assemble on BR mRNPs even before the entire mRNP was
fully exported to the cytoplasm (Mehlin et al. 1992). However, due to their large
size, translocation for BR mRNPs might be slower than for most mRNPs, and
translation might not initiate during or immediately after export for most cellular
mRNAs. Nevertheless, using an elegant live-cell imaging approach, Halstead et al.
were able to show that translation initiation can be fast for certain reporter mRNAs.
They developed a new translation imaging approach, termed ‘translating RNA
imaging by coat protein knock-off (TRICK)’, that allows distinguishing between
untranslated mRNAs and mRNAs that have undergone at least one round of
translation. The TRICK system consists of an mRNA reporter with two aptamer
sequences within the body of the mRNA (MS2 and PP7). While the MS2 sequence is
placed in the 3’ untranslated regions, the PP7 sequence, generally incorporated in the
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3’ UTR of mRNAs, was instead placed within the open reading frame of the mRNA,
and the entire sequence was translated along with an upstream ORF. This required
modification of the PP7 repeat sequence to separate the individual stem-loops, so
that translating ribosomes could efficiently displace the PCP-GFP proteins during
the first round of translation. As the PCP-GFP contains a nuclear localization signal,
ribosome displaced PCP-GFP will be transported back to the nucleus depleting their
abundance in the cytoplasm to allow rebinding, whereas the MS2 signal is
maintained. Therefore, a cytoplasmic mRNA will lose one label but maintain the
second label after it has been translated at least once. Using this system, they showed
that 94% of cytoplasmic mRNA from their TRICK reporter had undergone transla-
tion of least once, suggesting that translation occurs most likely within minutes after
export to the cytoplasm, if not faster (Halstead et al. 2015). This system was also
used to study localized translation, in particular the role of Oskar protein in osk
mRNA localization, and will be a useful tool for determining translation regulation
in the future. However, one limitation of this assay is that it does not allow to directly
test whether mRNAs are actually associated with ribosomes.

One way of attempting to distinguish between translating and non-translating
mRNAs is based on the reasoning that polysomal mRNAs, which are part of much
larger assemblies in comparison to non-translating mRNAs, should show altered
diffusion characteristics. Tracking labelled ribosomal proteins together with
MS2/PP7 labelled f-actin mRNA in living cells revealed that association with
ribosomes significantly slowed down mRNA diffusion in a manner that scaled
with the ribosome occupancy (Katz et al. 2016; Wu et al. 2015b; and see below).
Using this assay, it was shown that mRNAs in focal adhesions exhibited slowed and
confined diffusion suggesting that B-actin mRNAs localized to these regions were
heavily translating (Katz et al. 2016).

While polysomes can be tracked by labelling ribosomes, association of mRNAs
with ribosomes does not imply translation in all cases. In addition, diffusion of
mRNAs might become restricted for other reasons than their ribosome association.
An early attempt to quantify translation in single cells used a reporter mRNA
expressing a protein that contained a tetra-cysteine motif in its N-terminus which
can be bound by the biarsenial dyes FIAsH and ReAsH. Using pulse-chase labelling
in living cells allowed to visualize newly synthesized proteins and to spatially
correlate them with the sites of B-actin mRNA localization (Rodriguez et al. 2006).
Although it was possible to visualize sites of localized translation, it did not allow
monitoring of translation at a single molecule level. This became possible with the
development of protein tagging systems that used multiple epitopes within the
N-terminus of the reporter protein, which, upon expression, could amplify the signal
of nascent peptides. Two such tags have been used to image translation at the single
molecule level, the SunTag and ‘spaghetti monster’ (SM) tag (Tanenbaum et al.
2014; Viswanathan et al. 2015). The SunTag system uses endogenously expressed
single-chain antibody fragments (scFV) against a short epitope of the yeast Gendp
that when fused to GFP can specifically bind to proteins containing, in general,
multiples of this epitope (Fig. 9.2f). The SM-tag contains multimerized epitopes
recognized by either fluorescently labeled anti-myc or anti-Flag antigen-binding
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fragment (Fab), introduced into cells by injection or through bead loading. While the
signal intensity emitted by an individual nascent protein is not different than for a
mature protein, the signal at translating mRNAs is amplified as translation within
polysomes results in multiple nascent peptides at a single mRNA, all of which
containing epitope sequences. This results in signal intensities at translating
mRNAs that are integer multiples compared to the signal of a single proteins and
therefore allows to determine ribosome occupancy on individual mRNAs, similar to
determining polymerase density and dynamics at a transcription site by determining
nascent mRNA signal intensities and fluctuations (Morisaki et al. 2016; Pichon et al.
2016; Wang et al. 2016; Wu et al. 2016; Yan et al. 2016). Moreover, to further
facilitate the detection of translation sites, some studies have inserted degradation
tags into their reporter proteins, resulting in low background except from nascent
peptides (Wu et al. 2016).

The ability to monitor translation in real time and at the single mRNA level
revealed important features of translation regulation, with some of them being analo-
gous to observations first made when imaging transcription. Monitoring signal inten-
sities of nascent peptides at individual translating mRNAs revealed that translation,
similar to transcription, occurs in bursts, with mRNAs alternating between active and
inactive states of translation (Morisaki et al. 2016; Pichon et al. 2016; Wu et al. 2016;
Yan et al. 2016). Moreover, similar to RNA polymerase, ribosome stalling was
observed at a fraction of mRNAs, even for codon optimized transcripts, and introduc-
tion of previously suggested stalling sequences further increased this fraction (Yan
et al. 2016). mRNAs in polysomes were also found to have slower diffusion coeffi-
cients in comparison to ones that are not translating, as previously observed (Pichon
etal. 2016; Wang et al. 2016; Wu et al. 2016; Yan et al. 2016). Monitoring fluctuations
in ribosome occupancy also allowed for the calculation of initiation and elongation
rates at individual mRNAs. This showed that translation rates vary significantly
between mRNAs with different 5 untranslated regions but also between different
molecules of the same transcript within a cell, with initiation rates ranging from every
13 s to every 45 s. Elongation rates also varied significantly between 3 and 18 amino
acids per second. These values also allowed for the determination of the average
spacing between ribosomes, revealing significant variance across different studies and
reporter mRNAs with spacing of around 160-910 nucleotides between individual
ribosomes (Pichon et al. 2016; Wang et al. 2016; Wu et al. 2016; Yan et al. 2016).

Expanding the toolbox for translation imaging with the development of additional
epitope-scFV combinations or SM-tags has further widened the scope of their usage
for imaging of translation dynamics (Boersma et al. 2019; Zhao et al. 2019). Using
two different epitope tags translated in different reading frames (SunTag and
MoonTag), Boersma and co-workers revealed heterogeneity in start site selection
that varied for different genes as well as for a specific mRNA during different stages
in its life cycle (Boersma et al. 2019). Furthermore, although no evidence for
frameshifting was observed in human mRNAs, viral RNAs seem to exhibit
frameshifting allowing for synthesis of multiple proteins from the same RNA
template (Boersma et al. 2019; Lyon et al. 2019).
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9.3.3 Spatial Organization of Translating mRNAs

Translation is regulated by a set of proteins that help recruit the 43S pre-initiation
complex to the 5’ end of the mRNA. The cap binding protein eIF4E, the scaffold
protein eIlF4G and the DEAD box helicase elF4A, together forming the elF4F
complex, have been shown to have a critical role in regulating translation initiation.
Moreover, elF4G interacts with the poly(A) binding protein PABCI, and this
interaction was shown to stimulate translation of mRNAs in vitro and in vivo
(Imataka et al. 1998; Tarun and Sachs 1996; Tarun et al. 1997; Wakiyama et al.
2000). The interactions between all these components can be reconstituted in vitro
using in vitro transcribed mRNAs and purified proteins, resulting in a closed-loop
configuration of the mRNA mediated by PABC1 and eIF4F that can be visualized
using electron microscopy (Wells et al. 1998). Together with biochemical evidence,
these observations have resulted in a model that suggests that translating mRNAs are
present in cells in a closed-loop configuration. This model is also supported, at least
in part, by early electron microscopy studies in cells that showed polysome confor-
mations resembling a closed-loop state for ER-associated polysomes (Christensen
and Bourne 1999; Christensen et al. 1987). However, in addition to circular confor-
mations, these EM studies have identified polysomes in many different configura-
tions, including spiral, G-spiral and hairpin shapes, questioning whether all
translating mRNAs exist in such a closed-loop configuration (Christensen and
Bourne 1999; Christensen et al. 1987). Furthermore, a recent cryo-electron tomog-
raphy study in human glioblastoma cells found the majority of polysomes had a
helical organization indicating an open conformation with the ends separate (Brandt
et al. 2010). Interestingly, polysome conformations observed in this study were very
similar to conformations that had previously been seen in bacteria, suggesting that
polysome organization could be evolutionary conserved (Brandt et al. 2009). How-
ever, one limitation of using polysome imaging to understand mRNA organization is
that the RNA is not visible in these images. Ribosome densities determined via
different assays suggest a spacing between ribosomes in the order of several
hundreds of nucleotides, making it difficult to ascertain where most of the mRNA
is located within polysomes. Furthermore, mRNAs with long 3’ UTRs will have long
regions not occupied by ribosomes. In an attempt to obtain a more mRNA-centric
view of mRNA organization during translation, recent studies used smFISH to
determine the spatial relationship of different regions within mRNAs in human
cell lines (Adivarahan et al. 2018; Khong and Parker 2018). These studies did not
observe closed-loop conformations for the mRNAs studied but rather suggested that
translation results in a decompaction of mRNAs that separates the ends. This could
indicate that the interaction between elF4F and PABC1 only reflects a transient state
during translation initiation when mRNAs are still compact or during translationally
inactive states as the result of translation bursting. Alternatively, it is also possible
that closed-loop translation happens only for specific classes of mRNAs. New assays
that allow studying the dynamics of mRNA conformation and compaction in living
cells will be required to test these models (Vicens et al. 2018).
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9.3.4 Spatial Organization of Translationally Inhibited RNAs

Translation is a highly energy-consuming process, and producing new proteins is one
of the main requirements for cells to grow and divide. Upon cellular stress, cells need
to conserve energy to ensure their survival, resulting in translational inhibition of
most mRNAs. Moreover, various stresses induce the formation of phase-separated
compartments termed stress granules (SG) which are composed of poly(A) RNAs
and different mRNA-binding proteins, including components of the pre-initiation
complex (Decker and Parker 2012). Initially suggested as static structures of mRNA
storage sequestering translationally inactive mRNAs, recent studies revealed that
association of mRNA and RBPs with SGs can be dynamic. In addition, a combina-
tion of RNA-sequencing of purified SGs and smFISH experiments found that trans-
lation inhibition by itself is not a sufficient criterion for mRNAs to localize to SGs,
with larger mRNAs more frequently found in SG compared to short transcripts
(Khong et al. 2017). In situ hybridization and live-cell tracking using MS2-tagged
mRNAs and SunTag/SM-tag labelling later showed that formation of stress granules
in cells precedes the recruitment of the mRNAs tested, with stable association of
mRNAs with SG requiring runoff of all ribosomes from the translating mRNA
(Khong and Parker 2018; Moon et al. 2019; Wilbertz et al. 2019). Furthermore,
mRNAs were found to have a very compact conformation upon ribosome run-off,
and this compact conformation was maintained when mRNAs are associated with
SGs (Khong and Parker 2018; Adivarahan et al. 2018). Together, these results
suggest that compaction of mRNAs might be a prerequisite for their recruitment to
SGs. mRNA recruitment to SGs was also found to be influenced by cis-elements
such as the presence of a TOP motif, a sequence motif found within the 5 UTR of
many highly translated mRNAs and that TOP motif containing mRNAs more
frequently exhibited a stable SG association (Halstead et al. 2015). In addition,
single protein tracking of the SG proteins G3BP1 and IMP1 showed dynamic
biphasic partition of these proteins within SGs, suggesting that SGs contain rela-
tively immobile nanocores; however, whether static association of all mRNAs
within SGs requires localization to these regions is still unclear (Niewidok et al.
2018). Lastly, consistent with the suggested role of SGs as storage compartment
during stress, mRNAs localizing to SGs were shown to be capable of resuming
translation once the stress was dissolved, with their translation kinetics indistin-
guishable from non-SG localized cytoplasmic mRNAs (Wilbertz et al. 2019).
However, many of the rules that define why some translationally inactive mRNAs
accumulate in SGs upon stress whereas others do not still need to be determined.

9.3.5 Towards Death of an mRNA

In the cytoplasm, the processes modulating translation are believed to be in direct
competition with the mRNA decay pathway. For example, the eI[F4F complex that
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binds to the 5’ cap and is responsible for translation initiation is thought to compete
with the decapping complex for access to the cap (Decker and Parker 2012; Schwartz
and Parker 1999, 2000). This competition between mRNA translation and decay
factors ultimately determines mRNA stability. The balance between the two pro-
cesses can further be regulated through regulatory elements like miRNA binding
sites or AU-rich elements (Duchaine and Fabian 2019; Grudzien-Nogalska and
Kiledjian 2017). In situ hybridization has also proven to be a useful tool for studying
mRNA degradation in cells as targeting FISH probes to different regions of the
mRNAs allows for the detection of degradation intermediates. Using such an
approach, it was shown that decay of mRNAs in yeast could be regulated by the
promoter sequence, with the stability of the SWI5 and CLB2 mRNAs regulated in a
cell cycle-dependent manner (Trcek et al. 2011). Using a similar in situ hybridization
approach, a study in trypanosome found that decay of mRNAs was predominantly
mediated by 5'-3" exonuclease Xrnl (Kramer 2016).

Many of the factors implicated in mRNA degradation were found to accumulate
in membraneless organelles called processing bodies (P-bodies) (Decker and Parker
2012). P-bodies exist in most cells under normal growth conditions; however, their
size and number are dependent on the pool of non-translating mRNAs and are
greatly increased upon exposure to stress (Decker and Parker 2012; Teixeira et al.
2005). The presence of the degradation factors including the decapping factors Dcpl
and Dcp2, as well as many regulatory proteins of the RNA degradation pathway
such as Ccr4 and GW182, led to the hypothesis that P-bodies act as degradation
factories, where mRNAs are brought at the end of their lives to be degraded. To
directly test this model, Horvathova and colleagues developed a reporter that
allowed visualization of degradation intermediates in living cells termed 3(three)’--
RNA end accumulation during turnover’ or TREAT (Horvathova et al. 2017). The
reporter was designed such that it contained pseudo-knots (PKs) between PP7 and
MS2 stem-loops (Fig. 9.4). These PK sequences, derived from insect-borne
flaviviruses, are resistant to Xrnl degradation, believed to be the dominant pathway
for mRNA degradation in mammals. By positioning the PK sequences between the
PP7 and MS2 loops, thus ensures that Xrn1 mediated degradation intermediates will
only contain the MS2 signal. This determined that full-length mRNAs, but no
degradation intermediates, localized to P-bodies, suggesting that degradation, at
least from some mRNAs, does not occur within P-bodies. Consistent with such a
model, it was also shown that individual degradation events for these mRNAs
occurred within the cytosol rather than in P-bodies (Horvathova et al. 2017).

P-bodies are often found adjacent to SGs, and early models suggested that
mRNAs localized within SGs during stress could be translocated to p-bodies for
preferntial degradation of certain transcripts. To test this model, Wilbertz et al.
followed fluorescently tagged mRNAs during stress conditions in cells labelled
with markers for p-bodies and SGs. They observed that although their reporter
mRNAs localize to both SGs and P-bodies, exchange between the two compart-
ments, was an extremely rare event (Moon et al. 2019; Wilbertz et al. 2019).
Together, these new studies suggest that SGs and p-bodies might function indepen-
dently and concurrently in regulating mRNA metabolism under conditions of stress.
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Fig. 9.4 Visualizing different steps of cytoplasmic mRNA metabolism. Organization of mRNAs
during translation and translation kinetics. (Top to bottom) Polysome conformations in human
glioblastoma cells visualized by cryo-electron tomography. Isosurface model shown on the right
representing a helical polysome conformation. Modified with permission from Brandt et al. (2010).
Sample images of spiral and hairpin configurations of endoplasmic reticulum-localized polysomes
in cultured fibroblasts visualized by electron microscopy. Modified with permission from
Christensen and Bourne (1999). Open conformation of cytoplasmic MDN1 mRNAs in HEK293
cells visualized using smFISH (left) and their ball-and-stick representations (right). Modified from
Adivarahan et al. (2018). TRICK assay to visualize the first round of translation. Red signals
correspond to MS2 signal, green signal to PP7 signal. Overlapping red and green signals, visualized
as yellow, represent mRNAs that are yet to undergo first round of translation. Modified with
permission from Halstead et al. (2015). Measuring translation kinetics using the SunTag labelling
system. The red signals correspond to the MS2-tagged mRNAs, green signals to nascent peptides.
Modified with permission from Wu et al. (2016). Stress granules (SG). (From left to right)
Conformations of MDN1 mRNAs in stress granules as visualized using smFISH and super-
resolution microscopy. Cartoon showing regions of probe hybridization. Modified from Adivarahan
et al. (2018). Dynamics of mRNA entry into SGs observed for MS2-tagged mRNAs in living cells.
The plot on the right shows the path of an mRNA from initial entry to stable association with
SG. Modified with permission from Moon et al. (2019). RNA degradation. (Top to bottom) mRNA
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It is however, still to determined if the observations made using these reporter
mRNAs can be applied for all mRNAs in general. Moreover, the lack of exchange
of mRNAs between the two membrane-less compartments could suggest an addi-
tional step of regulation with some mRNAs preferentially recruited to one compart-
ment over the other.

94 Outlook

mRNA imaging has contributed extensively to the current understanding of different
aspects of RNA metabolism and has in recent years become an increasingly impor-
tant tool to study quantitative aspects as well as the dynamics of the different
processes along the gene expression pathway. The continuous development and
refinement of RNA imaging approaches will further facilitate studying these pro-
cesses in even more detail, allowing to find answers to new questions or look at old
questions with a new set of tools. Single molecule imaging is likely to continue to
provide an ideal platform to study different processes that regulate mRNA metabo-
lism, having the advantage over traditional methods in being able to yield high-
resolution spatial and temporal information.

One of the main limitations for cellular RNA imaging today is the low-throughput
nature of the many of these approaches. While it is relatively straightforward to
image hundreds or even thousands of cells using automated image acquisition and
image analysis, most approaches still only allow to study one or few mRNAs at a
time. However, recent developments in in situ hybridization approaches in fixed
cells using sequential hybridization and barcoding have enabled for imaging of
thousands of RNAs within the same cell (MERFISH, SeqFISH, seqFISH+) (Chen
etal. 2015; Eng et al. 2019; Lubeck et al. 2014; Shah et al. 2018). These approaches
have the potential to become complementary, or even more powerful, than (single-
cell) RNA sequencing methodologies and may open the doors to a microscopy
centric transcriptome analysis that is not limited by expression levels and is able to
provide high-resolution spatial information. Moreover, combining these with expan-
sion or clearing protocols might further increase resolution and facilitate the use of
such approaches in tissues and animals.

<
«

Fig. 9.4 (continued) decay kinetics in S. cerevisiae measured using smFISH. The red signal
corresponds to probes hybridizing to the 5’, green probes to the 3’ end. Modified with permission
from Trcek et al. (2011). Measuring mRNA decay using the TREAT reporter. The green signal
corresponds to the PP7 signals, magenta the MS2 signals and blue represents Dcpla, a marker for
P-bodies. Modified with permission from Horvathova et al. (2017). RNA localization. (Top to
bottom) Visualizing mRNA localization in Drosophila at different stages of development for
transcripts (from top to bottom) bcd, asp and osk mRNAs (mRNAs in green, nucleus in red).
Modified with permission from Lécuyer et al. (2007). Localization of ASHI mRNA observed in
S. cerevisiae using FISH. Nuclei were stained with DAPI. Arrowheads indicate transcription sites.
From Powrie et al. (2011)
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The spatial organization of mRNPs is one of the last unexplored topics in mRNA
research that is likely to profit from future advances in imaging methods. Recent
approaches combining smFISH and super-resolution microscopy have already
revealed important new insights into mRNP organization in cells and showed that
even long-standing dogmas, such as the closed-loop model for translation, have to be
revisited (Pierron and Weil 2018; Adivarahan et al. 2018; Khong and Parker
2018; Vicens et al. 2018). Further adaptations of super-resolution approaches,
including STED and dSTORM/PALM and yet to be developed methods, will
allow to delve deeper into the structural organization of RNA-protein complexes
and its role in mRNA metabolism. Similarly, recent improvements in cryo-EM
revolution, which have led to high-resolution structures of many large protein/
RNA-protein complexes, can provide an interesting avenue towards exploring
mRNP organization. However, purifying specific mRNPs from heterogeneous
mRNP populations in sufficient quantities and homogeneity for cryo-EM analysis
will likely remain challenging. In addition, correlative imaging in cells by combining
cryo-EM with fluorescence microscopy will allow to combine the strength of
specific labelling of fluorescent approaches with the resolution of election micros-
copy and could be a powerful approach to study mRNPs in cells.

Lastly, further expanding the tools to image mRNPs in living cells will be
essential for moving towards the ability to follow mRNP metabolism through its
different stages and will require tools that allow imaging single mRNAs as well as its
associated proteins through time and space. Current methods allow this only for very
short time periods and/or in limited subregions of the cells. Advances in labelling,
illumination and image acquisition will be required to move towards this goal.
Further improvements of aptamer-based RNA visualization approaches that make
use of bright, photostable and membrane-permeable dyes such as the Janelia Fluor
dyes are already helping to overcome some of these drawbacks (Grimm et al. 2015,
2016, 2017). Similarly, the use of proteins labelling systems such as Halo-, CLIP-
and SNAP-tags which enable single protein imaging will allow us to better inves-
tigate the dynamics and stoichiometry of RBPs on mRNA and how this participates
in regulating RNA metabolism (Grimm et al. 2015, 2016, 2017; Keppler et al. 2002;
Los et al. 2008). However, achieving all this will also require further improvements
in the fluorophores for live-cell imaging in terms of photon emission, photostability,
cell permeability and labelling efficiencies to their respective tags as well as com-
bining them with less phototoxic imaging methodologies such as light-sheet micros-
copy or the development of entirely new tools to follow biomolecules in cells.
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Chapter 10 )
Diverging RNPs: Toward Understanding <o
IncRNA -Protein Interactions and Functions

Martin Sauvageau

Abstract RNA-protein interactions are essential to a variety of biological pro-
cesses. The realization that mammalian genomes are pervasively transcribed brought
a tidal wave of tens of thousands of newly identified long noncoding RNAs
(IncRNAs) and raised questions about their purpose in cells. The vast majority of
IncRNAs have yet to be studied, and it remains to be determined to how many of
these transcripts a function can be ascribed. However, results gleaned from studying
a handful of these macromolecules have started to reveal common themes of
biological function and mechanism of action involving intricate RNA-protein inter-
actions. Some IncRNAs were shown to regulate the chromatin and transcription of
distant and neighboring genes in the nucleus, while others regulate the translation or
localization of proteins in the cytoplasm. Some IncRNAs were found to be crucial
during development, while mutations and aberrant expression of others have been
associated with several types of cancer and a plethora of diseases. Over the last few
years, the establishment of new technologies has been key in providing the tools to
decode the rules governing IncRNA-protein interactions and functions. This chapter
will highlight the general characteristics of IncRNAs, their function, and their mode
of action, with a special focus on protein interactions. It will also describe the
methods at the disposition of scientists to help them cross this next frontier in our
understanding of IncRNA biology.
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10.1 Introduction

A vast proportion of the mammalian genome is transcribed and generates tens of
thousands of long noncoding RNA molecules (IncRNAs) which can range from
200 nucleotides (nt) to several kilobases (kb) in length. The biogenesis of these
noncoding transcripts is similar to messenger RNAs (mRNAs), i.e., they are tran-
scribed by RNA polymerase II (Pol II); they are generally multi-exonic and spliced;
they canonically have a 5’ cap and are for the most part polyadenylated (Cabili et al.
2011; Guttman and Rinn 2012; Guttman et al. 2010; Ni et al. 2013). However, apart
from a few transcripts annotated as IncRNAs that were shown to encode small
peptides (Anderson et al. 2015; Nelson et al. 2016), most are not translated and
likely function at the RNA level. It is still unclear how many IncRNAs, out of the
thousands identified, play an active role in the cell, but several of them were shown
to be functional and affect a variety of biological processes and physiological
functions, ranging from development to immune response (Li and Chang 2014;
Rinn and Chang 2012; Ulitsky and Bartel 2013). The expression of IncRNAs is also
frequently dysregulated or their locus disrupted by deletions, amplifications, or
chromosomal translocations in various cancers and pathologies, suggesting they
may contribute to the development of diseases (Grote and Herrmann 2013; Hon
et al. 2017; Kotzin et al. 2016; Maass et al. 2012; Sauvageau et al. 2013; Yan et al.
2015). The added level of complexity IncRNAs bring to the regulation of biological
processes has sparked a growing interest in understanding their mechanisms of
action.

IncRNAs are found across all tissues, but their expression is generally more tissue
specific when compared to mRNAs (Cabili et al. 2011; Derrien et al. 2012; Guttman
et al. 2010). Although some IncRNAs are transcribed at high levels, most are
expressed an order of magnitude lower than mRNAs, with some present at only a
few copies per cell (Clark et al. 2015). This makes the study of their function using
biochemical approaches particularly challenging. The cellular localization of
IncRNAs also varies greatly, with some showing diffuse localization patterns, either
in the nucleus, the cytoplasm, or both (Cabili et al. 2011; Derrien et al. 2012;
Guttman et al. 2010), while others being localized only to specific subcellular
compartments such as paraspeckles (Mao et al. 2010; Souquere et al. 2010), nucle-
olus, mitochondria, or the endoplasmic reticulum (Kaewsapsak et al. 2017; Leucci
et al. 2016; Mercer et al. 2011; Noh et al. 2016; Vendramin et al. 2018). Similar to
proteins, the subcellular localization of a IncRNA is likely to determine its interac-
tion network with other macromolecules. Thus, when studying IncRNA function,
determining its localization can provide valuable information on potential
mechanisms.

However, one of the challenges in studying IncRNAs is that we currently do not
have a clear understanding of the relationship between sequence, structure, and
function. Unlike mRNAs which have identifiable open reading frames (ORFs) that
generate proteins with modular domains, our knowledge of IncRNA functional
elements or motifs is too limited to infer function or to effectively group them
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based on shared sequence features, as it is commonly done with protein domains.
This is further complicated by the fact that IncRNA primary sequences are generally
weakly conserved during evolution, making it harder to identify functional orthologs
or conserved features across species (Chen et al. 2016b; Hezroni et al. 2015). Due to
the lack of identifiable sequence features, current genome annotation consortia have
therefore mostly used descriptive attributes, such as their genomic positional rela-
tionship with protein-coding genes, to divide IncRNAs into different biotypes (Chen
et al. 2016b; Hezroni et al. 2015). Based on this, IncRNAs can be classified as
(1) antisense, transcripts that overlap the genomic span of a protein-coding locus on
the opposite strand; (2) sense-overlapping, transcripts that contain a coding gene in
their intron on the same strand; (3) sense intronic, transcripts derived from introns of
a coding gene on the same strand and not overlapping any exons; (4) intergenic
(lincRNA), transcripts that lie at a distance between two genes; and (5) bidirectional
promoter, transcripts that originate from within the promoter region of a protein-
coding gene, with the transcription occurring on the opposite strand (Fig. 10.1).
Although this can be useful for a first classification of IncRNAs when analyzing
large datasets, it does not convey information on potential (shared) functions or
mechanism of action.

Another challenge when studying a IncRNA locus is to determine whether its
potential function is actually mediated by the RNA transcript or rather by other
regulatory modalities, such as harboring DNA regulatory elements, or by inducing
changes to chromatin structure and protein accessibility by the simple act of tran-
scription of the locus (Bassett et al. 2014; Goff and Rinn 2015; Kopp and Mendell
2018). For example, recent findings have shown that some IncRNA loci, such as
Lockd, regulate neighboring gene expression in cis through DNA enhancer elements
independently of the noncoding transcript (Engreitz et al. 2016; Groff et al. 2016;
Paralkar et al. 2016). Alternatively, multiple approaches were used to show that
imprinting at the Igf2r/Airn locus is regulated by the local act of transcription across
the IncRNA Airn locus and not by the RNA transcript itself (Latos et al. 2012;
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Fig. 10.1 IncRNA biotypes. Schematic representation of distinct IncRNA biotypes based on their
genomic positional relationship with protein-coding genes
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Santoro et al. 2013). Thus, contrary to protein-coding genes, where frameshift
mutations, domain deletions, or changes in specific residues can affect their function,
our limited ability to predict the molecular mode of IncRNAs or their specific
function based on sequences complicates efforts to characterize them with a single
and straightforward genetic approach commonly used to study mRNAs. Techniques
such as genomic deletion, insertion of a premature transcription termination signal,
antisense oligos or CRISPR-Cas13-mediated post-transcriptional degradation, as
well as functional rescue experiments are available to dissect the function of
IncRNAs, but each comes with its own limitations that need to be considered
when interpreting results. For example, in addition to affecting the sequence-specific
function of a IncRNA transcript, genomic deletion of the IncRNA locus could
remove embedded DNA regulatory elements affecting nearby genes, whereas inser-
tion of a polyadenylation transcription termination signal may also impair any
function mediated by the act of transcription (Bassett et al. 2014; Goff and Rinn
2015; Kopp and Mendell 2018; West et al. 2004). Similarly, CRISPR-based
approaches to inhibit or activate the expression of a IncRNA (CRISPRa/i) induce
changes in histone modifications which can spread over a few kb from the target site,
making it difficult to distinguish whether the resulting effect is due to changes in
chromatin states and potential regulatory elements, the act of transcription, or the
RNA (Gilbert et al. 2014; Liu et al. 2017; Qi et al. 2013; Zalatan et al. 2015).
Therefore, determining unambiguously whether a IncRNA has an RNA-based
function requires using more than one of these complementary approaches (Bassett
et al. 2014; Goff and Rinn 2015; Kopp and Mendell 2018). For more details on the
advantages and disadvantages of using each technique to dissect IncRNA function, I
will refer readers to recent reviews that discuss extensively this subject (Bassett et al.
2014; Goff and Rinn 2015; Kopp and Mendell 2018).

To date, only a handful of IncRNAs with RNA-based functions have been
investigated in detail. These studies analyzing well-known IncRNAs such as Xist,
Malatl, Norad, and a few others allowed us to make important progress in our
understanding of their functions and revealed key aspects of their mechanisms. One
of the most common features shared by all these IncRNAs is that their molecular
function is closely connected to their interaction with specific RNA-binding pro-
teins. In the nucleus, IncRNAs have been shown to act as transcriptional and post-
transcriptional regulators as well as affect higher-order chromatin structure and
nuclear organization through interactions with proteins, DNA, and other RNAs. In
the cytoplasm, some IncRNAs have been shown to regulate translation and the
stability of mRNAs and proteins, to affect the subcellular localization of protein
targets, and to modulate signaling pathways. Here, I will discuss the different
RNA-based roles that IncRNAs play in the nucleus and cytoplasm and how their
interactions with specific proteins are involved in regulating cellular functions. I will
also review some of the approaches developed to identify IncRNA-protein interac-
tions and dissect their function and mechanism of action.
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10.2 Nuclear Functions of IncRNAs

Despite similar biogenesis, IncRNAs tend to be more frequently localized in the
nucleus than mRNAs (Cabili et al. 2011; Derrien et al. 2012). Searching for
sequence features that mediate their preferential nuclear localization, recent studies
using cell fractionation and massively parallel reporter assays found that Alu repeats,
derived from short interspersed nuclear elements (SINEs), as well as C-rich
sequences are able to promote nuclear localization of at least some IncRNAs
(Carlevaro-Fita et al. 2019; Lubelsky and Ulitsky 2018; Shukla et al. 2018).
Attaching these short IncRNA-derived sequences to the 3’end of an mRNA that
does not normally contain such elements was found to increase its nuclear localiza-
tion. Interestingly, the nuclear accumulation of transcripts is associated with binding
of HNRNPK, suggesting this protein is implicated in a nuclear retention mechanism
potentially distinct from its role in pre-mRNA processing (Lubelsky and Ulitsky
2018). Similarly, the nuclear matrix factor HNNRNPU was found to bind a 156 nt
repeat sequence within the IncRNA Firre and regulate its nuclear localization
(Hacisuleyman et al. 2014). Thus, even though the molecular features underlying
the nuclear enrichment of some IncRNAs are not very well understood, these results
suggest it likely involves specific sequence features within IncRNAs that promote
interactions with proteins that help retain them in the nucleus to perform their
function.

10.2.1 Transcriptional Regulation

One of the best described functions of IncRNAs is to regulate transcription. Several
IncRNAs have been shown to activate or repress transcription by acting either
locally in proximity of their sites of transcription (in cis) or distally on target genes
located on other chromosomes (in frans). Current models propose that IncRNAs can
regulate transcription by interacting with transcription factors or chromatin-
modifying complexes and help their recruitment to specific target loci. This could
be achieved either through direct interaction with DNA and the formation of DNA:
RNA triplex (Hoogsteen hydrogen bonding) and R-loops structures (Balk et al.
2013; Blank-Giwojna et al. 2019; Gibbons et al. 2018; Mondal et al. 2015; Pfeiffer
et al. 2013; Postepska-Igielska et al. 2015; Zhao et al. 2018) or by mediating protein-
protein interactions at target loci (Fig. 10.2a).

10.2.1.1 Regulating Transcription in cis

Discovered more than 20 years ago, Xist is one of the best studied examples of a cis-
acting IncRNA. Xist is a key factor regulating dosage compensation in females by
inactivating one of the two X chromosomes (Lee and Jaenisch 1997; Penny et al.
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Fig. 10.2 Models of IncRNA function. Schematic representation of the different molecular func-
tions of IncRNAs. (a) IncRNAs can act as transcriptional regulators by localizing interacting
proteins to specific chromatin loci directly through DNA:RNA triplex formation or R-loop forma-
tion or indirectly by acting as an adaptor between proteins. This can result in activation or repression
of target genes in cis (neighboring genes) or in trans (distant located genes). IncRNAs can also act as
decoy and prevent proteins to bind their target loci through binding and titering factors away as they
are transcribed. (b) IncRNAs can regulate other RNAs post-transcriptionally by affecting their
splicing, their stability or by acting as “sponges” by interacting with miRNAs and competing for
binding other targets. (¢) IncRNAs can regulate the localization or sequester proteins and other
RNAs in different subcellular compartments. (d) Some IncRNAs can inhibit or promote translation
of mRNAs. (e) IncRNAs can serve as scaffolds and assist in the assembly of protein complexes or
potentially bring proteins in the same pathway together. (f) IncRNAs can regulate nuclear dynamics
by affecting intra- and inter-chromosomal interactions and regulate the formation of subnuclear
compartments (e.g., paraspeckles, nuclear bodies, etc.)

1996). This 17 kb long RNA is localized exclusively in the nucleus where it spreads
in cis across the entire X chromosome from which it is transcribed. It contains six
discrete repeat sequences, some of which interact with and recruit repressive
chromatin-modifying complexes leading to the silencing of one of the X chromo-
somes (Avner and Heard 2001; Beletskii et al. 2001; Clemson et al. 1996; Engreitz
et al. 2013; McHugh et al. 2015; Plath et al. 2002, 2003; Silva et al. 2003). One of
these repeats, the 1.6 kb repeat A (repA), forms stem loops that directly interact with
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the protein SHARP to mediate epigenetic silencing of the X chromosome through
recruitment of the SMRT-HDACS3 co-repressor complex (Chu et al. 2015; McHugh
etal. 2015; Monfort et al. 2015). Xist repA was also shown to interact with the PRC2
Polycomb repressor complex, which participates in X chromosome inactivation by
trimethylating histones at H3K27 (Wutz et al. 2002; Zhao et al. 2008). However, the
specific deletion of repA from Xist strongly impairs silencing (Wutz et al. 2002) but
does not affect recruitment of the PRC2 complex, raising doubts whether this portion
of Xist really interacts directly with the complex (da Rocha et al. 2014; Plath et al.
2003). On the other hand, the repeat B does interact with HNRNPK and is necessary
for Xist spreading along the X chromosome as well as recruitment of the PRC1 and
PRC2 complexes (Colognori et al. 2019). Thus, Xist acts as a modular RNA scaffold
(Fig. 10.2e) that coordinates the association of several chromatin-modifying com-
plexes to silence a whole chromosome.

Antisense IncRNAs are another class of IncRNAs shown to modulate transcrip-
tion. Mechanistic studies of a small number of antisense IncRNAs suggest that some
are able to form direct interactions with DNA and recruit transcription factors to
regulate target genes. For example, the 10 kb antisense IncRNA KhpsI was shown to
activate in cis the expression of its neighbor protein-coding gene Sphkl by forming a
DNA:RNA triple helix at a Sphkl enhancer through a homopurine-rich sequence
upstream of Sphkl and recruiting the transcription factors E2F1 and p300 (Blank-
Giwojna et al. 2019; Postepska-Igielska et al. 2015). Interestingly, replacing the
triplex forming region of Khpsl with that of Meg3, another DNA:RNA triple helix-
forming IncRNA (Mondal et al. 2015), tethers Khpsl to a Meg3 target gene (Blank-
Giwojna et al. 2019), suggesting these sequences can be modular and provide target
specificity. Similarly, the IncRNA PAPAS, which is transcribed antisense to
pre-rRNA, forms DNA:RNA triplex structures with a purine-rich sequence located
in the enhancer region. RNA-protein interaction and structure studies revealed that a
single stranded A-rich sequence within a loop structure of PAPAS binds the NuRD
complex subunit CHD4, which helps trigger silencing of rDNA (Zhao et al. 2018).
PARTICLE is another example of an antisense IncRNA capable of forming a DNA:
RNA triplex to repress the expression of the MAT2A gene by helping recruit the G9a
and PRC2 repressor complexes at its promoter (O’Leary et al. 2015).

The telomeric repeat-containing RNA TERRA was also shown to form DNA:
RNA hybrid structures, termed R-loops (Fig. 10.2a), at short telomeres and promote
alternative lengthening of telomeres (ALT) by homology-directed repair (Balk et al.
2013). Identification of TERRA interactors revealed 134 proteins, among them
shelterin and ALT proteins, which bind telomeres (Chu et al. 2017). Another protein
identified to directly interact with TERRA is the chromatin remodeler ATRX, known
to suppress ALT (Doksani and de Lange 2014; Lovejoy et al. 2012). Interestingly,
localization of TERRA at telomeres appears to compete with ATRX binding as
depletion of TERRA leads to a relocalization of ATRX to telomeres (Chu et al.
2017). But these are unlikely to be the only examples, as recent studies have begun to
uncover thousands of noncoding RNAs forming DNA:RNA triplex and R-loop
structures genome-wide (Sanz et al. 2016; Sentiirk Cetin et al. 2019), suggesting
structure as a more general mechanism for IncRNAs to recognize target genes for
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regulation. Further investigation of these RNAs will greatly improve our under-
standing of the circuitry of genome regulation.

10.2.1.2 Transcription Regulation in trans

IncRNAs have also been shown to regulate gene expression in the nucleus by acting
in trans. One classic example is the IncRNA Hotair, which is transcribed from the
developmental HoxC locus in mammals but represses the HoxD gene cluster located
on another chromosome (Rinn et al. 2007). Consistent with a function in regulating
transcription, silencing of Hotair leads to a decrease in H3K27me3 repressive
histone marks and a corresponding activation of HoxD genes. Using RNA immu-
noprecipitation (RIP) and pulldown assays, Hotair was one of the first IncRNAs
reported to bind components of the PRC2 repressive complex (Rinn et al. 2007).
Using similar approaches, further studies showed that PRC2 can interact with
hundreds of different IncRNAs. This resulted in a model suggesting that many
IncRNAs function to repress transcription by recruiting PRC2 to target genes (Khalil
et al. 2009). However, tethering of Hotair to a luciferase reporter was shown to
repress expression independent of the PRC2 complex, and overexpression of Hotair
in breast cancer cells resulted in PRC2-independent repression of a subset of target
genes (Portoso et al. 2017), suggesting that interaction and recruitment of PRC2 may
not be the pathway by which Hotair and many other IncRNAs act. Moreover, recent
studies showed promiscuous binding of PRC2 to RNAs and, in addition, that RNA
binding inhibits its H3K27 methyltransferase activity (Davidovich et al. 2013;
Zhang et al. 2019). Together with the here exemplified caveat that immunoprecip-
itation methods can lead to the identification of false positives that may not reflect
in vivo interactions (see below), it remains unclear exactly how Hotair is able to
repress transcription in trans.

Another IncRNA found to act in trans is Ttc39aosl (lincRNA-Eps), which is
involved in regulating apoptosis and inflammation. This 2.5 kb RNA, transcribed
from mouse chromosome 4, was first shown to suppress the expression of the
pro-apoptotic gene Pycard, located on chromosome 7, in erythrocytes (Hu et al.
2011). Genomic deletion of Ttc39aosI in mice does not affect neighboring genes but
leads to differential expression of multiple immune response genes in macrophages
and enhances inflammation in vivo upon stimulation with lipopolysaccharides (LPS)
(Atianand et al. 2016). Importantly, ectopic re-expression of Ttc39aosl using a
retroviral vector in LPS-stimulated macrophages rescues the levels of differentially
expressed genes to near wild-type levels. Ttc39aosl associates with chromatin
particularly at the promoters of immune response genes, where it helps to maintain
an epigenetically repressed state. The protein HNRNPL appears to interact with a
CANACA motifs 3’ of Ttc39aosl, and disruption of this interaction by knockdown
of HNRNPL leads to increased expression of several Ttc39aosl target genes and
increased H3K4me3 at their promoters (Atianand et al. 2016). Thus, Ttc39aosl is a
IncRNA that restrains inflammation by transcriptionally repressing immune
response genes.
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Apart from stimulating the recruitment of factors at specific loci across the
genome, IncRNAs can also prevent the binding of factors by acting as decoys
(Fig. 10.2a). For example, the IncRNA Gas5 is located both in the nucleus and the
cytoplasm. However, in the presence of the glucocorticoid receptor agonist dexa-
methasone, a fraction of Gas5 translocate to the nucleus where it interacts with the
DNA binding domain of the glucocorticoid receptor (GR) through a sequence
located between nucleotides 400-598. There, Gas5 acts as a mimic of glucocorticoid
receptor elements and competes with the binding of the glucocorticoid receptor to
DNA to inhibit the transcriptional activation of target genes (Kino et al. 2010).
Similarly, the IncRNA PANDA regulates p53-mediated apoptosis by binding and
sequestering the transcription factor NF-YA, thereby preventing it from activating
key apoptosis target genes (Hung et al. 2011). Together, these examples illustrate
that through interactions with different proteins, IncRNAs use various strategies to
regulate gene expression in trans.

10.2.2 Chromatin Architecture and Nuclear Organization

The nucleus is a highly organized and dynamic environment that allows precise
transcriptional regulation and where subnuclear regions are dedicated to specific
functions. For example, the nucleolus is a membrane-less compartment within the
nucleus where ribosomal RNA biogenesis and processing occurs (Mélese and Xue
1995). Other such membrane-less compartments are the nuclear speckles, which are
enriched in RNA splicing factors, and paraspeckles, sites for RNA editing and
nuclear retention. Some well-characterized IncRNAs have been shown to actively
participate in nuclear organization. First among them is Xist which, in addition to
being essential for the repression and compaction of one of the X chromosomes in
females, is also required for the localization of the inactive X chromosome to the
nuclear periphery, where it forms a domain called the Barr body. Xist was found to
interact with an arginine-serine motif of the Lamin B receptor (LBR), a transmem-
brane protein that associates with the nuclear lamina (Chen et al. 2016b; Hezroni
et al. 2015). Disruption of the Xist-LBR interaction abolishes X chromosome
silencing and recruitment to the nuclear periphery (Chen et al. 2016a). The effect
of Xist on nuclear organization is restricted to a single chromosome; however,
another nuclear localized IncRNA transcribed from the X chromosome named
Firre is involved in the formation of inter-chromosomal interactions (Hacisuleyman
et al. 2014). While RNA in situ hybridization showed that Firre accumulates at its
site of transcription, mapping of its target sites genome-wide using RNA antisense
purification (RAP, see below) revealed that Firre interacts with several other gene
loci located on different chromosomes. Interestingly, these loci are found in close
proximity to the Firre locus in the nucleus, and this co-localization is abolished by
deletion of Firre or knockdown of its interacting partner HNRNPU. This suggests
that Firre is able to modulate nuclear architecture by mediating inter-chromosomal
contacts (Fig. 10.2f) (Hacisuleyman et al. 2014). The exact mechanism by which
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Firre mediates these contacts remains unknown, but similar to Xist, these results
indicate that some IncRNAs can actively shape chromatin structure and nuclear
organization.

10.2.3 Post-transcriptional Regulation: Splicing and RNA
Editing

Nuclear IncRNAs can be essential for the formation or the normal function of
membrane-less subcompartments, such as nuclear speckles and paraspeckles
(Fig. 10.2f). Nuclear speckles are often located in close proximity to highly
expressed genes and are thought to act as a reservoir through which SR splicing
proteins shuttle back and forth to target genes depending on their phosphorylation
status (Misteli et al. 1998). The IncRNA Malat! is a highly conserved and abun-
dantly expressed 7.5 kb transcript which is recruited to the periphery of nuclear
speckles through direct interactions with several SR splicing factors (Tripathi et al.
2010). Knockdown of Malatl affects the alternative splicing of a set of pre-mRNAs
and impairs the phosphorylation of SR proteins but does not affect the formation of
speckles (Arun et al. 2016; Tripathi et al. 2010). Malatl was also found to bind
actively transcribed genes (Engreitz et al. 2014; West et al. 2014), which led to the
postulation that Malatl may guide the position of speckles near active gene loci.
Apart from Malat] and nuclear speckles, other IncRNAs were also shown to regulate
splicing (Fig. 10.2b).

Pnky is an evolutionarily conserved trans-acting IncRNA involved in cortical
neurogenesis in a cell-autonomous manner in vivo. It is divergently transcribed from
the neighboring proneural transcription factor Pou3f2 and was shown to interact with
PTBPI, a splicing factor that regulates neurogenesis (Andersen et al. 2019). In situ
hybridization shows that Prky is located in several puncta exclusively in the nucleus.
Both genomic deletion of the Prnky locus and shRNA-mediated knockdown of Pnky
RNA increase neuronal differentiation and deplete the neural stem pool without
affecting the expression of its neighboring genes, indicating that Pnky does not work
in cis (Andersen et al. 2019; Ramos et al. 2015). Instead, loss of Pnky expression
leads to differential expression and differential splicing of multiple protein-coding
genes located on different chromosomes and related to neuronal differentiation.
Importantly, ectopic re-expression of Pnky in knockout cells is able to rescue the
neural differentiation phenotype as well as the differential expression and splicing
(Ramos et al. 2015). These changes are highly similar to knockdown of PTBPI,
suggesting that Pnky and PTBP1 act together to regulate a set of protein-coding
genes important for neuronal differentiation.

However, IncRNAs have also been described as a component of paraspeckles,
nuclear ribonucleoprotein bodies that regulate gene expression by sequestering
specific mRNAs and RNA-binding proteins involved in transcription and RNA
processing. The well-conserved and highly expressed IncRNA Neat! is essential
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for paraspeckle formation and organization (Clemson et al. 2009; Mao et al. 2010;
Sasaki et al. 2009). Following alternative processing of its 3’end, Neat! is separated
into two distinct isoforms, a short 3.7 kb Neatl_I transcript and a long 22.7 kb
Neatl_2 transcript, both of which are important for proper paraspeckle formation
(Hutchinson et al. 2007; Naganuma et al. 2012; Yamazaki et al. 2018). Neatl
transcripts form highly organized spheres within paraspeckles in which both the 5’
and 3’ ends of the long NeatI_2 isoform are located at the periphery and its body in
the center, whereas the short Neat/_I isoform is located only at the periphery
(Souquere et al. 2010; West et al. 2016). Within these structures, Neat!l interacts
with more than 40 proteins many of which are RNA-binding proteins involved in
mRNA processing, such as SFPQ, NONO, PSPC1, TDP43, and FUS (Naganuma
et al. 2012; Yamazaki and Hirose 2015). Some of these proteins, such SFPQ and
TDP43, are sequestered within paraspeckles through interacting with Neat!, thereby
preventing them from binding their mRNA target(s) (Hirose et al. 2014; Imamura
et al. 2014). Neatl and paraspeckles have been suggested to regulate specific
mRNAs expression by retaining them within paraspeckles and interfering with
their export to the cytoplasm. This was shown for mRNAs containing inverted Alu
repeats or SINEs in their 3’ untranslated region (UTR), which form double-strand
RNA duplexes (Chen and Carmichael 2009; Prasanth et al. 2005). The RNA
deaminase ADAR recognizes these structures and converts adenosines into inosines
(A-to-I editing). This results in mRNAs with extensive A-to-I edited inverted Alu
repeats, which are retained in paraspeckles through an interaction with the inosine-
specific RNA-binding protein NONO (Chen et al. 2008; Prasanth et al. 2005; Zhang
and Carmichael 2001). Interestingly, sequestration of SFPQ in paraspeckles prevents
it from activating the RNA deaminase ADARB?2 at its promoter (Hirose et al. 2014),
suggesting that Neatl paraspeckles also regulates A-to-I editing of mRNA at the
transcriptional level. Taken together, this demonstrates that nuclear IncRNAs can
regulate the expression of mRNAs post-transcriptionally at multiple levels in com-
bination with defined protein partners.

10.3 Cytoplasmic Functions of IncRNAs

In addition to the large number of nuclear transcripts, a significant fraction of
IncRNAs is found in the cytoplasm, although their functions are not as well studied,
or understood, as those in the nucleus. However, there are a few examples where
IncRNAs were shown to be actively involved in regulating protein localization,
translation, and mRNA stability as well as modulating specific signaling pathways
(Fig. 10.2c, d).
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10.3.1 Protein Localization

Similar to the decoy or sequestering function of some IncRNAs in the nucleus,
cytoplasmic IncRNAs can also modulate protein location and sequester proteins
away (Fig. 10.2c). The best characterized example is NORAD, a highly conserved
5.3 kb IncRNA required to maintain genome stability (Lee et al. 2016; Tichon et al.
2016). NORAD was found to interact with PUMILIO RNA-binding proteins, which
inhibit gene expression via binding of the 3'UTR of target mRNAs, inducing
deadenylation and decapping (Miller and Olivas 2011). Analysis of the NORAD
sequence revealed a conserved 8 nt sequence repeated 18 times along the transcript.
This motif (UGUANAUA or UGUANAUN) perfectly matches the PUMILIO
response elements (PRE) (Lee et al. 2016; Tichon et al. 2016). NORAD is estimated
to be expressed at several hundred copies per cell; thus, with multiple PREs within
its sequence, this IncRNA has the capacity to bind multiple PUMILIO proteins per
RNA molecule. Loss of NORAD leads to PUMILIO hyperactivity and
downregulation of PUMILIO target mRNAs, many of which are involved in main-
tenance of genome stability. Accordingly, NORAD depleted cells show increased
chromosomal instability. Thus, this IncRNA protects the genome integrity by
restricting PUMILIO from binding its target mRNAs for degradation (Lee et al.
2016; Tichon et al. 2016). Recently, NORAD was also found to bind RBMX, another
RNA-binding protein involved in DNA damage; however, the consequence of this
interaction is still unclear (Elguindy et al. 2019; Munschauer et al. 2018).

Another IncRNA, the 2.7 kb-long NRON, was shown to regulate subcellular
protein localization. In T cells, NRON associates with the transcription factor nuclear
factor of activated T cells (NFAT) in the cytoplasm and sequesters it in an inactive
form within a complex that includes the nuclear import factor KPNBI, the
calmodulin-binding protein IQGAP1, and the inhibitory kinase LRRK2. Following
T-cell activation, increased Ca2+ levels lead to a disassembly of the NRON scaffold
complex which allows NFAT to translocate in the nucleus where it can regulate
cytokine target genes (Sharma et al. 2011; Willingham et al. 2005). Thus, by tittering
proteins away or controlling their activation state, cytoplasmic IncRNAs have
evolved different strategies to regulate protein function.

10.3.2 Translation Regulation

Besides ribosomal RNA, other IncRNAs were shown to regulate translation
(Fig. 10.2d). One such IncRNA is UCHLI-ASI, a 1.2 kb antisense transcript that
partially overlaps (73 nt) with the 5 UTR of UCHLI, a gene that encodes a ubiquitin
hydrolase. Under normal conditions, UCHLI-AS1 is predominantly found in the
nucleus. However, when cells are treated with the mTOR inhibitor rapamycin,
UCHLI-ASI translocates to the cytoplasm where it binds the 5UTR of the
UCHLI mRNA through its 73 nt complementary sequence (Carrieri et al. 2012).
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This interaction helps target the UCHLI mRNA to polysomes to increase translation.
The non-overlapping 3’ end of UCHLI-ASI also contains an inverted SINE B2
transposable element sequence, which is required to increase translation of UCHLI
(Carrieri et al. 2012). The exact mechanism of this translational regulation is
currently unknown, but it likely involves the modulation of specific protein interac-
tions. This arrangement—where an antisense transcript shares a complementary
sequence (binding domain) in a 5’ head-to-head fashion with an mRNA followed
by an inverted SINE B2 repeat (effector domain) further downstream—is common
to multiple IncRNAs organized in a sense/antisense pair with an mRNA (Carrieri
et al. 2012; Zucchelli et al. 2015). These IncRNAs were termed SINEUPs. Impor-
tantly, it was shown that SINEUP sequence organization is modular and can be
engineered to create synthetic RNAs that increase the translation of target mRNAs
(Zucchelli et al. 2015). These results not only show that IncRNA-mRNA interactions
are regulatory but also highlight the importance of repeat sequences in the function
of IncRNAs.

10.3.3 Regulating RNA Stability

Staufenl-mediated RNA decay (SMD) is a process whereby Staufenl (STAU1), an
RNA-binding protein, binds specifically to double-strand RNA structures to promote
degradation with the help of the helicase UPF1. The double-strand RNA structures
recognized by STAUI can be formed by the intramolecular base pairing of
sequences in the 3’'UTR of an mRNA or by intermolecular base pairing of 3'UTR
sequences of an mRNA with a partially complementary Alu sequence of another
RNA (Gong and Maquat 2011; Kim et al. 2005). The IncRNA '5-sbsRNAI is a
cytoplasmic transcript that contains an Alu sequence which was specifically shown
to pair with an Alu sequence in the 3'UTR of the SERPINE! mRNA. Interaction
between the IncRNA Y2-sbsRNA1 and SERPINE] is necessary for STAUI binding
and degradation of SERPINE] through SMD, and knockdown of "2-sbsRNAI leads
to an increase in target mRNA expression (Gong and Maquat 2011). In addition to
Y-sbsRNAI, three other Alu element-containing IncRNAs (named '2-sbsRNA2—4)
were found to regulate specific mRNA targets containing partially complementary
sequences in their 3'UTR (Gong and Maquat 2011). Curiously, STAUI1 can also
bind inverted Alu repeats within 3’'UTR of mRNAsS, and this interaction seems to
compete with NONO binding in paraspeckles. The resulting interaction leads to
export of mRNAs to the cytoplasm and can enhance their translation (Capshew et al.
2012; Elbarbary et al. 2013). It is currently not known why interaction of STAUI
with inverted Alu repeats within an mRNA does not trigger SMD, similar to
intermolecular and partial complementary interactions between mRNA and cyto-
plasmic Y2-sbsRNAs Alu sequences. In any case, with thousands of IncRNAs
containing Alu elements, it is predicted that many more cytoplasmic IncRNAs
function through STAU1-mediated decay, potentially creating a complex regulatory
network of IncRNA-mRNA pairs.
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10.3.4 Protein Signaling and Activation

Binding of a IncRNA to a specific region of a protein can potentially mask a site or
compete for the interaction with another molecule. As such, IncRNAs have been
shown to regulate specific protein-protein interactions. For example, the IncRNA
NKILA is upregulated by the transcription factor NFkB and also interacts with
NFkB/IkB. This interaction was found to mask the phosphorylation motif of IkB,
leading to the activation of NFkB (Liu et al. 2015). Similarly, the IncRNA Inc-DC
regulates the differentiation of dendritic cells by directly binding to cytoplasmic
STATS3 protein. Interaction with /nc-DC promotes the phosphorylation of STAT3 on
tyrosine 705 by blocking the binding of SHP1, a phosphatase known to inhibit
STAT3 (Wang et al. 2014). Another example of a IncRNA involved in signal
transduction is LINK-A, a 1.5 kb transcript frequently upregulated in breast cancer.
Nucleotides 481-540 and 781-840 of LINK-A were shown to interact with the SH3
and C-terminal regions of the tyrosine kinase domain of BRK (Lin et al. 2016).
Through its interaction with BRK, LINK-A was found to facilitate the recruitment of
BRK to an EGFR-GPNMB complex and induce a conformational change leading to
its activation. On the contrary, knockdown of LINK-A abolishes the recruitment of
BRK to EGFR-GPNMB and its activation (Lin et al. 2016). Modulating interactions
between different proteins therefore seems to be an important function of different
IncRNAs.

10.4 Characterizing IncRNA-Protein Interactions

Characterizing RNA-protein interactions has been a focus in studying different
aspects of gene regulation for decades, and many methods have been developed to
study RNA-protein interactions. However, identifying IncRNA-binding proteins, as
well as dissecting the rules of how protein interactions modulate IncRNA function, is
turning out to be a challenging endeavor. One complication in the study of IncRNA/
IncRNPs is that contrary to mRNAs, which have identifiable ORFs that code for
well-described protein domains, we have a poor understanding of how sequence
features of IncRNAs are organized, and we are far from being able to predict the
function of a IncRNA based on its primary sequence. The poor conservation level of
IncRNA primary sequence, the versatility of RNA to generate similar secondary
structures from different sequences, and the difficulties of predicting RNA structures
all limit our ability to identify common domains and motifs or modular structures
that might drive IncRNA function. Advances in techniques to experimentally deter-
mine RNA accessibility and structure will greatly help on that front. Interestingly, as
shown for different IncRNAs described above, repetitive elements such as Alu,
SINEs, and other repeat sequences seem to be important features in conferring
functions to RNAs. Interestingly, whereas Alu sequences can be found in IncRNAs
as well as UTRs of mRNAs, local repeats, which are defined as sequences that repeat
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within one given genomic locus, are more abundant in IncRNAs than mRNAs
(Hacisuleyman et al. 2016). One of these local repeats, termed RRD and found in
the IncRNA Firre, mediates interaction with hnRNPU and is essential to keep the
IncRNA in the nucleus (Hacisuleyman et al. 2014). Certain families of transposable
elements are also enriched in IncRNAs compared to mRNAs (Johnson and Guigd
2014; Kapusta et al. 2013; Kelley and Rinn 2012) and the presence of transposable
elements in RNA sequences was found in several instances to be associated with
protein binding (Kelley et al. 2014). Given that a large fraction of IncRNAs contain
transposable elements and repeat sequences, a more detailed and systematic analysis
of their roles as potential RNA domains for protein interactions offers an encourag-
ing path forward in identifying potential common sequence elements to better
understand IncRNA functions.

RNA and proteins have been living alongside each other for millennia. The
thousands of IncRNAs located in the nucleus, cytoplasm, and other subcellular
compartments are likely to be part of ribonucleoprotein complexes. Different can-
didate centric studies, as well as systematic characterization of RBP-targeted RNAs
such as performed by the ENCODE consortium, revealed that many of the 1500+
RNA-binding proteins (RBP) encoded by mammalian genomes (Gerstberger et al.
2014) interact with IncRNAs (Hendrickson et al. 2016; Sundararaman et al. 2016).
Therefore, in-depth characterization as well as further identification of IncRNA-RBP
interactions using protein-centric approaches will generate important information
that will shed light on the function of many IncRNAs, possibly in a similar way to
what the characterization of histone marks has done for epigenetics. Significant
effort has been made to develop biochemical approaches to identify proteins that
interact with target IncRNAs, some of them adapted from approaches previously
used to study other types of RNA-proteins interactions. While most methods to study
RNA-protein interactions were protein-centric until recently, including RNA immu-
noprecipitation (RIP) and cross-linking and immunoprecipitation (CLIP) (Ule et al.
2003), the recent development of RNA-centric approaches, such as the chromatin
isolation by RNA purification (ChIRP), capture hybridization analysis of RNA
targets (CHART), and RNA antisense purification (RAP) (Chu et al. 2015; McHugh
et al. 2015; Simon et al. 2011), has already proven to be important tools to further
advance our understanding of the roles noncoding RNAs play in cells. One thing to
note, however, is that the low expression level of many IncRNAs can make the use of
biochemical purification and characterization challenging. Here, I will describe some
of the methods that have been developed or adapted to study IncRNA-protein
interactions.

10.4.1 Protein-Centric Approaches
10.4.1.1 RNA Immunoprecipitation (RIP)

RNA immunoprecipitation is suited to detect interactions of individual proteins with
specific RNA species in vitro or in vivo and has been applied to characterize
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Fig. 10.3 Methods to identify IncRNA-protein interactions in vitro and in vivo. Protein-centric
approaches (Top panels). The various techniques and steps to identify RNAs interacting with a
specific protein in vitro (RIP) and in vivo (RIP and CLIP) using anti-protein or anti-Tag antibodies
are schematized. RNA-centric approaches (Lower panels). The various techniques and steps to
identify RNA-protein interactions in vitro (RNA pulldowns) and in vivo (RAP-MS, ChIRP-MS,
CHART, aptamer, dCas13-Tag) using RNA as bait are schematized

RNA-protein interactions for many years (Fig. 10.3). For in vitro RIP, a purified
protein of interest is first mixed with an in vitro-transcribed RNA or RNAs from a
heterogeneous cell lysate, and an antibody coupled to magnetic beads is subse-
quently used to capture the protein. RNAs directly and stably interacting with the
protein will co-precipitate, whereas non-associated RNAs will be eliminated by
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rigorous washes. Interacting RNAs are then extracted and can be measured using
real-time PCR and Northern blotting or identified by RNA sequencing (Zhao et al.
2010). For in vivo RIP, RNA-protein interactions are isolated directly from a cell
lysate following lysis. Prior to performing in vivo RIP, one important consideration
is whether to cross-link cells in order to capture potentially transient or unstable
interactions or keep them in a native state. Native RIP is more suitable to identify
RNAs bound directly and stably to the protein of interest, whereas cross-linking RIP
can identify not only less stably bound RNAs but also RNAs bound indirectly
through interactions with other proteins within a complex. To date, RIP has been
one of the most commonly used methods to study IncRNA-protein interactions.
However, interpretation of in vivo RIP results requires careful controls, since it was
shown that some RNA-protein interactions are not necessarily present in cells
in vivo but instead form in solution post cell lysis (Mili and Steitz 2004). Therefore,
it is advisable to confirm RNA-protein interactions using a second method and
complementary experiments.

10.4.1.2 Cross-Linking Immunoprecipitation (CLIP)

CLIP overcomes some of the drawbacks of RIP by cross-linking RNA-protein
complexes with ultraviolet light (UV), which only cross-links RNA to proteins in
close proximity as opposed to formaldehyde which cross-links more readily pro-
teins. It also allows the identification of protein binding site on the interacting RNA.
Post UV cross-linking, and following cell lysis, samples are treated with RNase in a
controlled manner to generate short RNA fragments, and only the RNA regions
interacting with a protein will be protected. The covalently cross-linked
RNA-protein partners are then immunoprecipitated using an antibody against the
protein of interest, and stringent washes of the isolates are performed. Adaptors are
subsequently ligated to the 3’ end of the RNA, proteins digested with proteinase K,
and RNAs extracted for subsequent 5’ end adaptor ligation, library preparation, and
deep sequencing (Fig. 10.3). To identify more readily the exact nucleotides
interacting with a protein, several variants of CLIP have been developed. For
example, PAR-CLIP introduces photoactivatable ribonucleosides, such as
4-thiouridine or 6-thioguanosine, into nascent transcripts to induce strong and
efficient cross-linking by UV. Following cDNA synthesis of the purified RNA,
this ribonucleoside is changed to a cytosine, indicating the site of interaction
between the RNA and the protein (Hafner et al. 2010). Individual nucleotide
resolution CLIP (iCLIP) was developed to identify more precisely RNA-binding
site without cDNA mutation. Similar to standard CLIP, adapters are ligated at the 3’
end of RNA fragments following RNase treatment. However, instead of ligating an
adaptor at the 5 end, the cDNA is circularized and subsequently processed for
sequencing. The bond created by UV cross-linking between RNA and proteins
leaves a peptide adduct on the RNA interaction site, and the reverse transcriptase
is often stalled at these adducts. By circularizing the cDNA, these sites can be
precisely mapped leading to the identification of RNA-protein contacts at nucleotide
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resolution (Konig et al. 2010). CLIP and similar methods have been highly success-
ful in identifying precise RNA-protein interactions in the past decade. However,
these techniques are technically challenging and require large amounts of material,
which poses a problem for the study of low abundance IncRNAs.

10.4.2 RNA-Centric Approaches

Whereas protein-centric approaches are useful in obtaining maps of RBPs that
associate with IncRNAs and to determine binding sites on specific mRNAs, they
are not suited to obtain a complete interactome for a specific IncRNAs. To achieve
this, different RNA centric methods that isolate IncRNPs from cells have been
developed.

10.4.2.1 RNA Pulldown

RNA pulldown is an in vitro assay that allows to identify proteins that interact with
an RNA of interest (Fig. 10.3). In this technique, in vitro-transcribed RNA is labeled
with biotin or synthesized with an S1m aptamer at the 5’ or 3’ end. A recombinant
protein or a cell lysate is then mixed with the labeled RNA, and complexes are
affinity-purified using streptavidin-conjugated magnetic beads. Following more or
less stringent washing, interacting proteins (direct and indirect) are identified by
Western blotting or mass spectrometry. This technique is relatively simple to
implement and is often used as a secondary assay to confirm whether an interaction
between a IncRNA and a protein is direct. However, when using protein lysates, both
direct and indirect interactions are generally detected.

10.4.2.2 Biotinylated Oligo Approaches (ChIRP-MS, CHART-MS,
RAP-MAS)

With an increasing need for RNA-centric biochemical purification methods, various
new methods to systematically map IncRNA-protein interactions in vivo have been
developed and applied to characterize the proteome of specific candidates. Among
the most frequently used methods is Comprehensive Identification of RNA-binding
Proteins by Mass Spectrometry (ChIRP-MS), a method that uses 20 nt biotinylated
oligonucleotides complementary to and tiled across a IncRNA of interest, as a handle
to pull down interacting proteins. Cultured cells are first cross-linked with formal-
dehyde and cells are lysed and sonicated to solubilize the lysate. Biotinylated oligos
are then added to the cell extract allowing to hybridize with the target IncRNA.
RNA-protein complexes are then captured on streptavidin-conjugated magnetic
beads followed by washes to eliminate non-interacting proteins. After elution, the
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isolated interacting proteins are subjected to liquid chromatography-tandem mass
spectrometry for identification (Chu et al. 2015).

Capture Hybridization Analysis of RNA Targets Mass Spectrometry (CHART-
MS) is conceptually and technically similar to ChIRP. However, whereas ChIRP
uses short oligos across the entire IncRNA without a priori knowledge of any
functional RNA domains, CHART empirically determines which probes to use by
mapping good candidate hybridization regions using an RNase H assay that
degrades DNA:RNA hybrids (Simon et al. 2011). Proteins interacting with
NEATI and MALATTI in paraspeckles and nuclear speckles, respectively, were
identified successfully with CHART-MS (West et al. 2014).

Similar to ChIRP and CHART, RNA Affinity Purification Mass Spectrometry
(RAP) uses antisense biotinylated oligos which hybridize to a target IncRNA and
pulldown interacting proteins. Compared to ChIRP-MS and CHART-MS, the most
distinctive feature of RAP-MS is that it uses longer but fewer biotinylated tiling
probes (>60 nucleotides), which form very stable RNA-DNA hybrids (McHugh
et al. 2014). This allows more stringent hybridization and wash conditions and hence
reduces nonspecific RNA-protein interactions albeit at a higher cost due to the length
of the probes. Both formaldehyde or UV have been used as cross-linking agents for
RAP, and the approach has been combined with Stable Isotope Labeling by Amino
acid Cell culture (SILAC) to quantitatively measure proteins associated with Xist,
such as SHARP, LBR, and PTBP1 (McHugh et al. 2015).

10.4.2.3 Aptamer-Based Approaches

Aptamers are functional RNA sequences with the ability to specifically bind to
proteins or small molecules with high affinity (Ellington and Szostak 1990). They
can, therefore, be used as handles for RNA pulldown experiments by linking them to
the 5’ or 3’ end of a target RNA and introduced in vivo through either a vector-based
ectopic expression system or endogenous tagging by homology-directed repair. The
S1m aptamer is particularly suitable since it has a high affinity for streptavidin and
hence allows target RNAs to be purified directly using streptavidin-conjugated
magnetic beads (Leppek and Stoecklin 2014; Srisawat and Engelke 2001). This
approach was successfully used with full-length and truncated versions of the
cardiac-enriched IncRNA Chaer to identify a 524 nt region necessary for its inter-
action with EZH2 (Wang et al. 2016). The MS2 aptamer is another widely used 19 nt
hairpin derived from the MS2 RNA phage that interacts with the MS2 coat protein
with high affinity and specificity. The incorporation of >4 repeats of the MS2
aptamer into the target RNA, 5" or 3’, allows the isolation of RNA-protein complexes
on amylose resin using immobilized maltose-binding protein fused to MS2-binding
coat protein (Parrott et al. 2000; Tsai et al. 2011) or by co-expressing a FLAG-tagged
MS?2 coat protein together with the RNA-MS2 aptamer fusion (Gong and Maquat
2014; Gong et al. 2012). Alternatively, a BoxB aptamer can be linked to an RNA and
used in combination with a BirA-AN fusion protein that can bind the BoxB aptamer
to biotinylate neighboring interacting proteins, a technique termed RNA-Protein
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Interaction Detection (RaPID). Interacting proteins can subsequently be purified
using streptavidin beads and identified by Western blotting or mass spectrometry.
This was successfully used to identify host proteins interacting with the Zika virus
RNA (Ramanathan et al. 2018).

There’s been a great leap in the development of methods allowing us to probe
RNA-protein interactions by using either molecules as handles, but many challenges
still remain. UV and formaldehyde cross-linking methods are generally inefficient
and require large amounts of cells. Improvements in cross-linking methods would
thus greatly help capturing RNA-protein interactions with fewer cells or in rare
subpopulations. Similarly, many of these methods are not well suited to probing
interactions of low abundance transcripts. The discovery of CRISPR-Cas13, which
is easily programmable and can interact specifically with RNA, can potentially be
adapted to serve as a handle to purify endogenous RNA-protein interactions directly
from cells. Combining this with proximity labeling approaches such as BiolD or
APEX can potentially be a powerful approach to identify endogenous IncRNPs. Of
course, orthogonal approaches (both RNA and protein-centric) are always necessary
to validate interactions.

10.5 Concluding Remarks

Messenger ribonucleoprotein complexes are involved in regulating mRNA metab-
olism from their transcriptional birth to their degradation. Long noncoding RNAs,
through their interaction with proteins (IncRNPs), can also participate in regulating
mRNA metabolism, but also exhibit a wide range of properties and functions to
actively regulate cellular processes at almost all levels. We have only just begun to
scratch the surface of their importance in modulating cellular pathways. While at this
point, it is still hard to predict how many out of the thousands IncRNAs identified are
actually functional at the RNA level, many are likely to be found to regulate key
cellular processes. Nevertheless, for this to happen, thorough and detailed
approaches are needed in order to (1) distinguish whether the act of IncRNA
transcription or the RNA transcript itself performs a function in cis or in trans;
(2) determine how IncRNAs integrate into known signaling pathways by identifying
their protein interaction partners; (3) decipher IncRNA sequence-structure-function
relationship; and (4) determine the impact of IncRNA function on normal physiol-
ogy, disease, and progression. The task ahead is colossal and will require painstaking
and sustained work. Fortunately, the last few years have seen the development of
many novel technologies as well as robust genetic and biochemical methods which
will greatly improve our ability to tackle these questions and allow us to explore the
vast world of IncRNAs. Exiting times are ahead in exploring the IncRNA world.
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