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ABSTRACT

Because it can expand the range of a protein’s interactions or modulate its activity, post-
translational methylation of arginine residues in proteins must be duly coordinated and
‘decoded’ to ensure appropriate cellular interpretation of this biological cue. This can be
achieved through modulation of the enzymatic activity/specificity of the protein arginine
methyltransferases (PRMTs) and proper recognition of the methylation ‘mark’ by a
subset of proteins containing ‘methyl-sensing’ protein modules known as ‘Tudor’
domains. In order to gain a better understanding of these regulatory mechanisms, we
undertook a detailed biochemical characterization of the predominant member of the
PRMT family, PRMTI, and of the novel Tudor domain-containing protein 3 (TDRD?3).
First, we found that PRMT1 function can be modulated by 1) the expression of up to
seven PRMT1 isoforms (v1-7), each with a unique N-terminal region that confers distinct
substrate specificity, and by 2) differential subcellular localization, as revealed by the
presence of a nuclear export sequence unique to PRMT1v2. Second, our findings suggest
that TDRD3 is recruited to cytoplasmic stress granules (SGs) in response to
envrironmental stress potentially by engaging in methyl-dependent protein-protein
interactions with proteins involved in the control of gene expression. We also found that
arginine methylation may serve as a general regulator of overall SG dynamics. Finally,
we uncovered that alteration of PRMT1, TDRD3, and global arginine methylation levels
in breast cancer cells may be closely associated with disease progression and poor
prognosis. Therefore, further studies into the pathophysiological consequences ensuing
from misregulation of arginine methylation will likely lead to the development of novel

strategies for the prevention and treatment of breast cancer.
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Preface

In accordance with the Faculty of Graduate and Postdoctoral Studies’ (FGPS) thesis
regulations (University of Ottawa), the experimental findings presented in this thesis are
comprised of one unpublished and two published journal articles, reprinted here with
permission from respective publishers (see Authorizations). Published collaborative work
done during my doctoral studies is also presented in appendix, reprinted with permission
from publisher as well (see Authorizations). Each of the articles included in this thesis is
prefaced with a short description, followed by a statement of contributions of

collaborators and co-authors, as prescribed by the FGPS.

The first chapter of this thesis (Chapter 1) contains a general overview of our current
knowledge on arginine methylation, the protein arginine methyltransferase 1, and the
methyl-binding Tudor domains. Chapter 2 is a manuscript describing the influence
PRMT1 isoforms’ unique N-terminal sequences have on its localization,
methyltransferase activity, and substrate specificity. Groundwork done on the
biochemical characterization of the novel TDRD3 protein forms the basis of Chapter 3.
The manuscript describing TDRD3 recruitment to cytoplasmic stress granules is
presented in Chapter 4. The final chapter (Chapter 5) is dedicated to a general discussion
of these results and their relevance to the field of arginine methylation and (breast) cancer

biology.
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CHAPTER 1

General Introduction

A cell’s survival depends on its capacity to maintain homeostasis, i.e. its ability to
continuously adapt to fluctuating environmental conditions in order to maintain viability.
Such adaptation is made possible by the integrated actions of thousands of intracellular
molecules contrived to quickly sense, process, and respond to changes that threaten to

upset this delicate balance.

As the ‘workhorses’ of the cell, proteins often are the first molecules to respond to
such changes, coordinating and carrying out thousands of biochemical reactions at any
time with the ultimate goal of regulating various biological functions (e.g. growth,
differentiation, death). Because of the complexity of such biochemical reaction networks,
specific mechanisms have evolved to ensure that cellular proteins respond appropriately
and accurately to extra- and intracellular cues. Such mechanisms include regulation of
protein turnover, modulation of protein activity, protein-protein interaction, and protein
localization. The cell uses three major means to achieve such fine-tuning of protein
function and levels: de novo protein synthesis, protein degradation, and addition of post-
translational modifications (PTMs) to existing proteins. Deregulation of any of these
mechanisms can ultimately lead to the emergence of a number of pathophysiological

processes culminating in disease.
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In eukaryotic cells, protein synthesis and degradation are relatively slow processes,
require a multitude of players and represent a significant energy investment for the cell
(1, 2). On the other hand, reversible addition of post-translational modifications (PTMs)
to existing proteins offers an advantageous alternative to modulate the activity of the
target proteins: it proceeds on a time scale of seconds to minutes, requires relatively few
proteins, and therefore, places fewer demands on the cell’s energy stores (3-5). Virtually
all of the 20 amino acid residues used as building blocks for proteins can be post-
translationally modified by covalent addition of different functional groups (or other
polypeptides) to extend the range of protein function (6). The ensuing biological effects
of these modifications can differ greatly, depending on the types of modifications and
their targets, but PTMs usually cause changes in protein activity, localization, dynamic
interactions with other proteins, or stability (6). Thus, PTMs represent a cheap, energy-

efficient, and powerful way to regulate protein function.

While kinase-dependent phosphorylation of protein serine, threonine, or tyrosine
residues is indisputably the most studied and understood of these PTMs, in recent years,
the development of new detection techniques has revealed methylation to be another
major PTM involved in controlling protein function. In contrast to phosphorylation,
protein methylation occurs on lysine and arginine residues (7), offering a distinct range of

potential substrates in the cell.
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1.1. Protein arginine methylation: chemistry and general biological significance

Arginine methylation is one of the most common protein methylation reactions in
mammalian cells (8, 9) and a large array of different proteins contain methylated
arginine(s) (10): transcription and splicing factors, nucleic acid binding proteins, signal
transducers, and histones are but a few examples of the ever expanding repertoire of

arginine-methylated proteins.
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FIGURE 1. Types of methylated arginines generated by mammalian protein arginine
methyltransferases. Methylation of arginine proceeds by the addition of a methyl group (CH,), donated
from S-adenosyl-methionine (AdoMet), to one of the guanidino amino groups of arginine, generating w-
N°¢-monomethylated arginine (MMA). Type I PRMT enzymes catalyze the formation of asymmetrically -
N N°-dimethylated arginine (aDMA) through the addition of a second methyl group to the same nitrogen.
Symmetrically w-N°N'°-dimethylated arginine (SDMA) is generated by Type Il PRMTs, which catalyze
the addition of a methyl group to the other terminal nitrogen of the arginine. The use of AdoMet as a source
of methyl group by PRMTs produces S-adenosyl-homocysteine (AdoHcy), a by-product that is recycled
back to AdoMet within the cell.

Arginine methylation results from the transfer of methyl group(s) from S-adenosyl-L-

methionine (AdoMet) to the side chain guanidino group of arginines in protein substrates
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by proteins known as methyltransferases (11) (Fig. 1). Although methylation does not
alter the positive charge of the arginine, it increases its bulkiness and hydrophobicity, and
consequently, modifies its binding properties (12). Thus, as a means of post-translational
regulation, arginine methylation may provide otherwise identical proteins with distinct
binding properties which can affect their activity and ultimately their function. This
simple and rapid modification of protein chemical properties in turn enables cells to
respond quickly to both external and internal stimuli, without having to rely on the rather
slow and energy-consuming process of synthesizing new proteins and degrading old

ones.

1.2. Protein arginine methyltransferases

The mammalian protein arginine methyltransferases (PRMTs), the enzymes responsible
for arginine methylation, compose a family of nine related members that have been
classified into three types: I, I, and III (Fig. 2). All three types of enzymes catalyze the
formation of w-N°-monomethylated arginine (MMA), where a single methyl group is
placed on a terminal nitrogen atom of the guanidino group (13) (Fig. 1). Type I PRMTs
[PRMT1 (14), PRMT?2 (15), PRMT3 (16), PRMT4 (a.k.a. CARM1) (17), PRMT6 (18),
and PRMTS (19, 20)] are responsible for the subsequent generation of the most prevalent
type of methylated arginine derivative: asymmetrically w-N° N°-dimethylated arginine
(aDMA) (8). In this case, two methyl groups are placed on one of the terminal nitrogen
atoms of the guanidino group (13) (Fig. 1). PRMTS5 (21-23) and PRMT?7 (13) are the only
known type II enzymes and promote the formation of symmetrically w-N%N'"-

dimethylated arginine (SDMA), where one methyl group is placed on each of the terminal
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guanidino nitrogens (13) (Fig. 1). PRMT?7 also exhibits type III enzymatic activity, which
is restricted to the generation of monomethylarginines (13). However, the data regarding
PRMT7 must be interpreted with caution as the types of methylation reaction catalyzed
by this protein are still under investigation and remain to be clearly demonstrated. To
date, no methyltransferase activity has been observed for PRMT9 (24) and no enzyme

has been found that forms both aDMA and sDMA derivatives (13).
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FIGURE 2. The mammalian protein arginine methyltransferase family. All PRMTs contain a highly
conserved methyltransferase domain of approximately 310 amino acids harboring four signature motifs (I,
post-I, II, and III) as well as conserved “THW” loop involved in AdoMet binding and subsequent transfer
of methyl groups to arginine residues (25-29). Each PRMT exhibits a unique N-terminal region that varies
considerably in length, but which usually contains two o helices as well as other domains possibly involved
in substrate recognition (13, 26). Types of arginine methylation catalyzed by each enzyme are indicated in
parentheses (type I, II, III), whereas the types of arginine methylation catalyzed by the enzymes marked
with an asterisk are still under investigation.

Two related members of the F-box only family of proteins, FBXO10 and FBXO11,
have also been suggested to be protein arginine methyltransferases (24, 30). Although

neither protein seems to share the characteristic seven f-strand methyltransferase motifs
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common to PRMTI1-9, comparative sequence analysis revealed distant amino acid
sequence similarities between the two F-box only proteins and the PRMT family (13, 24,
28). While biochemical characterization of FBXO10 remains to be performed (30), the
attribution of type Il methyltransferase activity to FBXO11 (24) may have actually been
the result of contamination of the affinity-purified enzyme with PRMTS5 (31) as an
independent study reported no activity for the human or worm FBXO11 proteins (13, 32).
Thus, further research will be required to determine whether F-box only proteins can be

protein arginine methyltransferases (13).

As the role of PRMTs continues to be better understood, the number of arginine-
methylated proteins and the cellular processes they govern continues to expand.
Therefore, for the sake of simplicity and concentrating on the main findings relevant to
the present thesis, this chapter will focus on the current knowledge regarding PRMT 1, the
functional implications of its methyltransferase activity, and its putative link to specific
pathophysiological processes such as carcinogenesis. Separately, this chapter will also
summarize information regarding a subset of proteins containing so-called ‘Tudor’
domains and their roles in mediating methyl-dependent protein-protein interactions in

various cellular processes regulated by protein methylation.

1.3. PRMT1: the major arginine methyltransferase
Of the nine mammalian PRMTs, PRMT1 performs an estimated 85% of all the arginine
methylation reactions in human cells (33). PRMT1 is found in the nucleus and the

cytoplasm of virtually all cell types and is expressed in all tissues of the human body (34,
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35). The abundance of PRMTI and its cellular distribution emphasize its important

physiological role as the dominant PRMT in the cell.

1.3.1. Substrate specificity and enzyme activity

Although much research has been performed on PRMT1 over the last fifteen years, the
mechanism defining its substrate specificity remains poorly understood. Most methylated
arginine residues in PRMT1 protein substrates reside in glycine (“RGG”)- and arginine
(“RXR”)-rich (GAR) motifs (11), but there are exceptions to this rule (36). According to
Wooderchak (37), the fact that PRMT1 substrates may not be limited to proteins bearing
such GAR sequences strongly suggests that its substrate proteome may be more diverse
than previously anticipated. Therefore, understanding how this enzyme selects certain
substrates over others and performs catalysis is of crucial importance to get the full

spectrum of biological functions of PRMT1 (37).

A number of recent studies have begun to provide some clues as to how PRMTI
might recognize its substrates. While negatively charged residues in the surface grooves
of PRMT1 have been shown to be important for substrate binding through pull-down
experiments (36, 38), surface residues distal to the active site might also contribute to
substrate specificity. For example, PRMT1 exhibits increased activity towards full-length
proteins in comparison to smaller peptides with similar recognition sites (39), suggesting
that PRMT1 methyltransferase activity might be enhanced by additional enzyme-
substrate contacts outside of the catalytic core (40). Complementing this finding, residues

distal to the site of methylation in its protein substrates were also shown to be important
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for PRMT1 substrate binding and catalysis (36, 41). Taken together, these observations
suggest that PRMT 1 activity and specificity towards its substrates may also involve other

residues than those constituting the catalytic core (motifs I, post-I, II, and III in Fig. 2).

Aside from the highly conserved 310-amino acid methyltransferase catalytic core
shared by all PRMTs, each PRMT displays unique N- and C-terminal extensions. The
function of these PRMT-specific ‘non-core’ sequences is still not well understood, but
results from independent studies suggest putative contributions of the N-terminal
sequences (varying in length from approximately 30 to 200 amino acids (26); Fig. 2) to
PRMT activity and specificity. For example, deletion of the N-terminus of PRMT3,
which contains a zinc-finger motif (Fig. 2), decreases its enzymatic activity and affects its
protein substrate specificity (16, 42). Similarly, the presence of the PRMT4/CARMI
‘pre-core’ N-terminal domain is required for methylation of the arginines at position 2
and 26 in histone 3 (H3R2 and H3R26) (43). The unique N-terminal region of PRMT1, in
contrast, is only ~30 amino acids in length, indicating that its catalytic core may carry out

most PRMT1 functions.

Complicating this picture are studies demonstrating that alternative splicing of the
primary human PRMTI transcript can generate at least three protein isoforms (v1-3)
differing only in their first 6 to 30 N-terminal amino acids (34, 35) (Fig. 3). According to
existing PRMTT structural information (25), the varying sequences are N-terminal to the
cofactor-binding a helices (aX and aY in Fig. 3), which suggests that these three N-

terminal variants should still be able to interact with the AdoMet cofactor to a similar
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extent and therefore, should all still be enzymatically active. Therefore, these short
extreme N-terminal sequences are more likely to govern isoform-specific interactions
with distinct sets of substrates during catalysis. This hypothesis, however, remains to be
explored. Indeed, determining whether PRMT1 variant’s unique N-terminal sequences
can influence its substrate specificity is of crucial importance, as this could in turn
provide a molecular mechanism for differences in substrate specificities and enzymatic

activities observed between various PRMTs.

AdoMet
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FIGURE 3. Multiple sequence alignment showing the N-terminal unique domains of PRMT1v1-3.
The position of aX and aY helices as well as the beginning of the AdoMet binding domain is indicated
above the sequences.

1.3.2. Alternative mechanisms regulating PRMT1 activity and substrate specificity

In addition to the intrinsic structural and substrate binding properties of PRMT1 and the
production of a set of distinct protein isoforms, the activity and specificity of PRMT1
may be regulated in a number of different ways. One way is through the regulation of
subcellular localization since PRMT1 is highly mobile between the cytoplasm and the
nucleus (44). The relative distribution of cytoplasmic versus nuclear PRMT1 also varies
across different cell types (45), suggesting the existence of cell- or tissue-specific
mechanisms regulating PRMT1 localization, although little is known regarding the

mechanisms responsible for such differences in localization.

The activity of PRMT1 could also be influenced by post-translational modifications,

although the evidence to date for such a mechanism is tenuous. Nevertheless, some
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evidence suggests that PRMT1 possesses automethylation activity (40) (as it has also
been shown for PRMT4/CARMI1 (46), PRMT6 (18), and PRMT8 (20)). The mechanisms
involved and the functional consequences of automethylation, however, remain unknown.
The activity of PRMT1 could also hypothetically be modified in a rapid manner by
phosphorylation as a conserved serine residue (S217) found amongst the various PRMTs
can be phosphorylated in PRMT4/CARMI, resulting in complete abolition of
methyltransferase activity by preventing methyl donor AdoMet binding (47).
Higashimoto and colleagues also reported that phosphorylation at another conserved
serine residue (S229) could inhibit PRMT4/CARMI1 methyltransferase activity, possibly
by interfering with PRMT4/CARMI1 homodimerization (48). The presence of post-
translational modifications adjacent to arginine methylation motifs located in target
proteins could also block PRMT accessibility to these sites. For example, various PTMs
(especially methylation and acetylation) on N-terminal histone tails, which dictate
chromatin-DNA interactions, have been shown to block methylation of adjacent arginines
at positions 2 and 8 (49-51) and of adjacent lysines at position 4 and 9 on the Histone 3
(52, 53). Thus, post-translational modifications on both the enzyme and the substrate
represent another potential mechanism by which the activity or substrate specificity of
PRMT1 may be modulated, but further research is required to determine the prevalence

and importance of this regulatory mechanism.

Although PRMT1 is an active methyltransferase in the absence of other polypeptide

species in vitro, significant evidence exists indicating that its activity and/or specificity

can be regulated through binding to additional partners in vivo (13). For example,
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PRMT1 was first isolated through its interaction with the antiproliferative proteins BTG1
and BTG2, and both proteins can stimulate PRMT1’s activity towards selected substrates
(14, 54-61). Interestingly, depletion of BTG2 leads to a decrease in methylated arginines
in the nucleus, but not in the cytoplasm, suggesting that modulators of PRMT1 activity
are present in different cellular compartments (62). PRMT1 activity is also modulated in
a substrate-dependent manner by hCAF1, a known interactor of BTG1, which inhibits,
among others, the methylation of Sam68 and Histone 4 arginine 3 (H4R3) (63, 64).
Binding of the nuclear orphan receptor TR3 (65), a transcription factor that plays key
roles in cell proliferation and apoptosis, or the binding of protein phosphatase 2A (66),
involved in the control of many cellular functions, to PRMT1 also result in repression of
PRMT1 activity, consequently decreasing the methylation of several downstream
substrates. Taken together, these findings suggest that interaction with other proteins is a
major mechanism by which the methyltransferase activity of PRMT1 can be modulated

in vivo.

1.3.3. Functional implications of PRMTI expression

While loss of the expression of the PRMT1 homolog (Hmtl/Rmtl) in Saccharomyces
cerevisiae does not affect cell viability, it results in mislocalization of several cellular
proteins as well as defects in maintaining silent chromatin (67, 68). In mice, reduction of
PRMT1 expression to approximately 5% of its normal level leads to embryonic lethality,
but yet does not compromise the viability of embryonic stem (ES) cells generated from
these mice, even though they exhibit a significant decrease in protein arginine

methylation (69). In contrast, complete loss of PRMT1 expression in mouse embryonic
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fibroblasts (MEFs) results in spontaneous DNA damage, cell cycle progression delay,
checkpoint defects, aneuploidy, and polyploidy, which suggest that PRMTI1 is required

for genome integrity and cell proliferation (70).

1.3.3.1. Roles in DNA repair

In response to DNA double-strand breaks (DSBs), generated by genotoxic agents or by
cellular endonucleases as intermediates of several important physiological processes, cell
cycle checkpoints are activated to delay cell cycle progression. Such actions give the cell
time to initiate DNA repair pathways, in which two of the protein players are currently
known substrates of PRMT1: MREI11 and 53BP1. Arginine methylation of MREI11 is
required for its localization to DNA damage foci and for proper regulation of its
exonuclease activity on double-stranded DNA (71). On the other hand, 53BP1’s
methylatable GAR motif regulates its ability to oligomerize (72) and to associate with
DNA (73), although independently of PRMT1 activity. In addition, PRMT1-deficient
ME-Fs are defective for the recruitment of RADS1 to DNA damage foci (70), indicating
that PRMTI1 is also required for RADS1 recruitment to sites of DNA DSB repair.
Furthermore, loss of PRMT1 in MEFs leads to genomic instability, a condition generally
observed in cells that fail to repair DNA DSBs. The phenotypic abnormalities observed in
PRMT1-deficient MEFs (e.g. spontaneous DNA damage, sustained delay in cell cycle
progression, genetic instability, etc.) indeed suggest that PRMT]1 function is essential in
the cellular response to DNA DSBs. However, the exact molecular mechanisms by which
PRMT1 functions in DNA repair pathways remains largely unknown and will require

further investigation and research.
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1.3.3.2. Roles in the regulation of gene expression

Histones represent major targets for PRMTs, where methylation is part of the histone
post-translational modification code regulating chromatin structure and function (74). For
example, PRMTI, functioning synergistically with PRMT4/CARMI, is recruited to
specific genomic regions, in part by interactions with various transcription factors
(including p53 (75), YY1 (76), NF-xB (77), PPARy (78), RUNX1 (79), CREB (80) and
E2F1 (81)), leading to alterations in histone methylation patterns that dictate changes in
gene expression (82). Addition of aDMA to histones by PRMT1 generally serves as an
activation signal for gene expression (83, 84). For example, PRMTI1 specifically
dimethylates the R3 residue of the histone H4 tail, which in turn promotes histone H3 and
H4 acetylation (83). In general, increased acetylation levels of H3 and H4 are
characteristic of an open chromatin state and active gene transcription (85-87). PRMTI1
methyltransferase activity, however, can be also involved in repression of gene
expression (84). For example, the yeast homolog of PRMT1, Hmtl/Rmtl, is involved in
the maintenance of silent chromatin in yeast cells (68)), suggesting that the effect of
PRMT1 function may be context-specific. Thus, arginine methylation of histones

provides PRMT1 with a means to impact on the regulation of gene expression.

1.3.3.3. Roles in signal transduction and transcriptional co-regulation pathways

Analogously, a number of studies have suggested a function for PRMT1 in the regulation
of hormone-dependent transcription, a process which plays a part in controlling the
expression of cell-cycle genes that influence cell proliferation (88-93). One

hyperproliferative disorder characterized by defects in hormone-dependent signaling
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pathways impinging on transcription is breast cancer and PRMT1 may have a role to play
here. Thus, the following section focuses on PRMT1’s putative roles in the regulation of

estrogen signaling and estrogen-dependent transcription.

PRMT1 methylates the estrogen receptor o (ERa) rapidly following estrogen (E2)
induction (89). In breast epithelial cells, this methylated form of ERa can be found
exclusively in the cytoplasm (89). PRMT1-mediated methylation is required for the
extra-nuclear (nongenomic) function of the receptor in mediating the assembly of a
cytoplasmic signaling complex consisting of ERa, the tyrosine kinase Src, the p85
subunit of the lipid kinase PI3K (Phosphoinositide 3-kinase), and the focal adhesion
kinase (FAK), a substrate of Src involved in cell migration (89). The formation of this
complex then triggers the activation of signaling kinases such as Akt and MAPK, whose

downstream signaling cascades orchestrate cell survival and cell proliferation (94).

Methylation of ERa in response to estrogen is normally transitory in the cytoplasm of
healthy breast epithelial cells, suggesting the existence of yet unknown mechanism(s) that
can rapidly reverse the methylation of ERa (89, 95). The methylation of ERa, however,
is significantly increased in a subset of breast cancer tumors (89, 95). Whether high levels
of methylated ERo in breast tumors are the result of deregulated demethylation
mechanism(s) and/or hyperactivated PRMT1 methyltransferase activity remains to be
elucidated. Regardless, such persistent methylation may lead to sustained kinase
activation, notably of Akt, which in turn activates estrogen signaling pathways, even in

the absence of estrogen: a potentially selective survival advantage for primary tumor
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cells. Moreover, the methyalted arginine (R260) in ERa lies within its DNA-binding
domain and within one of its nulcear localization signals, which might interfere with its
nuclear import (see below for the genomic function of ERa) (89, 95). These findings
therefore suggest a role for PRMT1 and methylated ERa in signal transduction pathways

whose deregulation may lead to mammary tumorigenesis (95).

In the nucleus, PRMT1 (synergistically with CARMI1) forms part of the ER
coactivating complex, in which it executes several methylation reactions, such as at the
R3 residue of the histone H4 tail that activates gene transcription (17, 96, 97). PRMT1-
dependent methylation also increases PGC-1a’s (Peroxisome proliferator-associated
receptor gamma coactivator 1 alpha) coactivator functionality for several nuclear
receptors, including ERa, triggering target gene expression (98). The association of Fop
(Friend of PRMT1) with PRMT1 and its methylation by PRMT1 are also critical events
for ER-regulated activation of gene transcription (99). PRMTI1-induced methylation of
RIP140, a hormone-dependent ER-binding corepressor, reduces its repressive activity by
two mechanisms. First, methylation of the R240 impairs RIP140 interaction with histone
deacetylase 3 (HDAC3), thereby preventing chromatin condensation and subsequent gene
silencing (100). Second, methylation of R240, R650, and R948 increases RIP140
interaction with the nuclear exporter CRM1 (101). This results in RIP140 sequestration to

the cytoplasm, thereby diminishing its nuclear repressive activity.

Besides its roles in genomic and non-genomic estrogen pathways, PRMT1 is also an

essential component of a novel Mixed Lineage Leukemia (MLL) oncogenic
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transcriptional complex that modifies histones in a similar fashion to the ER coactivating
complex (102). Methylation by PRMT 1 also influences the capacity of other transcription
factors to bind to specific promoters (75, 76, 79), such as BRCA1 (Breast cancer type 1
susceptibility protein), which may ultimately affect its tumor suppressor activity (103).
Thus, arginine methylation of histones, transcriptional factors, and co-regulators provides
PRMT1 with various ways to impact on the epigenetic regulation of gene expression, and
for which deregulation has been shown to play important roles in tumor initiation and

progression (104).

1.3.3.4. Roles in pre-mRNA splicing
Several studies have also suggested functions for arginine methylation in the regulation
of co- and post-transcriptional processes, including pre-mRNA splicing (105-107),

mRNA export (67, 108-111), and translation (112, 113).

Direct evidence for a role of arginine methylation in pre-mRNA splicing first came
from the observation that splicing efficiency is greatly reduced in nuclear extracts
prepared from cells grown in the presence of AdoMet-dependent methylation inhibitors,
indicating that normal levels of methylarginine-containing proteins are required for pre-
mRNA splicing in vitro (105). In addition, preincubation of nuclear extracts with an
increasing amount of DMA-specific antibodies resulted in complete inhibition of
splicing, demonstrating that DM A-containing proteins are part of the active spliceosome
(105). Consistent with these findings, several heterogeneous nuclear ribonucleoproteins

(hnRNPs), small nuclear ribonucleoproteins (snRNPs), serine- and arginine-rich (SR)
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proteins, and other splicing factors involved in pre-mRNA splicing were identified in a
large proteomic survey of arginine-methylated protein complexes (114). Methylation of a
number of these splicing factors by PRMT1 (such as SRSF9/SRp30c (115), U1-70k
(116), and ASF/SF2 (117-119)) and other PRMTs (106, 120-122) has since been

confirmed.

In the nucleus, CARM1 and PRMT®6, which catalyze asymmetric dimethylation of
target arginines like PRMT1, are transcriptional coactivators, and also the only type I
mammalian PRMTs that have been clearly identified as regulators of alternative splicing
(106, 107, 123). The enzymatic activity of PRMT6 increases skipping of alternative
exons in VEGF and Syk genes in a steroid hormone-independent manner (107). PRMT6
most likely regulates alternative splicing by methylating other splicing factors although
this remains to be confirmed. Similarly, CARMI1 methylates the splicing factors CA150,
SAP49, SmB, and UI1C, and promotes exon skipping in an enzyme-dependent manner
(106). In yeast, the mammalian PRMT1 homolog HmtI/Rmtl, which also generates
aDMA, has been shown to promote the dynamic interactions between RNA-binding
proteins and pre-mRNAs required for proper assembly of mRNPs during transcription
(116, 124-127). Recent findings from our collaborators further demonstrate that Hmt1-
mediated methylation regulates the specificity of the splicing machinery by recruiting
splicing factors co-transcriptionally to particular pre-mRNAs (116) (and Appendix II).
Since  PRMT1 and CARMI1 function synergistically as general transcriptional
coactivators in mammals, this raises the possibility that mammalian PRMT1 could also

function as a co-transcriptional regulator of pre-mRNA splicing, like Hmtl, in
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partnership with CARMI1. Together, these observations strongly suggest that arginine
methylation is essential for accurate and efficient transcription-coupled processing of a
number of pre-mRNAs. However, the precise molecular mechanisms involved in the
regulation of these processing events by arginine methylation remain largely unknown

and are research topics our laboratory is actively pursuing.

One potential mechanism involves the formation of a ‘docking motif’ created by
arginine methylation of RNA binding proteins and splicing factors to recruit methyl-
binding effector proteins that could help orchestrate the proper localization and function
of transcription-coupled mRNA processing events. Supporting this hypothesis, a pilot
series of titration experiments, in which HeLa nuclear extracts were incubated with
increasing amounts of DMA-containing peptides, resulted in gradual inhibition of
splicing (Coté, J., unpublished data). This observation provided us with functional
evidence that constitutive methyl-dependent interactions with ‘DMA-sensing’ proteins

are essential for splicing reactions to occur.

1.4. Tudor domains: ‘DMA-sensing’ protein modules

1.4.1. Types of Tudor domains

In most studies reported to date, arginine methylation acts as a negative regulator of
protein-protein interactions (79, 101, 128-132). Since arginines are especially important
in hydrogen bonding, methylation of arginine residues occurring at the interaction
interface is likely to disrupt intra- and intermolecular interactions. However, increasing

experimental evidence suggests arginine methylation may not always be inhibitory. In
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some cases, methylation of arginine residues actually promotes protein-protein
interaction, such as is the case with a subset of proteins containing so-called ‘Tudor’

domains.

The Tudor domain was first discovered through a protein sequence comparison
analysis, performed to identify conserved patterns in Drosophila TUDOR (133, 134), a
protein involved in germ cell formation that harbors 11 repeated Tudor domains. Since
then, over 200 Tudor-containing proteins have been identified in a wide variety of

eukaryotes, from fungi to animals, but not in prokaryotes (135).

Tudor domains consist of approximately 60 amino acids that form a hydrophobic
barrel-like structure composed of [-sheets, surrounded by negatively charged and
aromatic residues, which together likely constitute a protein-protein interaction surface
(136, 137). This structural fold shares similarities with the Chromo domain, a motif
known to interact with methylated lysines in histones (138). This resemblance led to the
proposition that methyl-substrate binding might be a common feature of the related
Tudor, Chromo, MBT, PWWP, and Agenet-like domains, which together form the so-

called ‘Royal Family’ of domains that engage in protein-protein interactions (138).

Four types of Tudor domains can be distinguished based on their flanking sequences
and/or linkage to other conserved motifs, providing different Tudor domain-containing
proteins with distinct properties and biological functions (139) (Fig. 4). The original

germline type Tudor domain proteins (TDRDI, 2, 4, 5, 6, 7, 8, and 9) form one group
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(Fig. 4). This group is characterized by multiple Tudor repeats, some of which are
flanked on their amino-terminal side by an a helix and P strands, and which bind to
proteins with dimethylated arginine residues (135, 139). Proteins containing this type of
Tudor domain accumulate in germline-specific ribonucleoprotein (RNP) complexes
called nuage/polar/germinal granules, which in turn are essential for the recruitment of
methylated Piwi-type proteins involved in retrotransposon silencing by piwi-interacting

RNAs (piRNAs) during gametogenesis (135, 140-144).

(GermlineTudor\ ( SND1 \ ( SMN \ ( JMJD \

(multi-Tudor proteins)

small noncoding small noncoding hnRNP biogenesis chromatin structure
RNA function RNA function for mRNA splicing and function

\inmalegermcellsj K ) \ ) \ )

FIGURE 4. Classes of Tudor domain types. Four types of Tudor domains (germline Tudor, SND1, SMN,
and JMJD) as well as their known or predicted functions are indicated. The structural organization of each
Tudor domain class is also indicated with the colored boxes: Tudor domains are marked in dark red, the N-
terminal o helices in gray, and the known or predicted (3-strand extensions in blue. Adapted from (131).

s
i

The Tudor domain of SND1 (a.k.a. p100, Tudor-SN) characterizes a second group of
Tudor domains (Fig. 4). SNDI1 has five tandem staphylococcal nuclease (SN)-like
domains with its Tudor domain inserted into the fifth one, thereby creating a composite
SN-Tudor structure (145). Like other germline Tudor proteins, SND1 associates with
arginine methylated PIWIL1/Miwi in germ cells (146). SNDI is also a main component
of the RNA-induced silencing complex (RISC) involved in gene regulation by small

interfering RNAs (siRNAs) or micro RNAs (miRNAs) (147).
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A third group is found in pre-mRNA splicing factors (Fig. 4), in which the Tudor
domains of the ‘survival of motor neuron’ (SMN) protein and of the splicing factor 30
kDa (SPF30) have been demonstrated to be required for the assembly of spliceosomal
small nuclear ribonucleoproteins (snRNPs) (148-151) and of the spliceosome (152, 153)
through methyl-dependent interactions with a number of arginine methylated RNA

binding proteins during pre-mRNA splicing (105, 106, 148, 154-158).

The last group of Tudor domains, dubbed “tandem Tudor”, recognizes methylated
lysines on histone tails (158, 159). These include the Tudor domains of 53BP1 (160,
161), involved in DNA repair, and of IMJID2A (162), a transcriptional repressor (Fig. 4).
Collectively, these observations suggest that Tudor domain-containing proteins can
recognize ‘methyl marks’ associated with the regulation of a number of transcriptional

and RNA processing events.

1.4.2. TDRD3: a putative methyl-binding effector protein in mRNA processing events?

A proteomic analysis of the complete repertoire of the mammalian splicing machinery
has identified another Tudor domain-containing protein in pre-spliceosomal complexes:
the novel Tudor domain-containing protein 3 or TDRD3 (163). TDRD3 is a modular
protein, known to be expressed based on the presence of several ESTs, but remains
poorly characterized. Its Tudor domain is highly similar to that of SMN and SPF30, and
it has the ability to bind dimethylated arginines in polypeptides (148, 158). In addition to
its Tudor domain, TDRD3 harbors a DUF/OB-fold motif (a putative sugar, nucleic acid,

or protein recognition motif) (164), a UBA (ubiquitin-binding) domain (165), and an
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exon junction complex (EJC)-binding motif (EBM) (166) (Fig. 5). Although the
multidomain structure of TDRD3 is well characterized, little is known regarding its
putative biological functions. The presence of putative nucleic acid-, post-translational
modification (PTM)-, and EJC-binding intrinsic capacities could however be useful in
TDRD3’s putative role as a methyl-binding effector protein in co-transcriptional mRNA

processing events regulated by arginine methylation.

TDRD3 DUF/OB-fold UBA Tudor § 744

FIGURE 5. Schematic representation of the TDRD3 protein. The encoded TDRD3 protein consists of
744 amino acids arranged in a modular fashion. Data obtained from the NCBI Conserved Domains and the
Protein Family (Pfam version 22.0) databases predict the presence of three structural domains in TDRD3: a
DUF1767/0B-fold (a.a. 13-169), a UBA (a.a. 286-328), and a Tudor (a.a. 651-710) domain. The last 20
amino acids form an EJC-binding motif (see text for details).

1.5. Research questions and objectives

Alternative splicing of the human PRMT1 primary transcript can generate at least three
protein isoforms differing in their first 6 to 30 N-terminal amino acids (34, 35).
According to current PRMT 1 structural information (25), these three N-terminal variants
should all interact with the AdoMet cofactor to a similar extent and therefore, should all
be enzymatically active. Therefore, based on results from previous studies (section 1.3.1),

we _hypothesized that production of various isoforms with unique short N-terminal

sequences could have a significant impact on PRMT1’s functions by providing each

variant with distinct intrinsic activities and/or substrate specificities (hypothesis #1).
Moreover, observations by Scorilas and colleagues suggest that the balance between

these three PRMT1 alternatively spliced isoforms is altered in breast cancer cells (34).
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Thus, altered expression of PRMT1 variants, each having a potential and distinct set of

interactions and substrates, may result in an overall shift among PRMT1 targets in breast

cancer cells, which in turn may contribute to mammary tumorigenesis.

The results presented in Chapter 2 will address hypothesis #1 by addressing the
following objectives:

i. Clarifying the gene structure of PRMTI;

ii. Confirming differential splicing of PRMTT in breast cancer;

iii. Characterizing the roles/properties of alternatively spliced PRMT1 isoforms.

Signaling of alterations in the cellular microenvironment through post-translational
modification (PTM) of proteins is a fundamental mechanism of cellular homeostasis.
Because a large number of post-translational modifications are possible, they must be
properly ‘decoded’ to ensure that cells respond appropriately to biological cues (3).
Modular protein domains that can recognize and ‘read’ specific modified amino acids in
proteins are therefore crucial in relaying such PTM signals to the appropriate downstream
pathways (3). While advances in the field of arginine methylation have clearly identified
critical roles for PRMTSs and methylated arginines in the regulation of virtually every step
that control gene expression pathways, methyl-binding effector proteins that monitor
these 'methyl marks' to synchronize transcriptional with post-transcriptional RNA

processing events are yet to be identified (13).
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TDRD3 is a yet uncharacterized methyl-binding protein (148, 158) that was first

identified as a component of pre-spliceosomal complexes (163). Since TDRD3 has

putative nucleic acid-, PTM-, and EJC-binding intrinsic capacities, we hypothesized that

TDRD3 could play a central role in (co-transcriptional) mRNA processing events

regulated by arginine methylation (hypothesis #2). This may be of significant importance
since TDRD3’s cellular function may also be linked to mammary tumorigenesis, as it has
been identified among genes whose overexpression has a strong predictive value for poor

prognosis of estrogen receptor-negative breast cancers (167).

The results presented in Chapter 3 and 4 will address hypothesis #2 by addressing the
following objectives:
i. Assessing if TDRD3 plays a role as a methyl-binding protein in pre-mRNA
processing;

ii. Identifying methylated splicing factors involved in these interactions.
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Description and statement of contributions of collaborators and co-authors

This manuscript describes the influence PRMT1 isoforms’ unique N-terminal sequences
have on both its methyltransferase activity and its substrate specificity. It also uncovers
and characterizes a functional CRM1-dependent nuclear export sequence unique to
PRMT1 v2 that regulates its subcellular localization. Finally, it suggests that the relative

balance of PRMT1 isoforms is altered in breast cancer.

I. Goulet and G. Gauvin (under close supervision from I. Goulet) performed all the
experiments presented in this manuscript, with occasional assistance from S. Boisvenue
and guidance from Dr. J. C6té. Reagents were provided as outlined in the text. I. Goulet
and Dr. J. Coté (fig. 1A, F; fig. 2C, D; fig. 6C) created all figures. Dr. J. C6té and 1.
Goulet contributed equally to the manuscript writing, editing, and revisions prior to

publication.

53



Abstract

PRMT1 is the predominant member of a family of protein arginine methyltransferases
(PRMTs) that have been implicated in various cellular processes, including transcription,
RNA processing and signal transduction. It was previously reported that the human
PRMT1 pre-mRNA was alternatively spliced to yield three isoforms with distinct N-
terminal sequences. Close inspection of the genomic organization in the 5’-end of the
PRMT1 gene revealed that it can produce up to seven protein isoforms, all varying in
their N-terminal domain. A detailed biochemical characterization of these variants
revealed that unique N-terminal sequences can influence catalytic activity as well as
substrate specificity. In addition, our results uncovered the presence of a functional
nuclear export sequence in PRMTI1v2. Finally, we find that the relative balance of

PRMT1 isoforms is altered in breast cancer.
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Introduction

Protein structural and functional diversity is reliant on the covalent posttranslational
modification of its amino acid residues. One of these modifications, termed arginine
methylation, results from the transfer of methyl groups from S-adenosyl-L-methionine to
the guanidino nitrogen atom of arginine residues in protein substrates (11). The protein
arginine methyltransferases (PRMTs) responsible for this process consist of a family of
nine enzymes that have been classified as either type I (PRMT1-4, 6 and 8) or type II
(PRMTS, 7 and 9), according to whether they promote the formation of asymmetric w-
N¢ N¢-dimethylarginines (aDMA) or symmetric ®-N°N'°-dimethylarginines (sDMA),
respectively. An increasing number of PRMTsS' targets have recently been identified, that
are involved in a broad range of cellular processes, including DNA repair, transcriptional

regulation, RNA processing and signal transduction (96).

PRMT1 is the most abundant PRMT and accounts for more than 85% of the
asymmetrically dimethylated arginines generated in mammalian cells (168). PRMTI
activity has mainly been linked with the regulation of protein-protein interactions in
signal transduction pathways and cell growth. For example, arginine methylation of
Sam68 is required for its proper localization (169) and differentially regulates its
interaction with SH3 and WW domains (128). Recent observations have shown that
arginine methylation of the proline-rich domains of the heterogeneous nuclear
ribonucleoprotein K (hnRNP K) also regulates its interaction with the SH3 domain of the

tyrosine kinase c-Src (132). The hnRNPs represent a major protein family that contains
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aDMA in vivo (170) and arginine methylation has also been shown to regulate the

nucleo-cytoplasmic localization of some of its members (171).

Surprisingly, very little is known about how arginine methylation is regulated.
PRMT1 was first isolated through its interaction with BTG1 and BTG2, two members of
the BTG/Tob family of proteins involved in negative regulation of cell growth (14, 54,
56, 58-61). BTG2 is a direct substrate of PRMT1 (55) and both BTG1 and 2 can
stimulate its activity (14, 57). Recent observations have also suggested that PRMT1
activity could be regulated by its dynamic subcellular localization (44). As an example,
the protein hCAF1 (CCR4-associated factor 1), a known interactor of BTG1, has been
shown to form a complex with PRMT 1 in nuclear speckles and to regulate its activity in a

substrate-dependent manner (63).

Although all PRMTs contain a highly conserved methyltransferase domain of
approximatively 310 amino acids, each PRMT has distinct protein substrate specificities.
Beyond their 'core' region, each PRMT exhibits a unique N-terminal region that varies
considerably in length. The function of this PRMT-specific sequence is still not well
understood, but results from deletion studies suggest that it can contribute to PRMT
enzymatic activity and/or protein substrate recognition. For example, deletion of the N-
terminus of PRMT3, which contains a zinc-finger motif, decreases its enzymatic activity
and affects its protein substrate specificity (16, 42). Similarly, deletion of the N-terminal
part of Hmtl, the yeast PRMT1 homologue, significantly impairs its oligomerization and

reduces its methyltransferase activity both in vivo and in vitro (172).
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It was previously reported that alternative splicing of the human PRMT1 primary
transcript could generate at least three protein isoforms, themselves differing at their N-
terminus (34, 35). We describe here the complex genomic organization in the 5'-end of
the PRMT1 gene that can produce up to seven protein isoforms expressed in a tissue-
specific manner. Biochemical characterization of these seven isoforms (designated as vl
to v7) revealed that they are all active, except for v7, and that their unique N-terminal
sequences can confer distinct substrate specificity. Moreover, we demonstrate that the
amino acid sequence unique to v2 (encoded by exon 2) contains a CRM1-dependent
nuclear export sequence (NES) that regulates its subcellular localization. Finally, we find
that the relative balance of these PRMT1 splicing variants is altered in breast cancer cell

lines.
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Experimental procedures

Cells, reagents and antibodies

The human Hela cervical carcinoma cell line was purchased from ATCC (Manassas,
Virginia) and grown as a monolayer in DMEM medium supplemented with 1 mM
sodium pyruvate, 50 IU/ml penicillin, 50 mg/ml streptomycin, and 10% foetal calf serum
(Wisent). The human normal breast cell line Hs 578 Bst and the human breast cancer cell
lines Hs 578T, BT-20, BT-549, MCF7, MDA-MB-231, and T-47D were procured from
ATCC and grown as monolayers in complete DMEM medium supplemented with MEM
non-essential amino acids and 10% foetal bovine serum (Wisent). Mouse wild type and
PRMT1” ES cells were kindly provided by Dr. David Lohnes (University of Ottawa, ON,
Canada) and Dr. H. Earl Ruley (Vanderbilt University Medical Center, Nashville, TN),
respectively, and were maintained as previously described (69). Transfections were
performed using the Lipofectamine Plus transfection reagent (Invitrogen) according to

manufacturer’s instructions.

Polyclonal anti-GFP antibodies were purchased from Sigma. Rabbit polyclonal
antibodies against human PRMT1, Sam68, asymmetric dimethylarginine (ASYM24-25)
were described previously (114, 169, 173) and were a kind gift from Dr. Stéphane
Richard (McGill University, Montréal, Qc, Canada). Monoclonal antibodies against [3-

actin and GAPDH were purchased from Sigma and Covance, respectively.
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DNA constructs

Total RNA was extracted from HeLa cells using Trizol reagent (Invitrogen) according to
the manufacturer’s instructions. RNA concentration was measured with a
spectrophotometer, and RNA quality was determined by agarose gel electrophoresis. First
strand ¢cDNA synthesis was performed using 5 ug total RNA and the AMV Reverse
Transcriptase (Promega) with an oligo-dT primer. cDNAs were amplified using PRMT1
isoform-specific oligonucleotides (v1-7) designed to introduce the amplified fragments in
frame with a hexahistidine tag in the EcoR I and Xho I sites of the pET-20b expression
vector (Novagen). PRMT1v4 was amplified from an EST clone IMAGE: 387210) using
v4-specific primers and PRMT1v7 was isolated using the v1,2-specific primers on HeLa
cDNA. The resulting plasmids were digested with BamH I and Xho I and the released
full length inserts were subsequently cloned in frame with EGFP into the Bgl II and Xho
I sites of the pPEGFP-N1 vector (Clontech). Using a similar strategy, full length PRMT1
isoforms were excised from the pET-20bPRMT1v1-7 constructs with EcoR I and Xho I
and subcloned into the pcDNA3.1/myc-His vector (Invitrogen) using the same restriction
sites. The PRMT1v2-EGFP nuclear export signal (NES) mutant, in which Val-15 and
Leu-18 were replaced by alanines, was generated by using the Stratagene Quick-Change
mutagenesis kit. The pGFP-Rev-NES vector was kindly provided by Dr. Stephen Lee

(University of Ottawa, ON, Canada).

The expression vectors encoding GST-fused RG motif of coilin (V385 to V423) and

Sam68 (G285 to P308) proteins were kindly provided by Dr. Stephane Richard (McGill

University, Qc, Canada). The expression vectors encoding GST-fused RG motifs of
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MREI11 (F554 to R680), SmB (P206 to L231) and SmB’ (P206 to P240) have been
described (71, 174). Full length fibrillarin and hnRNP A1 were amplified from HelLa
cDNA and introduced in frame with a GST tag in the BamHI/Xho I restriction sites of the
pGEX-4T2 vector (GE Healthcare). The DNA sequences of all constructs were verified

by sequencing (StemCore Laboratories, Ottawa, ON, Canada).

RT-PCR analysis

Total human tissue cDNAs were obtained from BioChain (Hayward, California). PCR
were performed in 25 ul reaction mixture using Taq DNA polymerase (Qiagen). cDNAs
were amplified using the PF / PR primers (34) specific for PRMT 1variant 1 to 3 or using
either a forward PRMT 1v4-specific primer (5’-AAATCTTCCAGCGGGGTCGCG-3’),
PRMT1v5-specific primer (5’-ACTGGAGAGATGGTGTCCTGTGG-3’), PRMT1v6-
specific primer (5’-AAGCTGACCAGACAAAGAGAGG-3’) or a PRMT1v7-specific
primer (5’-TGCATCATGGAGGAGATGCTGAAGG-3’) with the reverse PR primer.
Primers specific for actin (34) were used to show that an equal amount of total cDNA
was used for each reaction. An initial incubation at 98°C for 2 min was followed by 35
cycles consisting of a 95°C denaturation step (30 s), a 65°C annealing step (30 s), and a
72°C extension step (30 s). A final extension step at 72°C was included for 10 min. For
PRMT1 expression analysis in breast cancer cells, total RNA was extracted from cells
using Trizol reagent (Invitrogen) according to the manufacturer’s instructions and as
described above. First strand cDNA synthesis was performed using 5 ug total RNA and
the AMV Reverse Transcriptase (Promega) with an oligo-dT primer. PCR were

performed as described above and GAPDH was used as a positive control. All PCR
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products were electrophoresed on 2.5% agarose gels and visualized by ethidium bromide

staining.

Protein purification

6xHis-fusion proteins were overexpressed in E. coli BL-21 cells (Stratagene) by
induction with a final concentration of 1 mM isopropyl-b-D-thiogalactopyranoside
(IPTG). Following induction, cells were spun down, resuspended in 10 ml of Lysis buffer
(50 mM Na,HPO,, 300 mM NaCl, 10 mM imidazole, 20 mM 2-mercaptoethanol) and
subsequently broken down by sonication (5 pulses of 15 sec at 12 W). Cell debris were
discarded through centrifugation for 15 min at 10,000 x g. 6xHis-tagged proteins were
then purified using Ni-NTA matrix (Qiagen) according to manufacturer’s instructions and
eluted from the beads using 250 mM imidazole. GST-fusion protein substrates (GST-
coilin, -fibrillarin, -hnRNPAT1, -MRE11, -Sam68, -SmB and -SmB’) were expressed in E.
coli BL-21 cells by induction with a final concentration of 0.1 mM IPTG. Cells were
lysed by sonication as described above in 10 ml 1X PBS supplemented with a Complete
protease inhibitor cocktail (Roche). The GST-fusion proteins were purified using
glutathione-agarose beads (Sigma) and after extensive washes with PBS wash buffer (1X
PBS, 1% Triton X-100, Complete Protease inhibitor), were eluted from the beads with 60
mM glutathione in PBS adjusted to pH 7.5. The purified tagged proteins were dialyzed
against 1 liter of phosphate-buffered saline (1X PBS: 137 mM NaCl, 2.7 mM KCl, 4.3
mM Na,HPO,, 1.4 mM KH,PO,, pH 7.4) at 4°C, overnight. The dialysates were then
concentrated using Centricon centrifugal devices (Millipore). Protein concentration was

determined by using the DC Protein Assay reagent (Bio-Rad).
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Methylation assays

Endogenous protein substrates from ES PRMT1" cells mock-treated or treated with 20
UM of the methyltransferase inhibitor adenosine-2’,3’-dialdehyde (AdOx) (Sigma) for 48
h were prepared as previously described (175). Briefly, cells were harvested in 50 mM
sodium phophaste buffer pH 7.5 and lysed by sonication. Cell debris were discarded
through centrifugation for 10 min at 18,000 x g and cell extracts were then heat-
inactivated at 70°C for 10 min. Adox-treated samples were desalted by overnight dialysis
against 50 mM sodium phosphate buffer pH 7.5 at 4°C. Alternatively, ES PRMT1" cells
were fractionated using the QProteome nuclear protein kit (Qiagen) following
manufacturer’s instructions. All obtained fractions were then dialysed against 50 mM
sodium phosphate buffer pH 7.5 at 4°C, for 16 h. Protein concentration was measured by
using the DC Protein Assay reagent (Bio-Rad). In vitro methylation of the GST-fusion
proteins (5 ug) was performed at a final concentration of 25 mM TrissHCl pH 7.4.
Methylation of the endogenous protein substrates from ES PRMT1™ cells (25 ug of total
proteins or 10 ug of each fraction) was performed in 50 mM sodium phosphate buffer pH
7.5. Equal amounts of each purified 6xHis-tagged PRMT1 protein isoform v1 to v7 (1
ug) was added to each reaction. Methylation reactions were initiated by the addition of
0.8 uM S-adenosyl-L-[methyl-’H]methionine in a final volume of 40 ul and were allowed
to proceed at 37 °C for 2 h. All methylation reactions were resolved by SDS-PAGE.
Following electrophoresis, gels were stained in Coomassie Brilliant Blue R-250 for 20-30
min, destained in a 10% methanol (v/v), 5% acetic acid (v/v) destaining solution to

visualize protein bands, and then soaked in En’Hance (PerkinElmer Life Sciences)
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according to the manufacturer's instructions. Gels were dried in vaccuo, and *H-labeled

proteins visualized by fluorography.
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Results

Genomic structure of the human Prmtl gene

Upon initial identification of the Prmtl genomic locus, it was observed that three
transcripts could be produced through alternative splicing of exons 2 and 3 (named v1-
v3; Fig. 1A) and expression of these variants at the RNA level was later confirmed by an
independent study (34, 35). Zhang and collaborators then predicted the existence of three
additional isoforms (named v4-v6; Fig. 1A) by comparing available ESTs with human
PRMT1 genomic sequence, but did not investigate further how these mRNAs were
produced (25). Mapping of the unique sequences present at the 5’end of v4 and v6
mRNAs onto the human PRMT1 genomic locus (human Mar. 2006 hgl8 assembly;
NCBI Build 36.1), using the UCSC Genome Bioinformatics (http://genome.ucsc.edu/)
BLAT alignment tool (176), suggested the existence of at least two additional exons
upstream of the previously identified first exon. Further examination of splicing junctions
in the genomic sequence using UCSC Genome Browser (177) revealed the presence of
four alternative 5’-exons in the Prmtl gene, that we have renamed ela-d, eld being the
exon previously labelled exon 1 (Fig. 1A). Elc and eld do not seem to have functional 3’
splice sites (3’ss) and hence are never joined together and are utilized as alternate first
exons. In contrast, exon 1b has two alternative 3’ss that can be paired with the 5’ss of
ela. In addition, the intron between these exons is sometimes retained in the mRNA (Fig.
1A). These splicing events would take place ~1 kb away from the previously identified

exon 1 and support the presence of a transcriptional start site (TSS1) upstream of ela.
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FIGURE 1. Genomic organiza-tion
and expression profile of PRMT1
isoforms. A, The 5’ region of the
gene undergoing extensive
alternative splicing has been blown-
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junctions. Exons are shown as boxes
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represented. Constitutive exons are
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Indeed, a promoter (genomic coordinates 54,870,654-54,870,904) and a putative TSS
(54,871,225) are predicted in this region using the “Promoter Scan” and “DBTSS”
algorithms (178, 179). However, the highest score obtained for a TSS, using the Neural
Network Promoter Prediction algorithm (180), maps to a site just upstream of eld
(54,872,277), which is compatible with this exon being the most represented first exon
among ESTs. Preliminary results from a 5’-RACE analysis of PRMT1 mRNAs confirm
the existence of this TSS2 (data not shown and Fig. 1A). Thus, these observations are
consistent with a model where alternative promoters would dictate at least in part the
choice of 5’-exon usage. The splicing patterns of alternative exons 2, 3, 4 and 5 are also
more complex than initially anticipated from previous reports (34, 35), and involve the
use of multiple alternative 5° and 3’ss. For example, the intron between e2 and e3
includes minor spliceosome AT-AC splice sites (181-184), in addition to a non-canonical
GT-cc pair. In this case, the 5’ss used determines the reading frame, irrespective of the
3’ss to which it is paired, and thus will dictate AUG start codon choice: GT results in the
use of a start codon in €3 and AT in e4, yielding protein isoforms v3 and v6, respectively.
Finally, protein isoform v5 results from pairing of eld-e2-e3 (GT-cc) but with usage of

an alternative 5°ss downstream of €3 (Fig. 1A).

The predicted protein-coding regions (excluding 5’ and 3 UTRs) of the various
Prmtl transcripts are comprised of 1,059 nt (v1), 1,113 nt (v2), 1,041 nt (v3), 1,047 nt
(v4), 1,026 nt (v5), 975 nt (v6) or 960 nt (v7), and would encode 7 deduced polypeptides
with a predicted molecular weight of 40.5, 42.5, 39.9, 40.1, 39.4, 37.7, and 36.7 kDa,

respectively, excluding any posttranslational modifications (Fig. 1A).
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Expression profile of PRMT1 isoforms in normal human tissues

Experiments investigating the expression pattern of PRMT1vl1, v2 and v3 in different
human tissues have demonstrated that these variants are ubiquitously expressed (34, 35).
In order to address the expression profile of the newly isolated isoforms, we analysed the
relative expression levels of the seven PRMT1 isoforms in human normal tissues by
semi-quantitative RT-PCR using the expression level of the actin gene as an internal
control (Fig. 1B). PRMTI1v1 was mostly expressed in the kidney, liver, lung, skeletal
muscle and spleen, whereas PRMT1v2 was predominantly detectable in the kidney, liver
and pancreas. The PRMT1v3 isoform was present at comparable levels in all tested
tissues. In contrast, PRMT1v4 to 7 showed a higher degree of tissue-specificity in their
expression pattern. For example, v4 was detectable only in the heart, whereas v5 was
mostly expressed in the pancreas, and v7 was predominantly present in the heart and
skeletal muscles (Fig. 1B). Finally, the predicted PRMT1v6 was not detectable in the
normal tissues tested under the experimental conditions used here. These results show
that the expression level of the PRMT1 variants varies significantly between human

tissues.

PRMT1 expression in breast cancer cells

It has been previously reported that the relative prevalence of PRMT1 isoforms 1 to 3 is
different between normal and cancerous breast tissues (34). In addition, a large
proportion of ESTs for PRMT1v6 were obtained from cancer cells libraries, suggesting
that the balance of specific alternative isoforms might be altered in transformed cells. To

assess whether the expression of PRMT1 N-terminal variants is distinct in breast cancer
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cells, we examined the expression of the Prmtl gene in normal and cancerous breast cell
lines using RT-PCR. Actin mRNA was used as a control for the amount of cDNA used
(Fig. 1C (bottom panel) and Supplementary Fig. 1). We find that PRMT1 expression
level is on average 14 fold higher among the breast cancer cell lines tested (Fig. 1C).
Furthermore, the relative expression ratio of the isoforms also varied between normal and
breast cancer cell lines. Specifically, the ratio of v2 over vl mRNAs was increased on
average 3.5 fold in breast cancer cell lines (Fig. 1F), suggesting that the v2 isoform is
selectively increased relative to vl. Among the other isoforms, PRMT1v5 and v6 were
detected uniquely in specific breast cancer cell lines, but not in normal breast cells (Fig.
1C, compare lanes 3, 6, and 7, with lane I). The newly identified v7 isoform expression
level was also on average 3 fold higher in the breast cancer lines tested (Fig. 1C, compare
lane 1 with lanes 2-7). Finally, an overall 9.5 fold increase in PRMT1 expression was
detected in a human breast tumor sample, as compared with the adjacent normal breast

tissue (Fig. 1D), confirming the observations made in breast cancer cell lines.

In order to evaluate whether the observed PRMTI1 isoforms mRNA profiles
correlated with protein levels, we immunoblotted normal and cancerous breast cell
protein extracts with our anti-PRMT1 antibody (169). Since this antibody is directed
against the common C-terminal domain, it is predicted that it should recognize all
PRMT1 isoforms. Three major bands can be detected/resolved using this antibody in
HelLa cell extracts (169). Based on its predicted molecular weight, the upper band should
correspond to PRMT1v2 (42.5 kDa), and this was confirmed using a v2-specific siRNA

duplex (see Supplementary Fig. 2). PRMT1vl (40.5 kDa) migrates with the stronger
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middle band (Fig. 1E, top panel, lane 2), and because of their very small difference in
predicted sizes, it is likely that isoforms v3-5 cannot be resolved from each other and also
migrate as part of this band. The identity of the lower band is more difficult to predict,
but it could correspond to PRMTI1v6 (37.7 kDa) and/or v7 (36.7 kDa). Using this
antibody, the major middle band (labeled v1 here for simplicity), as well as a weak faster-
migrating species, were observed in normal breast fibroblasts (Fig. 1E, top panel, lane ).
Unexpectedly, this band does not change significantly in breast cancer cells, although we
can not rule out the possibility that an increase in PRMT1v1 could be masked by co-
migration with other isoforms. In contrast, PRMT1v2 was clearly present at higher levels
in the Hs578T, BT-549 and MCEF-7 breast cancer cells (Fig. 1E, lanes 2, 4 and 5,
respectively), which is consistent with the profile observed for mRNA levels (Fig. 1F).
The intensity of the faster migrating protein species also varies slightly between the
various samples, but these changes did not follow the profile observed for PRMT1v6 or

v7 mRNAs. Hence, the identity of that band remains unclear.

PRMT1 is the predominant Type I PRMT in cells, and we have found that the
expression profile of at least some of its splicing variant is altered in breast cancer. Thus,
we hypothesized that the overall state of Type I arginine methylation should also be
affected in these cancer cells. To test this hypothesis, total protein extracts were
immunoblotted with asymmetric dimethylarginine-specific antibodies ASYM24 and
ASYM25 (114). Strikingly, an overall increase of arginine methylated protein levels was
observed in the breast cancer cell lines, as compared to the normal breast cell line (Fig.

1E; middle panel). Moreover, the asymmetric dimethylarginine-specific antibodies
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immunoreacted with similar but distinct proteins between normal and cancerous breast
cells, as well as between the different breast cancer cell types. Taken together, our results
show that an altered PRMT1 isoforms expression profile correlates with a differential
pattern of arginine methylation in breast cancer cell lines. This, in turn, suggest that

misregulation of arginine methylation could contribute to the onset of breast cancer.

Unique N-terminal sequences can influence PRMTI enzymatic activity and substrate
specificity

In order to assess the contribution of the alternatively spliced N-terminus in PRMT1
function, the methyltransferase activity of each recombinant PRMT1 protein isoform (v1
to 7) was tested in vitrro. The PRMT1 variants were expressed as C-terminally 6xHis-
tagged proteins, purified, and incubated with a selection of known arginine methylation
substrates (Fig. 2A). Following incubation in the presence of [’H]-S-adenosyl-L-
methionine (AdoMet) as a methyl donor, the reactions were resolved by SDS-PAGE and
the methylated proteins were visualized by fluorography. In these experiments, PRMT1
variants 1 to 6 were active towards all substrates tested, with v3 and v4 being the less
active isoforms overall (Fig. 2B-F). Remarkably, each active isoform preferentially
methylated a distinct subset of protein substrates. Sam68 and SmB, for example, were
better substrates for PRMT1vl and v2, whereas hnRNP Al was more effectively
methylated by v5 and v6 (see the respective bar graph in Fig. 2C). Among the substrates
tested, Coilin is a proposed substrate of PRMTS5 and was shown to harbor sDMA in vivo
(105, 157). Similarly, Sm proteins B and B’ are targets of PRMTS and CARMI, and

accordingly were shown to contain both sSDMA and aDMA (106, 121, 149, 185, 186).
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FIGURE 2. PRMT1 isoforms
enzymatic activity and substrate
specificity in vitro. A, Amino acid
sequences of the known RG-rich
containing methylation substrates
used in our in vitro methylation
assays. B, In vitro methylation assays
were performed by incubating the
recombinant substrates with equal
amounts of purified 6xHis-tagged
PRMT]1 protein isoforms vl to v7, in
the presence of [‘H]AdoMet as a
methyl donor. Methylation reactions
were resolved by SDS-PAGE, gels
were stained with  Coomassie
Brilliant Blue to visualize protein
bands, and *H-labeled proteins were
visualized by fluorography. All
fluorographs were exposed at -80°C
for 1 week. In vitro methylation of
GST-Sam68, and MRE11 are shown
as representative examples (left and
middle panels). Methylation
reactions were performed with
purified PRMT1v1 and v7, using the
P3 (G285 to P308) fragment of
Sam68 (right panel). C, Mean
methylation activity + SEM of each
isoform is expressed as an arbitrary
unit derived from the band intensity
normalized to the amount of isoform
and substrate seen on the Coomassie
stain, as determined by densitometry.
These values were then plotted,
grouped by  substrates.  Each
methylation  assay  has  been
reproduced at least 3 times and one-
way ANOVA statistical analysis
indicated that differences in means
were significant (p<0.0001; 95%
confidence intervals). D, The same
data is represented normalized
relative to the mean methylation
activity of vl towards Sam68 (set as
1; dotted line), and grouped by
PRMTI isoforms.  E, Table
summarizing the relative in vitro
methyltransferase activity of each
PRMT]1 variant towards the RG-rich
substrates. + and — signs are
representative of the relative activity
of each isoform for each substrate,
following the scale shown on the
right.



Surprisingly, we have detected methyltransferase activity of specific PRMT1 isoforms
toward these substrates (Fig. 2C-E). Finally, ASF/SF2 is a well-known general and
alternative splicing factor, and was previously identified in two distinct proteomic screens
for arginine methylated proteins (114, 118), although the specific methylase responsible
for these modifications remained unknown. We report here for the first time that

ASF/SF2 is a substrate of PRMT1 in vitro (Fig. 2C).

In contrast, PRMT1v7, which lacks exons 2 to 4, was completely inactive when
incubated with the same selection of substrates (Fig. 2B and data not shown). This
observation corroborated previous results suggesting important roles for helix aX
(encoded by exon 4) both in cofactor binding and catalysis (25). Since PRMT1v7 is the
only inactive variant and that PRMT1 dimerization is essential for its activity (25), we
speculated that PRMT1v7 might regulate the activity of other PRMTI isoforms, by
acting as a “natural” dominant negative. To address this possibility, a competitive
methylation assay between PRMT1 variant 1 and 7 was performed (Fig. 3A).
Specifically, methylation assays were performed as described above with constant
amounts of GST-Sam68 substrate and PRMT1v1, but in the presence of increasing
concentration of PRMT1v7. Again, PRMT1v7 resulted in no detectable methylation
activity and PRMT1v1 efficiently methylated GST-Sam68, when each were used alone
(Fig. 3A, lane 1 and 6, respectively). However, addition of increasing amounts of
PRMT1v7 did not influence the PRMT1v1 methyltransferase activity toward Sam68 in
these assays (Fig. 3A, lanes 2-5). The same result was obtained when the competition

assay was performed using v7 with v6, or any of the other PRMT1 isoforms (Fig. 3B and
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data not shown, respectively). Hence, the functional significance of the v7 variant

remains unknown.
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FIGURE 3. PRMT1v7 does not act as a dominant negative for the acitvity of other isoforms. A,
Methylation assays were performed as described above with constant amounts of the GST-P3 substrate and
PRMT1vl1, but in the presence of increasing concentration of PRMT1v7. Coomassie staining is shown
below the fluorograph to confirm the relative aboundance of vl and v7. B, The same experiment was
performed with the PRMT1v6 and v7 pair.

In order to determine if these observations can be generalized to additional
endogenous substrates, hypomethylated cellular extracts prepared from PRMT1" ES cells
were labeled in vitro using the 6xHis-tagged PRMT1 isoforms in the presence of [*H]-
AdoMet. Consistent with our observations on purified substrates, PRMT1vl to v6
efficiently methylated cellular proteins, whereas PRMT1v7 showed no activity (Fig. 4A).
As was observed with purified substrates, PRMT1v3 and v4 exhibited lower enzymatic
activity towards endogenous proteins (Fig. 4A, lanes 4 and 5). However, all PRMTI
isozymes methylated an apparently similar set of cellular proteins and differences in
substrate specificity were observed mainly between PRMT1v1 and v2 (marked with a “e”

in Fig. 4A, compare lane I and 2). The absence of more drastic differences in the

methylation pattern was not due to the activity of endogenous methyltransferases in the
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lysates, since PRMT1" cell lysates were heat-inactivated prior to the methylation assays

and lacked detectable methyltransferase activity (data not shown).

We reasoned that reducing the complexity of the protein lysates used as substrates
would result in an increased PRMT/substrates ratio, which in turn might help reveal
differences in specificity between the isoforms. PRMT1" ES cells were fractionated into
cytoplasmic, nuclear and insoluble fractions (using the QProteome nuclear protein kit
from Qiagen). Quality of cellular fractionation was assessed by western blotting using
antibodies against the nuclear protein Sam68 and the cytoplasmic protein GAPDH (Fig.
4B). All obtained fractions were dialysed against sodium phosphate buffer and used for in
vitro methylation assays as above, with purified PRMT1v1 and v6 enzymes. Again, no
major differences in the profile of methylated bands were observed in the total (T) and
cytoplasmic (C) cell extract fractions for each isoform (Fig. 4C, compare lanes 1-2 with
lanes 5-6, respectively). Strikingly, drastic differences were found in the methylation
profile of PRMT1v6 when incubated with the nuclear and insoluble fractions (Fig. 4C,
compare lanes 3-4 with lanes 7-8). Taken together, these results show that the unique

sequences at the N-terminus of PRMT1 isoforms can influence substrate specificity.
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FIGURE 4. PRMT1 isoforms have distinct substrate specificity towards endogenous substrates. A,
15 ug of endogenous protein substrates from mouse PRMTI1” ES cells were incubated with equal
amounts of purified 6xHis-tagged PRMT1 protein isoform v1 to v7, in the presence of ["H]AdoMet. All
methylation reactions were resolved by SDS-PAGE, gels were stained in Coomassie to visualize protein
bands, and *H-labeled proteins were revealed by fluorography. Fluorographs were exposed at -80°C for 1
week. Bands that show differences between isoforms are indicated with a “e”. B, Cellular fractionation
was assessed by western blot with antibodies against the nuclear protein Sam68 and the cytoplasmic
protein GAPDH. C, Mouse PRMT1" ES cell extracts were fractionated using the QProteome nuclear
protein kit (Qiagen). All obtained fractions were then dialysed against 50 mM sodium phosphate buffer
pH 7.5. In vitro methylation assays were performed as described in A with 10 ug of total proteins.
Fluorographs for Total (T), cytoplasmic (C), nuclear (N) and nuclear insoluble (I) fractions are shown.
Bands that show differences between isoforms are indicated with a “*”.
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N-terminal sequences of PRMTI can influence subcellular localization

Since cellular fractionation has uncovered differences in substrate specificity between
certain PRMT1 isoforms, we next wanted to investigate the role of unique N-terminal
sequences on PRMT1 intracellular distribution. Plasmid constructs expressing the
different PRMT1 isoforms fused to a C-terminal EGFP tag were generated and used to
transiently transfect HelLa cells grown on glass coverslips. Intracellular distribution of
each PRMTI1-GFP isoform was assessed 36 h post-transfection using fluorescence
microscopy (Fig. 5A). Equal expression of each PRMT1-GFP fusion was confirmed by
anti-GFP immunoblotting (Fig. 5B). Cells expressing PRMT1v3, v4, v5 and v6 showed
an even distribution of the GFP fusion proteins between the nucleus and the cytoplasm
(Fig. 5A, respective panels). Cells expressing PRMT1v1 and v7, however, presented a
more intense nuclear staining (Fig. 5A, respective panels). Strikingly, PRMT1v2
expression resulted in a predominantly cytoplasmic staining, concentrated around the
nuclear compartment (Fig. 5A). These observations were quantified by plotting the
fluorescence intensity distribution of representative PRMT1-GFP fusions signals, relative
to the exclusively nuclear signal distribution of DAPI (Fig. 5A, graphs next to each series
of panels). Intracellular localization was also confirmed using confocal microscopy (data

not shown).
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FIGURE 5. PRMT1 N-terminal unique sequences affect intracellular localization. HeLa cells were
transiently transfected with C-terminally EGFP-tagged PRMT 1 variant 1 to 7 for 36 h. A, Cells were fixed
with 4% paraformaldehyde, stained with DAPI and viewed by fluorescence microscopy. Fluorescence
intensity of a representative cell for each isoform was analysed using the AxioVision digital imaging
software (Zeiss). Green lines represent the pixel intensity distribution of the GFP signal and blue depicts
the profile of the exclusively nuclear DAPI staining. B, Total cell lysates of HelLa cells transiently
expressing the EGFP-tagged PRMT1 were resolved by SDS-PAGE, transferred on a PVDF membrane and
immunoblotted with anti-GFP antibodies. C, HeLa (left panel) and Hs578T cells (right panel) were
fractionated using the QProteome Nuclear Proteins Kit (Qiagen). Subcellular distribution of endogenous
PRMTI1v1 and v2 between the cytoplasmic (C) and nuclear (N) fractions was analysed by Western blotting
using anti-PRMT1 antibodies. Immunoblots with antibodies directed against the nuclear protein Sam68
and/or against the cytoplasmic protein GAPDH are shown to confirm cellular fractionation.

In order to confirm that the observed differential subcellular localization of PRMTI1
isoforms was not due to overexpression and/or the GFP tag, we used cellular
fractionation to assess the distribution of the endogenous PRMT1 variants 1 and 2. HeLa
cells were fractionated as above, and an equal proportion of each fraction was resolved
by SDS-PAGE, transferred to a nitrocellulose membrane and immunoblotted using the
polyclonal anti-PRMT1 antibodies described above. Consistent with the distribution
observed for transfected PRMT1v2-GFP, endogenous PRMT1v2 is detected at higher
level in the cytoplasmic fractions of HelLa and Hs578T cells (Fig. 5C, left and right
panel, respectively). Taken together, these results show that the alternatively spliced N-

terminus of PRMT1 can direct its intracellular localization.

The alternative PRMT1 exon 2 encodes a leucine-rich nuclear export signal

Because PRMT1v2 is the only isoform predominantly located in the cytoplasm, we
sought to identify the amino acid sequence responsible for this effect. We focused our
attention on the sequences encoded by exon 2 since PRMT1v2 is the only isoform
harboring this exon (Fig. 6A). The amino acid sequence encoded by exon 2 was

submitted to the NetNES 1.1 prediction server (187), which is a web interface for an
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algorithm designed to predict the presence of leucine-rich nuclear export signals (NESs)
in peptide sequences. Specifically, this algorithm combines the predictive power of
neural networks and hidden Markov models (NN and HMM in Fig. 6B, respectively), to
derive a NES score, which is deemed significant if the output value is above a cut-off
threshold of 0.5. Using this predictor, a putative leucine-rich NES ("VATLANGMSL?")
was identified within the 18 amino acid sequence encoded by exon 2 (Fig. 6B). Leucine-
rich NESs are short sequence motifs, first identified in the HIV-1 Rev protein, that are
recognized by the nuclear export receptor CRM1 (188-190). Alignment of the exon 2
sequence with various known NES sequences demonstrated a very good match to the
consensus (Fx, ;Fx, ;FxF; where F denotes conserved hydrophobic residues) (Fig. 6C and
(190)). To confirm that the cytoplasmic localization of PRMT1v2 was mediated by this
exon 2-encoded NES sequence, a mutated EGFP-tagged PRMT1v2, in which the first
two conserved hydrophobic residues were replaced by alanines (VI15A/L18A), was
expressed as before in HeLa cells and analyzed by fluorescence microscopy (Fig. 6D). In
this experiment, wild-type PRMT1v2 localized to the cytoplasm as expected (Fig. 6D,
panels a-c). In contrast, the VISA/L18A NES mutant was distributed equally between the
cytoplasm and nucleus (panels d-f), consistent with some of the protein now being
retained in the nucleus. Leptomycin B (LMB) is a drug that inhibits CRM1-dependent
nuclear export by forming a covalent bond with CRM1, hence preventing its interaction
with other proteins to be exported. Hela cells transiently expressing PRMT1v2 were
treated with 10 puM LMB for 1 h and analyzed using fluorescence microscopy. Following
this treatment, PRMT1v2-EGFP was partly retained in the nucleus (Fig. 6D, panels g-i).

Nuclear accumulation of a control NES sequence, GFP-Rev-NES, was also observed in
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the presence of LMB (Fig. 6D, m-0). Hence, our results have uncovered the presence of a

functional NES sequence in the alternative exon 2, targeting the PRMT1v2 isoform to the

cytoplasm.
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FIGURE 6. Identification of a CRM1-dependent nuclear export signal in PRMT1v2. A4, Multiple
sequence alignment showing the N-terminal unique domains of PRMT1v1-7. The position of aX and oY
alpha helices, as well as the beginning of the AdoMet binding domain, is indicated above the sequences.
Conserved YFxxY motif and H45, both predicted to make contacts with AdoMet, are highlighted in red
and green, respectively. The NES sequence identified in PRMTI1 v2 is highlighted in yellow. B, The
NetNES algorithm predicts a putative leucine-rich nuclear export signal (NES) encoded by exon 2 in
PRMT1v2. Scores obtained from the neural network (NN) and hidden Markov model (HMM) calculations
are plotted in green and blue, respectively. The combined score obtain from the NetNES algorithm is
plotted in orange and cut-off treshold is shown as a pink line. Only the portion of the exon 2-encoded
sequence giving scores above treshold is shown. C, The putative PRMT1v2 NES sequence shows a good
degree of conservation when aligned with other known CRM1-dependent NESs (modified from (190)). The
conserved hydrophobic residues are shown in red. D, Essential hydrophobic residues Val-15 and Leu-18,
were replaced by alanines using the Stratagene QuickChange mutagenesis method. HeLa cells were
transiently transfected with PRMT1v2-EGFP (a-c) or PRMTI1v2(V15A/L18A)-EGFP (d-f) for 36 h, then
fixed with 4% paraformaldehyde, stained with DAPI and viewed by fluorescence microscopy. HeLa cells
transiently expressing a vector encoding for GFP-Rev-NES (j-0) as a control or PRMT1v2-EGFP (a-c, g-i)
were left untreated (a-c, j-/) or treated with 10 uM Leptomycin B for 1 h (g-i, m-0). Fluorescence
microscopy was performed as described above.
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Supplemental Figures
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FIGURE S1. PCR amplification conditions are in the linear range. PCR reactions were performed with
serial dilutions of the cDNA samples from BT-20 and MCF-7 cell lines, using primers specific for actin.
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FIGURE S2. Identification of the band corresponding to PRMT1v2 in PRMT1 immunoblots. A
PRMT1v2-specific siRNA duplex and shRNA expression plasmid were cotransfected in HeLa cells. 24, 48,
and 72-h posttransfection, cells were harvested in either RIPA buffer (protein) and Trizol reagent (RNA).
50 pg of proteins were resolved by SDS-PAGE, and immunoblotted with polyclonal antibodies against the
C-terminal domain of PRMTI1. Immunoblotting with anti-actin antibodies was used to confirm equal
loading (upper panels). PRMT1v2 mRNA silencing efficiency was determined by RT-PCR as described
above. GAPDH was amplified to confirm that an equal amount of cDNA was used for each reaction (lower
panels).
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Discussion

In this study, we describe the complex genomic organization in the 5'-end of the PRMT1
gene that can produce up to seven protein isoforms expressed in a tissue-specific manner.
Biochemical characterization of these seven isoforms revealed that they are all active,
except for v7, and that their unique N-terminal sequences can confer distinct substrate
specificity. Moreover, we demonstrate that the amino acid sequence unique to V2
contains a CRM1-dependent NES that regulates its subcellular localization. Finally, we
report the differential expression of these PRMT1 splicing variants in breast cancer cell

lines.

Complex genomic structure at the 5’ end of the PRMTI gene leads to the expression of
multiple PRMT1 isoforms

The human PRMT1 gene locus was originally named Hrmtl/2 because of its high
sequence similarity with yeast Saccharomyces cerevisiae HmtI (35). This early study had
identified three different mRNAs (termed v1-v3) varying at their 5° end, likely arising
from the same gene through alternative splicing. The existence of v1-v3 at the RNA level
was further confirmed in a later study where the genomic locus was more precisely
mapped and sequenced (34). Close inspection of available ESTs and comparison with
complete genomic sequences strongly suggested the existence of previously unidentified
exons upstream from the exon harboring the AUG start codon for vI-v3 (25). We
reported here the detailed genomic organization of ~ 1 kb of sequence upstream from that
previously identified AUG that can yield, through a complex pattern of alternative

splicing, at least 7 different protein isoforms (Fig. 14). Among these novel isoforms, v4
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is the only mRNA where translation initiation actually starts at a new AUG located in the
upstream 5’ exon. For isoforms v3 and v5, inclusion of alternative exons e2 and €3 in the
message introduces an in-frame STOP codon (UGA) and results in translation initiating
at the next AUG in exon 3. The occurrence of in-frame premature STOP codons can
sometimes result in mRNAs getting targeted and degraded through the so-called
“nonsense-mediated mRNA decay” or NMD pathway (191). This pathway is thought to
be triggered when such in-frame STOP codon is located > 50-55 nt upstream of an exon-
exon junction (191). Hence, following this rule, the mRNAs for v3 and v5 should not
trigger the NMD pathway since the in-frame STOP codon is located at 48 and 33 nt,
upstream of the closest exon-exon junction, respectively. However, recent developments
suggest that this rule does not necessarily apply to every mRNA and that whether or not

an mRNA is subjected to NMD needs to be determined experimentally (192-194).

According to EST databases, a number of different mRNAs can lead to the
production of the v5 and v6 proteins, from various possible pairing combinations of
exons ela, elb, €2 and e3 (Fig. 14). The presence of these alternative 5° exons in
mRNAs, as detected by RT-PCR (Fig. 1B, 1C and data not shown) strongly argues for the
existence of at least one additional TSS upstream of exon la. However, we can not rule
out the existence of TSSs associated with each individual alternative 5° exon and further
studies will be required to determine precisely the contribution of alternative promoters
and/or alternative splicing of 5’ exons in the regulation of PRMT1 gene expression.
Interestingly, these newly identified alternative splicing patterns would lead to the

production of mRNAs with distinct 5° UTRs (e.g. v3, v5 and v6). These unique 5> UTR
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sequences might contribute to regulate the expression of these mRNAs post-
transcriptionally, by affecting their stability and/or translation efficiency, a phenomenon

that looks to be more common than previously appreciated (195).

PRMT1v1-v3 represent the vast majority of human ESTs, with respectively, 251, 31
and 113 representative clones listed in the most recent Aceview database. As was
reported previously (34), these 3 major isoforms are present in every tissue we have
tested, although the relative amount of each isoform does vary between tissues (Fig. 1B).
In our hands, the expression of all PRMT]1 isoforms was very low in brain, although we
have been able to amplify the major isoforms by increasing the PCR cycle numbers or the
amount of input cDNA (data not shown). This observation is consistent with the original
Northern blot results of Scott ef al., that showed strong expression of PRMT1 in fetal
brain but weak expression in the adult tissue (35). This profile has also recently been
confirmed at the protein level in mice, where PRMT1 expression was found to be high

during mouse embryonic development, but then decrease rapidly following birth (196).

Expression of the minor isoforms is more restricted to specific tissues, with
PRMT1v4 being found only in heart and v5 only in pancreas, while v7 was expressed
mainly in heart and skeletal muscles (Fig. 1B). Interestingly, Scott ef al. noted the
presence of smaller bands in adult heart and skeletal muscles on Northern blots (35);
these likely correspond to v4 and/or v7. Finally, we did not detect the presence of
PRMT1v6 in any normal tissues tested, even at higher cycle numbers, but did detect

expression in specific breast cancer cell lines (Fig. 1C and see below).
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Unique N-terminal sequences affect enzymatic activity and substrate specificity

PRMTT1 alternative isoforms vl and v2 are conserved in mouse and it was previously
shown that they can methylate different, but overlapping sets of proteins in PRMT1”" ES
cell extracts (175). Intriguingly, addition of an N-terminal His tag to these variant
enzymes abolished the differences in substrate specificity (175). Using a similar assay,
we now report that differences in substrate specificity can also be observed between
human PRMT1vl and v2, and in addition, PRMT1v3 and v4 display reduced enzymatic
activity (Fig. 44). However, the differences were not as drastic as those observed with the
mouse isoforms (175), which could be a consequence of using mouse ES cell extracts as
a source of substrates in combination with human PRMT1 isozymes. In addition, Pawlak
and colleages were producing the PRMT 1 isoforms in insect cells, which could reflect the
need for post-translational modifications for the full spectrum of differences to be
observed. Nevertheless, significant differences were revealed between PRMT1v1 and v6
upon fractionation of protein extracts used for the methylation assays (Fig. 4C). For one,
this could be explained by a lower complexity of the protein extracts, which likely
reflects more accurately the enzyme:substrate ratio found in vivo. Alternatively, it is
possible that the fractionation protocol permits the extraction and solubilization of
specific substrates that were not present in the sonicated extracts used in Fig. 44. This
would be consistent with the fact that PRMT1 is known to methylate many proteins

associated with the nuclear matrix (e.g. hnRNPs) and chromatin.

Alignment of known mammalian PRMTs revealed that the N-terminal domains are

the more divergent between various PRMTs. Although the function of these PRMT-
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specific sequences remains unclear in most cases, it was suggested that they may
contribute to enzymatic activity and/or substrate specificity (e.g. see (16, 42)). According
to the PRMT1 3D crystallographic structure (25), the N-terminal sequences would be
juxtaposed to an already fairly exposed alpha helix (oY), located in space between the
AdoMet and substrate binding pockets (see Fig. 64 and (25)). In a structural analysis of
the PRMT3 enzyme, an additional alpha helix (termed aX) was observed N-terminal to
aY and shown to be important for cofactor binding and catalysis (26). Furthermore,
deletion of the N-terminal part of Hmtl, the yeast PRMT1 homologue, significantly
impairs its oligomerization and reduces its methyltransferase activity (172). This is
consistent with PRMT1v7 showing no detectable activity in our hands (Figs. 2-3), since
this 1soform does not harbor the aY helix and the invariant YFxxY motif (25, 26). As our
in vitro competition assays suggest that PRMT1v7 does not act as a dominant negative
(Fig. 3 and data not shown), the functional significance of having a methylase-dead
version of PRMT1 in cells remains unclear. Nevertheless, we can not rule out the
possibility that v7 might behave differently in cells or could be highly specific for a

substrate(s) not present in mouse ES cell extracts.

In contrast, the aX and aY helices, as well as the actual AdoMet-binding domain, are
all present in PRMT1v1-v6, which suggest that, at least according to existing structural
information, these isoforms should all interact with the AdoMet cofactor to a similar
extent. Interestingly, no X-ray diffraction data was obtained for the extreme N-terminal
domain of the protein crystallized by Zhang and colleagues, which is usually an

indication that this portion of the structure is highly mobile in solution (25). Hence, we
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envisage a model where the extreme N-terminal sequences would fold back and make
crucial contacts with the substrate during catalysis. This could in turn provide a molecular
mechanism for the differences in overall activity and substrate specificity observed
between the various PRMT1 N-terminal variants. Since PRMTI is known to interact
relatively stably with its substrates, this model would predict that PRMT1 N-terminal
variants should interact with different subsets of proteins in cells. We have performed a
large scale protein-protein interaction screen with purified His-tagged PRMT1v1 and v2
using Invitrogen’s ProtoArray” Human Protein Microarray v3.0. In support of the above
hypothesis, a number of proteins interacted with both isoforms, but a subset showed
reproducible preference for either vl or v2 (J. Coté, unpublished data). Hence, this
approach, that looks at thousands of interactions in one experiment, supports our in vitro
methylation assay data and strongly suggest that N-terminal unique sequences can

influence PRMT 1 protein-protein interactions.

Identification of a functional NES in PRMTI alternative isoform v2

The current study uncovered a functional CRM1-dependent NES in PRMT]1 isoform v2
(Figs. 5-6). This means that by regulating the alternative splicing of PRMT1 exon 2, cells
can modulate the nuclear versus cytoplasmic pools of PRMT1 isoforms that possess
distinct protein-protein interaction profiles and substrrate specificity. We have mapped
this NES to amino acids 15-24 of PRMT1v2 (*VATLANGMSL?*), which matches the
consensus derived from the sequence of multiple, experimentally tested, functional NESs
((190) and Fig. 6C). The use of LMB or the expression of NES mutants (V15A/L18A)

resulted in v2 being localized in both the nucleus and cytoplasm (Fig 6D), suggesting that
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PRMT1v2 normally enters the nucleus and is then efficiently exported to the cytoplasm
through its CRM1-dependent NES. This is in agreement with a recent study showing that
PRMT1 is a highly mobile protein in both the nucleus and cytoplasm, and can relocalize
between compartments upon general inhibition of methylation (44). Our results might
also provide an explanation for some of the discrepancy observed in the literature
regarding the intracellular localization of PRMT1 (18, 44, 63, 69, 168, 169). For instance,
depending on the antibodies used to detect the endogenous PRMTI, only specific
isoform(s) may be recognized. Alternatively, the use of constructs with N-terminal tags
or with truncated N-terminal domains might also result in differences in localization.
Most strikingly, it was recently reported that PRMT1 localized to nuclear splicing
speckles, a sub-nuclear compartment enriched in splicing factors (63). However, we have
not observed the localization of any of the PRMTI1 isoforms to nuclear speckles and we
have found the localization of PRMT1 isoforms to be actinomycin D-independent (data
not shown). Arginine methylation by PRMT1 was shown to regulate the intracellular
localization of many substrates (e.g. see (101, 169, 197) and references therein), and, at
least for RIP140, this effect seems to be mediated by PRMT1 directly modulating
interaction with the nuclear export receptor CRM1 (101). This suggest the possible
existence of a regulatory loop involving PRMT1 and it will be interesting to investigate
how the various isoforms (and in particular v2) respond to changes in arginine

methylation in cells.
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Arginine methylation and cancer?

A number of studies have provided evidence linking arginine methylation with
antiproliferative signaling or with a protective role against cancer (57, 59, 198-204).
However, these observations may not be applicable to all PRMTs and all cancer types.
For example, the fact that PRMT1 and CARMI can act as coactivators of nuclear
receptors makes them likely candidates to be overexpressed in hormone-dependent
cancers, including breast cancer (96). Indeed, it has been found that CARMI
overexpression correlates with androgen independence in human prostate carcinomas
(205, 206). It has also been observed that increased methylation of a PRMT6 substrate
correlated with breast tumors of higher metastatic potential (207, 208). Consistent with
these predictions, we observed that overall PRMT1 mRNA levels are increased in a panel
of breast cancer cell lines and in a human breast tumor (Fig. 1C and 1D, respectively).
Moreover, the relative balance of alternatively spliced PRMT1 isoforms is altered in
these cell lines when compared to immortalized normal breast cells. Among the major
1soforms, the PRMT1v2 mRNA, which encodes for an enzyme that is mostly localized to
the cytoplasm, is selectively increased relative to vl (Fig. 1F). Most strikingly, among
the minor variants, PRMT1v7 was overexpressed in all of the breast cancer lines tested
and PRMT1v6 was detected in BT-20 and MDA-MB-231 (Fig. 1C). A second RT-PCR
product of slightly higher size was also reproducibly detected in BT-20 cells using v6-
specific primers (i.e. a forward primer specific for exon 1a). The size of that band would
be compatible with an EST-predicted mRNA containing alternative exons €2 and e3, in
addition to la and 1b (see Fig. 14), but further experiments will be required to confirm

the identity of this product.
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At the protein level, immunoblotting with our polyclonal antibody against PRMTI
did not reveal major differences in the level of vl between normal and breast cancer cell
line extracts. This suggests that translational and/or post-translational mechanisms (like
e.g. protein stability) may be involved in regulating PRMT1vI1 protein level in cancer
cells. However, we can not rule out the possibility that differences in PRMT1vl level
could be masked by the fact that our polyclonal antibody also recognizes other isoforms
that likely co-migrates with vl because of their very similar molecular weights. In
contrast, an increase in the relative abundance of PRMT1v2 is clearly observed in breast
cancer cell lines (Fig. 1£ and 1F). Although seen in every breast cancer cell lines tested,
this increase in the v2 protein relative to v1 is most prominent for the Hs578T, BT-549
and MCF-7 cell lines (see Fig. 1F). This correlates well with the relative mRNA
expression profiles observed for these cell lines, as well as for the BT-20 cell line, which
shows a smaller increase both at the level of mRNA and protein. In contrast, the levels of
the v2 mRNA and protein do not correlate well in the MDA-MB-231 and T-47D cell
lines, suggesting the contribution from additional regulatory mechanisms, at the

translational or post-translational level, in these breast cancer cell lines.

Finally, overall levels of aDMA-containing proteins were increased in all the breast
cancer cell lines tested (Fig. 1F). Although this profile does not correlate with the cell
line-specific overexpression of PRMT1v2, other type I PRMTs could also contribute to
this increase in aDMA arginine methylation. Indeed, as mentioned above, CARM1 and
PRMT6 were found to be overexpressed in certain cancers, and we have also found these

PRMTs to be expressed at higher levels in the panel of breast cancer cell lines used in
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this study (unpublished data, see Supplemental Data). Further work will be required to
address the functional significance of PRMT overexpression in various cancers, as well
as the general role(s) that arginine methylation pathways might play in cellular

transformation.

In addition to PRMT]I, alternative splicing was also reported for CARMI and
PRMT7 pre-mRNAs (123, 209), although extensive biochemical characterization of the
respective PRMT isoforms generated is still lacking. As we have shown in the current
study, alternative splicing can lead to the production of PRMT variants with a wide array
of different biochemical and regulatory properties. It will be important to explore this

additional level of complexity in the expression of other PRMTs in future studies.
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Supplemental Data

Experimental procedures

Cells and antibodies

The various human (non-breast) cancer cell lines (Table I) were kindly provided by Dr.
John Bell (University of Ottawa, Ottawa, ON, Canada) and grown as monolayers in
complete DMEM medium for adherent cells or complete RPMI medium for non-adherent
cells, supplemented with MEM non-essential amino acids and 10% foetal bovine serum
(Wisent). The human breast cancer cell lines were procured from ATCC and grown as

described elsewhere (117).

Rabbit polyclonal antibodies against human PRMT1, human PRMTS5, asymmetric
dimethylarginine (aDMA), and symmetric dimethylarginine (sDMA) were described
previously (105, 114) and were a kind gift from Dr. Stéphane Richard (McGill
University, Montréal, Qc, Canada). Monoclonal antibodies against f-actin were
purchased from Covance. Rabbit polyclonal anti-CARMI1 and -PRMT7 were purchased
from Upstate Biotechnology (Upstate, NY). Anti-PRMT6 antibodies were purchased

from Imgenex (San Diego, CA).
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Table SDI. Cancer cell lines used in this study.

Cell line Tissue of origin Cancer type

K562 Bone marrow Chronic myelogenous leukemia

Hs 578 Bst Breast Normal fibroblasts

Hs 578 T Breast Ductal carcinoma

BT-20 Breast NOS carcinoma

BT-549 Breast Invasive ductal carcinoma

MCF-7 Breast NOS adenocarcinoma, pleural effusion

MDA-MB-231 Breast NOS adenocarcinoma, pleural effusion

T-47D Breast Infiltrating ductal carcinoma

SF-539 Brain, Central Nervous System  Glioblastoma

SNB-19 Brain, Central Nervous System  Glioblastoma

U87-MG Brain, Central Nervous System  Glioblastoma

HCT-116 Colon Colorectal carcinoma

786-O Kidney Renal cell adenocarcinoma

EKVX Lung Adenocarcinoma

HOP-62 Lung Adenocarcinoma

NCI-H226 Lung Squamous cell carcinoma; mesothelioma; pleural
effusion

Molt-4 Lymphocyte, T Acute lymphoblastic leukemia

DU-145 Prostate Carcinoma, derived from brain metastatic site

PC-3 Prostate Adenocarcinoma, derived from bone metastatic site
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Results

Overall levels of aDMA-containing proteins were increased in all cancer cell lines tested
(Fig. SD1 and SD3). Although this profile does not always correlate with cell line-
specific overexpression of PRMT1v2, other type I PRMTs could also contribute to this
increase in aDMA arginine methylation. Indeed, CARM1 and PRMT6 were found to be
expressed at higher levels in the panel of breast cancer cell lines used in this study (Fig.
SD1), and we have also found these PRMTs to be overexpressed in other cancer types
(Fig. SD3). Overall levels of SDMA-containing proteins were also increased in all cancer
cell lines tested (Fig. SD1 and SD3), a profile that correlates well with cell line-specific
overexpression of both type II PRMTs (PRMTS5 and -7). Interestingly, the relative
balance of alternatively spliced PRMT1 isoforms 1-3 mRNA is not altered in cancer cell
lines when compared to immortalized normal breast cells (Fig. SD2). However,
immunoblotting with our polyclonal antibody against PRMT1 revealed significant
differences in v2 protein levels between normal breast and cancer cell line extracts. This
suggests that translational and/or post-translational mechanisms (like e.g. protein
stability) may be involved in regulating PRMT1v2 protein level in cancer cells. Further
work will be required to address the functional significance of PRMT overexpression in
various cancers, as well as the general role(s) that arginine methylation pathways might

play in cellular transformation.
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FIGURE SD1. PRMTs protein levels in breast cancer cell lines. Human normal breast and cancerous
breast cells were lysed in RIPA buffer and protein concentration was measured spectrophotometrically
using the DC Protein Assay reagent (Bio-Rad). 25 pg of proteins were resolved by SDS-PAGE, transferred
to nitrocellulose, and immunoblotted with the indicated methyltransferase- and methylarginine-specific
antibodies. Immunoblotting with anti-f-actin antibodies was used as a loading control.
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FIGURE SD2. Expression of PRMT1 splicing variants in normal vs cancer cell lines. Total RNA was
extracted from breast cancer cells (see Table SDI) using Trizol reagent. RNA concentration was measured
with a spectrophotometer, and RNA quality was determined by agarose gel electrophoresis. First strand
cDNA synthesis was performed using 5 ug total RNA and the AMV Reverse Transcriptase (Promega) with
an oligo-dT primer. 1/40 of total cDNAs were then amplified by PCR using the PF / PR primers (34) with
Taq DNA polymerase (Qiagen). PCR products were resolved on a 2.5% agarose gel and visualized by

ethidium bromide staining.
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FIGURE SD3. PRMTSs’ expression profile and arginine methylation pattern in various cancer cell
lines. Human normal and cancerous cells (see Table SDI) were lysed in RIPA buffer and protein
concentration was measured spectrophotometrically using the DC Protein Assay reagent (Bio-Rad). 25 pg
of proteins were resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with the
indicated methyltransferase- and methylarginine-specific antibodies. Immunoblotting with anti-f-actin
antibodies was used as a loading control.
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CHAPTER 3

TDRD3: a Novel Tudor-Containing Protein in Search of a Function.

Isabelle Goulet and Jocelyn Coté.

Department of Cellular and Molecular Medicine and Center for Neuromuscular Disease,
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Abstract

Previous observations have suggested that constitutive methyl-dependent interactions
with ‘methyl-sensing’ proteins (e.g. Tudor domain-containing proteins) are essential for
pre-mRNA splicing to occur. The Tudor domains of the ‘survival of motor neuron’
(SMN) protein and of the splicing factor 30 kDa (SPF30) have been demonstrated to
participate in pre-mRNA splicing through methyl-dependent interactions with a number
of arginine-methylated RNA binding proteins. Yet, another Tudor domain-containing
protein has been identified in a proteomic analysis of pre-spliceosomal complexes: the
uncharacterized Tudor domain-containing protein 3 (TDRD3). In addition to its Tudor
domain, TDRD3 harbors a putative nucleic acid recognition motif (OB-fold), a ubiquitin-
associated (UBA) domain, and an exon junction complex (EJC)-binding motif (EBM).
As suggested by the presence of putative nucleic acid-, EJC-binding, and methyl-binding
properties, we speculated that TDRD3 could be central in pre-mRNA processing and/or
its regulatory pathways through interactions with arginine-methylated proteins. We report
here that TDRD3 localizes diffusely in both the cytoplasm and the nucleus, but not in
nuclear domains typically associated with splicing factors. In ~20% of the cell
population, however, TDRD3 is retained in nuclei in 20-40 large foci that are completely
coincident with PML bodies. Expression of TDRD3 deletion mutants in HeLa cells
revealed that both its OB-fold and its Tudor domain are sufficient for its tethering to
nuclear foci. We also report that its localization to distinct nuclear foci is dependent on
active RNA transcription, but have yet to establish a functional role for TDRD3 in pre-

mRNA splicing. Taken together, our results suggest that TDRD3 likely participates in
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some aspects of mRNA metabolism, by exploiting its putative nucleic acid-, EJC-

binding, and/or methyl-binding properties.
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Introduction

During eukaryotic transcription, the nascent pre-mRNA transcript assembles with a
number of RNA-binding proteins, allowing a series of RNA processing events to occur in
a transcription-dependent manner (210). These processing steps include addition of the
cap structure, pre-mRNA splicing, and polyadenylation. Many factors involved in these
steps are recruited to the carboxy-terminal domain of the largest subunit of the RNA
polymerase II (211). A number of extensively studied RNA-binding proteins (e.g. SR
proteins and hnRNPs) function in pre-mRNA splicing and the intracellular transport of
mature and stable mRNAs (212, 213). Once transcription is complete, the mature
message is coated with a unique complement of RNA-binding proteins, forming a
messenger ribonucleoprotein particle (mRNP) that is then exported from the nucleus to
the cytoplasm, where it is translated into proteins. Given the coupling between particular
steps of transcription and specific RNA processing events, regulatory mechanisms must

be in place to coordinate mRNP biogenesis in a dynamic manner'.

Several studies have suggested roles for arginine methylation in the regulation of
these co- and post-transcriptional processes, including pre-mRNA splicing (105, 106),
mRNA export (215), and translation (112, 113). Direct evidence for a role of arginine
methylation in pre-mRNA splicing first came from the observation that splicing

efficiency is greatly reduced in hypomethylated nuclear extracts, indicating that normal

! First paragraph reproduced/amended with permission from 214. Yu, M.C. (2011) The
role of protein arginine methylation in mRNP dynamics. Molecular Biology International, 2011,
10. copyright under the Creative Commons Attribution License.
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levels of methylarginine-containing proteins are required for pre-mRNA splicing in vitro
(105). In addition, preincubation of nuclear extracts with an increasing amount of DMA-
specific antibodies resulted in complete inhibition of splicing, demonstrating that DMA-
containing proteins are part of the active spliceosome (105). Consistent with these
findings, several hnRNPs, snRNP proteins, SR proteins, and other splicing factors were
identified in a large proteomic survey of arginine-methylated protein complexes (114)
and methylation of a number of these RNA binding proteins has since been confirmed
(106, 115-122). However, the precise molecular mechanisms involved in the regulation

of mRNA processing events by arginine methylation remain largely unknown.

One potential mechanism involves the formation of a ‘docking motif’ created by
arginine methylation of RNA binding proteins and splicing factors to recruit methyl-
binding effector proteins that could help orchestrate the proper localization and function
of mRNA processing events. Supporting this hypothesis, a pilot series of titration
experiments, in which HelLa nuclear extracts were incubated with increasing amounts of
DMA-containing peptides, resulted in gradual inhibition of splicing (Co6té, J.,
unpublished data). This observation provided us with functional evidence that
constitutive methyl-dependent interactions with ‘DMA-sensing’ proteins are essential for

splicing reactions to occur.

In eukaryotes, methylated arginines are specifically recognized by Tudor domains

and several of the first Tudor domain-containing proteins that were identified also

possessed RNA-binding capacity, which led to the suggestion that Tudor domains may
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indeed play a role in RNA metabolism (134). Further evidence supporting this hypothesis
has now been provided and common themes are starting to emerge. First, structural
analysis of the N-terminal domain of FMRP, a well-characterized KH-containing RNA-
binding protein, revealed the presence of a Tudor domain (216). Second, the germline
type Tudor domain proteins (TDRDI, 2, 4, 5, 6, 7, 8, and 9) recruit to specific
ribonucleoprotein (RNP) complexes methylated Piwi-type proteins involved in silencing
transposons and retrotransposons by piwi-interacting RNAs during gametogenesis (135,
140-144). Third, the SND1 protein (a.k.a. p100, Tudor-SN) was shown to participate in
both RNA interference and RNA editing pathways (145-147, 217). Fourth, the Tudor
domains of the ‘survival of motor neuron’ (SMN) protein and of the splicing factor 30
kDa (SPF30) have been demonstrated to be required for the assembly of spliceosomal
snRNPs (148-151) through known and predicted methyl-dependent interactions with a
number of arginine methylated RNA binding proteins during pre-mRNA splicing (105,
106, 148, 154-158, 218). Collectively, these observations suggest that these Tudor
domain-containing proteins could serve as integrators of arginine methylation signals in

RNA processing reactions.

A proteomic analysis of the complete repertoire of the mammalian splicing
machinery has identified another Tudor domain-containing protein in pre-spliceosomal
complexes: the novel Tudor domain-containing protein 3 or TDRD3 (163). TDRD3 is a
modular protein of unknown function. Its Tudor domain is highly similar to that of SMN
and SPF30, and it has been demonstrated to have the ability to bind arginine-methylated

polypeptides (148, 158). In addition to its Tudor domain, TDRD3 harbors a DUF/OB-
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fold motif (putative nucleic acid recognition motif) (164) and a UBA (ubiquitin-binding)
domain (165). More recently, an EJC (exon junction complex)-binding motif (EBM) has
been found in the extreme C-terminus of TDRD?3 that mediate interaction with two of the
four core EJC proteins: Y14 and Magoh, and the peripheral interacting factor PABP1
(166). As suggested by the presence of nucleic acid-, methyl-, and EJC-binding
properties, we speculated that TDRD3 could be central in pre-mRNA processing and/or

its regulatory pathways through interactions with arginine-methylated proteins.

In order to gain insight into its cellular function, we generated antibodies against
TDRD3 and undertook its characterization using a combination of biochemical and
cellular biology approaches. Immunofluorescence microscopy studies showed that
TDRD3 localizes diffusely in both the cytoplasm and the nucleus, but not in nuclear
domains typically associated with splicing factors. We also report that TDRD3
localization to distinct nuclear domains is dependent on active RNA transcription and

requires the expression of either its OB-fold or its Tudor domain.
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Material and methods

Cell culture

The human HeLa cervical carcinoma cell line was purchased from the American Type
Culture Collection (ATCC, Manassas, VA) and the human uterine leiomyosarcoma SKN
cell line was a generous gift from Dr. St€phane Richard (McGill University, Montréal,
QC, Canada). Both cell lines were grown as a monolayer in DMEM medium
supplemented with 1 mM sodium pyruvate, 50 IU/ml penicillin, 50 mg/ml streptomycin,
and 10% fetal calf serum (Wisent, St-Bruno, QC, Canada). The human breast cancer cell
line MCF7 was procured from ATCC and grown as a monolayer in complete DMEM
medium supplemented with MEM non-essential amino acids, 0.01 mg/ml insulin
(Invitrogen, Burlington, ON, Canada), and 10% foetal bovine serum (Wisent). Cells were
transfected with DNA plasmids using Lipofectamine 2000 (Invitrogen) according to

manufacturer’s instructions.

DNA constructs

The pECFP-ER, -Golgi, and —Mito vectors were purchased from Clontech Laboratories
Inc. (Mountain View, CA). Cloning of TDRD3’s isolated domains (OB-fold, UBA,
Central linker, and Tudor) into pCMV-Myc vector, as well as cloning of SMN, SPF30,

and TDRD3 Tudor domains into pGEX-4T2 vector have been described elsewhere (219).
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Antibodies

A peptide corresponding to the last 22 C-terminal amino acids of TDRD3,
"DGQPRRSTRPTQQFYQPPRARN™, was synthesized at W.M. Keck Foundation
Biotechnology Resource Laboratory (Yale University, New Heaven, CT). Polyclonal
antibodies were generated by Pocono Rabbit Farm and Laboratory Inc. (Canadensis, PA)
using rabbits injected with the synthetic peptide coupled to keyhole limpet hemocyanin
(KLH). The polyclonal antibodies were affinity-purified over the antigenic peptide
coupled to Affi-Gel 10 beads (Bio-Rad, Hercules, CA) following manufacturer’s
instructions, eluted in 100 mM Glycine pH 2.5, buffered with 1 M Tris-HCI pH 8.0,
dialyzed against 1X phosphate-buffered saline (1X PBS: 137 mM NacCl, 2.7 mM KClI,
4.3 mM Na,HPO,, 1.4 mM KH,PO,, pH 7.4) at 4°C overnight, and concentrated using
Centricon centrifugal devices (Millipore, Bedford, MA). The integrity and concentration
of the affinity-purified antibodies were determined by SDS-PAGE followed by
Coomassie blue staining to visualize Ig bands. The affinity-purified anti-TDRD3 was
used at a 1:150 dilution for immunofluorescence (IF) and at a 1:1000 dilution for western

blot (IB) analysis.

Monoclonal antibodies against ASF/SF2 were purchased from Zymed Laboratories
Inc. (San Francisco, CA). Rabbit anti-PSP1 polyclonal antibody was a generous gift from
Dr. Archa H. Fox (University of Western Australia, Crawley WA Australia) (220). The
72B9 anti-fibrillarin mouse monoclonal antibody was a gift from Drs. Michael P. and
Rebecca M. Terns (University of Georgia, Athens, GA) and was used at a 1:1000 dilution

(IF). Monoclonal anti-p80-coilin antibodies were obtained from Dr. Gregory A. Matera
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(Case Western Reserve University, Cleveland, OH). Anti-PML monoclonal antibody
SE10 was kindly provided by Dr. Roel Van Driel (State University of Utrecht, The
Netherlands) and used at a 1:10 dilution (IF) (221). The 9E10 anti-myc monoclonal
antibody (mAb) was procured from ATCC. All antibodies were used at a 1:200 dilution
in IFs, unless otherwise specified. Mouse monoclonal anti-Elongation Factor 1 Alpha
(EEF1A) antibody was purchased from Upstate Biotechnology (Upstate, NY) and used at
a 1:3000 dilution (IB). Rabbit polyclonal anti-GST antibodies were described elsewhere
(148). Anti-SMN antibody was purchased from BD Transduction Laboratories
(Mississauga, ON, Canada). Monoclonal anti-snRNPs, antibody purified from Y12
hybridoma (mAb), was generously provided by Dr. Robin Reed (Havard University,

Boston, MA).

Cell treatments and immunofluorescence

For indirect IF microscopy, cells were grown and transfected (when indicated) directly
onto glass cover slips. RNA polymerase II transcription blockade was induced by
treatment with 10 ug/ml actinomycin D (Sigma Aldrich, Saint-Louis, MO), while
translation blockade was induced by treatment with 20 ug/ml cycloheximide (Sigma),
both for 3 hours. Leptomycin B (Cedarlane, Burlington, ON, Canada) was used at a 10
uM concentration to inhibit CRMI1-dependent nuclear export pathway in 6 h-treated
cells. Cells were fixed with 4% paraformaldehyde for 10 min, permeabilized with 0.5%
Triton X-100 for 5 min and blocked with 0.1% BSA in 1X PBS for 30 min prior to
immunostaining. Cells were incubated with primary antibodies diluted in 0.1% BSA in

1X PBS for 1 h. Cells were then washed once with 0.1% Triton X-100 in 1X , twice with
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0.1% BSA in 1X PBS and incubated with the appropriate fluorophore-annexed secondary
antibodies in 0.1% BSA in 1X PBS, in the dark, for 1 h. All incubations were performed
at room temperature. The cells were washed again as above, counterstained with DAPI
and mounted onto glass slides. Fluorescence was visualized with a Z.1 Axiolmager
upright microscope (Carl Zeiss Canada Ltd, Toronto, ON, Canada) and images were

captured with an AXIOCAM HRM R 2.0 CCD digital camera.

Protein purification, pulldowns, and mass spectrometry

GST-fusion proteins were overexpressed in E. coli BL-21 cells (Stratagene, La Jolla, CA)
by induction with a final concentration of 0.1 mM isopropyl-D-thiogalactopyranoside
(IPTG). Following 4-hour induction, cells were spun down, resuspended in 10 ml of 1X
PBS containing Complete™ protease inhibitor cocktail (Roche Applied Science) and
sonicated (5 pulses of 15 sec each, at a power output of 12 watts). Cell debris were
discarded through centrifugation for 20 min at 10,000 X g. GST fusion proteins were then
purified using glutathione-agarose (Sigma) and were kept on glutathione-agarose as a
50% slurry in 1X PBS for GST pull-down experiments. Pull-downs and mass

spectrometry analysis have been extensively described elsewhere (219).

In vitro splicing reactions

Pre-mRNA substrates were synthesized in vitro using T3 RNA polymerase (Promega,
Madison, WI) from Scal-linearized plasmid kindly provided by Dr. Benoit Chabot
(Université de Sherbrooke, QC, Canada). RNA was gel-purified as previously described

(222) and incubated for 2 h under standard splicing conditions, or as specified, using a
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HeLa nuclear extract as described elsewhere (223). The spliced RNAs were precipitated
and reverse transcribed to cDNA using the AMV Reverse Transcriptase (Promega) with a
primer specific to the adenovirus L2 exon (224). First strand cDNAs were then amplified
by PCR with the Taqg DNA polymerase (Qiagen, Mississauga, ON, Canada) using exon
7- and L2 exon-specific primers (224). PCR products were resolved on a 2% agarose gel

and visualized by ethidium bromide staining.
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Results

TDRD3 intracellular distribution

To begin investigating the cellular functions of TDRD3, we first generated a rabbit
polyclonal antibody against a synthetic peptide coupled to keyhole limpet hemocyanine
(KLH) corresponding to the last 22 C-terminal amino acids of TDRD3
("’DGQPRRSTRPTQQFYQPPRARN"). The affinity-purified antibody recognized a
single band of ~83 kDa on immunoblots of SKN, MCF7, and HeLa total cell extracts

(Fig. 3-1A). This band corresponds to the predicted molecular weight of TDRD3.

We then used the polyclonal antibody in indirect IF microscopy in HeLa cells to
examine the subcellular distribution of endogenous TDRD3. In most cells, TDRD3
staining appeared predominantly cytoplasmic along with weak, diffuse nuclear staining.
In the cytoplasm, the fluorescent signal was generally more intense in the perinuclear
region, while gradually decreasing towards the edge of the cytoplasm (Fig. 3-1B, ‘a’
panels), a staining pattern reminiscent of proteins associated with polyribosomes and/or
the endoplasmic reticulum. In the nucleus, we observed a strong nuclear accumulation of
the fluorescent signal into 20-40 foci per nucleus (that did not resemble splicing factor-
containing nuclear speckles) in ~ 20% of the cell population (Fig. 3-1B, ‘b’ and ‘c’
panels). This was frequently associated with a diffuse pattern of nucleolar staining (Fig.
3-1B, ‘¢’ panel). Nucleoli are visible in the DAPI panels as dark regions in the nucleus.
Preincubation of the affinity-purified antibody with an increasing amount of the

immunogenic peptide resulted in a gradual decrease in the intensity of the IF signal, both
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FIGURE 3-1. Characterization of a polyclonal antibody against the novel Tudor domain-containing
protein 3 (TDRD3). 4) The affinity-purified polyclonal anti-TDRD3 antibody recognizes a single band
corresponding to the predicted molecular weight of TDRD3 in mammalian total cell extracts. B)
Immunofluorescence microscopy of actively growing HelLa cells stained with the TDRD3-specific
antibody (green). In most cells, TDRD3 is predominantly cytoplasmic (panel a). In contrast, TDRD3
accumulates into 20-40 foci per nucleus in approximately 20% of the cell population (panel b). This is
frequently associated with a diffuse nucleolar staining (panel c). Nucleoli are visible in the DAPI panels as
dark regions in the nucleus. C) Anti-TDRD3 antibodies (green) were pre-incubated with an increasing
amount (3.5 to 56 pg) of the immunogenic peptide before immunofluorescence staining. Note the gradual
decrease in TDRD3 staining (green), both in the cytoplasm and in the nucleus, as the amount of competing
peptide increases. Merge panels show superimposition of green (TDRD3) and DAPI (nucleic acids) signals.
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in the cytoplasm and in the nucleus, demonstrating the specificity of the observed

staining patterns (Fig. 3-1C). Sub-cellular localization of endogenous TDRD3 was also
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confirmed by sub-cellular fractionation (see Chapter 4, Fig. 2D). TDRD3 was found
predominantly in the cytosolic fraction (63%), which correlated well with the sub-cellular
distribution observed by IF microscopy and it was also detectable in the nuclear and
nuclear insoluble fractions, albeit less so (37%) (219). Taken together, these observations
suggest that TDRD3 generally predominates in the cytoplasmic compartment, but also

has the capacity to accumulate in distinct nuclear structures.

Co-localization studies

As a step towards identifying the nuclear structures in which TDRD3 accumulates, we
next performed double IF experiments in HelLa cells using TDRD3 antibodies in
combination with antibodies directed against specific markers of various nuclear domains
or ‘bodies’. In order to verify our hypothesis that TDRD3 is a bona fide pre-mRNA
splicing factor, we first assessed whether it co-localizes with other pre-mRNA splicing
factors in nuclear ‘speckles’: nuclear domains located in the interchromatin regions of the
nucleoplasm of mammalian cells. When observed by IF microscopy, they usually appear
as 20-50 irregularly shaped nuclear structures that vary in size. TDRD3 nuclear
aggregates did not co-localize with ASF/SF2, a splicing factor that typically resides in
these structures (Fig. 3-2, panels a-d). Thus, TDRD3 does not accumulate in nuclear
speckles, but in nuclear foci often found in close proximity to speckles (Fig. 3-2, panel

d).
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FIGURE 3-2. TDRD3 accumulates in PML nuclear bodies in a small subset of a cultured HeLa cell
population. Co-analysis of TDRD3 (green) and SF2 (red) localization in HeLa cells by
immunofluorescence microscopy (panels a-d), PSP1 (green) and SF2 (red; panels e-h), TDRD3 (green) and
fibrillarin (red; panels i-1), TDRD3 (green) and coilin (red; panels m-p) with inset showing enlargement of
close association between distinct coilin and TDRD3 foci (indicated by an arrowhead in panel p), and
TDRD3 (green) and PML (red; panels g-t). Merge panels show superimposition of green, red and DAPI
(nucleic acids) signals.

Paraspeckles are discrete bodies (10-30/nucleus) found in the interchromatin
nucleoplasmic space that are always located adjacent to speckles in actively transcribing

cells (220). They contain at least five RNA binding proteins (PSP1 (220), PSP2 (220),
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pS4/nrb (225), PSF (225), and CFI(m)68 (226)]) that also interact dynamically to form a
crescent-shaped perinucleolar cap in the nucleolus in the absence of RNA polymerase 11
transcription (220). The function of paraspeckles is not fully understood, but recent
findings have led to the speculation that they may represent storage sites to retain in the
nucleus highly edited Alu-containing RNAs critical in the control of gene expression
(227). Because both our TDRD3 and PSP1 antibodies were raised in the same species, we
couldn’t perform double IF co-localization studies. However, the expected punctate
nuclear staining observed with the anti-PSP1 antibody (Fig. 3-2, panel e), shown in
relation to ASF/SF2 staining in speckles (panel f), clearly did not resemble the punctate
pattern observed for TDRD3 (panels a, i, m, and q). In addition, a diffuse nucleolar
staining (Fig. 3-1B, ‘c’ panels and Fig. 3-2, panel q) or a nucleolar staining reminiscent of
perinucleolar compartments (PNCs) were often observed by indirect immunofluorescence
staining with our affinity-purified anti-TDRD3. Although its diffuse nucleolar staining
co-localized with fibrillarin (a nucleolar marker), TDRD3’s nuclear foci were typically
not associated with nucleoli (Fig. 3-2, panels i-1). Thus, we conclude that TDRD3 does

not localize to either paraspeckles or perinucleolar caps.

Cajal bodies (CBs) are dynamic structures within the nucleus involved in RNA-
related metabolic processes such as the RNP biogenesis-maturation-trafficking-recycling
of spliceosomal snRNPs, snoRNPs, telomerase, and U7 snRNP; as well as histone
mRNA 3’-end processing (228-235). Human nuclei usually contain between 0-5 CBs,
readily detected with antibodies against the marker protein p80-coilin (236-238). Double

IF experiments in HeLa cells with the anti-TDRD3 and anti-coilin antibodies showed an
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accumulation of TDRD3 in foci immediately adjacent to CBs (Fig. 3-2, panels m-p).
Fibrillarin, a predominantly nucleolar protein, has been shown to localize to CBs as well
(single dots in Fig. 3-2, panel j) and partial co-localization of TDRD3 with fibrillarin in
these nuclear domains was also observed (panel 1). CBs and PML (promyelocytic
leukemia protein) nuclear bodies can associate (239, 240) and localize at sites of U
snRNA expression (241). This prompted us to ask whether the nuclear TDRD3-
containing foci could in fact be PML bodies. Moreover, the average mammalian cell
contains 10-30 PML nuclear bodies, which makes them good candidates for the nuclear
structures observed with the anti-TDRD3 antibody. Perfect co-localization was observed
between PML protein staining in PML nuclear bodies and the foci detected using our
affinity-purified anti-TDRD3 antibody (Fig. 3-2, panels g-t). Because PML nuclear
bodies have been associated with a large number of nuclear functions, such as
transcription, DNA repair, viral defense, stress, cell cycle regulation, proteolysis,
senescence, and apoptosis (242-244), recruitment to these nuclear structures alone does

not provide us with a precise hint about the putative functions of TDRD3.

Finally, in an attempt to identify in which cellular structures TDRD3 specifically
localizes to in the cytoplasm, we transfected HelLa cells with commercially available
pECFP vectors encoding the enhanced cyan fluorescent protein fused to an endoplasmic
reticulum (pECFP-ER), a Golgi apparatus (pECFP-Golgi), or a mitochondrial targeting
sequence (pECFP-Mito). Cells were fixed 24 h post-transfection and indirect IF staining
was performed using our TDRD3 antibodies. In contrast to its usual diffuse distribution,

endogenous TDRD3 was found concentrated in cytoplasmic granule-like foci in most
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transfected cells. This observation led us to speculate that these cytoplasmic foci might be
the result of transfection-induced stress, a hypothesis that was later confirmed (219). The
biochemical characterization of TDRD3’s recruitment to cytoplasmic stress granules

(SGs) is described in detail in Chapter 4.

TDRD3 OB-fold and Tudor domains are recruited to nuclear foci

To identify which part of TDRD3 was important for its localization to nuclear foci as
well as to cytoplasmic stress granules, a series of different myc-tagged constructs each
containing individual TDRD3 domains were engineered (see Chapter 4, Fig. 5A) (219).
In this early work, however, the myc-TDRD3 OB-fold (a.a. 98-174) construct did not
include the putative DUF motif (a.a. 1-98), since it had been generated based on the
‘truncated” TDRD3 amino acid sequence available at the time in databases. The fusion
proteins were expressed in HeLa cells and immunofluorescence microscopy was
performed using myc antibodies. The predicted molecular weight of these myc-tagged
TDRD3 isolated domains ranges from 4 to 36 kDa, making it likely they will diffuse
freely between the cytoplasm and the nucleus. As expected, expression of TDRD3’s
‘central linker’ region resulted in diffuse cytoplasmic and nuclear staining (Fig. 3-3,
‘myc-central linker’ panels). In contrast, expression of TDRD3’s OB-fold motif and its
UBA or Tudor domains resulted in a predominantly nuclear staining pattern (Fig. 3-3,
‘myc-OB-fold, -UBA, and —Tudor’ panels). Remarkably, TDRD3’s OB-fold motif and
Tudor domain were both reproducibly and efficiently recruited to nuclear foci (Fig. 3-3,
‘myc-OB-fold and —Tudor’ panels), although the identity of these nuclear foci could not

be determined due to incompatibilities between the antibodies used in this study, as they
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were recognized by the same secondary antibody. Taken together, these results suggest
that the UBA domain, and especially the OB-fold motif and the Tudor domain (which
includes the exon junction binding motif) of TDRD3 may contribute to its recruitment to

specific nuclear domains.

DAPI Merge

Myc

Myc-OB-fold

N . . .
Myc-UBA

(286-328)

Myc-Central

linker (328-647)

FIGURE 3-3. TDRD3 OB-fold motif and Tudor domain are recruited to nuclear domains. HeLa cells
were transiently transfected with constructs expressing individual, myc-tagged TDRD3 domains (amino
acid numbers are indicated in parentheses). Forty-eight hours post-transfection, cells were labeled with
anti-myc antibodies and visualized by IF microscopy. Myc-tagged proteins are in green. Merge panels
show superimposition of green and DAPI (nucleic acids) signals.

Myc-Tudor
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TDRD3 nuclear localization is transcription-dependent

Several RNA binding proteins involved in post-transcriptional regulation of RNA shuttle
in a transcription-dependent manner between the nucleus and the cytoplasm (245, 246).
The sub-cellular distribution of TDRD3, along with its putative link to RNA processing
events, suggests that its nuclear localization to PML bodies may be regulated in such a
fashion. In order to wverify this hypothesis, Hela cells were examined by
immunofluorescence microscopy before and after treatment with actinomycin D (ActD),
an inhibitor of RNA polymerase transcription. Untreated cells exhibited a normal TDRD3
distribution pattern (Fig. 3-4A, “untreated” panels). A three-hour treatment with ActD
completely abolished TDRD?3 recruitment to both PML nuclear bodies and nucleoli (Fig.
3-4A, “+ActD” panels). In contrast, inhibition of protein synthesis with cycloheximide
had no effect on the distribution of TDRD3 (Fig. 3-4A, “+CHX” panels) and ongoing
protein synthesis was not required for the redistribution effect observed under
transcriptional inhibition by ActD (Fig. 3-4A, “+ActD/CHX” panels). Taken together,
these results suggest that TDRD3 localization to PML nuclear bodies is transcription-
dependent and is the result of inhibition of new RNA synthesis, not of the failure to

synthesize a product from transcribed RNAs.
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FIGURE 3-4. TDRD3 nuclear localization to PML bodies is transcription-dependent. A) HeLa cells
were grown on coverslips in normal medium (untreated) or in medium containing 10 pg/ml actinomycin D
(+ ActD), 20 pg/ml cycloheximide (+ CHX), or both agents (+ ActD/CHX) for 3 h. Cells were then fixed
and immunostained with anti-TDRD3 antibodies (green). B) Alternatively, HeLa cells were grown in
medium containing 10 uM Leptomycin B (+LeptB) for 6 h prior to anti-TDRD3 (green)
immunofluorescence microscopy analysis. Merge panels show superimposition of TDRD3 (green) and
DAPI (nucleic acids) signals.
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Inhibition of RNA polymerase-mediated transcription did not result in noticeable
redistribution of TDRD3 from the nucleus to the cytoplasm, as often observed with
proteins that shuttle in a transcription-dependent manner between these two cellular
compartments (245). One major nuclear export pathway relies on the nuclear export
receptor CRM1. CRM1 mediates the nuclear export of cellular proteins bearing a leucine-
rich nuclear export signal (NES) through the nuclear pore complex embedded in the
nuclear membrane (188-190). Leptomycin B is a drug that inhibits CRM1-dependent
nuclear export by forming a covalent bond with CRM1, hence preventing its interaction
with proteins destined for nuclear export. If TDRD3 shuttles between the nucleus and the
cytoplasm through CRMIl-mediated nuclear export, we would expect a nuclear
accumulation of TDRD3 after leptomycin B treatment, because it cannot be exported
back to the cytoplasm. To verify this hypothesis, HeLa cells were treated with 10 uM
leptomycin B for 6 h and analyzed by immunofluorescence microscopy with anti-TDRD3
antibody. This treatment did not affect TDRD3 localization (Fig. 3-4B, compare
“untreated” with “+LeptB” panels), suggesting that its nuclear export (if any) is
independent of the CRM1 nuclear export pathway. However, meaningful interpretation of
this negative result would require appropriate positive controls since TDRD3 has recently
been observed to accumulate in the nucleus of cells treated with leptomycin B (247).
Thus, further studies will be needed to ascertain that TDRD3 has dynamic
nucleocytoplasmic trafficking properties and whether they are dependent on the CRM1

nuclear export pathway or not.
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TDRD3’s Tudor domain interacts specifically with EEFIA

In order to begin identifying potentially arginine-methylated proteins interacting
specifically with the Tudor domain of TDRD3, a glutathione-S-transferase (GST) pull-
down assay was performed on HeLa cell extracts using a recombinant GST fusion protein
consisting of the C-terminal region of TDRD3 (a.a. 647-744) encompassing the Tudor
domain and the EBM (GST-TDRD3-Tdr) or a control GST protein coupled to glutathione
agarose (see Chapter 4) (219). The retained proteins were resolved by SDS-PAGE and
stained with Coomassie Blue. Five protein bands that were bound by GST-TDRD3-Tdr,
and not by GST alone, were excised from the gel and subjected to mass spectrometry
identification. The top matches obtained for each band are EWS, FUS, DDX3, SERBPI,
and EEF1A (see Chapter 4, Table I for details) (219). Remarkably, all these proteins have
known roles in RNA metabolism, which reinforces our hypothesis that TDRD3 likely

functions in co- and/or post-transcriptional RNA processes.

We next assessed if all the proteins identified in our screen (see Chapter 4) were also
able to bind the Tudor domains of SMN and SPF30. These experiments revealed that
interaction with EEF1A was specific to TDRD3 (Fig. 3-5A). Interestingly, Khacho and
colleagues recently identified EEF1A as a novel component of the nuclear protein export
machinery, as the nuclear export of the tumor suppressor Von Hippel-Lindau (VHL)
protein is transcription-dependent and is mediated by protein-protein interaction with
EEF1A (248, 249). This group also mapped the region of VHL mediating the interaction
with EEF1A to the motif shown in Fig. 3-5B (250). Since TDRD?3 nuclear localization is

also transcription-dependent, we compared the amino acid sequence of its Tudor domain
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with the VHL motif and found a similar motif (Fig. 3-5B). In addition, the spinal
muscular atrophy (SMA)-causing E134K mutation, located in the Tudor domain of SMN
and conserved in the Tudor domain of TDRD3 (E691), is an amino acid required for this
specific interaction (see Chapter 4, Fig. 6D) (219). Thus, TDRD3 nuclear export (if any)
may be mediated by protein-protein interaction of its Tudor domain with EEF1A, which
may explain why inhibition of the CRMI-dependent nuclear export pathway had no
effect on TDRD3 sub-cellular localization (Fig. 3-4B). Future studies in the laboratory

will aim to understand the importance of this interaction in TDRD3’s function(s).
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FIGURE 3-5. The Tudor domain of TDRD3 contains a binding motif to EEF1A and interacts
specifically with it. A) HeLa cell extracts were prepared as described in ‘Material and methods’. Cell
lysates were then incubated with purified recombinant GST (as a control), GST-SMN-Tdr, GST-SPF30-
Tdr, or GST-TDRD3-Tdr proteins coupled to glutathione-agarose for 16 h at 4°C. The retained proteins
were resolved by SDS-PAGE. Bottom part of the gel was stained with Coomassie Blue to show GST-
fusion proteins. Upper part of the gel was transferred to nitrocellulose, and immunoblotted with anti-
EEF1A antibody. B) Sequence alignment of the EEF1A binding motif of VHL, PABP1, and TDRD3
(adapted from (250)). The color coding is red for conserved amino acids, pink for less conserved, and blue
for amino acids that are not conserved.
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Is TDRD3 involved in pre-mRNA splicing?

In order to assess whether TDRD3 is essential for splicing reactions to occur, as
suggested by its putative association with pre-spliceosomal complexes, we next
performed in vitro splicing reactions using a synthetic hybrid RNA containing the 5’
splice site of hnRNPA1 exons 7 and 7B in competition for the 3’ splice site of the
adenovirus major late L2 exon as pre-mRNA substrate (224). In normal HelLa nuclear
extracts, the proximal 5° splice site is preferred, which lead to the accumulation of a
spliced fragment of approximately 300 bp after the splicing reaction (Fig. 3-6, lane 2).
Pre-incubation of in vitro splicing reactions with antibodies directed against SMN or
snRNPs (Y12) resulted in an inhibition of splicing, because the antibodies interfere with
the normal functions of these proteins in pre-mRNA splicing (Fig. 3-6, lanes 6 and 7).
Using the same approach, an inhibitory effect on splicing was observed when in vitro
splicing reactions were performed with an increasing amount of polyclonal anti-TDRD3
antibody (Fig. 3-6, lanes 3-5). However, the same inhibitory effect was observed in our
negative control using polyclonal anti-GST antibody (Fig. 3-6, lane 8). Thus, we cannot
yet stipulate upon a putative role for TDRD3 in pre-mRNA splicing and further
experiments will be needed to determine if TDRD3 is present in spliceosomal complexes

during splicing.
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FIGURE 3-6. Effect of anti-TDRD3 antibodies on splicing reactions. Pre-mRNA substrates were
incubated in a HeLa nuclear extract in the absence (lane 2) or in the presence of increasing amounts of anti-
TDRD3 antibody (lanes 3-5), or in the presence of positive control antibodies against SMN (lane 6) and
Y12 (lane 7), or negative control anti-GST antibody (lane 8), under splicing conditions for 2 h. The spliced
RNAs were precipitated and reverse transcribed to cDNA using the AMV Reverse Transcriptase with a
primer specific to the adenovirus L2 exon. First strand cDNAs were then amplified by PCR with the Taq
DNA polymerase using exon 7- and L2 exon-specific primers. PCR products were resolved on a 2%
agarose gel and visualized by ethidium bromide staining. The size of the different splicing products is
depicted (right panels).
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Discussion

We report here the first characterization of TDRD3, a novel Tudor domain-containing
protein. Our findings identify TDRD?3 as a novel component of both PML nuclear bodies
and cytoplasmic stress granules. All three main domains (OB-fold, UBA, and
Tudor/EBM) of TDRD3 potentially contribute to its nuclear localization, but only its OB-
fold and its Tudor domain/EBM are efficiently recruited to distinct nuclear domains. We
also show that TDRD3 recruitment to these nuclear domains is transcription-dependent
and that EEF1A, a novel component of the nuclear protein export machinery, interacts
specifically with its Tudor domain. Based on our preliminary results, however, we cannot

yet stipulate upon a putative role for TDRD3 in pre-mRNA splicing.

TDRD3 is a novel protein recruited to PML nuclear bodies

We have found that the steady-state localization of the novel Tudor-containing protein
TDRD3 is predominantly cytoplasmic, but also nuclear diffuse (Fig. 3-1). In the nucleus,
it does not co-localize with splicing factors in nuclear speckles, but is rather transiently
recruited to Promyelocytic leukemia (PML) protein-containing nuclear bodies under yet
unknown cellular condition(s) (Fig. 3-2). This result does not exclude a putative role for
TDRD3 in pre-mRNA splicing, since splicing factors can also be found within the
nucleus both in a diffuse form and in other “non-speckle” nuclear domains (251). Co-
localization of TDRD3 and PML in only a small subset (~20%) of the cell population

suggests that TDRD3 recruitment to PML bodies may be regulated. This could be
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achieved either in a cell cycle-dependent manner or very transiently, through another

mechanism (see below).

Current models envision PML as a ‘master recruiter’ of a number of seemingly
unrelated protein partners together with many protein-modifying enzymes, such as
acetylases, kinases, as well as ubiquitin and SUMO ligases (244). Protein arginine
methyltransferase 1 (PRMT1) is also present in PML bodies, where it methylates the
DNA repair MRE11 protein prior to its translocation to sites of DNA damage (252).
Through facilitation of partner protein post-translational modifications and subsequent
partner activation, sequestration or degradation, PML bodies are proposed to anchor and
regulate many nuclear functions, including DNA replication, transcription, and epigenetic

silencing (244, 253).

In agreement with a putative function for PML nuclear bodies as integrators of post-
translational protein modifications, the novel transient partner TDRD3 contains one
putative and two confirmed PTM-specific binding domains: an OB-fold, a UBA and a
Tudor domain, respectively. Although its function has not yet been characterized in the
context of the TDRD3 protein, OB-fold domains are compact structural motifs usually
involved in oligosaccharide and nucleic acid binding as well as in protein-protein
interactions (164). The UBA domain of TDRD?3 has been shown to specifically bind to
Lys48-linked polyubiquitin chains, which typically mark proteins for degradation by the
proteasome (254); whereas its Tudor domain specifically recognizes dimethylated

arginines in protein substrates (148, 158), although some RNA-binding properties have
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been suggested for this domain as well (134) (Leroux, G. and Co6té, J. et al., unpublished
data). TDRD3 deletion mapping experiments clearly showed expression of all three
domains in the nucleus where TDRD3 OB-fold and Tudor domains accumulated in
distinct nuclear foci (Fig. 3-3). Although the identity of these nuclear bodies has not been
determined, these observations suggest that TDRD3 OB-fold and Tudor domains are
sufficient for its recruitment to distinct nuclear domains. Because of their binding
properties, this could possibly be achieved through interaction with either nucleic acid-

rich or PTM-rich domains in the nucleus.

TDRD23 recruitment to distinct nuclear domains is transcription-dependent

Intriguing questions remain about how TDRD3 nuclear accumulation in PML bodies is
regulated. Our results strongly suggest that TDRD3 localizes to PML bodies in a
transcription-dependent manner as inhibition of DNA-dependent RNA polymerase-
mediated transcription by actinomycin D completely abolishes TDRD3 recruitment to
distinct nuclear domains (Fig. 3-4). Yet, if we assume that approximately 75% of an
unsynchronized cultured Hela cell population is actively transcribing housekeeping
genes as cells quiesce (255), why would TDRD3 protein immunostaining in PML bodies
be strongly detected in only 10-20% of the cell population? This percentage may be
actually more representative of cells in S phase, during which DNA replication occurs.
Actinomycin D is a polypeptide antibiotic, which binds DNA at the transcription
initiation complex and therefore, prevents elongation by RNA polymerases (256).
However, it can also bind DNA duplexes, and it has been shown to interfere with DNA

replication as well (257). Thus, TDRD3 accumulation in PML nuclear bodies could be
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DNA replication-dependent rather than transcription-dependent or dependent on both
processes (DNA replication-dependent transcription), a hypothesis that could be

addressed in future experiments by using cell cycle-specific inhibitors.

Multiple lines of evidence favor the latter model, i.e. that TDRD?3 is recruited to PML
bodies during DNA replication-dependent transcription (S phase of the cell cycle). First,
TDRD3 accumulates in PML bodies in cells with elongated nuclei (Fig. 3-1B and C, and
Fig. 3-2), a nuclear shape that is representative of cells in S and G2 phases. Second,
TDRD3 co-localizes with PML in cells containing higher number of PML bodies (Fig. 3-
2). PML bodies fluctuate in number and size throughout the cell cycle, with the highest
levels reached during both G1 and S phases (258, 259). Third, results from two
independent studies suggest that a large fraction of PML bodies might be closely
associated with active DNA replication-dependent transcription sites during S phase,
since the majority (~70%) of PML bodies are not only associated with DNA replication
domains (240), but also with active transcription sites during both G1 and S phases (260).
Thus, TDRD3 may be transiently recruited to PML bodies associated with nuclear sites
of up-regulated mRNA transcription tightly coupled to DNA synthesis. CBs are thought
to participate in the preassembly of transcriptosomes involved in transcription and
processing of RNA (261), and they have been implicated in replication-dependent histone
gene transcription (262, 263). In the nuclei of unsynchronized mammalian cells, at least
one PML body is usually spatially associated with a Cajal body (239, 240). In contrast,
we observe a spatial association of each of the nuclear CBs with a TDRD3-containing

PML body in cells potentially ongoing DNA synthesis (Fig. 3-2, panels i-p). The
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functional significance of such close proximity between these two nuclear domains
during DNA replication is unknown. Since PML bodies are composed primarily of
proteins and do not generally contain RNA or DNA (264), one could speculate that they
are recruited in the vicinity of CBs (or other transcription sites) to serve as a scaffold for
(post-translationally modified) factors involved in the expression of histone (or other

specific) genes.

In agreement with a putative role in replication and/or transcriptional processes,
TDRD3 has been reported to directly interact with the DNA topoisomerase III beta
(TOP3p) protein, both in vitro and in vivo (265). DNA topoisomerase IIIf3 belongs to the
type IA subfamily of topoisomerases, which catalyze the removal of negative DNA
supercoils by cleaving one strand of the DNA to resolve DNA’s double helix inherent
topological problems during replication and transcription. TOP3 interaction with
TDRD3 has been mapped to its N-terminal (a.a. 1-375) region, possibly encompassing
both its DUF/OB-fold and its UBA domains (265). In addition, the Tudor domain of
TDRD?3 interacts specifically with EEF1A (Fig. 3-5), a protein proposed to be involved
in transcription-dependent nuclear export of a number of proteins (248). Remarkably,
expression of the TDRD3 Tudor domain/EBM alone is sufficient for both its
accumulation in distinct nuclear domains and its relocalization to cytoplasmic stress
granules upon stress (see Chapter 4, Fig. 5C). Specific interaction with EEFIA could
therefore provide a possible molecular mechanism for TDRD3 translocation from

transcription sites to cytoplasmic SGs under stressful conditions.
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Is TDRD3 involved in pre-mRNA splicing?

We next sought to determine whether or not TDRD3 could be involved in pre-mRNA
splicing. Such a role for TDRD3 has been proposed since its identification as a
component of pre-spliceosomal complexes (163), but has never been confirmed. In the
present study, we show that TDRD3 does not co-localize with splicing factors in nuclear
speckles, but with PML bodies that do not contain either snRNPs or splicing factors
(266), and consequently, are unfavorable sites to host mRNA splicing reactions.
However, PML bodies are recruited to nuclear sites of active transcription and a number
of studies have demonstrated that transcription and mRNA processing are intimately
connected, one directly influencing the other (267). Thus, PML bodies may be indirectly
involved in pre-mRNA splicing, by serving as a ‘scaffold’ not only for factors involved
in transcription, but also for factors involved in transcription-coupled mRNA processing
events. Another possibility is that TDRD3 has other functions outside PML bodies as

well.

Pre-incubation of in vitro splicing reactions with an increasing amount of anti-
TDRD3 antibody results in gradual inhibition of splicing (Fig. 3-6), in a manner similar
to that observed with antibodies against the ‘survival of motor neuron’ protein SMN
(150, 268) or snRNPs (Y12) involved in pre-mRNA splicing. This suggests that TDRD3
may be involved in mRNA processing, because the antibodies specifically interfere with
its normal function in splicing reactions. However, pre-incubation of splicing reactions
with high concentrations of antibodies directed against GST, a protein that has not been

shown to be involved in pre-mRNA splicing whatsoever, results in similar inhibition of
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splicing. Therefore, unless GST plays an unsuspected role in mRNA processing, the
observed inhibitory effects may result from unspecific antibody interference in splicing
reactions or may be the inevitable result of too high antibody concentration. In future
experiments, it would be important to assess the inhibitory curve of increasing amount of
GST antibodies on splicing reactions. This could provide us with a linear ‘subinhibitory’
range of GST antibody and corresponding TDRD3 antibody concentrations to use in our
in vitro splicing reactions. Alternatively, classical immuno-depletion from nuclear
extracts/add back experiments or RNA interference approaches could be used to help us
elucidate TDRD3’s implication in splicing. In the meantime, however, we cannot
conclude, based on our preliminary results, that TDRD3 is involved in pre-mRNA

splicing.

In a recent study, Kashima and colleagues identified an exon junction complex
binding motif (EBM) in TDRD3 (166). The exon junction complexes (EJCs) assemble
onto exon-exon junctions of mRNAs during splicing to form mature messenger
ribonucleoproteins (mRNPs) (124, 269). The EJCs represent a ‘molecular memory’ of the
splicing processes and remain stably bound to the mRNPs as they are exported out of the
nucleus and into the cytoplasm (124). The EJCs and their positions are thought to help
determining whether the transcripts are defective or not and therefore, are thought to play
a major role in post-transcriptional regulation of mRNAs (270, 271). TDRD3’s EBM
motif mediates interactions between TDRD3 and the core EJC proteins Y14 and Magoh,
as well as the Poly(A)-binding protein (PABP), which suggests a role for this motif in the

recruitment of TDRD3 to EJCs and mRNAs (166) and a role for TDRD3 in post-
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transcriptional regulation of mRNAs. Until very recently, the EJC had been linked
exclusively to post-splicing events. But new findings suggest that the EJC is required for
proper splicing of long intron-containing genes such as mapk (MAP kinase) transcripts
by a mechanism that could possibly control exon definition (272). Thus, initial
observations suggesting an association between TDRD3 and spliceosomal complexes

may not have been fortuitous, although this association is most likely indirect.

In conclusion, recruitment to PML bodies possibly associated with up-regulated sites
of mRNA transcription suggests a role for TDRD3 in this process. We cannot, however,
yet stipulate upon a putative role for TDRD3 in pre-mRNA splicing. Thus, a putative role
for TDRD3 in the synchronization of transcriptional with post-transcriptional processes
remains uncertain. It will be important in future studies to determine whether TDRD3 can
function as a transcriptional and/or splicing regulator and to identify (arginine-
methylated) proteins with which TDRD?3 interacts in such contexts. This could in turn
provide significant insights into how arginine methylation and proper ‘reading’ of

‘methyl marks’ by TDRD3 regulates gene expression pathways.
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Important note on TDRD3 antibody availability

Before we could complete this study, we ran out of our anti-TDRD3 serum. Therefore,
we generated a new rabbit polyclonal antibody against TDRD3 using the same
immunogenic peptide (encompassing the exon junction complex binding motif) coupled
to KLH. As expected, TDRD3 immunofluorescence staining, using the new affinity-
purified antibody, was detected as being predominantly cytoplasmic and weakly nuclear
diffuse, as well as in cytoplasmic SGs upon stress. However, absolutely no TDRD3
accumulation in nuclear foci could be detected. Such discrepancy may result from cross-
reactivity of our anti-peptide antibodies with cognate proteins. Another possibility may
be epitope variability, as both antibodies may not recognize the exact same amino acid
sequence on the immunogenic peptide (and consequently, on the protein). Thus, the
epitope recognized by the new antibody may not be accessible for attachment when
TDRD3 is associated with nuclear complexes such as the exon junction complex or PML
bodies. Therefore, until another ‘nuclear foci-detecting’” anti-TDRD3 antibody becomes
available, I decided to focus my efforts on the characterization of TDRD3’s recruitment
to cytoplasmic stress granules, which is described in details in the next chapter (see

Chapter 4).
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Description and statement of contributions of collaborators and co-authors

This manuscript uncovers TDRD3 as a novel component of cytoplasmic stress granules,
which recruitment to is dependent on the methyl-binding surface in its Tudor domain.
Five novel TDRD3 Tudor interacting partners are also identified, most of which are
potentially methylated RNA binding proteins as well as known or novel constituents of
cytoplasmic SGs. Finally, this manuscript presents evidence supporting a role for

arginine methylation in the regulation of SG dynamics.

I. Goulet performed all the experiments presented in this manuscript, with occasional
assistance from S. Boisvenue, with the sole exception of the experiments described in
Fig. 4, which were performed by S. Mokas. Reagents were provided as outlined in the
text. I. Goulet created all figures. Dr. J. C6té and I. Goulet contributed equally to the

manuscript writing, editing, and revisions prior to publication.
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Abstract

Our previous work has demonstrated that the Tudor domain of the “survival of motor
neuron” protein and the Tudor domain-containing protein 3 (TDRD?3) are highly similar
and that they both have the ability to interact with arginine-methylated polypeptides.
TDRD3 has been identified amongst genes whose overexpression has a strong predictive
value for poor prognosis of estrogen receptor-negative breast cancers, although its precise
function remains unknown. TDRD3 is a modular protein, and in addition to its Tudor
domain, it harbors a putative nucleic acid recognition motif and a ubiquitin-associated
domain. We report here that TDRD3 localizes predominantly to the cytoplasm, where it
co-sediments with the Fragile X Mental Retardation Protein on actively translating
polyribosomes. We also demonstrate that TDRD3 accumulates into Stress Granules
(SGs) in response to various cellular stresses. Strikingly, the Tudor domain of TDRD3
was found to be both required and sufficient for its recruitment to SGs, and the methyl-
binding surface in the Tudor domain is important for this process. Pull down experiments
identified five novel TDRD?3 interacting partners, most of which are potentially
methylated RNA binding proteins. Our findings revealed that two of these proteins,
SERPINEI mRNA binding protein 1 and DEAD/H box-3 (a gene often deleted in
Sertoli-cell-only syndrome), are also novel constituents of cytoplasmic SGs. Taken
together, we report the first characterization of TDRD3 and its functional interaction with
at least two proteins implicated in human genetic diseases and present evidence

supporting a role for arginine methylation in the regulation of SG dynamics.
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Introduction

Cell signaling pathways rely heavily on modular proteins containing protein-protein
interaction domains to sense, transmit, and process signals that regulate cellular functions
(273). The domains involved in these interactions recognize specific peptide motifs in
their binding partner, and this recognition can be further influenced by the presence of
posttranslational modifications, such as phosphorylation, ubiquitination, or methylation.
These modifications can be either added or removed to create dynamic changes in protein
binding properties, thus enabling rapid cellular responses to both external and internal

stimuli.

Arginine methylation is a common post-translational modification that has been
shown to play central roles in signal transduction pathways regulating many cellular
processes, including cell growth, transcription, and DNA repair (7, 96, 169). Although a
number of proteomic screens have now significantly expanded the repertoire of arginine-
methylated proteins (12, 114, 118), RNA binding proteins remain a predominant class of
the proteins harboring this modification. Consistent with this observation, several studies
have also suggested roles for arginine methylation in the regulation of various post-
transcriptional processes, including pre-mRNA splicing (105, 106), mRNA export (215),
and translation (112, 113). However, the precise molecular mechanisms involved in the
regulation of these processes remain largely unknown. Several lines of evidence support
the idea that arginine methylation may serve as an important regulatory signal in these

cellular pathways. First, methylated arginines have been shown to be mainly involved in
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the regulation of protein-protein interactions (106, 128, 129, 131). Second, these
modified arginines are specifically recognized by a protein module termed “Tudor
domain™ (148, 158). Third, the recent discovery of enzymes that can remove the

methylation mark (274-276) confirms that this modification is dynamic.

The Tudor domain is a 60-amino acid motif that was first discovered through a
protein sequence comparison analysis, performed to identify conserved patterns in
Drosophila TUDOR (133, 134), a protein involved in germ cell formation that harbors 11
repeated Tudor domains. Tudor domains are highly conserved throughout evolution: they
can be found in virtually all organisms, from bacteria to mammals. In the latter, ~15
“Tudor Domain containing proteins” (TDRDI1, 2, etc.) can be found in sequence
databases; the functions of most remaining largely unknown. The Tudor domain of the
“survival of motor neuron” (SMN) protein, the causative gene for spinal muscular
atrophy, is by far the best characterized. Three-dimensional structure determination of the
SMN Tudor fold revealed a barrel-like structure composed of f-sheets forming a
hydrophobic pocket, surrounded by negatively charged and aromatic residues, which
together likely constitute the protein-protein interaction surface (136, 137). This
structural fold shares similarities with the Chromo domain, a motif known to interact with
methylated lysines in histones (138). This resemblance led to the proposition that methyl-
substrate binding might be a general feature of these related domains. Several studies
have now indeed demonstrated methyl-dependent interactions between the Tudor domain
of SMN and a number of arginine methylated proteins (105, 148, 154-157). Other studies

have also suggested the existence of another subclass of Tudor domains, dubbed “tandem
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Tudor”, which recognize methylated lysines instead of arginines (158, 159). These
include the Tudor domains of 53BP1 (160, 161) and JMJD2A (162). Taken together,

these findings support the notion that the Tudor domain is a bona fide “protein module”.

Interestingly, several of the first Tudor domain-containing proteins that were
identified also possessed RNA-binding capacity, which led to the suggestion that Tudor
domains may play a role in RNA metabolism (134). Further evidence supporting this
hypothesis has now been provided, as common themes are starting to emerge. First,
structural analysis of the N-terminal domain of FMRP, a well-characterized KH-
containing RNA-binding protein, revealed the presence of a Tudor domain (216). This
Tudor-KH configuration is also found in at least one other protein (277). This suggests
that these modular proteins could serve as scaffolding proteins involved in the integration
of arginine methylation signals and RNA processing. Second, the Tudor-SN protein was
shown to participate in both RNA interference and RNA editing pathways (217). Third,
SMN promotes the transfer of core Sm proteins to snRNAs in the cytoplasmic assembly
of spliceosomal snRNPs (148-151), and it is thought to serve as a “master assembler” of
many additional ribonucleoprotein particle (RNP) complexes (278-280). Finally, SMN
(106, 150, 268) and two other Tudor domain-containing proteins, SPF30 (153, 281) and
pl00 (145, 282), have all been shown to play a role in pre-mRNA splicing. These
observations suggest that Tudor domains may serve as molecular adaptors in post-

transcriptional processes regulated by arginine methylation.
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The Tudor domain-containing protein 3 (TDRD3) is a novel modular protein of
unknown function. It was identified amongst genes whose overexpression has a strong
predictive value for poor prognosis of estrogen receptor-negative breast cancers (167).
This suggests that TDRD3 may contribute to the progression of breast cancer. Its Tudor
domain is highly similar to that of SMN and we have recently demonstrated that it also
has the ability to bind arginine-methylated polypeptides (148). In addition to its Tudor
domain, TDRD3 harbors a DUF/OB-fold motif (putative nucleic acid recognition motif),
as well as a UBA (ubiquitin-binding) domain (165). As suggested by the presence of both
nucleic acid- and methyl-binding properties, we speculated that TDRD3 could be central

in RNA processing regulatory pathways involving arginine methylation.

In order to gain insight into its cellular function, we generated antibodies against
TDRD3 and wundertook its biochemical characterization. Immunofluorescence
microscopy studies showed that TDRD?3 localizes diffusely in both the cytoplasm and the
nucleus. Interestingly, we observed that TDRD3 colocalizes with TIA-1, G3BP, and
FMRP in cytoplasmic Stress Granules (SGs) in response to various cellular stresses. SGs
become visible at the microscopic level upon various environmental stresses, but recent
studies suggest they may represent natural sites of cytoplasmic mRNA sorting/triage that
play a major role in the posttranscriptional regulation of gene expression by regulating
the localization, stability, and translation of many mRNAs (283-285). Known
constituents of SGs can be catalogued within the following categories: (i) translation
factors, (ii)) mRNAs, (iii) mRNA-binding proteins with roles in the regulation of

translation and/or mRNA stability, (iv) proteins linked with mRNA metabolism and (v)
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signaling proteins with no known links with RNA metabolism (286). Expression of
TDRD3 deletion mutants in HeLa cells revealed that its Tudor domain is both required
and sufficient for its localization to stress granules. Pull down experiments using its
isolated Tudor domain led to the identification of five interacting proteins with known
functions in various aspects of RNA handling. Strikingly, we show that two of them,
DEAD/H box-3 (an RNA helicase also known as DDX3X/Y, DBX/Y, HLP2, and
DDX14) and SERPINE1 mRNA binding protein 1 (SERBP1), also localize to SGs
following sodium arsenite treatment. Taken together, our results place TDRD3 in
complexes with at least two proteins implicated in human genetic diseases (FMRP and

DDX3) and suggest a role for arginine methylation in the regulation of SG dynamics.
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Results

TDRD3 is a novel modular protein

Data obtained from the UCSC Genome Browser (human Mar. 2006 hgl8 assembly;
NCBI Build 36.1) revealed that the human TDRD3 gene consists of 14 exons spanning a
region of approximately 176,5 Kb of genomic DNA on chromosome 13q21.2 (Fig. 1A).
All splicing junctions conform to the GU-AG general consensus and the resulting mRNA
is approximately 2.9 Kb in length (Fig. 1B). The TDRD3 mRNA sequence found in
databases (GenBank accession no. NM_030794) contains 10 coding exons (exons 4-13 in
Fig. 1A) with the ATG initiation codon (here designated as M94) located within exon 4.
The TDRD3 transcript derived from our analysis of the human genomic sequence, with
reference to reported cDNAs and ESTs, unveiled an additional upstream in-frame
initiation codon within the first exon. The sequence preceding this new ATG (M1) is a
better match to the Kozak consensus sequence (287) than the previously proposed
initiation codon (Fig. 1B). This extended TDRD3 coding sequence therefore contains
three additional coding exons (1-3) upstream of the previously described exons 4-13. The
STOP codon (TAA) falls within exon 13 and the polyadenylation signal (AATAAA) is
located in the non-coding exon 14 (Fig. 1A and B). The presence of these upstream exons
in the mRNA coding sequence was confirmed by RT-PCR and subsequent sequencing

using total RNA from HeLa cells.

The predicted TDRD3 protein consists of 744 amino acids and has a calculated

molecular weight of 82.7 kDa. Amino acid sequence similarity analysis provided by the
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FIGURE 1. Genomic organization of the human TDRD3 locus and schematic representation of the
TDRD3 protein. Analysis of the human TDRD3 gene locus revealed 14 exons spanning over ~176.5 Kb of
genomic DNA, encoding a 2.9-Kb mRNA transcript (A). The sequence of exons is displayed with capital
letters above the amino acid sequences they encode. Only short sequences around the intron boundaries are
shown with small case letters. All of the exon-intron junctions (shown in black boxes) conform to the GU-
AG general consensus. The start and stop codons are in bold, whereas the Kozak sequence and the
polyadenylation signal are underlined. Both nucleotides and amino acids are numbered starting from the
ATG codon (B). The encoded TDRD3 protein consists of 744 amino acids arranged in a modular fashion.
Data obtained from the NCBI Conserved Domains and the Protein Family (Pfam version 22.0) databases
predict the presence of three structural domains in TDRD3: a DUF1767/0OB-fold (a.a. 13-169), a UBA (a.a.
286-328), and a Tudor (a.a. 651-710) domain (see text for details) (C).
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NCBI Conserved Domains and the Protein Family (Pfam version 22.0) databases
suggests that TDRD3 is a modular protein (Fig. 1C). In addition to its Tudor domain (a.a.
647-710), which selectively recognizes arginine-methylated motifs in proteins (148),
TDRD3 also contains an ubiquitin-associated (UBA) domain (a.a. 286-328), a motif
found in several proteins having connections to ubiquitin and the ubiquitination pathway
(165). Moreover, while searching for proteins sharing homologies with the Bloom’s
Syndrome-associated polypeptide 75 (BLAP75) protein, Yin and colleagues identified a
putative OB-fold in the N-terminal region of TDRD3 (a.a. 94-169) (288). OB-folds are
compact structural motifs usually formed of five [-sheets that are often used for nucleic
acid recognition, although they have been observed at protein-protein interfaces as well
(164). This search, however, was limited to the “truncated” TDRD3 sequence available in
databases. A new search within the Pfam database using full length TDRD3 amino acid
sequence revealed that its OB-fold is associated with another putative motif, the
DUF1767 domain (a.a. 13-95). This eukaryotic domain has no known function, but is
often found at the N-terminus of nucleic acid binding motif (Pfam number PF08585). The
modular domain structure of TDRD3 suggests that it may serve as an adaptor molecule

for various signaling pathways.

TDRD3 intracellular distribution

In order to characterize the TDRD3 protein, a rabbit polyclonal antibody was raised
against a synthetic peptide (coupled to KLH) corresponding to the last 22 C-terminal
amino acids of TDRD3 ("’DGQPRRSTRPTQQFYQPPRARN"™). The affinity-purified

antibody recognized a single band of approximately 83 kDa on immunoblots performed
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using HeLa cell extracts (Fig. 2A, lane 1), which corresponds to the predicted molecular
weight of TDRD3. Immunoreactivity to endogenous TDRD3 in Western blots was
completely abolished by preincubation of TDRD3 antibodies with the antigenic peptide,
but not with an unrelated peptide, demonstrating the specificity of our antibody (Fig. 2A,
compare lanes 2 with 3). To further confirm that our antibodies specifically recognize the
TDRD3 protein, in vitro coupled transcription/translation (IVTT) reactions were
programmed with a construct designed to produce a hexahistidine-tagged truncated
version of TDRD3 (AN328 in Fig. 5A), which still contains the reactive epitope. This
TDRD3 C-terminal domain was effectively recognized by our TDRD3 antiserum in
Western blot analysis of the programmed IVTT reactions but not in control reactions
(Fig. 2B, compare lanes 2 with 1), confirming that our antibody recognizes the TDRD3
protein sequence. Interestingly, the antibody also specifically recognized a single band
corresponding to TDRD3 predicted molecular weight in the Rabbit Reticulocyte Lysates
(RRL), suggesting that TDRD3 is found endogenously in these lysates (Fig. 2B, lanes 1

and 2).

We next performed indirect immunofluorescence microscopy with our polyclonal
antibody in HeLa cells to examine the subcellular distribution of endogenous TDRD3. In
most cells, TDRD3 was detected in a predominant cytoplasmic staining combined with a
weaker nuclear diffused staining. In the cytoplasm, the fluorescent signal was generally
more intense in the perinuclear region while gradually decreasing towards the edge of the
cytoplasm (Fig. 2Ca), a staining pattern reminiscent of proteins associated with

polyribosomes and/or the endoplasmic reticulum. Again, pre-incubation of the affinity-
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FIGURE 2. A polyclonal antibody against the novel TDRD3 protein. A HeLa total cell extract was
immnublotted using our affinity-purified anti-TDRD3 polyclonal antibody (lane 1). Alternatively,
immunoblots were performed using the TDRD3 antibody pre-incubated with a 200-fold molar excess of
either the antigenic peptide (lane 2) or an unrelated peptide (ctrl; lane 3) (A). In vitro transcription and
translation reactions were programmed to express a hexahistidine-tagged truncated version of TDRD3
(AN328). Control (-) and programmed (+) reactions were resolved by SDS-PAGE, transferred to a PVDF
membrane, and immunoblotted with either TDRD3 (lanes 1 and 2) or His (lanes 3 and 4) antibodies (B).
Actively growing HeLa cells were labeled for immunofluorescence with our TDRD3 antibody (panel a).
Alternatively, TDRD3 antibodies were preincubated with an increasing amount (2.5 to 25 [g) of the
immunogenic peptide for 1 h on ice prior to immunofluorescence staining (panels b to e) (C). HeLa cells
were fractionated using the Qproteome Nuclear Protein Kit (Qiagen). 2.5% of each fraction was resolved
by SDS-PAGE, transferred to PVDF, and immunoblotted with affinity-purified anti-TDRD3. Cellular
fractionation efficiency was assessed using antibodies against the nuclear protein EWS and the cytoplasmic
protein GAPDH. Total (T), cytoplasmic (C), nuclear (N), and insoluble nuclear protein (NI) fractions are
shown (top panel). Quantification of the relative abundance of TDRD3 in each fraction is presented in a bar
graph (bottom panel) (D).
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purified antibody with an increasing amount of the immunogenic peptide resulted in a
gradual decrease in the intensity of the immunofluorescence signal, demonstrating the

specificity of the observed staining pattern (Fig. 2Cb-e).

In order to confirm the observed TDRD3 subcellular distribution, we fractionated
HelL a cells using the Qproteome Nuclear Protein Kit (Qiagen). Total proteins from each
fraction were resolved by SDS-PAGE and immunoblotted with our TDRD3 antibodies,
as well as with nuclear (EWS) and cytoplasmic (GAPDH) markers antibodies to assess
the efficiency of our fractionation (Fig. 2D, top). Relative abundance of TDRD3 in each
fraction was determined by quantification of band intensity using the ImageJ version 1.37
software and expressed as a percentage of the total signal obtained from the addition of
all fractions’ intensities. Although detectable in the nuclear and nuclear insoluble
fractions (37%), TDRD3 was found predominantly associated with the cytosolic fraction
(63%) (Fig. 2D, bottom), which correlated well with the subcellular distribution observed
by immunofluorescence. Taken together, these observations suggest that TDRD3 is found

predominantly in the cytoplasmic compartment.

TDRD3 is a novel component of cytoplasmic stress granules

In an attempt to identify in which cellular structures TDRD3 specifically localizes in the
cytoplasm, we transfected HeLa cells with commercially available pECFP vectors
encoding the enhanced cyan fluorescent protein fused to either an endoplasmic reticulum
(pECFP-ER), a Golgi apparatus (pECFP-Golgi) or a mitochondrial targeting sequence

(pECFP-Mito). The cells were fixed and indirect immunofluorescence staining was
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performed using TDRD3 antibodies. Surprisingly, TDRD3 was found concentrated in
cytoplasmic granule-like foci in most transfected cells (data not shown), which led us to

hypothesize that these cellular foci might be resulting from transfection-induced stress.

In order to confirm the identity of these TDRD3-containing foci, HeLa cells were
exposed to different stress stimuli and double immunofluorescence experiments were
performed using TDRD3 antibodies in combination with an antibody directed against the
RNA-binding protein TIA-1, a well-accepted marker of cytoplasmic stress granules
(SGs). Upon oxidative, heat, and osmotic shocks, endogenous TDRD3 was redistributed
to cytoplasmic SGs, where it co-localized with TIA-1 (Fig. 3A). For simplicity, sodium
arsenite was used in all subsequent experiments to induce cellular stress response. The
Fragile X Mental Retardation protein (FMRP) is another protein that is well-known to
relocalize to SGs (289, 290), and it was recently found to interact with TDRD3 (254).
Accordingly, a colocalization of TDRD3 and FMRP into SGs following stress was
observed (Fig. 3B). Relocalization of TDRD3 in SGs was further confirmed by its co-
localization with a GFP fusion of another component of these granules, the RNA-binding
protein G3BP (Fig. 3C, bottom, Ars). G3BP overexpression is known to induce the
formation of SGs, even in the absence of any other stress stimuli (291), and as
anticipated, TDRD3 was also observed in G3BP-induced SGs (Fig. 3C, top, O).
Importantly, TDRD3 was detectable in SGs as early as 10 min following sodium arsenite
treatment (Fig. 3D), which is comparable to the kinetics of TIA-1 relocalization to SGs.

Since TIA-1 is thought to serve as a nucleator for SG assembly (292), these results
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FIGURE 3. TDRD3 localizes to cytoplasmic stress granules during stress response. Hela cells cultured
on glass coverslips were left untreated (C) or exposed to oxidative stress (Ars; 0.5 mM sodium arsenite for
30 min), heat shock (HS; 43°C for 30 min), or high-osmolarity medium (Osm; 1 M sorbitol in DMEM for 1
h followed by a 30-min recovery in normal DMEM). The cells were fixed and immunostained with TDRD3
and TTA-1 antibodies to detect the endogenous proteins (A). Cells were stressed with 0.5 mM sodium
arsenite (Ars) for 30 min, followed by immunostaining of both TDRD3 and FMRP endogenous proteins
(B). To visualize G3BP, a GFP fusion construct was transfected into cells 24 h prior to immunofluorescence
analysis. Cells were left untreated (C) or exposed to oxidative stress (Ars) for 30 min, followed by
immunostaining for endogenous TDRD3 (C). Cells were stressed with 0.5 mM sodium arsenite for the
indicated time length before their fixation and double immunofluorescence with TDRD3 and TIA-1
antibodies (D). HeLa cells were either left untreated (C) or stressed for 30 min with 0.5 mM sodium
arsenite (Ars). After fixation, endogenous TDRD3 and GW182 (a marker of P-bodies) were detected by
fluorescence microscopy (E).
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suggest that TDRD3 may also participate in this process. However, further experiments
will be required to confirm this hypothesis. Finally, TDRD3 did not localize to other
cytoplasmic mRNA foci, such as P-bodies, as shown by the absence of co-localization
with GW182 (Fig. 3E), an RNA-binding protein resident of these structures (293, 294).
Taken together, our results indicate that TDRD3 is a novel component of cytoplasmic

SGs.

TDRD3 is associated with translating polyribosomes

SGs are considered to be stalled aggregates of 48S preinitiation complexes and to contain
a number of translation factors, including elF3, eIF4E, elF4G, PABP-1, and FMRP (283).
In contrast to TIA-1, which is not normally associated with the translational machinery
(295), FMRP can be found on polyribosomes (296, 297). To determine if TDRD3 is
associated with translational complexes, post-nuclear supernatants were subjected to
velocity sedimentation through sucrose gradients and each collected fraction was
analyzed by Western blot for the presence of TDRD3 (Fig. 4, control panels). Using this
protocol, it is possible to resolve free ribosomal subunits (40S and 60S) and monomers
(80S) from actively translating polysomes, which sediment towards to bottom of the
gradient, as confirmed by the distribution of the ribosomal S6 protein in each fraction
(Fig. 4, S6 panel). Strikingly, TDRD3 was found mainly distributed in the heavy
sedimenting fractions of the sucrose gradient, following a pattern similar to what is
observed for FMRP (Fig. 4, respective panels). Hsp72 was used as a negative control in
these experiments as it should not be associated with ribosomes. These results indicate

that TDRD3 is associated with actively translating polyribosomes in cycling HeLa cells.
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FIGURE 4. TDRD3 is associated with polyribosomes in HeLa cells. Cytoplasmic extracts were prepared
from HeLa cells grown in normal conditions and centrifuged on a 10-60% w/w linear sucrose gradient.
Fractions were collected and analyzed by Western blot with antibodies against the ribosomal S6 protein and
FMRP (as positive controls), TDRD3, and Hsp72 (as a negative control) (Control panel). Cytoplasmic
extracts from HeLa cells treated with 0.5 mM sodium arsenite for 30 min were analyzed in parallel and the
collected fractions were analyzed by Western blot using the ribosomal L28 protein as positive control
(Arsenite panel). Fractions from the top to the bottom of the gradient are shown from left to right. The
positions of free small (40S) and large (60S) ribosomal subunits, monosomes (80S), and polysomes are
indicated in each profile. The band corresponding to TDRD3 is indicated by a ‘dot’ on the side of the
respective panels. Additional bands detected on the immunoblots represent non specific reactivity with our
polyclonal antibody.

Under stress conditions such as heat shock or arsenite, FMRP shifts away from
polyribosomes, which are largely disassembled due to inhibition of translation initiation
(283, 289, 290, 298). Thus, we next determined if TDRD3 would follow the same pattern
in ribosome profiles following stress induced by arsenite treatment (Fig. 4, Arsenite
panels). Hela cells were either left untreated (Control) or incubated with sodium arsenite
as above (Arsenite), before being subjected to velocity sedimentation through sucrose
gradients. Each collected fraction,was then analyzed by Western blot for the presence of

TDRD3. As expected, polysome peaks were almost undetectable following arsenite

treatment, and this was associated with an increase of the 80S monomer fraction (Fig. 4,
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Arsenite UV profile). Under these stress conditions, the bulk of TDRD3 was now found
associated with monomeric ribosomes and lighter fractions, again following the pattern
previously reported for FMRP (Fig. 4, respective panels). Taken together, these results

suggest that TDRD3’s function may be at the level of translational regulation.

The Tudor domain is both essential and sufficient for TDRD3 translocation to
cytoplasmic stress granules

To identify which part of TDRD3 was important for its localization to SGs, a series of
myc epitope-tagged deletion constructs was generated (Fig. 5A). The fusion proteins were
expressed in HeLa cells and immunofluorescence microscopy was performed using myc
antibodies (Fig. 5B and E). As its endogenous counterpart, full length myc-tagged
TDRD3 localized predominantly to the cytoplasm with a weaker diffuse nuclear staining
(Fig. 5Ba). Overall, the intracellular distribution patterns of deletion mutants were similar
to that of full length TDRD3 (Fig. 5Bb-e), although a certain degree of variation was
observed depending on expression levels. A second series of constructs was engineered
to express specific conserved domains of the TDRD3 protein (Fig. 5A). The predicted
molecular weight of these myc-tagged TDRD3 isolated domains ranges from 4 to 36
kDa, which means that they are likely to diffuse freely between the cytoplasm and the
nucleus. As expected, expression of TDRD3’s isolated domains in HeLa cells resulted in
both cytoplasmic and nuclear diffused staining (Fig. 5Bf-i). Finally, in contrast with
G3BP, overexpression of TDRD3 (or any deletion mutant) did not induce the formation
of SGs in the absence of external stress stimuli. Taken together, these experiments did not
permit the clear identification of a domain influencing normal TDRD3 subcellular

localization.
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FIGURE 5 (continued). The Tudor domain of TDRD3 is both required and sufficient for its
recruitment to stress granules. Diagram showing the various myc epitope-tagged TDRD3 deletion
mutants used in this study (A). HeLa cells were transiently transfected with each deletion mutant. 24 h
post-transfection, cells were left untreated and labeled for immunofluorescence with TIA-1 and myc
antibodies to detect endogenous TIA-1 protein and recombinant myc-tagged proteins (B). Alternatively,
transfected cells were treated with 0.5 mM sodium arsenite for 30 min. Indirect immunofluorescence
staining was performed as described above (C). HeLa cells were transiently transfected with constructs
expressing recombinant myc-tagged Tudor domain of SMN, SPF30, or TDRD3. 24 h post-transfection,
cells were treated with 0.5 mM sodium arsenite for 30 min. Indirect immunofluorescence staining was
performed using myc and TIA-1 antibodies (D). Total cell lysates of HeLa cells transiently expressing
myc-tagged TDRD3 deletion mutants, as well as SMN and SPF30 Tudor domains, were immunoblotted
with myc antibodies to confirm expression (E).

We next assessed whether each TDRD3 deletion mutant had retained the property of
being relocalized to cytoplasmic SGs following sodium arsenite treatment (Fig. 5C).
Intriguingly, over-expression of any myc-tagged TDRD3 proteins harboring the

DUF1767/0B-fold motifs was toxic for cells when they were put under stress conditions.
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In order to circumvent this problem, we generated additional deletion mutants of TDRD3,
lacking the N-terminal DUF1767/OB-fold domains [Fig. 5A; TDRD3 A(DUF/OB +
UBA) and TDRD3 A(DUF/OB + Tdr)]. These mutants displayed an intracellular
distribution that was identical to their respective N-terminal-containing counterparts in
the absence of stress (data not shown). Following arsenite treatment, ADUF/OB, AN328,
and A(DUF/OB + UBA) all still relocalized to SGs, albeit to varying degrees (Fig. 5Ca-
¢). In contrast, A(DUF/OB + Tdr) was not detectable in cytoplasmic SGs following stress
stimuli (Fig. 5Cd), which suggest a requirement for the Tudor domain in this process.
Accordingly, when TDRD?3’s isolated domains were tested, only the Tudor domain (Tdr)
was found to be sufficient for relocalization to SGs upon arsenite treatment (Fig. 5Ce-h).
Interestingly, the central linker fragment (amino acids 328-647) was redistributed almost
entirely to the cytoplasm following arsenite treatment (compare Fig. 5Bh with 5Cg),
suggesting that this region may contain an element favoring its export from the nucleus to
the cytoplasm upon stress. Taken together, these results show that the Tudor domain of
TDRD3 is both required and sufficient for its recruitment to cytoplasmic SGs during
cellular stress response, although the central linker region may also contribute to this

process by promoting nuclear-cytoplasmic translocation.

SMN, which also harbors a Tudor domain, was previously reported to relocalize to
SGs upon stress (299). Hence, we next wanted to determine whether this feature was
unique to the Tudor domain of TDRD3 or common to other known Tudor domains. To
investigate this possibility, HeLLa cells were transiently transfected with the isolated

Tudor domain of SMN, SPF30, or TDRD3 fused to a myc epitope tag (Fig. 5D and E).
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Twenty-four post-transfection, cells were treated with sodium arsenite and
immunostained with myc antibodies. The Tudor domain of TDRD3 was effectively
recruited to stress granules upon stress (Fig. 5D). However, neither SMN nor SPF30’s
Tudor domain localized to SGs under the same conditions (Fig. 5D). These observations
therefore suggest that the mechanism by which TDRD3 relocalizes to SGs likely involves

interactions that are mediated by and that are unique to its Tudor domain.

Identification of TDRD3 Tudor domain interactors

In order to begin the identification of proteins interacting specifically with the Tudor
domain of TDRD3, a GST pull-down was performed using HeLa total cell extracts. A
recombinant fusion protein was generated, consisting of glutathione-S-transferase (GST)
fused to the C-terminal region of TDRD3 (a.a. 647-744) encompassing the Tudor domain
(GST-TDRD3-Tdr). GST-TDRD3-Tdr and GST alone were then coupled to glutathione-
agarose and used as affinity columns to pull down interacting proteins from HelLa cell
lysates. The retained proteins were resolved by SDS-PAGE and stained with Coomassie
Blue. GST-TDRD3-Tdr bound several polypeptides that were not bound by GST alone
(data not shown). Five of these specific protein bands were excised from the gel and
subjected to mass spectrometry identification (300). The top matches obtained for each
band are EWS, FUS, DDX3, SERBP1 and EEF1A (see Table I for details). Remarkably,
all these proteins have known roles in RNA handling, which reinforced our hypothesis

that TDRD3 functions in post-transcriptional processes.
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TABLE I. Potentially methylated proteins involved in RNA processing interact with the Tudor domain
of TDRD3.

MW SDS- Protein name (GenPept acc. no.) Score  RG-motifs Known or putative function(s)" Calc. mass

PAGE (kDa)

p80O Ewing sarcoma breakpoint region | 70.26 19 x RGG RNA binding protein (transcription and 68.592
(NP_005234) WRGRGRGG™ pre-mRNA splicing machineries)

HRGGRGGGRGG™

p75 DEAD/H box-3 (NP_001347) 40.17 10 x RG RNA splicing and transport 73.244
FIRGG

p60 Fus (NP_004951) 10.15 2x RGG RNA splicing and nuclear/cytoplasmic 53.377
RGGRGRG™ shuttling

WRGRGGGRGGRGG
SRGGGNGRGGRG
RGGPMGRGG™
PRRGGRGGYDRGGYRGRGG
DRGGFRGGRGGGDRGG*

p30 Eukaryotic translation elongation 150.19 2 X RG I'ranslation anchoring 50.141
factor 1 alpha 1 (NP_001393)

p35 SERPINEI mRNA binding protein | 60.11 I xRG, 1 xRGG Regulation of mRNA stability 44.966
(NP_001018077) ""RGRGGLGRGRG

GRGRGMGRG™
MRGGRGGRGGRGRGGR™

HelLa cells were lysed and incubated with either purified recombinant GST (as a control) or GST-TDRD3-
Tdr proteins coupled to glutathione-agarose (see Materials & Methods). The polypeptides specifically pulled
down by TDRD3-Tdr, that were not pulled down by GST alone, were excised from the gel and sent for mass
spectrometry analysis and identification. Sequencing data were analyzed using the Sequest software and
only the top match obtained for each band is listed (highest score). Potentially methylated RG-rich motifs
found in the amino acid sequence (GenPept database) of each protein are also depicted, as well as their
known or putative function (see text for details and references).

see text for reference.

Interestingly, EWS was previously shown to interact with the Tudor domain of SMN
(301), although arginine methylation was not a requirement for binding in this case. A C.
elegans orthologue of SERBP1 was also found to interact with SMN (302). Finally, FUS
is present in a complex with SMN and the NFAR proteins (303), although a direct
interaction between SMN and FUS was not reported. These observations prompted us to
verify if all the proteins identified in our screen were also able to bind the Tudor domain
of SMN. These experiments revealed that EWS and FUS were also interacting with
SMN-Tdr, but the interactions with DDX3 and EEF1A were specific to TDRD3 (Goulet
and Coté, unpublished data). SERBP1 was not tested in these experiments. The

functional relevance of each of these interactions will need to be addressed in future
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studies.

Direct contact with methylated arginines contribute to TDRD3 relocalization to SGs

All the identified proteins also contain RG-rich motifs, which represent common target
sites for protein arginine methyltransferases (Table I). In fact, the presence of methylated
arginines in EWS and FUS has been documented (114, 118, 304), and we have also
detected modified arginines in our proteomic analysis (data not shown). Since the Tudor
domain of TDRD3 can specifically recognize methylated arginine motifs in proteins
(148, 158), we speculated that TDRD3 might be recruited to SGs through methyl-
dependent interaction with one or more of its binding partners. Previous studies have
demonstrated that an E134K amino acid substitution in the Tudor domain of SMN
abolished its interaction with arginine-methylated polypeptides (148). This amino acid is
conserved in the Tudor domain of TDRD3 and corresponds to residue E691. In order to
determine if the equivalent E691K substitution in TDRD3 Tudor domain would also
abolished its capacity to interact with methylated arginines, an in vitro binding assay was
used, with synthetic (RG), biotinylated peptides containing either no modified amino
acids or symmetrically dimethylated arginines (sDMA). Purified recombinant GST-
TDRD3-Tdr fusion proteins were incubated with the biotinylated peptides coupled to
streptavidin-agarose. As previously reported (148), purified GST-TDRD3-Tdr bound to
sDMA peptide columns in a dose-dependent manner, but did not bind the unmethylated
peptide (Fig. 6A, compare lanes 5-7 with lanes 2-4). Remarkably, this binding was
completely abolished with the introduction of the E691K mutation in the TDRD3 Tudor

domain (Fig. 6A, GST-TDRD3tdr E691K). This result confirms that the Tudor domain of
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TDRD3 behaves as a methyl-binding protein module similar to that of SMN, in which the
E691 residue is crucial for direct contact with dimethylated arginine motifs. This TDRD3
mutant was next used to determine if this methylarginine binding surface was important
for recruitment to SGs. HeLa cells were transfected with a myc-tagged TDRD3 Tudor
fragment containing the E691K point mutation. 24 h post-transfection, cells were stressed
with sodium arsenite and labeled for immunofluorescence with myc antibodies.
Strikingly, the introduction of the E691K mutation in the Tudor domain of TDRD3
reduced its recruitment to stress granules upon stress by at least 50% (Fig. 6B). This
observation suggests that TDRD3’s recruitment to stress granules is likely mediated

through specific protein-protein interactions involving methylated arginines.

In order to fulfill this role, an interacting protein would have to satisfy at least two
conditions. First, the protein has to be relocalized to SGs upon stress. Second, its
interaction with TDRD3 must be affected by the E691K mutation. To verify the first
criteria, immunofluorescence microscopy was performed using commercially available
antibodies for EWS, DDX3, and FUS, or epitope-tagged versions of EEF1A (GFP) and
SERBP1 (myc) (Fig. 6C). Strikingly, only DDX3 and SERBP1 relocalized significantly
to SGs following arsenite treatment, while the other proteins showed little to no response
to the stress stimuli (Fig. 6C, respective panels). To verify the second condition, a GST-
TDRD3-Tdr pull down was performed as above using total HelLa cells lysates as input,
and the retained proteins were analyzed by Western blot with commercially available

antibodies specific to EWS, DDX3, FUS and EEF1A (Fig. 6D, lane 3). The E691K
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FIGURE 6. Direct contact with methylated arginines contributes to TDRD3 relocalization to SGs.
Biotinylated (RG,) peptides containing either unmethylated arginines or symmetrically dimethylated
arginines (SDMA) were bound to streptavidin-agarose and used as affinity columns to measure the binding
of purified GST fusion SMN and SMN E134K (as controls) and/or TDRD3 and TDRD3 E691K Tudor
domains. The bound GST-Tdr fusion proteins were resolved by SDS-PAGE, transferred to a PVDF
membrane, and detected by immunoblotting using GST antibodies (A). HeLa cells were transiently
transfected with constructs expressing recombinant myc-tagged wild type or mutated (E691K) TDRD3
Tudor domain. 24 h post-transfection, cells were treated with 0.5 mM sodium arsenite for 30 min. Indirect
immunofluorescence staining was performed using myc and TIA-1 antibodies (B). HeLa cells were either
left untreated (C) or treated with 0.5 mM sodium arsenite for 30 min (Ars). Cells were then labeled for
immunofluorescence with EWS (panels a and b), DDX3 (panels ¢ and d), FUS (panels e and f), or EEF1A1
(panels g and h) in combination with TIA-1 antibodies to detect endogenous proteins. HeLa cells transiently
transfected to express myc-tagged SERBP1 (panels i and j) were either left untreated (C) or stressed as
described above (Ars), before being immunostained with TDRD3 and myc (SERBP1) antibodies (C). HeLa
cells from 2 x 150 mm plates were lysed and incubated with purified recombinant GST (as a control), GST-
TDRD3-Tdr, or GST-TDRD3-Tdr E691K proteins coupled to glutathione-agarose. The retained proteins
were resolved by SDS-PAGE, transferred to PVDF, and immunoblotted with the specified antibodies to
confirm mass spectrometry identifications. The membrane was stained with Ponceau Red prior to
immunoblotting, in order to show the GST fusion proteins (D).
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mutation completely prevented the interaction with EWS and FUS, while reducing
binding to DDX3 and EEF1A by 50% and 90%, respectively (Fig. 6D, lane 4). The
E691K mutation completely prevented the interaction with EWS and FUS, while
reducing binding to DDX3 and EEF1A by 50% and 90%, respectively (Fig. 6D, lane 4).
We have not yet assessed if the interaction of SERBP1 with TDRD3 was also affected by
the presence of this mutation due to antibody availability. Taken together, these results
identify DDX3 as a good candidate to mediate the recruitment of TDRD3 to SGs (or vice
versa). Moreover, these experiments show that the methyl-binding surface of TDRD3’s

Tudor domain is important for this process.

Arginine methylation: a general regulator of SG assembly/disassembly?

A recent study uncovered a new subset of smaller cytoplasmic foci that are clearly
distinct from SGs, which contain FMRP (305). FMRP is an RG-rich protein that is an in
vitro substrate for protein arginine methyltransferases (306). FMRP relocalizes to bona
fide SGs following treatment with various stimuli, and it was suggested that arginine
methylation may regulate its translocation from smaller cytoplasmic foci into SGs by
promoting its heterodimerization with FXR1p (305). Since this mechanism is reminiscent
of what we propose for the recruitment of TDRD3 along with DDX3 and/or SERBP1 to
SGs, we wanted to determine if arginine methylation may play a general role in the
assembly of SGs. HeLa cells were grown for 20 h in the presence of 1 mM 5’-deoxy-5’-
methylthioadenosine (MTA), a well-characterized general inhibitor of methylation (105).

Following this pre-treatment, which reduced steady state arginine methylation levels by ~
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50% (Fig. 7C), cells were incubated with sodium arsenite and immunofluorescence
microscopy was performed with antibodies against TDRD3 and TIA-1 to monitor the
formation of SGs. First, it was confirmed that the MTA treatment alone did not cause the
formation of SGs (data not shown). As observed in non-treated HelLa cells (see time-
course in Fig. 3D), TDRD3 was detectable in nascent SGs as early as 10-15 min after the
addition of arsenite in Mock-treated cells, and TIA-1 after ~ 20 min (data not shown).
Stress granules containing both TDRD3 and TIA-1 were present in 100% of cells after 30
min. Similarly, cells pre-treated with the methylation inhibitor MTA all contained
TDRD3- and TIA-1-positive SGs after 30 min of stress stimulus, although small
differences were observed at shorter time-points. Specifically, recruitment of TDRD3 to
SGs was delayed to some extent, while more cells with TIA-1-containing SGs could be
clearly discerned after 15 min (data not shown). Thus, reducing arginine methylation
levels by ~ 50% did not prevent assembly of SGs, although the precise composition of
these granules seemed to be altered. Another series of stressed cells (pre-treated or not
with MTA) was immunostained for TDRD3 at various time points after being returned to
normal growth media. As expected from previous studies (307), SGs first decreased in
number, but increased in size, and then gradually disappeared following stress
withdrawal, so that they were no longer detectable after 120-150 min in mock-treated
cells (Fig. 7A, DMSO panels). In contrast, the number of SG-positive cells had increased
by ~ 6 fold in cells pre-treated with the methylation inhibitor MTA after 150 min of
recovery (Fig. 7A, MTA panels, and 7B). These observations were also confirmed using
TIA-1 as a SG marker (data not shown). Taken together, our experiments support a role

for methylation in regulating dynamics of the SG assembly and disassembly process,
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potentially by regulating protein-protein interactions and impacting on the composition of

SGs.
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FIGURE 7. Arginine methylation and SG dynamics. HeLa cells grown on coverslips were stressed with
0.5 mM sodium arsenite for 30 min. Cells were then returned to normal growth media and prepared for
TDRD3/TTA-1 immunostaining after the indicated incubation periods (A). The experiment was repeated
twice using different batches of cells. At least 500 cells were counted for each time point and condition.
Fold increase of SG-positive cells in the MTA-treated cells as compared to DMSO-treated cells is depicted
in a bar graph (B). Cell extracts prepared from HeLa cells grown in the presence (+) or the absence (-) of
the general methylation inhibitor MTA were immunoblotted with the SYMI10 antibody to confirm the
reduction in steady state arginine methylation levels. The same extracts were immunoblotted with actin
antibodies to control for equal loading (C).
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Discussion

We report here the first characterization of TDRD3, a novel Tudor-containing protein
associated with poor prognosis of estrogen receptor-negative breast cancers (167). Our
findings identify TDRD3 as a novel component of cytoplasmic SGs, where it relocalizes
following various cellular stresses, including oxidative, heat and osmotic shocks. We also
show that TDRD3 follows FMRP in polysome profiles under normal and stress
conditions. A proteomic screen led to the identification of five novel TDRD3 interacting
partners with known or putative roles in various aspects of RNA metabolism. Moreover,
all these TDRD3 interacting proteins harbor RG-rich motifs that represent consensus sites
for protein arginine methyltransferases. Our experiments revealed that two of these
proteins, SERBP1 and DDX3 (a gene associated with Sertoli-cell-only syndrome), are
also novel constituents of cytoplasmic SGs. The Tudor domain of TDRD3 was both
required and sufficient for its relocalization to SGs. Specifically, the use of a conserved
mutation helped us demonstrate that the methyl-binding surface in the Tudor domain of
TDRD?3 is involved in this process. Finally, we found that arginine methylation may be a

general regulator of SG dynamics and protein composition.

TDRD23 is a novel component of cytoplasmic Stress Granules

We report here that the novel Tudor-containing protein TDRD3 relocalizes with TIA-1, a
well-known SG marker upon arsenite treatment, heat shock and osmotic shock (Fig. 3A).
TDRD3 also colocalized in SGs with FMRP following arsenite treatment, and it can be

recruited to transfection-induced SGs upon GFP-G3BP overexpression (Fig. 3B and 3C,
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respectively). In contrast, TDRD3 did not colocalize with processing body (also known
as GW bodies) markers under any conditions tested here (Fig. 3E and data not shown).
TIA-1 is considered to be a crucial mediator of SG assembly, as it is thought to promote
aggregation through its prion-like glutamine-rich C-terminal domain (292). FMRP is also
thought to participate, along with TIA-1, in the “primary aggregation/nucleation” phase
of SG assembly (283). Since we found that TDRD3 can be detected in SGs
concomitantly or even prior to TIA-1 (Fig. 3C), it may participate in the early phases of
SG assembly. This is also consistent with the association of TDRD3 with polyribosomes
(Fig. 4), since SG assembly involves stalled translation initiation complexes, polysome
disassembly and mRNP aggregation (283). However, TDRD3 did not significantly
induce SG formation on its own in the absence of additional stress stimuli, in contrast to
TIA-1, G3BP and FMRP, which are all thought to physically nucleate SG assembly
(283). In fact, our experiments suggest that TDRD3 may participate in the SG
disassembly process by engaging in protein-protein interactions regulated by arginine
methylation (see below), although further experiments will be required to fully confirm

this hypothesis.

TDRD3 interacts with proteins involved in RNA handling and/or metabolism

We have uncovered, using a large-scale Tudor domain pull down approach, five novel
protein-binding partners for TDRD3 (Table I). Strikingly, we found that two of these
proteins, SERBP1 and DDX3, also relocalize to SGs following sodium arsenite
treatment, although we cannot rule out that some of the other TDRD3 binding partners

may still transiently associate with SGs (Fig. 6C). In addition, each of the newly
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identified TDRD3 interactors has previously been linked with post-transcriptional
regulatory processes. EEF1A1 is a translation initiation factor that has been shown to
participate in the anchoring of specific mRNAs to the cytoskeleton (308), while DDX3
has been implicated in pre-mRNA splicing, nuclear export, mRNA transport and
translation initiation (309-317). TDRD3 also interacts with FMRP and associates with
translating polyribosomes. Taken together, these observations strongly suggest that

TDRD3 may function as a translational regulator.

In contrast, SERBP1 (a.k.a. PAI-RBP1) has been suggested to play a role in mRNA
stability (318), while EWS and FUS have both been implicated in alternative splicing
regulation (319-325). Intriguingly, TDRD3 has been identified in a proteomic screen of
proteins associated with spliceosome complexes (152). However, our experiments did not
provide any indications to support a role for TDRD3 in splicing (Goulet and Co&té,
unpublished data). Further experimentation will be needed to establish its function in this

precise mechanism.

The Tudor domain of TDRD23 is both required and sufficient for its localization to SGs

All the proteins identified in our GST-TDRD3-Tdr pull down are either known or are
very likely to contain methylated arginines (Table I). This is consistent with our previous
studies, which demonstrated that the Tudor domain of TDRD3 can specifically recognize
methylated arginine motifs in proteins (148). Since DDX3 and SERBPI are the only
proteins that could be detected in SGs, these proteins are good candidates to mediate the

methyl-dependent recruitment of TDRD3 to these structures. In this study, we have

168



presented several evidences supporting this model. First, thorough deletion mapping
clearly showed that the Tudor domain of TDRD3 is both sufficient and required for its
localization to SGs, although the central linker region may also contribute to this process
by promoting nuclear-cytoplasmic translocation (Fig. 5). Second, a single E->K
substitution (E691K) in the methylarginine-binding interface of TDRD3’s Tudor domain
is sufficient to greatly reduce its recruitment to SGs (Fig. 6B). Third, this same E691K
mutation also reduces the interaction with DDX3 (Fig. 6D). Finally, general methylation
inhibitors perturbed the dynamics of SG assembly/disassembly as well as their

composition (Fig. 7 and see below).

Arginine methylation and Stress Granule dynamics

A simple prediction from our model would have been for methylation inhibitors to
prevent or at least reduce the recruitment of TDRD3 to SGs, potentially even preventing
their formation. In contrast, our results show that MTA treatment did not prevent SG
assembly, as 100% of cells contained a normal number of SGs 30 min after arsenite
treatment (data not shown). However, we cannot eliminate the possibility that a 50%
reduction in overall arginine methylation may not be sufficient to observe a drastic effect.
Moreover, our estimate of the efficiency of the MTA treatment does not take into account
the different turnover rate of all the proteins that could be involved in SG assembly.
Nevertheless, we did observe a tendency for TDRD3 and TIA-1 to no longer follow the
same kinetics of recruitment as seen at early time-points of SG formation. SGs are highly
dynamic structures with components rapidly and continuously shuttling in and out (307).

Hence, more in-depth studies using Fluorescence Recovery After Photobleaching (FRAP)
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experiments or similar approaches would be required to confirm and quantify these
effects. Following the same idea, a longer time window may explain why we were able,
under the same conditions of MTA treatment, to observe more profound differences in
the recovery phase after the return to normal growth conditions (Fig. 7). Taken together,
our results can be reconciled by proposing a role for arginine methylation in the
regulation of many protein-protein interactions (including but not limited to the
TDRD3/DDX3 interaction) important for SG dynamics. This is consistent with, and
expands, the model proposed by Denman and Colleagues for the recruitment of FMRP to
SGs (305). Finally, this interpretation is also reminiscent of the role that arginine
methylation plays in other cellular processes; for instance, the assembly of spliceosomal
snRNPs, where it serves to promote the efficient and specific assembly of large

ribonucleoprotein macromolecular complexes.

Tudor domains and RNA granules

Several recent studies have provided links between Tudor domain-containing proteins
and various types of “RNA granules”. We have recently uncovered a novel interaction
between the Tudor domain of SMN and KSRP, a KH-type RNA-binding protein that
colocalizes with SMN in neuronal RNA granules (122). Moreover, each of the novel
TDRD3 interactors (including FMRP) have also been identified as components of
neuronal RNA granules (285, 311, 313, 326-328). Neuronal granules are considered to be
highly related, both in composition and function, to cytoplasmic SGs (326), since they
mediate the transport of specific mRNAs, in a translationally silent state, along dendrites

and axons of neuronal cells (329). Whether TDRD3 plays a role in regulating translation
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within SGs and/or neuronal RNA granules will require further experimentation. In fact,
SMN has been shown to relocalize to SGs per se, although a functional requirement for
its Tudor domain was not established in these studies (299). In our hands, relocalization
to SGs was a property unique to the Tudor domain of TDRD3, as the isolated Tudor
domains of SMN and SPF30 were not found in SGs under any of the conditions tested
here (Fig. 5D and data not shown). Nevertheless, it is possible that the association of
SMN with SGs may be cell type-specific, more transient, or may require other domains

of the protein (e.g. its C-ter dimerization domain).

Studies in both Drosophila and mouse have uncovered a crucial role for Tudor
domain-containing proteins in germline development and polar granules architecture
(330-333). Polar or germ granules are specialized structures containing many mRNAs
and RNA-binding proteins needed for germ cell formation (334), and it was suggested
that several parallels could be drawn between these structures and SGs (326). Sm proteins
and PRMTS5 were also found to localize to polar granules and to be essential for
Drosophila germ cell specification and maintenance (335, 336). Most importantly,
Gonsalvez et al. showed that absence of PRMTS in flies results in the loss of arginine
methylation on Sm as well as other proteins, producing a phenotype resembling that of
TUDOR mutants, which suggests that methyl-dependent interactions are crucial for this
phenomenon. Lastly, DDX3 is thought to play a role in the early phase of
spermatogenesis (see below), thus it will be interesting in future studies to look for a role

of TDRD3 in germ cell biology.
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TDRD3, stress granules, and human disease?

TDRD3 can be linked with human genetic diseases. Firstly, DDX3 has a Y-linked
homologue (>94% homology) that is also known as DBY. The peptides identified in our
proteomic analysis do not allow us to determine if the protein we have isolated was
DDX3X or DDX3Y (data not shown). This gene is located in the azospermia factor a
(AZFa) region on the human Y chomosome (Yql1.21). Deletion of this Y interval is
known to be a major cause for the occurrence of a severe testicular pathology associated
with a complete germ cell loss, the Sertoli-cell-only (SCO) syndrome, and specific loss of
DBY expression has been documented and correlated with this human pathology (337-
339). Secondly, TDRD3 was found to interact with FMRP, the gene associated with
Fragile X Mental Retardation syndrome (Utz Fischer, personal communication). Thirdly,
TDRD3 was identified as one of the top hits in a screen for genes strongly correlated with
poor post-operative prognosis of estrogen receptor-negative breast cancers (167).
Interestingly, several of the proteins identified in our interaction screen have links with
cancer. For example, EWS and FUS are both involved in recurrent chromosome
translocations that result in novel fusion oncoproteins associated with many forms of
sarcomas (340). These resulting fusion proteins have aberrant transcriptional function
compared to their wild-type counterparts and thereby result in a variety of altered cellular
properties that contribute to the tumorigenic process. A role for TDRD3 in transcription
was never postulated, but a significant proportion (~ 30%) of total TDRD3 can be
detected in the nucleus (Fig. 2). Thus, it would be interesting to investigate the functional
relevance of TDRD3 interaction with common sarcoma-associated EWS and FUS

oncoprotein fusions. EEF1A1 was found to be overexpressed in rat mammary
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adenocarcinomas and its expression level correlates with metastasis ((341) and reference
therein). Most strikingly, an oncogenic role for DDX3 was recently shown to be
important for breast cancer biogenesis (342). Other components of SGs, including HuR,
have also been linked with cancer in many ways (343). Finally, the Tudor domain of
TDRD3 is highly conserved with the Tudor domain of SMN, the causative gene of spinal
muscular atrophy (148). Whether TDRD3 participates in these pathways, and whether it

does so in the context of SGs, remains unclear and will be the focus of future studies.
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Materials and Methods

Cell culture and transfection

The human Hela cervical carcinoma cell line was purchased from ATCC (Manassas,
VA) and grown as a monolayer in DMEM medium supplemented with 1 mM sodium
pyruvate, 50 IU/ml penicillin, 50 mg/ml streptomycin, and 10% fetal calf serum (Wisent,
St-Bruno, QC, Canada). Cells were transfected with DNA plasmids using the
Lipofectamine Plus reagent (Invitrogen, Burlington, ON, Canada) according to

manufacturer’s instructions.

DNA constructs

Total RNA was extracted from HeLa cells using Trizol reagent (Invitrogen) according to
manufacturer’s instructions. RNA concentration was measured with a spectrophotometer,
and RNA quality was assessed by agarose gel electrophoresis. First strand cDNA
synthesis was performed using 5 ug of total RNA and the avian myeloblastosis virus
reverse transcriptase (Promega, Madison, WI) with an oligo-dT primer. cDNAs were
amplified using oligonucleotides designed to introduce either full length or deletion
mutants of TDRD3 (ADUF/OB, AN328, AUBA, ATdr, A(DUF/OB + UBA), A(DUF/OB
+ Tdr), DUF/OB, UBA, Central linker, and Tdr) in frame with a myc tag into the EcoRI
and Xhol restriction sites of the pCMV-Myc expression vector (Clontech Laboratories
Inc., Mountain View, CA). The TDRD3 Tudor (Tdr; a.a. 647-744) fragment was also
inserted into the EcoRI/Xhol sites of the pGEX-4T2 vector (GE Healthcare, Piscataway,

NJ). The TDRD3 Tudor E691K mutation was introduced using overlap extension
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mutagenesis  (344) with the following mutagenic oligonucleotides: 5’-
ggaaactataaagaggtgctactg-3’ and 5’°-cagtagcacctctttatagtttcc-3’, while using TDRD3-
specific primers as flanking oligonucleotides. The mutated fragment was then inserted
into the EcoRI and Xhol restriction sites of both the pCMV-Myc and the pGEX-4T2
vectors. The human SMN Tudor domain was amplified using the following
oligonucleotides: 5’-ccggaattcgcagtggaaagttggggacaaa-3’ and 5’-
ccggaattcttaattagctacttcacagattgg-3’, and inserted into the EcoRI restriction site of a
modified pcDNA,, vector (Invitrogen) containing the myc epitope tag sequence (345).
Cloning of the wild type and E134K SMN Tudor domains into the pGEX-4T2 vector
have been previously described (148). The Tudor domain of SPF30 was amplified from
the SPF30 expression vector (148) by wusing PCR with the 5’-
ttttgaattcttctactcaacctactcattcatgg-3’ and 5’-ttttctcgagttactectttgecttecttecttctt-3°
oligonucleotides, and the amplified DNA fragment was inserted into the EcoRI and Xhol
sites of the pcDNA, ,-Myc expression vector. Human SERBP1 was amplified from a full
length cDNA clone obtained from Open Biosystems (Huntsville, AL) by using PCR with
the 5’-tttttggaattctatgectgggcacttacaggaagg-3’ and 5’-
tttttctcgagattaagccagagetgggaatgectetgg-3’  oligonucleotides.  The amplified DNA
fragment was then cloned in frame with a myc tag into the pcDNA, ,-Myc expression
vector using the same restrictions sites as above. The expression vector encoding the
GFP-fused endoribonuclease G3BP protein (291) was a generous gift from Dr. Nancy
Kedersha (Harvard Medical School, Boston, MA). The pECFP-ER, -Golgi, and —Mito

vectors were purchased from Clontech Laboratories Inc. (Mountain View, CA). All DNA
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construct sequences were confirmed by automated DNA sequencing (StemCore

Laboratories, Ottawa, ON, Canada).

Antibodies

A peptide corresponding to the last 22 C-terminal amino acids of TDRD3,
DGQPRRSTRPTQQFYQPPRARN™  was synthesized at W.M. Keck Foundation
Biotechnology Resource Laboratory (Yale University, New Heaven, CT). Polyclonal
antibodies were generated by Cedarlane Laboratories (Burlington, ON, Canada) using
rabbits injected with the synthetic peptide coupled to keyhole limpet hemocyanine
(KLH). The polyclonal antibodies were affinity-purified over the antigenic peptide
coupled to Affi-Gel 10 beads (Bio-Rad, Hercules, CA) following manufacturer’s
instructions, eluted in 100 mM Glycine pH 2.5, buffered with 1 M Tris-HCI pH 8.0,
dialyzed against 1X phosphate-buffered saline (1X PBS: 137 mM NacCl, 2.7 mM KClI,
4.3 mM Na,HPO,, 1.4 mM KH,PO,, pH 7.4) at 4°C overnight, and concentrated using
Centricon centrifugal devices (Millipore, Bedford, MA). The affinity-purified anti-
TDRD3 antibody (0.25 mg/ml) was used at a 1:100 dilution for immunofluorescence (IF)

and at a 1:1000 dilution for western blot (IB) analysis.

Monoclonal antibodies against ®-actin (Sigma, St-Louis, MO) and glyceraldehyde-3-
phosphate dehydrogenase (Covance Canada Inc., Dorval, Qc) were both used at a 1:3000
dilution (IB). Goat polyclonal anti-TIA-1 antibody (C-20) and rabbit anti-ribosomal
protein L28 (FL-137) antibody were purchased from Santa Cruz Biotechnology (Santa

Cruz, CA) and used at 1:50 (IF) and 1:2500 (IB) dilutions respectively (IF). Mouse anti-
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FMRP, clone 1C3 (ascites) was purchased from Millipore and used at 1:50 (IF) or 1:2500
(IB) dilutions. Human anti-GW182 (1:600 dilution, IF) and fluorophore-coupled anti-
human (1:900 dilution, IF) antibodies were generous gifts from Dr. Ken Dimock
(University of Ottawa). Rabbit anti-Hsp70 (Hsp72) polyclonal antibody was obtained
from Stressgen (Ann Arbor, MI) and used at a 1:10,000 dilution (IB). Rabbit S6
ribosomal protein (5G10) antibody was purchased from Cell Signaling Technology
(Danvers, MA) and used at a 1:5000 dilution (IB). The supernatant of a murine
hybridoma producing an anti-myc monoclonal antibody (9E10), purchased from ATCC,
was used at a 1:50 dilution (IF). Rabbit polyclonal anti-GST antibodies were described
elsewhere (148) and used at a 1:5000 dilution (IB). Mouse monoclonal anti-Elongation
Factor 1 alpha antibody was purchased from Upstate Biotechnology (Upstate, NY) and
used at a 1:3000 dilution (IB). Rabbit polyclonal antibodies directed against the Ewing
Sarcoma breakpoint region 1 protein (EWS; 1:40,000 dilution, IB; 1:900 dilution, IF),
DEAD box polypeptide 3 (DDX3; 1:1000 dilution, IB; 1:300 dilution, IF), and FUS/TLS
(1:40,000 dilution, IB; 1:900 dilution, IF) were all purchased from Bethyl Laboratories
Inc. (Montgomery, TX). SYM10 and SYM11 antibodies were described elsewhere (105,
114) and were used at a 1:750 and 1:1000 dilution (IB), respectively. Fluorophore-
coupled anti-goat, -mouse, and —rabbit secondary antibodies were obtained from Jackson
ImmunoResearch (West Grove, PA) and used at a 1:100-200 dilution (IF). Horseradish
peroxidase-conjugated goat anti-mouse and goat anti-rabbit secondary antibodies (MP

Biomedicals, Solon, OH) were used at a 1:4000 dilution.
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Peptide competition assay and immunoblotting

50 ug of HeLa total protein extracts were resolved on a 10% SDS-PAGE in triplicate,
transferred to a PVDF membrane and prepared as three identical western blot strips.
PVDF strips were blocked with 5% dry milk in PBST (1X PBS, 0.05% Tween 20) for 1 h
at room temperature, and probed with either TDRD3 antibodies (0.25 ug/ml) or an
antibody:peptide solution, for 2 h at room temperature. Preadsorbed antibody:peptide
solutions were prepared by preincubation of TDRD3 antibodies with a 200-fold molar
excess of the antigenic peptide (0.186 ug/ml) or an unrelated synthetic peptide (0.113
ug/ml) in immunoblotting solution (1% dry milk in PBST), for 16 h at 4°C. Incubation
with primary antibodies was followed by three washes with PBST and probing with
secondary antibody wunder the same conditions. Proteins were detected by

chemiluminescence (Millipore) after three final washes in PBST.

Cell treatments and immunofluorescence

When prepared for indirect immunofluorescence microscopy, cells were grown directly
onto glass coverslips. Transfected HelLa cells were treated 24 to 48 h post-transfection.
Cellular stress response was induced either by treatment with 0.5 mM sodium arsenite for
30 min (oxidative stress; Ars), by incubation at 43°C for 30 min (Heat shock; Hs) or by
treatment with 1 M sorbitol for 1 h followed by a 30-min recovery in isotonic culture
media (osmotic shock; Osm) (295). To inhibit methylases, HeLLa cells were treated for 20
h with 1 mM of the methyltransferase inhibitor 5’-deoxy-5’-methylthioadenosine (MTA;
Sigma) prepared in dimethyl sulfoxide (DMSO). Control cells were mock-treated with

equal volume of DMSO. Untreated and treated cells were fixed with 4%
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paraformaldehyde for 10 min, permeabilized with 0.5% Triton X-100 in PBS for 5 min,
and blocked with 0.1% BSA in PBS for 30 min prior to immunostaining. Cells were
incubated with primary antibodies diluted in 0.1% BSA in PBS for 1 h. Cells were then
washed once with 0.1% Triton X-100 in PBS, twice with 0.1% BSA in PBS, and
incubated with the appropriate fluorophore-annexed secondary antibodies in 0.1% BSA
in PBS, in the dark, for 1 h. All incubations were performed at room temperature. The
cells were washed again as above, counterstained with DAPI, and mounted onto glass
slides. Fluorescence was visualized with a Z.1 Axiolmager upright microscope (Carl
Zeiss Canada Ltd., Toronto, ON, Canada) and images were captured with an AXIOCAM

HRM R 2.0 CCD digital camera.

Protein purification

GST-fusion proteins were overexpressed in E. coli BL-21 cells (Stratagene, La Jolla, CA)
by induction with a final concentration of 0.1 mM isopropyl-D-thiogalactopyranoside
(IPTG). Following induction, cells were spun down, resuspended in 10 ml of 1X PBS
containing Complete™ protease inhibitor cocktail (Roche Applied Science) and
subsequently broken down by sonication (5 pulses of 15 sec at 12 watts). Cell debris were
discarded through centrifugation for 20 min at 10,000 X g. GST fusion proteins were then
purified using glutathione-agarose (Sigma). For GST pull-down experiments, fusion
proteins were kept on glutathione-agarose as a 50% slurry in 1X PBS. Alternatively, GST
fusion proteins were eluted from the beads using 60 mM glutathione in 1X PBS adjusted
to pH 7.5. The purified tagged proteins were dialyzed against 1 liter of 1X PBS at 4°C

overnight. The dialysates were then concentrated using Amicon centrifugal devices
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(Millipore). Protein concentration was measured by using the DC protein assay reagent

(Bio-Rad).

Peptide binding assay

Peptide binding assays were performed as previously described (148). Briefly, (RG), and
(R™MAG), peptides were biotinylated and pre-bound to streptavidin-agarose (Sigma) to
generate peptide affinity columns. 0.35-1.4 (g of eluted GST-fusion Tudor domain
proteins were diluted in 300 ul of lysis buffer (1% Triton X-100, 20 mM Tris pH 7.4, 150
mM NaCl, and Complete™ protease inhibitor cocktail) and mixed with 20 ul of a 50%
slurry of the respective peptide affinity column. The mixtures were incubated at 4°C for
30 min with constant end-over-end mixing, and the beads were washed twice with lysis
buffer and once with 1X PBS. Retained proteins were then resolved by SDS-PAGE and

detected using a rabbit anti-GST serum.

Pull downs and mass spectrometry

HeLa cells from 5 x 150 mm plates were lysed in lysis buffer for 6 h at 4°C and then
centrifuged to remove cellular debris. Cell lysates were incubated with either purified
recombinant GST (as a control), GST-TDRD3-Tdr or GST-TDRD3-Tdr E691K proteins
coupled to glutathione-agarose for 16 h at 4°C. The beads were then washed twice with
lysis buffer and once with 1X PBS. The retained proteins were resolved by SDS-PAGE
and the gel, stained with Coomassie Blue. The polypeptides specifically pulled-down by
TDRD3-Tdr, that were not pulled-down by GST alone, were excised from the gel and

sent out for mass spectrometry analysis and identification (WEMB Biochem Inc.,
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Toronto, ON, Canada). Briefly, gel slices were incubated with trypsin and the resulting
digested peptides ran through a matrix-assisted laser desorption ionization-quadrupole-
time of flight (MALDI-Qg-TOF) mass spectrometer coupled to a LCQ DECA XP ion
trap. The database search for peptide mass fingerprint and MS/MS sequencing data from
MALDI-Qg-TOF was done using an in-house database and the Mascot software.
Sequencing data generated from the ion trap was analyzed using the Sequest software and

a human database subset created from NCBI nonredundant data (300).

Polysomal profile analysis and protein extraction from sucrose gradient fractions

5 x 10° HeLa cells were grown in 100-mm tissue culture dishes, left untreated or
incubated with 0.5 mM sodium arsenite for 30 min, harvested, and proceeded
immediately. Prior to analysis, the cells were resuspended in 1 ml of polysomal buffer
(20 mM Tris, pH 7.5, 150 mM NaCl, 1.25 mM MgCl,, 5 U/ml of RNAsine (Amersham
Bioscience, Piscataway, NJ), EDTA-free protease inhibitor cocktail (Complete™,
Roche), and 1 mM dithiothreitol). Nonidet P-40 was then added to a final concentration
of 1% and cells were lysed for 15 min on ice. Extracts were clarified by centrifugation at
12,000 X g for 20 min at 4°C. Twenty optical density units (260 nm) of cytoplasmic
extracts were loaded on each 10-60% linear sucrose gradient and further analyzed as
described elsewhere (297). Briefly, following ultracentrifugation (40,000 X g for 4 h) of
the sucrose gradients, 0.5-ml fractions were collected using the gradient density
fractionator system (Teledyne Isco). mRNPs of each collected fraction were precipitated
overnight at —20°C by addition of 1 ml of cold ethanol and centrifuged for 30 min at

14,000 X g. Proteins were then resuspended in 150 ml Laemmli sample buffer.
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CHAPTER 5

General discussion

5.1. The PRMT1 alternative isoform v2 possesses distinct substrate specificity,
intracellular localization, and is predominantly expressed in breast cancer

5.1.1. Unique N-terminal sequences affect PRMTI activity and substrate specificity

The ever-expanding repertoire of arginine-methylated proteins (114, 118) indicates that
arginine methylation is an important post-translational modification involved in the
regulation of several cellular processes, including DNA repair, transcription, signal
transduction, protein localization, and RNA processing (12, 13, 96, 214). PRMTI, the
first identified PRMT, is responsible for most of the arginine methylation reactions in
human cells (33). Because PRMT1 has a multitude of substrates and plays significant
roles in a number of distinct cellular processes, its enzymatic activity must be tightly
regulated. PRMT1 activity can be modulated in multiple ways: by the formation of
homo-oligomeric complexes (25), by post-translational modifications (40), and by
protein-protein interactions (14, 54-61, 63-65). The findings presented in Chapter 2 add a
fourth mechanism to this list, suggesting that PRMT1 activity can also be modulated at
the co-transcriptional level. This finding is supported by the evidence of tissue-specific
expression of up to seven PRMT1 isoforms (v1 to v7) resulting from alternative mRNA
splicing of the primary PRMT]1 transcript in human cells. Furthermore, we have shown
that each PRMT1 splicing variant exhibits a unique N-terminal hydrophobic region that

confers distinct substrate specificity (117). Thus, N-terminal unique sequences can
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influence PRMT1 protein-protein interactions, a finding that could be extrapolated to
other PRMTs, as N-terminal domains are generally the most divergent between PRMT's
(16, 42). This finding not only adds additional complexity to the way in which PRMT1
function is regulated, but could also have important implications for PRMT1’s

downstream targets (see 5.1.3.).

5.1.2. The PRMTI alternative isoform v2 contains a nuclear export signal

Endogenous PRMT1 was first reported to reside predominantly in the nucleus (16), even
though it had been identified through purification from a cytoplasmic macromolecular
complex (14). As an N-terminal GFP fusion protein, PRMTI1 also localized
predominantly to the nucleus (18), whereas N-terminal myc-tagged PRMT1 localized
mostly in the cytoplasm, with some cells showing both cytoplasmic and nuclear
localization (169). The explanation for the variation in the subcellular localization of
PRMT1 became obvious when we uncovered a functional CRM1-dependent nuclear
export signal encoded by exon 2 of the primary PRMT1 transcript, an exon only retained
in PRMT1 isoform v2 (Chapter 2). As a result, PRMT1v2 mainly localizes to the
cytoplasm, whereas the other PRMT1 isoforms predominantly localize to the nucleus of
the cell. Thus, the subcellular localization of PRMT1 varies depending on which splicing
variant is used and/or detected. This finding suggests that by regulating the alternative
splicing of PRMT1 exon 2, cells can modulate the nuclear versus cytoplasmic pools of
PRMT1 isoforms that possess distinct protein-protein interaction profiles and substrate

specificity.
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More recently, Herrmann and colleagues found that despite the presence of the
nuclear export signal, PRMT1v2 could be predominantly nuclear in certain cell types
(45), suggesting a cell type-specific regulation of the nucleo-cytoplasmic shuttling of
PRMT1v2. This group also showed that both enzymatic activity and appropriate
methylation status of substrate proteins are required for the intracellular shuttling of
PRMT1 (44, 346). Additional work will be necessary to dissect the precise mechanisms
by which PRMT1v2 shuttles in and out of the nucleus, as this might shed further light on
the regulation of PRMT1 substrate methylation and the pathophysiological consequences

ensuing from its misregulation (45) (see below).

5.1.3. Arginine methylation and cancer

A number of studies have provided evidence of functional links between misregulation of
PRMTs and cancer (49, 102, 347-350). The fact that PRMT1 is a known co-activator of
the estrogen receptor makes it an attractive candidate to be overexpressed in breast
cancer. We observed that overall PRMT1 mRNA levels are on average 14-fold higher in
a panel of breast cancer cell lines and in a human breast tumor (Chapter 2). Moreover, the
relative balance of alternatively spliced PRMT1 isoforms is altered in these cell lines
when compared with immortalized normal breast cells. Among the major isoforms,
PRMT1v2 mRNA, which encodes for an enzyme that mostly localizes to the cytoplasm,
is selectively increased by 3.5 fold relative to vl (Chapter 2). An increase in the relative
abundance of PRMT1v2 (but not of PRMTI1vl) is also clearly observed at the protein
level in the breast cancer cell lines (Chapter 2). The functional significance of PRMT]1

(and particularly PRMT1v2) overexpression in breast cancer is still unknown, but these
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observations suggest a possible relation between altered expression pattern of PRMT1

and breast cancer cell progression.

For example, overexpressed cytoplasmic PRMT1 isoform could be responsible for
the prolonged methylation of the cytoplasmic estrogen receptor o observed in a subset of
breast cancers (Chapter 1), which might in turn lead to sustained activation of estrogen
signaling pathways and ultimately, to mammary tumorigenesis (89, 95). On the other
hand, PRMT1v2-dependent methylation of the ligand-dependent corepressor of nuclear
receptors RIP140 protein may facilitate RIP140 nuclear export by mediating its
interaction with the nuclear exporter CRM1 (101) (Chapter 1). Cytoplasmic sequestration
of RIP140, away from the nucleus where it functions as a tumor suppressor (101, 351),
could provide PRMT1 with another means to contribute to breast cancer pathogenesis.
Future work in our laboratory will be aimed at identifying the breast cancer-specific

molecular pathways in which PRMT 1 plays a role.

Aberrant alternative splicing patterns are common in cancers and cancer-specific
transcript variants may represent promising biomarkers and targets for diagnostic,
prognostic, and treatment purposes (352). PRMT1v2 expression has recently been shown
to be associated with nodal status and tumor grade in colon cancer patients, and therefore,
could potentially be used as a marker of unfavorable prognosis (353, 354). In future
studies, it will be important to determine whether or not PRMT1v2 could be a promising

biomarker of unfavorable breast cancer prognosis as well.
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Finally, we have demonstrated that globally the levels of arginine-methylated proteins
are increased in all cancer cell lines tested (Chapter 2). Although this profile does not
necessarily correlate with cell line-specific overexpression of PRMT1v2, other type I
PRMTs could also contribute to this increase in arginine methylation. Indeed, CARM1
and PRMT6 have been shown to be overexpressed in certain cancers (205, 355, 356), and
we found these PRMTs to be also expressed at higher levels in our panel of cancer cell
lines (Chapter 2). A recent study confirmed significantly higher expression of PRMT]1
and PRMT6, with a corresponding increase in aDMA levels, in cancer cells of various
tissues compared to non-neoplastic cells (356). Therefore, an altered PRMT1 (and other
PRMTs) expression profile appears to correlate with a differential pattern of arginine
methylation in cancer cell lines, suggesting that misregulation of arginine methylation

could contribute to carcinogenesis.

5.2. TDRD3: a novel Tudor-containing protein in search of a function

5.2.1. Transcriptional regulation

Our characterization of TDRD3 showed that it localizes to both nuclear (40%) and
cytoplasmic (60%) compartments of the cells (Chapter 4). In the nucleus, we found that
TDRD3 accumulates in Promyelocytic leukemia (PML) nuclear bodies possibly
associated with sites of up-regulated mRNA transcription (Chapter 3). This observation is
in agreement with recent findings showing that TDRD3 localizes to transcriptional start
sites inside promoter regions of transcriptionally active genes that are enriched for
PRMT1 and PRMT4/CARMI1 (247). These two PRMTs function synergistically at

specific promoter regions to generate ‘methyl marks’ on the core histone tails that are
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usually associated with transcriptional activation of gene expression (83, 84). PRMTI
and PRMT4/CARMI1 are also co-regulators of a large number of transcription factors
(75-81). Moreover, it has recently been demonstrated that the already extensively post-
translationally modified C-terminal domain (CTD) of the RNA polymerase II is also
methylated at a single arginine residue (R1810) by PRMT4/CARMI1, which results in
facilitated expression of select small nuclear and nucleolar RNAs (357). Such
‘hypermethylation’ in the neighborhood of active gene promoters may in turn function as
a ‘docking’ motif to recruit methylarginine-binding (e.g. Tudor domain-containing)
proteins that facilitate transcription. The Tudor domain of TDRD3, for example, binds
strongly to PRMTI- and CARMI-generated ‘methyl marks’ associated with
transcriptional activation (247, 357). This may in turn favor selective recruitment of
TDRD3 to distinct genes where it may function as a transcriptional co-activator (247,
357). In addition, TDRD3 recruitment to sites of transcriptional activation could be
further stabilized by the interaction of its UBA domain with ubiquitinated proteins (e.g.
histones, pol II CTD, transcription factors), some of which may congregate in PML

bodies (247, 358).

5.2.2. Post-transcriptional regulation

Post-transcriptional functions have also been suggested for TDRD3 because an exon
junction complex (EJC)-binding motif (EBM) in the extreme C-terminus of TDRD3 has
been found to interact with two of the four core EJC proteins: Y14 and Magoh, and the
peripheral interacting factor PABP1, suggesting a role for this motif in the recruitment of

TDRD3 to EJCs and mRNAs (166). The EJC is deposited onto mRNA during splicing,
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on which it remains firmly bound during nuclear export into the cytoplasm, where it is
thought to play a major role in post-transcriptional regulation of the spliced mRNA (e.g.
localization, translation, and surveillance) (270, 271). The functional significance of the

interaction between TDRD3 and the EJC, however, remains to be investigated.

Our studies along with work by others demonstrate that in the cytoplasm, TDRD3
interacts and co-sediments with the translational regulator Fragile X Mental Retardation
Protein (FMRP) on actively translating polyribosomes (219, 254) (Chapter 4). When
exposed to life-threatening stresses (e.g. oxidative stress, heat and osmotic shocks, viral
infection, hypoxia, etc.), cells reconfigure their proteome to concentrate on molecular
damage repair activities. Under such conditions, we and others have shown that TDRD3
(219, 254) and FMRP (290) move into non-translating cytoplasmic stress granules (SGs)
where they may function as translational repressors of key transcripts (254). SGs
represent sites of mRNA sorting/triage that play a major role in the post-transcriptional
regulation of gene expression by regulating the localization, stability, and translation of

many mRNAs (283, 286).

Another important finding from our work is that the Tudor domain of TDRD3 is both
necessary and sufficient for its recruitment to SGs (Chapter 4). In addition, the
introduction of a mutation that disrupts the recognition of methylated substrates
demonstrated that the ‘methyl-binding’ surface in the Tudor domain of TDRD3 is
important for this process. Our findings therefore suggest that TDRD3 may be recruited

to SGs by engaging in protein-protein interactions regulated by arginine methylation. The
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fact that methylation status of both FMRP (305) and the cold-inducible RNA-binding
protein (CIRP) (359) has been shown to impact positively on SG assembly (360) and that
general methylation inhibitors impinge upon SG dynamics (Chapter 4) suggest that
protein methylation may play a more important role in SG function than previously
expected. Future studies in our laboratory will focus on elucidating the mechanisms
regulating the recruitment of TDRD3 to SGs as well as its contribution to SG

formation/dissociation and dynamics.

In agreement with a putative role for arginine methylation in regulated recruitment of
TDRD3 to SGs, our pull-down experiments identified several proteins interacting with
the Tudor domain of TDRD3, many of which are potentially methylated RNA binding
proteins (Chapter 4). Furthermore, amongst these proteins, we and others have confirmed
the relocalization of DDX3 (361), EWS (362), FUS (362), and SERBP1 (363) to SGs
upon various stress stimuli (Chapter 4). These proteins are therefore good candidates to
promote the recruitment of TDRD3 to SGs (or vice-versa) and confirmation of the
observed interactions in the context of the full-length protein will be crucial to future

studies addressing their biological significance.

5.2.3. TDRD3 as a scaffold protein in the mRNP lifecycle?

Gene expression processes, from transcription to translation and degradation, depend on
the ordered and precise assembly of messenger ribonucleoprotein (mRNP) particles (214,
267). The mRNP lifecycle begins during transcription as the nascent pre-mRNA is coated

with a selection of RNA-binding proteins (267, 326). Its protein composition then
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fluctuates as it mediates post-transcriptional RNA processing events (capping, splicing,
polyadenylation, surveillance) to generate a mature, nuclear export-, and translational-
competent mRNP (214). Because of the diverse range of cellular processes they govern,
the organizational structure of mRNPs requires strict spatial and temporal coordination in
order for this ‘gene expression system’ (267) to convey the proper message. This is
achieved mainly through regulation of protein-nucleic acid and protein-protein
interactions in which post-translational modifications, such as arginine methylation, have

been shown to modulate various facets (214, 360).

Proteins that contain multiple interaction domains are thus particularly important in
the scaffolding of these complexes by providing a platform for bringing together various
protein partners that control these cellular processes (364). Growing evidence suggest
that TDRD3 may serve as a scaffold molecule in mRNA metabolism. First, TDRD3 is
composed of four distinct protein domains or motifs: a DUF/OB-fold, a UBA domain, a
Tudor domain, and an EBM motif (Chapter 1) providing known and predicted binding
surfaces to assemble nucleic acids, ubiquitinated and arginine-methylated proteins, as
well as RNA-binding proteins (166, 219, 247, 254). Second, our studies along with work
by others suggest that TDRD3 may be an integral component of mRNPs, from mRNA
biogenesis (Chapter 3 and (247)) to translation (Chapter 4 and (254)) and degradation
(through interaction with the exon junction complex) (166). Collectively, these findings
support our hypothesis that TDRD3 may play a central role in synchronizing
transcriptional with post-transcriptional processes in part regulated by arginine

methylation.
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5.2.4. TDRD3 and cancer

All the RNA binding proteins that we identified as putative interactors of the Tudor
domain of TDRD3 (Chapter 4) have been linked to cancer. For example, EWS and FUS
are both involved in recurrent chromosome translocations that result in novel fusion
oncoproteins associated with many forms of sarcomas (340). SERBP1 is overexpressed
in tumor epithelial cells from ovarian cancer, which correlates with disease progression
(365). EEF1A1 is overexpressed in rat mammary adenocarcinomas and its expression
level correlates with metastasis (341). Finally, DDX3 activation has been shown to
promote growth, proliferation, and neoplastic transformation of breast epithelial cells
(342). These findings strongly suggest a role for these proteins in carcinogenesis and it is
intriguing that all of them (except EEF1A) relocalize to SGs upon various stress stimuli.
Even more interestingly, TDRD3 has also been identified amongst genes whose
overexpression has a strong predictive value for poor prognosis of ER-negative breast
cancers (167). This suggests that TDRD3 may have an important role to play in
progression of cancer, possibly by regulating the localization/activity of the above-

mentioned oncoproteins.

Recent findings have demonstrated the physiological importance of mammalian SG
formation in cancer cells resistance to chemotherapeutic drugs (366), a phenomenon
often associated with late-stage cancers (367). Upon exposure to oxidative stress
(arsenite) (368), radiation (369), hypoxia (370), and chemotherapeutic agents (e.g.
proteasome inhibitors (371) and bortezomib (366)), formation of SGs has been shown to

promote tumor cells resistance to apoptosis, which in turn contributes to cancer cells and
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solid tumors resistance to therapy. In some cases, this effect is attributed to the
sequestration of signaling proteins into SGs to promote cell survival in response to stress
(370, 372). In other cases, SGs are involved in the regulation of the expression of key
anti-apoptotic factors (371). Finally, clinical relevance of SG contribution to aggressive
tumor growth and poor tumor response to conventional therapies is underscored by the
observation of SGs in hypoxic cells, the most difficult tumor cells to kill, located in the
core of breast tumors (369, 373). Whether TDRD3 participates in these resistance
mechanisms, and whether it does so in the context of SGs, remains unclear and will be

the focus of future studies.

5.3. Conclusion and outlook

Despite significant advances in the field of arginine methylation in the last two decades,
much of the molecular mechanisms underlying how arginine methylation is regulated and
how it influences different steps in the control of gene expression remains to be clarified.
The work presented in this thesis, and that of numerous others, has provided a better
understanding of the mechanisms involved in the modulation of PRMT1 enzymatic
activity and specificity towards its substrates. It has also provided significant insight into
how arginine methylation influences protein-protein interactions with the novel methyl-
binding effector protein TDRD3 and their putative impacts on mRNP dynamics in

transcriptional and post-transcriptional RNA processing events.

Finally, continued efforts aimed at understanding the etiology and improving breast

cancer diagnosis are essential in answering the need for improved prevention and
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treatment. Thus, continuing to study the significance of PRMTI and TDRD3
upregulation in breast cancer and how this correlates with disease progression and poor
prognosis is of crucial importance. Future studies on PRMT1 and TDRD3 will likely
uncover additional novel pathways and molecules involved in breast cancer pathogenesis,
which in turn may represent new targets for the formulation of novel detection and

intervention strategies.
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Cotranscriptional recruitment of pre-mRNA splicing factors to their genomic targets facilitates efficient and
ordered assembly of a mature messenger ribonucleoprotein particle (mRNP). However, how the cotranscrip-
tional recruitment of splicing factors is regulated remains largely unknown. Here, we demonstrate that protein
arginine methylation plays a novel role in regulating this process in Saccharomyces cerevisiae. Our data show
that Hmtl1, the major type I arginine methyltransferase, methylates Snp1, a Ul small nuclear RNP (snRNP)-
specific protein, and that the mammalian Snpl homolog, U1-70K, is likewise arginine methylated. Genome-
wide localization analysis reveals that the deletion of the HMT1 gene deregulates the recruitment of Ul snRNP
and its associated components to intron-containing genes (ICGs). In the same context, splicing factors acting
downstream of Ul snRNP addition bind to a reduced number of ICGs. Quantitative measurement of the
abundance of spliced target transcripts shows that these changes in recruitment result in an increase in the
splicing efficiency of developmentally regulated mRNAs. We also show that in the absence of either Hmt1 or
of its catalytic activity, an association between Snpl and the SR-like protein Npl3 is substantially increased.
Together, these data support a model whereby arginine methylation modulates dynamic associations between

SR-like protein and pre-mRNA splicing factor to promote target specificity in splicing.

In eukaryotic cells, pre-mRNA is processed and packaged
into a mature messenger ribonucleoprotein particle (mRNP)
prior to its export from the nucleus (reviewed in references 12,
25, and 44). The correct formation of an mRNP requires a web
of physical interactions among RNA processing factors during
transcription. An important step in the processing of eukary-
otic RNA is pre-mRNA splicing, in which noncoding introns
are removed to generate mature, translatable mRNAs. The
splicing reaction is catalyzed by the spliceosome, which is com-
posed of five small nuclear ribonucleoprotein particles
(snRNPs) and many associated proteins (reviewed in refer-
ences 62, 67, and 68). Like many other RNA processing factors
that have been studied thus far, the components of the spli-
ceosome are recruited cotranscriptionally (19, 36, 47). Chro-
matin immunoprecipitation (ChIP) experiments have shown
that, in vivo, spliceosome components assemble on intron-
containing genes (ICGs) in a stepwise manner, consistent with
findings from in vitro studies of splicing complexes (19, 32, 47).
Specifically, the Ul snRNP is recruited to the 5’ splice site (ss),
and the branchpoint binding protein (BPP) and Mud2 (human
U2AF65) are recruited to the intronic branch site and nearby
sequences, respectively. Together, these factors define basic
intron/exon consensus features and “commit” a pre-mRNA
substrate to splicing. Subsequent assembly involves ordered
recruitment of the U2 snRNP, the U5/U4/U6 tri-snRNP, and

* Corresponding author. Mailing address: Department of Biological
Sciences, State University of New York at Buffalo, 109 Cooke Hall,
Buffalo, NY 14260. Phone: (716) 645-4931. Fax: (716) 645-2975.
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spliceosome activation factors such as the “nineteen complex”
(NTC) (9). Posttranscriptional splicing can occur, both in vivo
and in vitro (64), but the coupling of splicing to transcription is
thought to maximize the fidelity and efficiency of the process
(13, 26). Thus, differential cotranscriptional recruitment of
splicing factors represents a mechanism by which splicing can
be regulated.

Protein arginine methylation is a posttranslational modifica-
tion that is common to many RNA-binding proteins (RBPs)
(reviewed in references 3 and 4). The enzymes that catalyze
this process are termed protein arginine methyltransferases
(PRMTs). In both yeast and mammalian cells, heterogeneous
nuclear ribonucleoproteins (hnRNPs)—which like the snRNPs
are associated with pre-mRNAs and involved in mRNA
biogenesis—are major substrates of the PRMTs. Methylated
hnRNPs possess at least one N-terminal RNA recognition
motif (RRM)-type RNA-binding motif in addition to C-termi-
nal arginine-glycine-glycine (RGG)-rich repeats, where argi-
nine methylation is often found (42).

Many studies have demonstrated that arginine methylation
plays an important role in modulating protein-protein interac-
tions. For example, arginine methylation of the mammalian
transcriptional elongation factor Spt5 regulates its interaction
with RNA polymerase II (Pol II), thereby affecting transcrip-
tion at a global level (35). The loss of arginine methylation on
the mammalian STAT1 protein prohibits its association with
PIAS, the inhibitor of STAT1, resulting in a decreased STAT1-
mediated interferon response (49). In some cases, arginine
methylation of a specific factor can modulate subsequent post-
translational modification events. For example, arginine meth-
ylation of mammalian FOXO transcription factors inhibits
their phosphorylation by Akt (70).
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In Saccharomyces cerevisiae, the arginine methyltransferase
that catalyzes the formation of most asymmetric dimethyl-
arginines is called Hmt1 (also known as Rmt1) (17, 24). Hmt1
is important for the nuclear transport of several of the hnRNPs
that participate in the mRNP biogenesis pathway (58) and for
the biochemical association between Npl3 and Tho2 (71).
Npl3, an Hmtl substrate, is an RNA-binding protein that has
characteristics of both SR family (15) and hnRNP-like family
proteins (8, 57); it is important for mRNA export (29) and also
plays a role in pre-mRNA splicing (33). Tho2 is a component
of the evolutionarily conserved transcription/export) (TREX)
complex and plays a role during the elongation phase of tran-
scription (52). RNA in situ hybridization analysis has demon-
strated that the loss of Hmtl1 activity results in slowed release
of the HSP104 mRNA from the site of transcription (71).
Genome-wide localization analysis (also known as ChIP-chip)
revealed that Hmt1 coordinates cotranscriptional assembly of
the hnRNPs Nab2, Hrpl, and Yral (71). Together, these data
demonstrated that Hmtl promotes the dynamic interactions
between RNA-binding proteins and pre-mRNAs that facilitate
proper assembly of an mRNP during transcription. However,
the previous studies left open the question of whether the
catalytic activity of Hmt1 or some other feature of this protein
is required for the regulation of the cotranscriptional recruit-
ment of pre-mRNA splicing factors.

In this study, we demonstrate that Hmt1-catalyzed arginine
methylation, specifically, facilitates the cotranscriptional re-
cruitment of pre-mRNA splicing factors. Also, we identify
Snpl, a component of the Ul snRNP, as a novel Hmtl sub-
strate. We further show that arginine methylation of Snpl is
evolutionarily conserved in higher eukaryotes. Using ChIP-
chip, we determined the impact of protein arginine methyl-
ation on the cotranscriptional recruitment of splicing factors to
ICGs; specifically, we show that in mutants lacking Hmt1 or its
catalytic activity, the recruitment of splicing factors to genes
that undergo regulated splicing is aberrant, resulting in the
enhanced splicing of these transcripts. Finally, we show that
arginine methylation regulates the association of Snp1 with the
SR-like protein Npl3. Together, these results demonstrate that
protein arginine methylation regulates the specificity of the
splicing machinery targeting to particular pre-mRNAs.

MATERIALS AND METHODS

Yeast strains used in this study. All yeast strains used are listed in Table S1 in
the supplemental material. Cells were grown at 30°C on YEPD medium (1%
yeast extract, 2% Bacto peptone, 2% [wt/vol] D-glucose) unless otherwise stated.
Gene deletions and C-terminal epitope tags were generated as described previ-
ously (30, 43).

In vitro methylation of Snpl. The in vitro methylation was performed as
described previously (46) using recombinant Hmt1 and tandem affinity purifica-
tion (TAP)-tagged Snpl expressed in Ahmtl cells. The TAP was carried out as
described previously (55), with the exception of binding with IgG-Sepharose
beads (GE Amersham) in 600 mM NaCl during the first affinity purification step
to minimize the capturing of interactors. The entire in vitro methylation reaction
was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) using a NuPAGE 4 to 12% Bis-Tris gel (Invitrogen), followed by fluo-
rography as previously described (46). In parallel, the purified TAP-tagged Snpl
was subjected to immunoblotting using an anti-CBP (Open Biosystems) anti-
body.

Identification of in vivo methylation sites within U1-70K. Monoclonal anti-
bodies against U1-70K were used to immunoprecipitate endogenous U1-70K
from HeLa cells grown in medium specifically designed for SILAC experiments
(66). The immunoprecipitates were resolved using a NuPAGE 12% Bis-Tris gel
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(Invitrogen) and Coomassie blue stained. The major band slice at 70 kDa was
excised and subjected to preparation for mass spectrometry analysis as previously
described (63, 66). The liquid chromatography/tandem mass spectrometry (LC/
MS-MS) analysis was carried out as previously described (66).

Snpl localization studies. Wild-type (WT) or Amtl-null yeast strains contain-
ing green fluorescent protein (GFP)-tagged Snpl from the GFP-tagged yeast
library (27) were grown in synthetic complete (SC) medium until mid-log phase,
at which time DAPI (4',6-diamidino-2-phenylindole) stain was added to the
medium for a final concentration of 1.2 wg/ml. Cells were then incubated for an
additional 30 min. The differential interference contrast (DIC) and fluorescence
microscopies were performed using an Axioplan 2 fluorescent microscope
(Zeiss). Digital images were captured using the AxioCam MRm camera (Zeiss).
Image acquisition and analysis were carried out using AxioVision 4.4 software
(Zeiss).

NplI3-Snpl interaction studies. Yeast strains containing TAP-tagged Snpl
were grown in 500 ml of YEPD medium to mid-log phase and lysed with glass
beads and a FastPrep machine (MP Biomedical) with a GigaPrep adapter five
times at a setting of 6.5 for 30 s at 4°C. The cells were lysed in PBSMT buffer
(phosphate-buffered saline with 0.5% Triton X-100, 3 mM KClI, and 2.5 mM
MgCl,) supplemented with protease inhibitors (I mM phenylmethylsulfonyl flu-
oride, 1.3 mM benzamide, and 2.5 pg/ml each leupeptin, chymostatin, antipain,
pepstatin A, and aprotinin). Lysates were normalized for total protein, and
TAP-tagged Snpl fusion protein was purified by 2 h of incubation at 4°C with a
25-pl packed volume of IgG-Sepharose beads that had been prepared as previ-
ously described (71). Beads were washed three times with 1 ml of lysis buffer and
twice with 1X TEV cleavage buffer (25 mM Tris-HCI [pH 8], 150 mM NaCl,
0.1% NP-40, 0.5 mM EDTA, 0.1 mM dithiothreitol [DTT]) prior to TEV cleav-
age with 1 pl of ProTEV protease (Promega) for 1 h at 16°C. The cleaved
samples were eluted from the beads by a MolBicol column and precipitated with
12.5% trichloroacetic acid. Protein samples were dried, resuspended in protein
sample buffer, resolved by SDS-PAGE using a 4 to 12% NuPAGE Bis-Tris gel
(Invitrogen), and immunoblotted using anti-Npl3 antibody (gift from Pam Silver)
(8). The immunoblot was then stripped and reprobed with an anti-CBP antibody
(Open Biosystems). The immunoblot signals were digitally captured by a Bio-
Rad ChemiDoc system.

Genome-wide localization (ChIP-chip) studies of splicing factors. ChIP-chip
studies were performed essentially as described previously (71). All of the ex-
periments were performed with biological triplicates. The data obtained were
analyzed using the Rosetta Resolver bioinformatics platform. Only genes with P
values of <0.02 were considered for the final data analysis. Genes were consid-
ered bound if the immunoprecipitated fraction (IP)/background (whole-cell ex-
tract [WCE]) ratio was greater than 1. All of the raw output data from Rosetta
Resolver and corrected data are available in Files S1 to S5 in the supplemental
material.

Calculation of the intron distribution index (IDI). For each ChIP-chip data
set, a ranked list for total genes bound by a splicing factor was generated based
on the IP/WCE ratio as described previously (71). Any ICG present within this
ranked list is identified, and its distribution across the entire list is graphically
plotted (see Fig. S2A to C in the supplemental material). Based on the total
number of ICGs identified, a model distribution was generated to reflect a
scenario in which the same numbers of ICGs are evenly distributed across a
profile, yielding a straight line at a 45° angle (see Fig. S2A to C in the supple-
mental material). By plotting the actual experimental ICG ranking data as the
x-axis coordinates with the model ICG ranking data as the y-axis coordinates, a
nonlinear binding relationship was observed in which the line was skewed away
from the assumed evenly distributed binding event. We then quantified the
distance between this plot and the assumed model plot to measure the changes
in the overall intron distribution between the experimental data and the model
distribution data using the least-mean square distance (D,,,q) calculated by the
following equation:

Dyuna =

In this equation, X; represents the ranking of each ICG in the data set being
tested and Y; represents the corresponding ranking within the model reference.
N is the number of ICGs shared between the two profiles compared (such as the
WT versus Ahmtl or the WT versus hmt1-G68R).

Directed ChIP experiments. Directed ChIP experiments were performed as
described previously (41, 71). For each immunoprecipitation, monoclonal anti-
Myc (9E11; Fisher) antibody was precoupled to protein A-Sepharose beads. The
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oligonucleotides used in the ChIP experiments are listed in Table S2 in the
supplemental material.

RNA isolation, cDNA preparation, and ¢PCR. Total RNA was isolated by
using the hot phenol method as described previously (71) followed by a DNase
I (Invitrogen) treatment as per the manufacturer’s instruction. The DNase I-
treated RNA was then cleaned using an RNeasy kit (Qiagen). First-strand cDNA
was synthesized from poly(A)-RNA using Superscript III reverse transcriptase
(RT) (Invitrogen), oligo(dT), and 10 pg of RNA as described previously (47).
c¢DNA dilution series were analyzed by PCR (24 to 26 cycles) to establish a
quantitative, linear range of cDNA input for each set of quantitative PCR
(qPCR) performed. The procedure for qPCR and the primer sets used were
described previously (47), except [a->*P]JdCTPs were used to radiolabel gPCR
products. The radiolabeled PCR products were then resolved using an 8%
Tris-borate-EDTA (TBE) gel, dried, and exposed to a PhosphorImager screen.
The signals from spliced and unspliced PCR products were quantified using a
PhosphorImager (Molecular Dynamics). The average ratios were calculated
from triplicate sets of biological duplicates for HOP2 and triplicate sets of
biological triplicates for REC107. Each RNA sample that had been treated by
DNase I but was lacking the RT step was tested first by PCR using ADH3 primers
to determine any potential genomic DNA contamination.

RESULTS

The Ul snRNP components Snpl and U1-70K are arginine
methylated. Recent mammalian studies have implicated pro-
tein arginine methylation in pre-mRNA splicing (6, 11, 50).
Snpl, a component of the S. cerevisiae Ul snRNP, has previ-
ously been shown to interact with the arginine methyltrans-
ferase Hmtl in a comprehensive two-hybrid analysis (28).
Analysis of the amino acid sequence of Snp1 revealed a num-
ber of arginine-glycine (RG) motifs that could potentially serve
as sites for arginine methylation (see Fig. S1B, Snpl sequence,
in the supplemental material). We next set out to determine
whether Snpl is a substrate for Hmtl. We used a modified
tandem affinity purification method to purify TAP-tagged Snpl
expressed from Ahmtl cells under native, high-salt conditions.
We then used this substrate, which has no endogenous methyl
marks, in an in vitro methylation assay using recombinant
Hmtl1 as described previously (46).

The fluorograph from the in vitro methylation assay revealed
a strong, positive signal corresponding to a band migrating at
approximately 41 kDa (Fig. 1, left, arrow). Immunoblotting of
the purified Snp1-CBP using an anti-CBP antibody (Fig. 1,
right, arrow) confirmed that the 41-kDa band observed in the
fluorograph is Snp1-CBP. Recombinant glutathione S-trans-
ferase (GST)-tagged Rps2 was used as a positive control (Fig.
1, asterisk), as described previously (51).

Hmtl1 has been implicated in controlling nuclear localization
of hnRNP-like proteins (20, 58). To determine if Hmtl loss
perturbs the cellular localization of Snpl, we chromosomally
expressed a C-terminal GFP-tagged Snpl in both wild-type
and Ahmtl cells and compared its in vivo cellular localization in
these two cell types (see Fig. S1A in the supplemental mate-
rial). In wild-type cells, Snp1-GFP was enriched in the nucleus
(see Fig. SIA, WT panel, in the supplemental material), con-
sistent with a previous report from a large-scale protein local-
ization study in yeast (27). The same was true in the Ahmtl
cells (see Fig. S1A, Ahmtl panel, in the supplemental mate-
rial). Thus, Hmt1 loss has no effect on the cellular localization
of Snpl.

The mammalian homolog of Snp1 is U1-70K (60), which was
previously identified in a proteomic analysis of arginine-meth-
ylated protein complexes in HeLa cells (7). Although U1-70K
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Fluorograph

WB:0-CBP

FIG. 1. Arginine methylation is a feature of the yeast splicing factor
Snpl. TAP-tagged Snpl purified from the Ahmtl strain was subjected
to an in vitro methylation assay using recombinant Hmt1 and [methyl-
*H]SAM. (Left) The full protein complement in each reaction was
resolved on a 4 to 12% gel by SDS-PAGE and visualized by fluoro-
graphy; (right) the substrate used in the in vitro methylation reaction
was resolved in parallel, also on a 4 to 12% gel, and immunoblotted
with an anti-CBP antibody. A band corresponding to methyl->H-la-
beled Snp1-CBP was observed only in the presence of Hmtl (Snpl-
CBP lane, arrow [middle], compared to substrate only lane [left]).
Recombinant GST-tagged Rps2 served as a control [left, (+) control
lane, asterisk]. Inmunoblotting carried out with an anti-CBP antibody
(right) confirmed that the methylated band is Snp1-CBP (middle,
arrow).

was isolated using antibodies specific for symmetrical dimethy-
lation (SYM10 and SYM11) (7), these antibodies strongly rec-
ognize core Sm proteins. Thus, the presence of U1-70K in
those immunoprecipitates could have resulted from coisolation
with native Ul snRNP particles. The presence of conserved
RG motifs in the human U1-70K and the consensus sequences
(see Fig. S1B, U1-70K and consensus sequence, in the supple-
mental material) suggests that these proteins may harbor
modified arginine residues, which could account for their rec-
ognition by methylation-specific antibodies. We tested this pos-
sibility using a mass spectrometry approach and discovered
that methylated arginines are present on U1-70K immunopre-
cipitated from HeLa cells (using a monoclonal anti-U1-70K
antibody). Our mass spectrometry results indicated that 56%
of the Ul-70K protein was covered in the analysis, and the
analysis of b and y ion series spectra indicated that 10 arginine
residues (see Fig. S1B, asterisks, in the supplemental material)
in the area covered were either mono- or dimethylated. Among
the identified methylated arginines, many were found to match
the RG and RXR motifs typical of most PRMT preferred sites
(see Fig. S1B in the supplemental material). In summary, our
data show that Snp1 is an in vitro substrate of Hmt1 and that its
mammalian homolog, U1-70K, is likewise arginine methylated.

Hmt1 modulates the cotranscriptional recruitment of Snpl.
Since Hmtl has been shown to signal the cotranscriptional
recruitment of mRNP components (71) and Ul snRNP pro-
teins are cotranscriptionally recruited (32, 36), we wanted to
examine whether Hmtl is necessary for cotranscriptional re-
cruitment of Snpl to its targets throughout the genome. To this
end, we performed genome-wide occupancy analysis (ChIP-
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chip) of Snp1 in wild-type and Ahmt1 cells. A list of the relative
rankings of all ICGs bound by Snp1 and other splicing factors
examined in this study, in both wild-type and Ahmtl cells, is
presented in File S4 in the supplemental material. To probe for
methylation-specific changes within the Snpl ChIP-chip pro-
files, we used two complementary, quantitative analytical
methods. First, we calculated the percentage of total Snpl-
bound genes that were intron-containing genes in order to
determine whether the Hmt1 loss leads to an increase or de-
crease in the percentage of ICGs bound within a profile. How-
ever, because a factor may bind to the same number and
complement of ICGs yet the relative rankings of these genes
may differ depending on the status of Hmt1, we also devised an
intron distribution index (IDI) that assesses cumulative
changes in the distribution of binding by Snpl in a global
manner (see Materials and Methods and Fig. S2 in the sup-
plemental material). We calculated the IDI for each binding
profile to distinguish changes in the relative rank of ICGs
compared to that of other bound genes as a consequence of
changes to Hmtl. A lower IDI in the Hmtl mutant than in
wild-type cells would reflect an overall decrease in the relative
occupancy of the bound ICGs in the Hmtl mutants. For ex-
ample, although the same population of ICGs would be bound
by a given factor, the factor’s relative affinity for ICGs would be
lower in Hmt1 mutants. Thus, using both approaches to ana-
lyze our Snp1 ChIP-chip data provides us with two separate but
complementary methods to determine how methylation affects
the cotranscriptional recruitment of Snpl.

Our Snpl ChIP-chip data revealed that this protein binds a
higher percentage of ICGs in Ahmtl cells than in wild-type
cells (Fig. 2A, left). However, this is mostly based on the
observation that Snpl binding to non-ICGs was generally re-
duced in the Ahmt! cells (Fig. 2A, middle); the total number of
ICGs bound increased only slightly in the Ahmit1 cells (Fig. 2A,
right). In sum, Snpl displays less affinity for non-ICGs in the
absence of Hmtl.

In the absence of Hmtl, the recruitment of Ul snRNP-
associated proteins to ICGs is increased. To determine if
Hmtl affects the recruitment of other factors that associate
with U1 snRNP, we performed ChIP-chip on the Ul snRNP-
associated protein Prp40 and the pre-mRNA-U1 snRNP com-
plex component Mud2. Prp40 interacts with the transcriptional
machinery (48) and is considered one of the earliest splicing
factors to be cotranscriptionally recruited. Thus, Prp40 has
been proposed to sample transcripts for introns and to be
specifically retained at ICGs. Similar to the trend observed for
Snp1, Prp40 bound to a slightly higher percentage of ICGs in
Ahmtl cells than in wild-type cells (Fig. 2B, left) and to a
slightly lower number of both non-ICGs and ICGs in total (Fig.
2B, middle).

Mud?2 associates with the 3’ end of an intron (2) and inter-
acts with the U2 snRNP by recognizing the branchpoint se-
quence (1). Our ChIP-chip data show that Mud2 is bound to a
higher percentage of ICGs in AhmtI cells than in wild-type
cells (Fig. 2C, left). As is the case for Snpl, this is based on the
fact that a significantly lower overall number of non-ICGs
bound (Fig. 2C, middle), despite only a slight decrease in the
total number of ICGs bound (Fig. 2C, right). This overall
decrease in the number of non-ICGs bound suggests that
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FIG. 2. Hmtl influences the cotranscriptional recruitment of Ul
snRNP and its associated proteins. ChIP-chip was used to assess the
effects of Hmt1 on the cotranscriptional recruitment of U1 snRNP and
its associated proteins, which are Snp1 (A), Prp40 (B), and Mud2 (C).
The impact of Hmt1 was assessed as the change in the percentage of
intron-containing genes (ICGs) within the total number of genes
bound by a splicing factor, as denoted by the bar graphs on the left.
The total numbers of non-ICGs bound by each factor are shown by the
middle bar graphs, and the total numbers of ICGs bound by each
splicing factor are shown by the bar graphs on the right. The wild-type
ChIP-chip data for Prp40 and Mud2 were obtained from Moore et al.
(47).

Mud? has a significantly lower relative affinity for non-ICGs in
the absence of Hmtl.

Together, the Prp40 and Mud2 data suggest that Hmt1 pre-
vents Mud2 from being recruited to additional spurious non-
ICGs and that this is also the case for Prp40, but to a lesser
degree.

In the absence of Hmtl activity, the cotranscriptional re-
cruitment of splicing factors after Ul snRNP addition is de-
creased. Our data show that Hmt1 affects the cotranscriptional
recruitment of Ul snRNP and its associated components, and
we wanted to determine if Hmtl also affects splicing factors
involved in other major steps of the canonical spliceosome
assembly pathway. Therefore, we extended this approach to
investigation of the splicing factors Prpll, Prp5, Prp2, and
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FIG. 3. Arginine methylation negatively affects the recruitment of U2 and U4/U5/U6 tri-snRNP components and their associated proteins. The
genome-wide cotranscriptional recruitment of Prpll (A), Prp5 (B), Prp2 (C), and Brr2 (D) in the wild-type and Ahmt! strains is mapped as
described in the legend to Fig. 2. The requirement for Hmt1 activity (versus Hmt1 presence) in cotranscriptional recruitment was tested for Prp11

(E) and Mud2 (F). The wild-type ChIP-chip data for Prp11, Prp5, Prp2,

Brr2. Prpl1 is a component of the U2 snRNP and is required
for binding of the U2 snRNP to pre-mRNA during spliceo-
some assembly (56). Prp5 bridges the Ul and U2 snRNPs to
allow U2 snRNP to stably associate with introns (31). Prp2 is
an RNA-dependent ATPase of the DEAH-box family and is
required for the first transesterification reaction of splicing
(59). Brr2 is an RNA helicase; it associates with the U5 snRNP
(23) and is required for activating the spliceosome for catalysis
by disrupting U4/U6 base pairing in native snRNPs (39, 53).
In comparison to the Ul snRNP and the associated compo-
nents that have been examined, all four of the U2 and U4/
US5/U6 components and their associated factors bound to a
lower percentage of ICGs in the absence of Hmt1 (Fig. 3, left
panels). In the case of Prpl1, this result was particularly strik-
ing, with ICG binding reduced to only 13% in the Ahmtl
mutant (Fig. 3A, left). Moreover, for each of these proteins
other than Prp2, the total number of non-ICGs bound was
increased (Fig. 3, middle panels), whereas the total number of
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and Brr2 were obtained from Moore et al. (47).

ICGs bound was generally decreased, with the only exception
being Prp5 (Fig. 3, right panels). Nevertheless, we observed
reduced IDIs for all four components in the context of Ahmt1
cells, with the reduction being particularly drastic in the cases
of both Prpll and Brr2 (see Fig. S2D, panels Prpll, Prp2,
Prp5, and Brr2, in the supplemental material). These findings
further support an overall loss of relative affinity for ICGs, an
overall increase of relative affinity for non-ICGs, or both. To-
gether, these data reveal that the absence of Hmtl significantly
increases the relative affinity of post-U1 snRNP addition splic-
ing factors for non-ICGs and, to a lesser degree, decreases
their relative affinities for ICGs.

To establish the role of the catalytic activity of Hmt1 in the
cotranscriptional recruitment of splicing factors, we took ad-
vantage of a previously published Hmt1 catalytic mutant, hmt1-
GO68R (46). We focused on Mud2 and Prpl1, since these pro-
teins play key roles in the formation of the commitment
complex yet display opposite responses in recruitment to ICGs
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FIG. 4. Validation of genome-wide occupancy results. Directed ChIPs were performed on either wild-type or AmtI-null cells using anti-Myc.
The splicing factors examined are Snpl (A), Mud2 (B), Prp11 (C), Prp5 (D), and Prp2 (E). The choice of genes tested is based on the ChIP-chip
data obtained. The bar graph depicts the normalized ratio of experimental signal to the intergenic region.

in the context of HMT1 deletion. Our data with the hmtI-G68R
mutants reveal that arginine methylation affects the cotrans-
criptional recruitment of both Mud2 and Prpll in a manner
that is consistent with the loss of the entire gene (Fig. 3E and
F). Thus, we attribute the changes observed in our ChIP-chip
analysis to the catalytic activity of Hmtl.

Directed ChIP validation of genome-wide occupancy analy-
sis. To validate the results of our genome-wide binding studies,
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we performed directed ChIP on genes bound by Snpl, Mud2,
Prpl1, Prp2, and Prp5 in both wild-type and AhmtI cells (Fig.
4). In each case, we chose genes that the ChIP-chip data
suggest have either different or similar binding based on the
ranked list created with each profile. We also chose genes with
different expression levels, including a highly expressed one
(RPS13), a moderately expressed one (ARPY), and ones ex-
pressed at low levels (meiotic ICGs RECI07 and HOP2). In the
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case of RPSI13, a relatively high level of binding was detected
for all five splicing factors in both wild-type and Ahmit! cells,
consistent with the data from genome-binding studies (Fig. 4A
to E, RPS13 graphs). In the case of ARP9, we did not detect
any difference in binding by Snpl and observed only a slight
change in Mud2 binding in Ahmtl cells compared to that in
wild-type cells (Fig. 4A and B, ARP9 graphs). Nevertheless, we
did observe a significant enrichment for Prp11, Prp2, and Prp5
binding to ARP9 in Ahmtl cells (Fig. 4C to E, ARP9 graphs).
Overall, these trends support the ChIP-chip data obtained for
both RPS13 and ARP9.

In the case of both REC107 and HOP2, our ChIP results
were also generally consistent with our ChIP-chip data (Fig.
4A to E, REC107 and HOP?2 graphs). The one exception had to
do with Prpll recruitment to HOP2 in Ahmtl cells. In this
instance, a positive ChIP result was obtained (Fig. 4C, HOP2
graph). Upon reanalysis of the original Prp11 ChIP-chip data
for HOP2 in AhmtI cells, we discovered that binding had been
observed, but its P value was only 0.16 and thus did not meet
the stringent P value cutoff of 0.02 (see File S5 in the supple-
mental material). As such, these data points were excluded
from the data set that was further evaluated, despite the fact
that it had an IP/input ratio that reflected a bound state (i.e.,
greater than 1). Notably, our ChIP-chip binding data for Prp11
in imt1-G68R cells indicate that Prp11 is bound to HOP2 (see
File S6 in the supplemental material). Thus, it is likely that
Prpl1 is also bound to HOP2 in the Ahmt] cells and that this
interaction was reflected in our directed ChIP data. As a
whole, our directed ChIP results are in agreement with the
ChIP-chip data.

Hmt1-dependent arginine methylation is required for regu-
lated splicing of meiosis-related genes. We previously demon-
strated that differential spliceosome recruitment predicts reg-
ulated splicing and found that this was most striking in the case
of meiosis-related genes (47). The genes that encode these
regulated transcripts are transcribed in the vegetative growth
state but are not spliced until meiosis (14). Since our ChIP-
chip data indicated that the recruitment and distribution of
splicing factors to ICGs change in Hmt1 mutants, we examined
whether these changes affect regulated splicing in Hmt1l mu-
tants. To this end, we monitored the changes in pre-mRNA
splicing for these meiosis-related transcripts. We analyzed our
ChIP-chip data and evaluated changes in recruitment of the
seven splicing factors assayed to meiosis-related genes in the
Hmt1-null mutants (see File S6 in the supplemental material).
We found that both Snpl and Mud2 bound a significant frac-
tion of meiosis-related ICGs in wild-type cells and that the loss
of Hmt1 had some effect on the recruitment of Snpl, but not
Mud2, to this population of ICGs (Fig. SA, compare WT and
Hmtl mutant). All other splicing factors examined, with the
exception of Prp40, showed increased association with meiosis-
related ICGs in Ahmtl cells, with little or no binding to these
genes in wild-type cells (Fig. 5B, compare WT and Hmt1 mu-
tant). These data indicated that Hmt1 contributes to the re-
cruitment of specific splicing factors to meiosis-related ICGs.
To further test this possibility, we performed a gene ontology
(GO) test by using the GO Slim Mapper feature of the Sac-
charomyces Genome Database (SGD) to determine the effect
of Hmtl on the occupancy of meiotic ICGs for each of the
splicing factors examined in this study (Fig. 5C). As a refer-
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ence, the genome frequency for “meiosis” as a GO slim term is
155 genes out of 6,310 genes. Of the 294 annotated ICGs in the
SGD, 17 map to the “meiosis” GO slim term, as indicated in
the bar graph (Fig. 5C, SGD reference bar). Using the GO test,
we found that in the cases of Ul snRNP and its associated
factors Prp40, Snpl, and Mud2, the number of meiotic ICGs
bound in Ahmt1 cells either did not change or decreased with
respect to the number bound in wild-type cells (Fig. 5C, Prp40,
Snpl, and Mud2 bars). In the case of splicing factors that are
added after Ul snRNP is added, however, the number of
meiotic ICGs bound was consistently higher in Ahmtl cells
than in their wild-type counterparts (Fig. 5C, Prp11, Prp2, and
Prp5 bars). This trend also holds true if one calculates the
“cluster frequency” by dividing the number of meiotic ICGs
bound by the number of total ICGs bound for each splicing
factor. Thus, Hmt1 loss leads to an increase in the impact of
occupancy of meiotic ICGs by Prpl1, Prp2, Prp5, and Brr2.

The enhanced recruitment of spliceosome components to
meiosis-related genes in Hmtl mutants suggests that splicing
of these transcripts may be enhanced in Hmt1 mutants. To test
this possibility, we examined splicing of the meiosis-related
gene HOP2, which encodes a meiosis-specific protein that pre-
vents synapsis between nonhomologous chromosomes while
ensuring synapsis between homologs (10). In Ahmt! cells, five
of the seven splicing factors examined bound the HOP2 locus,
whereas only two of them bound this locus in wild-type cells
(see File S6 in the supplemental material). For comparison, we
examined RECI07, another meiosis-related gene, which is
known to undergo Merl-dependent meiosis-specific splicing
(61). Our data indicate that RECI107 is not bound by any
splicing factors in Ahmtl cells and that it is bound by only
Prp40 in the wild-type cells (see File S6 in the supplemental
material).

To examine how arginine methylation affects the splicing of
REC107 and HOP2, we performed quantitative PCR (qPCR)
on cDNA produced from wild-type, Ahmtl, and hmt1-G68R
cells (Fig. 5SD). The signal corresponding to unspliced and
predicted spliced transcripts in each background was quanti-
fied to calculate an internal ratio for comparison (Fig. SE).
Mutations in Hmt1 had little effect on the ratio of spliced to
unspliced transcripts for REC107 (Fig. SE, REC107 graph),
consistent with the observation that the loss of Hmtl did not
affect the recruitment of splicing factors to this locus. In con-
trast, the level of splicing increased 30% and 50% for the
HOP?2 transcript in the cases of the Ahmtl and hmtl-G68R
mutants, respectively (Fig. SE, HOP2 graph), supporting our
prediction that increased recruitment of splicing factors to the
HOP?2 gene enhances the splicing of HOP2 transcripts in veg-
etative cells. As a control for our gPCRs and isolation of total
RNA, we examined the level of a constitutively spliced tran-
script encoded by ECM33 and the level of non-intron-contain-
ing transcript encoded by ADH3. Levels of these RNAs were
similar in the wild-type and mutant strains (Fig. 5D, ECM33
and ADH3). A control in which a DNase I-treated, non-re-
verse-transcribed total RNA template was used produced no
products, indicating that our RNA sample was not contami-
nated with genomic DNA (data not shown). Thus, our data
demonstrate that arginine methylation can affect cotranscrip-
tional recruitment of pre-mRNA splicing factors, leading to
increased pre-mRNA splicing of the affected target.
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Hmt1-dependent arginine methylation modulates the bio-
chemical interaction between Npl3 and Snpl. Protein arginine
methylation was previously shown to be critical in modulating
protein complexes early in mRNP formation (71). Therefore,
arginine methylation of Snp1l may regulate its interactions with
nascent mRNPs. Npl3, a yeast SR-like protein (15) with known
roles in mRNA export (29), is recruited during the early stages
of transcription (40). Recently, Npl3 has been demonstrated to
promote pre-mRNA splicing for a large subset of ICGs and
to facilitate cotranscriptional binding of early splicing factors
to their genomic targets (33). Since Npl3 and Snpl have been
shown to interact with each other as part of the cap-binding
protein (Cbc2) complex (18) and since both proteins are sub-
strates of Hmtl, we hypothesized that arginine methylation
may modulate their biochemical interaction. To test this hy-
pothesis, we expressed a TAP-tagged Snpl fusion protein
(Snp1-TAP) in wild-type, Ahmtl, and hmt1-G68R backgrounds
and then copurified Snpl and its associated proteins. Immu-
noblotting using an anti-Npl3 antibody was then performed to
probe for changes in the amount of Npl3 that copurified with
Snpl (Fig. 6, left). Immunoblotting revealed an intense band
migrating at approximately 55 kDa in both the Ahmtl and
hmt1-G68R lanes (Fig. 6, left); this molecular mass corre-
sponds to the size of Npl3 in its unmethylated form (46). In
wild-type cells, a fainter band of slightly higher molecular mass
corresponding to that expected for methylated Npl3 was also
observed (Fig. 6, left, WT lane). The difference in the migra-
tion between the methylated and unmethylated forms of Npl3
is more readily visible in a control immunoblot, using a fraction
of the input lysate (Fig. 6, input panel). The drastic contrast in
the amount of Npl3 associated with Snp1 in the Hmt1 mutants
indicates that the biochemical interaction between Npl3 and
Snp1 was increased in the absence of Hmtl or of its catalytic
activity. The immunoblot was stripped and reprobed with an
anti-CBP antibody to show that similar amounts of Snpl were
purified and loaded onto the gel (Fig. 6, right). A negative
control was generated by purifying proteins from a yeast strain
that does not express any TAP-tagged proteins [Fig. 6, (-)
control lane].

DISCUSSION

During mRNP biogenesis, a network of cross-stimulatory
connections and physical interdependencies is crucial for the
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FIG. 6. Arginine methylation modulates the biochemical associa-
tion between Npl3 and Snpl. TAP-tagged Snp1 expressed in wild-type,
Ahmtl, and hmt1-G68R cells was purified and resolved on a 4 to 12%
gel by SDS-PAGE. (Left) The amount of Npl3 that copurified with
Snpl was determined using an anti-Npl3 antibody. The arrow
(Npl3-CH;) denotes a band corresponding to Npl3 lacking methylated
arginines (lanes Ahmtl and hmt1-G68R). A faint, slightly higher-mo-
lecular-mass band for the wild-type cells corresponds to arginine-meth-
ylated Npl3 (WT lane, arrow with Npl3 plus CH;). (Input panel) The
degree of change is readily visualized from the input of each lysate,
probed with anti-Npl3 antibody (arrows). (Right) The same immuno-
blot was stripped and reprobed with anti-CBP antibody to detect the
level of Snp1-CBP (arrow denotes Snp1-CBP). A control using a strain
that does not express any TAP-tagged protein was run in parallel [(-)
control lane].

formation of an export-competent mRNP (reviewed in refer-
ences 12 and 44). Cotranscriptional recruitment of splicing
factors constitutes an integral part of mRNP formation. In
yeast, the ordered association of spliceosomal components
during transcription has been shown to facilitate efficient co-
transcriptional mRNA processing (19, 47). In the current
study, we define a novel role for protein arginine methylation
in the cotranscriptional recruitment of pre-mRNA splicing fac-
tors. We have identified Snpl, a component of the canonical
U1 snRNP (which participates in the early steps of spliceoso-
mal complex assembly during transcription [60]), as a novel
substrate of Hmt1 in vitro. Using ChIP-chip, we uncovered a

FIG. 5. Changes in arginine methylation-dependent cotranscriptional recruitment influences regulated splicing. (A) The percentages of
meiosis-related genes bound by the U1 snRNP components and associated factors Prp40, Snp1, and Mud2 in wild-type and Ahmt! cells are shown.
Where a specific meiosis-related gene is bound by a particular factor in both wild-type and AhmtI cells, the percentage of these bound genes within
the total number of meiosis-related genes is calculated and denoted as “Both” on the bar graph. (B) The percentages of meiosis-related genes
bound by U2 and the U4/U5/U6 tri-snRNP components and associated proteins Prpl1, Prp5, Prp2, and Brr2 in wild-type and Hmt1 mutants are
shown (representation is as described for panel A). (C) The effects of Hmt1 on the occupancy of meiotic ICGs relative to all ICGs bound by a
splicing factor. A gene ontology (GO) test using the “Yeast GO-Slim: Process” feature of the SGD was performed, testing the total number of
ICGs bound by each splicing factor in either wild-type or Ahmit1 cells. Of the entire 294 ICGs annotated in the yeast genome (SGD reference, gray
bar), 17 map to the “meiosis” GO slim term (SGD reference, black bar). The results for each splicing factor are plotted as bars. (D) The splicing
of meiotically regulated transcripts REC107 and HOP2 in wild-type, Ahmtl, and hmtl-G68R cells was measured by quantitative PCR using
[a-**P]dCTP as described in Materials and Methods. The products were resolved on an 8% TBE gel, dried, exposed to a phosphorimager screen,
and quantified by a PhosphorImager. The unspliced (U) and predicted spliced (S) products are indicated on the left. ECM33, a constitutively
spliced transcript, and ADH3, an unspliced transcript, were used as controls in the quantitative PCR to demonstrate similarity in the levels of input
cDNA used in the quantitative PCR. (E) The ratios of spliced to unspliced transcript levels from RECI107 and HOP2 in wild-type, Ahmtl, and

hmt1-G68R cells are shown.
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role for protein arginine methylation in modulating the recruit-
ment of splicing factors to ICGs. A number of these data were
validated by directed ChIP experiments. Changes in the co-
transcriptional recruitment of splicing factors due to the loss of
arginine methylation affects regulated splicing. We show that
the absence of arginine methylation leads to an aberrant in-
teraction between Snpl and the SR-like protein Npl3. Overall,
our data demonstrate that protein arginine methylation plays a
critical role in defining proper cotranscriptional recruitment of
pre-mRNA splicing factors.

To date, studies characterizing the recruitment of pre-
mRNA splicing factors on a genome-wide scale have focused
on measuring changes in the absolute number or percentage of
ICGs bound by a splicing factor (32, 47, 64). This kind of
measurement does not reveal how the distribution of bound
ICGs changes in the context of a given condition or mutation.
It is possible, for example, that a splicing factor is bound to the
identical number and complement of ICGs under different
conditions but that the ICGs bound in one case occupy the
highly bound portion of the total bound population and in the
other occupy the least-bound portion. Thus, the IDI serves as
a novel method to assay the relative changes in ICG associa-
tion when comparing two ChIP-chip profiles. In the study here,
it reveals that the loss of Hmt1 or of its activity perturbs the
relative degree of occupancy of ICGs for all U snRNPs exam-
ined, with the exception of U1 snRNP and its associated pro-
teins.

Since the dynamics of Ul and U2 snRNP recruitment are
intimately linked (19, 37, 65), it is likely that a change in the
recruitment dynamics of the Ul snRNP would produce a
downstream effect on the recruitment of U2 and other U
snRNPs. This could be achieved by perturbing the formation of
the commitment complex. Our ChIP-chip data are consistent
with such an effect, as they demonstrate that recruitment of the
U2 snRNP and the U4/U5/U6 snRNP, as well as of their
associated proteins, is reduced in Hmtl mutants relative to
that in wild-type cells. Since the maximal U1l snRNP recruit-
ment occurs near the 5’ ss (64), it is likely that the loss of
arginine methylation in Hmtl mutants results in increased
retention of the Ul snRNP and its associated proteins at ICGs.
This may be reflected by the observed decrease in binding of
U1 snRNP and its associated proteins at non-ICGs, since fewer
U1 snRNPs would be available to “scan” the non-ICGs as they
are effectively “titrated away” as a consequence of longer ICG
retention. Disruption of this in vivo recruitment dynamic could
theoretically prevent recognition of the other components of
the spliceosomal complex (such as proteins from the U2
snRNP and the U4/U5/U6 tri-snRNP) and thus their efficient
recruitment to genomic targets. This could give rise to a sce-
nario in which formation of the commitment complex is com-
promised. Indeed, our ChIP-chip data—according to which the
U2 snRNP, the U4/U5/U6 tri-snRNP, and their associated
proteins all exhibited lower relative affinities for ICGs in Hmt1
mutants—support such a scenario.

Our genome-wide assays led to the identification of a mei-
osis-related gene whose transcripts display enhanced splicing
during vegetative growth in Hmtl mutants. The observation
that the loss of arginine methylation leads to aberrant recruit-
ment of splicing factors and misregulated splicing of these
targets supports our previous study, in which we showed that
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differential spliceosome recruitment predicts regulated splicing
in precisely the same population of genes, i.e., meiosis-related
ICGs (47). The relatively small increases in the pre-mRNA
splicing of HOP2 may be due to the nuclear mRNA surveil-
lance machinery monitoring sites of regulated splicing, since
increased levels of unspliced meiotic mRNAs have been ob-
served in Arrp6 cells, which lack a subunit of the nuclear exo-
some (47). Testing a mutant in which both HMT1 and RRP6
are deleted may reveal more dramatic changes. Notably,
Ahmtl cells display decreased sporulation frequency (16).
Whether this abnormality results from altered splicing of mei-
osis-related transcripts remains to be investigated. Neverthe-
less, our present study has established arginine methylation as
a requirement for regulated recruitment of the spliceosome.

Arginine methylation has been demonstrated to affect the
function of protein substrates by modulating their interactions
with other proteins (5). For example, the interaction of mam-
malian PRMT1 and transcription factor Ying Yang 1 (YY1) is
necessary for the recruitment of histone H4-specific methyl-
transferase activity (54). Hmtl has been demonstrated to con-
trol the biochemical association between mRNA export factor
Npl3 and transcriptional elongation factor Tho2, as well as the
self-association of Npl3 (71). While the predominant role of
Npl3 is in the export of mRNAs (29), it was recently revealed
that Npl3 also promotes pre-mRNA splicing, as it is required
for the cotranscriptional recruitment of early splicing factors
such as the Ul snRNP protein Prp40 and the U2 snRNP
protein Leal (33). Furthermore, Npl3 is a yeast SR-like pro-
tein (15), and SR proteins in mammalian cells are known to
help stabilize the U1 snRNP during the spliceosome assembly
(69). These facts suggested that the loss of Hmtl or its activity
would impact how Npl3 interacts with the early splicing factors
and that this interaction might account for the decreased re-
cruitment of U2 and U4/U5/U6 tri-snRNP proteins in our
ChIP-chip experiment. In support of this hypothesis, we ob-
served an aberrant biochemical association between Npl3 and
Snpl in both the Ahmtl and hmtI-G6SR mutants (Fig. 5).
Since Hmt1 also methylates Npl3, it is possible that arginine
methylation regulates the cotranscriptional recruitment of
splicing factors by altering Npl3 recruitment. However, our
previous analysis shows that the loss of Hmt1 does not alter the
recruitment of Npl3 to either ICGs or non-ICGs (see Fig. S4 in
the supplemental material). Rather, the dynamics of biochem-
ical association between Npl3 and Snpl are most likely to
control how the rest of the splicing factors are recruited in the
context of mRNP biogenesis. New studies, using methylation-
specific mutants of both Npl3 (45) and Snp1, are under way to
address the influence of methylation on the ability of each
factor to promote this association.

A recent study demonstrated that the chromatin-modifying
activity of the histone acetyltransferase GenS is functionally
linked to the cotranscriptional recruitment of pre-mRNA
splicing factors (21). Specifically, GenS was found to acetylate
the ICG-bound histone H3 (21). Notably, a screen used to
identify protein-protein interactions that are triggered by post-
translational modifications identified Hmt1 as a binding part-
ner for acetylated histones (22). Hmtl binds both acetylated
histones H3 and H4 but methylates only H4 (34). Given that
Hmt1 methylates histone H4 at position 3 (H4R3) in a chro-
matin-specific context (72) and that Hmt1 loss does not abolish
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bulk changes in H4R3 methylation (38), it would be interesting
to determine whether Hmt1 plays a role in the status of H4R3
methylation within ICG-bound histones. Such a study would
determine whether the chromatin-modifying activity of Hmt1
is linked to its role in optimizing the cotranscriptional recruit-
ment of splicing factors.

Overall, our data support a model in which Hmt1-catalyzed
arginine methylation controls the cotranscriptional recruit-
ment of splicing factors by promoting proper Npl3-Snpl1 inter-
action. Npl3 is cotranscriptionally recruited during the early
stages of transcription as part of mRNP biogenesis. As a yeast
SR-like protein, it may stabilize the Ul snRNP, much as SR
family proteins do in mammalian cells. During the early phase
of the transcription process, the Snpl-containing Ul snRNP
samples transcribed genes to identify any introns. The detec-
tion of an intron leads to the formation of a commitment
complex, followed by subsequent recruitment of the rest of the
spliceosome. Given that mRNP assembly involves a multitude
of associations and dissociations of its components, aberrant
interactions between Npl3 and Snp1 in the Hmt1 mutants may
cause the Ul snRNP proteins to be retained at their genomic
targets for longer times than optimal. This disruption in the
dynamics of Ul snRNP recruitment, in turn, would likely affect
the formation of the commitment complex, judging by the
ChIP-chip data for Prpl1 and Mud2. Alternatively, it is possi-
ble that a change in the dynamics of Ul snRNP recruitment
due to Hmtl activity results in a rearrangement within the
spliceosome that subsequently prevents proper recruitment of
the U2 and U4/U5/U6 tri-snRNP components. In summary,
our study establishes a novel and key regulatory role for pro-
tein arginine methylation in controlling the dynamics of co-
transcriptional recruitment of pre-mRNA splicing factors, an
important facet in the assembly of an mRNP. The fact that the
arginine methylation of the Snpl homolog U1-70K is con-
served in higher eukaryotes suggests that the role of arginine
methylation in regulating the spliceosome may also be con-
served.
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Supplemental Figure 1: Arginine methylation of Snp1’s mammalian homolog Ul1-
70K and its effect on the cellular localization of Snpl.

A) The cellular localization of GFP-tagged Snp1 is visualized using DIC (panel
labeled as “Nom”) and fluorescent microscopy (panels labeled as “GFP” and
“DAPI”).

B) Amino acid alignment of Snp1 with its human homolog U1-70K. The consensus
sequence is listed below. Blue represents amino acids that are conserved between
Snpl and U1-70K. Methylated arginines (denoted by an asterisk) within U1-70K
were identified by mass spectrometry, as described in the Materials and Methods

section.
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Supplemental Figure 2: Graphical representation used in the calculation of IDI and

NIDI.

The actual ChIP-chip data of Prp11 is used to illustrate how the IDI is graphically

represented.

A) The top horizontal bar (WT) represents a complete ChIP-chip profile, ranking

B)

each gene bound by the splicing factor of interest. As previously shown, most of
the ICGs that are bound by a splicing factor are enriched in the highly-bound
proportion of a profile (47). Each vertical bar within the profile denotes a bound
ICG. The bottom horizontal profile (Modeled Distribution) represents a modeled
scenario in which the same ICGs bound are evenly distributed across a profile.
When these two profiles are plotted together, the X coordinate represents the
actual ICG ranking (Ranking of ICG) and the Y coordinate represents the
modeled ranking (Ranking of Randomization). Since splicing factors are known
to preferentially associate with ICGs (47), the ICGs bound by the splicing factors
tend to display higher ordered ranking relative to non-ICGs. The 45° straight line
denotes a modeled scenario in which the binding of ICGs is evenly distributed
across a profile, which would indicate a lack of preferential associations. The IDI
(or D,,,) is calculated by taking the average of the sum of the distance between
the actual rankings of ICGs and the modeled rankings of ICGs (see Materials and
Methods).

An analysis similar to that described above was carried out for Prp11 recruitment
in Ahmtl. In both A and B, the Y coordinates (Modeled Distribution) for the
‘WT’ and ‘Ahmt]’ profiles are identical in a pair-wise comparison, which reflects

the fact that a common set of bound ICGs was examined.
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D)

Actual ChIP-chip data for Prp5 were used to illustrate how the non-ICG
distribution index (NIDI) is represented graphically. In this case, each vertical bar
within the rectangle denotes a bound non-ICG, and the same equation with
different variables (to reflect non-ICGs) is used to calculate the NIDI. Pair-wise
comparison and graphical output are as described for IDI. In contrast to the ICGs,
non-ICGs are enriched mostly in the lower ranked portion of the total profile, and
thus, are generally inversely correlated with the ICG distribution.

The change in the intron distribution index (IDI) for the two profiles compared
was plotted as described in Supplemental Fig. 2, parts A-C. For each ICG plotted,
the X-axis coordinate is the ranking within a binding profile (in either the wild-
type or Ahmtl strain) and the Y-axis coordinate, which is identical for both

profiles, represents the ranking of randomization based on a modeled distribution.
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Supplemental Figure 3: The non-ICG distribution (NIDI) for the splicing factors
studied. ChIP-chip data obtained in the wild-type and Hmt1 mutants were used to
determine how Hmtl affects the recruitment of splicing factors to non-ICGs. The
graphical output of each pair-wise comparison is shown: Snp1 (panel A), Prp40 (panel
B), Mud?2 (panel C), Prp11 (panel D), Prp5 (panel E), Prp2 (panel F), and Brr2 (panel G).
The calculation for the non-ICG distribution index (NIDI) is the same as for the IDI
except that the rankings of non-ICGs within a profile, rather than rankings of ICGs (see
Materials and Methods and Supplemental Fig. 2), are used. The wild-type ChIP-chip

data for Prp40, Mud2, Prp11, Prp5, Prp2, and Brr2 were obtained from Moore et al 2006.
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Supplemental Figure 4: Loss of Hmt1 does not affect recruitment of Npl3 to ICGs.
A) The percentages of Npl3-bound ICGs in wild-type and Hmt1 mutants.
B) The total number of Npl3-bound genes in wild-type and Hmt1 mutant.
C) Comparison of ChIP-chip data using the IDI method showed no change in the
distribution of Npl3-bound ICGs in wild-type and Hmtl mutant cells.
D) The same holds true for non-ICGs as well. The ChIP-chip data used in all

calculations were obtained from Yu et al, 2004.
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