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Abstract

Coactivator Associated Arginine Methyltransferase 1 (CARMI1) is a ubiquitously
expressed protein arginine methyltransferase with essential roles in normal cell function. As
such, CARM1 is often a part of the investigative rationale, where its quantification through
Western Blot (WB) is commonly assessed. Here, CARMI1 is shown to form aggregates that
prevent its migration in SDS-PAGE and introduces error in its quantification by WB. Heat
denaturation, DTT and CARM1’s own concentration in samples are found to contribute to its
aggregation. An adapted sample buffer with higher SDS concentrations and without DTT
prevents aggregation and permits accurate quantification. These findings reframe CARM1’s
biochemical properties as an essential component of its study in an experimental and potentially
biological setting.

In motoneurons (MNs), CARM1 was previously found to methylate HuD, a major
neuronal RNA binding protein, thereby altering its affinity with the p21 mRNA. Here, the notion
that other mRNAs are similarly impacted was explored, and Schip1/Igschfp, Smarca2, Stc2,
Ptger4 and Phox2B mRNAs were found to be dependent on CARMI levels for their interaction
with HuD. These interactions were not previously characterized, making them novel elements in
both HuD’s and CARM1’s biology. Moreover, the protein levels of Ptger4 and Smarca2 were
regulated by CARM1’s enzymatic activity expanding and attesting to its functional relevance in
MNs. Akin to other work, CARM1’s interactome identifies Alix as being by far its most
prominent interactor. Also, ribosomal proteins are overrepresented in CARM1’s interactome
suggesting that translation remains a major facet of its function in MNs. In line with this

assessment, this work identifies RPS7 as a novel substrate of CARMI.

il



This study solidifies CARMI1 as a contributor to neuronal biology through its regulation
of HuD mRNA interactions, its regulation of Ptger4 and Smarca2 protein levels and contribution

to the MN methylome.
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Chapter 1 Introduction

1.1 Protein Interaction

Protein interactions are the basis of cellular function, and their dynamicity is dictated by
their timed and regulated expression. While DNA contains the genetic code to sustain cellular
life, proteins are its main effectors. Through protein interactions, a cell divides, specializes,
adapts to stress, answers to external signals, coordinates as part of a larger structure, recognizes
imbalances and corrects them. The estimated 20,000 protein coding genes present in the human
genome (Amaral et al., 2023) each play a part in these roles, and their interactions are therefore
tightly regulated.

Protein interactions are first and foremost dependent on a protein’s three-dimensional
structure, which is itself dependent on its primary structure. The R group, or side chain of amino
acids, confers localized charge, polarity, steric bulk, and aromaticity that further acts as a guide
for protein folding (Anfinsen, 1973; Soleymani et al., 2022). Depending on sequence, any given
peptide can further organize itself and be classified into secondary structures such as o-helices or
[-sheets; the most observed secondary structures. The peptide can then bend and fold into a
compact conformation termed as the tertiary structure. While this conformation may be sufficient
for the intended protein’s function, some will associate with one or more other protein peptides
acting as subunits of a larger protein, accomplishing their roles as a quaternary structure
(Soleymani et al., 2022).

The intermolecular forces grouping subunits of proteins together as macromolecular
complexes are for the most part electrostatic in nature (Zhou & Pang, 2018). Through mirrored

localized hydrogen bonding capacity, complementary steric bulk and ionic charge, binding sites



act as unique, recognizable fingerprints at which two proteins find affinity and interact. This
most basic form of protein-protein interaction offers a mode of action for the cell to accomplish
any given task. Nevertheless, the availability of each affinity site is not solely regulated at the

level of protein expression, but also with modifications that proteins undergo thereafter.

1.2 Post Translational Modifications (PTMs)

Post translational modifications add another layer of complexity to cell signalling through
the covalent modification of amino acid side chains. PTMs can be temporary or permanent in
nature and alter the protein’s chemical properties towards a different functional role (Ramazi &
Zahiri, 2021). Their prevalent use in cell biology warrants entire molecular pathways dedicated
to their distribution with PTMs integrated in all facets of normal cellular function. These
modifications are categorized by the identity of the group covalently integrated into peptide
chains as well as their target amino acid. There are more than 400 types of PTMs identified
(Ramazi & Zabhiri, 2021), each of varying prevalence through diverse and dynamic mechanisms.
Of all reported PTMs, 90% fit under the umbrella terms of phosphorylation, acetylation, and
ubiquitylation (Ramazi & Zahiri, 2021). However, less reportedly prevalent PTMs have also
warranted their recognition as key regulators of cell function. To this effect, protein methylation

is now the subject of research within a broad range of topics.

1.3 Protein Methylation

Protein methylation is one of the earliest PTM identified alongside phosphorylation, but
despite its early identification, methylation research has been latent (Biggar & Li, 2015). Only in
the mid-1990s did the research push forward with the arrival of modern molecular biology
techniques (Murn & Shi, 2017; Paik et al., 2007). Currently, in humans, 26.7% of all proteins

were found to be methylated, amongst which 67.9% were Arginine methylations, 32.0% were



Lysine methylations and 0.1% were methylations on other residues (Matecki et al., 2022). So,
while Cysteine, Histidine, Glutamine, Asparagine, Glutamic acid, and Aspartic acid can be
methylated (Murn & Shi, 2017; Sprung et al., 2008), by far the most commonly methylated
residues are Arg and Lys (Dilworth & Barsyte-Lovejoy, 2019; Murn & Shi, 2017; Paik et al.,
2007; Sprung et al., 2008). As such, protein methylation is often considered to be specific to
these two residues.

The proteins involved in the protein methylation process are categorized as methyl
writers, readers or erasers and are based on their ability to, respectively, catalyze, recognize, or
remove the methyl mark on the amino acid side chains. While they vary in function, their

structural commonalities are often used as markers for their classification (Liu et al., 2023).

1.4 Protein Methyl Writers

Protein methyl writers, or PMTs, consist of the family of protein Lys methyltransferase
(PKMT) and protein Arg methyltransferase (PRMT), both using S-Adenosylmethionine (SAM
or AdoMet) as a methyl donor to catalyse the methylation reaction yielding a methylated
substrate and a S-Adenosyl-L-Homocysteine (SAH or AdoHcy) molecule by-product (Biggar &
Li, 2015). SAM is deemed the cell’s universal methyl donor (Mentch & Locasale, 2016), used
for protein methylation, as well as DNA, RNA, and lipid methylation (Liu et al., 2023; Papsdorf
& Brunet, 2019). It is generated through the folate and Met cycle, also known as the One-carbon
metabolism pathway, which contributes one ATP molecule per Met to form the SAM co-factor.
After the methylation reaction by methyltransferases, the SAH by-product is then returned to the
One-carbon cycle and converted to Met once more. (Blasi et al., 2021; Mentch & Locasale,

2016; Ouyang et al., 2020; Teperino et al., 2010). In addition, methylation reactions are not



limited to the addition of a single methyl group to each residue. Lys can be methylated up to
three times, while Arg can be methylated up to two times.

For both PKMTs and PRMTs, methylation reactions occur on two groups of substrates
appropriately named histone, or non-histone substrates. While both are significant, histone
methylation is a well-established function of PMTs, as this epigenetic process is reliant on the
modifications they impart. Non-histone substrates, although less described, are emerging as a

field of interest in post transcriptional modification research.

1.4.1 Histone Methylation

Epigenetics is a complex process defined by local nucleosomal conformation changes
that alter gene accessibility to the transcriptional machinery. These changes are orchestrated
responses adapted to the need of a cell, aimed at altering the cell’s proteome towards functional
changes. The changes are conveyed through PTM of the histone tails; a concept known as the
histone code (Miller & Grant, 2013). The hypothesis of the histone code assumes that epigenetic
changes are mainly accomplished through specific and recognizable PTM patterns of histone tail,
as opposed to other potential drivers of nucleosome conformational changes (Prakash &
Fournier, 2017). Histone tails can be modified in a variety of ways, most commonly through
acetylation, phosphorylation, and methylation (Bannister & Kouzarides, 2011). These
modifications are subject to crosstalk; an interdependent and context dependent alteration that
enables or prevents further modifications (Lee et al., 2010). Since these modifications are
dependent on the cellular context, they are a reliable snapshot of the epigenetic inclinations at
play. The modularity and interdependence of methyl marks make their influence just as
changeable, and Lys and Arg histone methylation can either transcriptionally activate or repress

gene expression (Litt et al., 2009; Stark et al., 2011).



1.4.2 Non Histone Methylation

In addition to the epigenetic impact of methylation, PRMTs and PKMTs also count an
array of non-histone proteins as their substrates. Their scope involves nearly all, if not all,
cellular facets. Non-histone methylated substrates are involved in protein stability (Chuikov et
al., 2004; Hwang et al., 2021; H. Liu et al., 2013), cell cycle (Chuikov et al., 2004; Hwang et al.,
2021), translation (Jakobsson et al., 2018; Miao et al., 2024; Wei et al., 2021), splicing (Liu et
al., 2013; Wei et al., 2021), metabolism (Wang & Liu, 2024; Yan et al., 2018; Zhu et al., 2022),
protein localization (Cornett et al., 2019; Tradewell et al., 2012) and signalling (Biggar & Li,
2015), to name a few.

Over 60% of protein methylations in non-histone substrates are in proximity to a
phosphorylation mark (Blasi et al., 2021). It goes without saying that phosphorylation is an
indispensable mechanistic component of cellular function (Ardito et al., 2017), therefore the tight
association of protein methylation to this PTM suggests its functional significance to be equally
vital. It also hints towards unknown involvement of PMTs into well-established molecular
pathways.

The ubiquitous involvement of protein methylation makes it a broad subject. Therefore,

the protein methylations relevant to this body of work will further be explored in the following

pages.

1.5 Protein Methyl Readers

There are a variety of protein domains that can recognize and bind methylated proteins,
but the Tudor domain is the most prominent (Gayatri & Bedford, 2014). Its aromatic cage allows
for a strong interaction with methylated positively charged residues (Vorreiter et al., 2024). For

this reason, the Tudor domain structure is well adapted as a Lys and Arg methyl reader. It



contains a ~60 amino acid B-barrel-like core and is often found repeated in tandem (Jin et al.,
2009). For this reason, Tudor domains display affinities to both MeK and MeR, however, Tudor
domain containing protein themselves interact with either, but not both, methylated residues
(Gayatri & Bedford, 2014; Wang & Bedford, 2023).

The distinctions of Lys and Arg protein methyl readers is further emphasized with other
protein methyl sensing domains. MeK can additionally be recognized by the Chromo, WD40,
PHD, Ank, PWWP, PHD, BAH and MBT domains, while MeR are limited to the Tudor domain
(Wang & Bedford, 2023). A recent finding defined the HAT repeat domain within SART3 as a
novel MeR reader (Wang et al., 2024), making it the first to join the Tudor domain in this
category. This selective interaction towards either MeK or MeR, in terms of both domain affinity
and type, suggest independent downstream applications of the two PTMs.

Tudor domain containing proteins can act on both histone and non-histone substrates. For
instance, TDRD3 interacts with methylated H3R3, H3R17 (Yang et al., 2010) as well as MeR of
RNAPII (Sikorsky et al., 2012). UHRF1, interacts with methylated H3K9 and methylated K126
of RNAPII (Vaughan et al., 2020). Similarly, SMN interacts with methylated H3K79 (Sabra et
al., 2013), as well as MeR in SmD1, SmD3 in the context of snRNP biogenesis (Friesen et al.,
2001). While the examples given here in no way encompass the entire breadth of TDRD3,
UHRF1 or SMN interactions, it displays how the involvement of a protein methyl reader is not
limited to either histone or non-histone subgroups.

Since SMN is well described, it is often used as an exemplar of Tudor domain containing
protein methyl readers. As mentioned, Tudor domain containing proteins interact with either
MeR or MeK (Wang et al., 2024; Wang & Bedford, 2023). Also mentioned is SMN’s ability to

recognize both MeR and MeK residues (Friesen et al., 2001; Sabra et al., 2013). The apparent



discrepancy in these statements makes SMN a notable exception to the MeK or MeR exclusivity
rule. It is worth noting that, aside from the initial identification of SMN as an interactor of MeK
in H3K79 (Sabra et al., 2013), there has been no convincing evidence for another site of MeK
recognized by SMN, or of another Tudor domain containing protein methyl reader of equal
bivalent ability. Therefore, based on the extensive evidence of SMN’s affinity to MeR (Friesen et
al., 2001; Tripsianes et al., 2011), SMN is widely considered a MeR reader.

The biological roles of protein methyl readers reflect the diversity of protein methyl
marks themselves; they are broad ranging and complex. Since SMN is the protein methyl reader
most relevant to this work, a comprehensive overview of its involvement in conjunction with

other noteworthy contributors, will be presented in the following pages.

1.6 Protein Methyl Erasers

Methyl erasers are termed KDMs and RDMs, based on their ability to remove the methyl
marks on Lys and Arg, respectively. KDMs are numerous and divided in families; the two main
families being LSDs and JmjC, as determined by the catalytic core responsible for the reaction
(Quetal., 2023).

Arg methylation, while technically reversible, is a stable modification (Kouzarides,
2007). Its depletion is generally attributed to protein turnover, rather than demethylation (Wang
& Bedford, 2023). Given the high energetic costs for each methylation event (Gayatri &
Bedford, 2014), it reasons that their addition be made towards an enduring change.

The ample evidence of KDMs contrast strongly against the limited evidence of RDMs.
So much so that the term RDM long stood as a placeholder for the presumed existence of a
protein demethylase equivalent to KDMs. Still, there is an ongoing debate on the possibility of

their biological relevance. As of now, JMJD6 is the only RDM candidate of histone and non-



histone PRMT substrates in vivo (Walport et al., 2016). It was first demonstrated that IMID6
could demethylate H3 at Arg 2 (H3R2) and H4 at Arg 3 (H4R3) (Chang et al., 2007), followed
by similar report of JMJD6 RDM activity at R469 of HSP70 (Gao et al., 2015). Other reports
have also suggested RDM activity by JIMJD6 (Lawrence et al., 2014; Poulard et al., 2014).
However, this has been a highly contested subject and JMJD6 has yet to be confirmed as a RDM
(Bottger et al., 2015; Liu et al., 2023). Recent work suggests that all KDM35s, a sub-family of the
JmjC KDM family, can act as an RDM as demonstrated in vitro (Bonnici et al., 2023). This
finding further suggests uncovered biological relevance to this catalytic reaction but leaves the
current standing of RDMs as unconfirmed.

With the lack of certainty in bona fide RDMs, the only defined means of removal of the
methyl group in vivo is through Arg demethylimination (Cuthbert et al., 2004; Wang et al.,
2004). However, demethylimination is not a true demethylation reaction, as it does not reverse
Arg to its unmodified state. Instead, it converts unmodified arginine or methylarginine residues
to a citrulline in the process, therefore drastically altering its chemical properties (Walport et al.,
2016). Accordingly, demethylimination antagonizes, rather than reverses the Arg methylation
effect (Cuthbert et al., 2004).

The latent investigation of Arg and Lys protein methylation warrants both of their
understanding in cell biology. Nevertheless, Arg methylation stands out from that of Lys, in its
high prevalence (Matecki et al., 2022), distinct specificity in methyl sensing domain affinity, and
apparent stability (Wang & Bedford, 2023) leaving much to be understood. As the first step of
Arg methylation, PRMTs are still a new field of interest despite current research pointing

towards their incredible potential as therapeutic tools in modern medicine (Wu et al., 2021).



Therefore, defining the knowledge gaps and unexplored interactions, is the first step in their push

as therapeutic tools.

1.7 Protein Arginine Methyltransferases (PRMTs) in cell biology

PRMTs are an evolutionary conserved protein family with orthologues found in nearly all
eukaryotic groups (Krause et al., 2007). PRMTs have been identified in fungi, nematodes,
arthropods, amphibians, birds, mammals among others, with each group expressing varying
numbers and iterations of PRMTs (Wang & Li, 2012). The methylations they impart have been
reported to have a functional impact adapted to the diverse needs of each species with roles as
evident as flowering timing in plants (Niu et al., 2007) and survival (Wei et al., 2021). Despite
their uniquely adapted roles, their widespread presence and the remarkably conserved structure
across species attests to the importance of this protein family in normal cell function.

In humans, nine PRMTs are expressed, which are further divided into three types
depending on their methylation abilities (Figure 1). Type 1 encompass PRMT1, PRMT2,
PRMT3, PRMT4 (or CARM1), PRMT6 and PRMTS, and can catalyse the formation of ©-NG-
monomethylarginine (MMA) intermediate prior to catalysis ®-NG ,NG-asymmetric
dimethylarginine (aDMA). Type Il PRMTs consist of PRMTS5 and PRMT9 which similarly
catalyse the formation MMA followed by ®-NG ,N’G-symmetric dimethylarginine (sDMA).
Lastly, PRMT7 is the only type IIl PRMT reported to only catalyse MMA reactions (Blanc &
Richard, 2017). PRMT1-8 are considered the canonical members of the family (Herrmann et al.,
2009) since PRMTD9, to date, has only been reported to methylate a single substrate (Yang et al.,

2015).
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Figure 1: Overview of the arginine methylation reactions catalyzed by each PRMT type.

The PRMT family catalyzes the methylation of monomethylarginine (MMA), asymmetric

dimethylarginine (aDMA) and symmetric dimethylarginine (sDMA), and are divided by type

accordingly.
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Initial work on PRMT methylation sites pointed towards a general preference of Gly and
Arg rich motifs, denoted as the GAR motif (Najbauers et al., 1993) or RGG motifs (Chowdhury
& Jin, 2023; Thandapani et al., 2013). While for the most part this remains true, this has since
been further refined and expanded, more recently, with the SR-rich, DR-rich and ER-rich motifs
(Wei et al., 2021).

Arg methylations are highly energetic reactions requiring 12 ATPs per methylation event
(Gayatri & Bedford, 2014). The high energetic cost of this PTM heavily implies that their use be
advantageous in cell survival. As such, the roles of PRMTs and the distinctions each family
member carries is essential in defining how PRMT type and function come together.

It was estimated that aDMA marks surpass the combined MMA and sDMA prevalence at
a ratio of about 9:1 (Maron et al., 2021; Quoc et al., 2023). Interestingly, PRMT]1 alone is
responsible for 85% of total aDMA (Tang et al., 2000; Thiebaut et al., 2021) and is considered
the predominant PRMT. Even so, most PRMTs are consistently widespread in their expression.
Aside from PRMTS’s brain specific expression (Lee et al., 2005), PRMTs are ubiquitously
expressed (Bedford & Clarke, 2009; Herrmann et al., 2009). Their roles, however, are not
necessarily conserved between tissue and cell type, and their substrates are not necessarily
mutually exclusive from each other (Herrmann et al., 2009; Hong et al., 2012). It is known that
loss of a PRMT, such as PRMT1, will lead to substrate scavenging by other PRMTs, even by
those of a different type. For instance, PRMT1 inhibition will lead to broad substrate scavenging
by PRMTS. In the same work, it was found that the resulting global decrease in aDMA and
accumulation of MMA and sDMA marks altered the stoichiometry of each type of Arg

methylation (Dhar et al., 2013). Nonetheless, other work suggests that PRMT1 knockdown could
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also lead to scavenging of its substrates by other Type I PRMTs (Hartel et al., 2019) thereby also
imparting aDMA marks. Hence, substrate methylation could be regulated by more than one
PRMT, depending on the cellular context at play. This premise of modularity expands in Tudor
containing effector proteins, as they are well known to have differential affinities between
MMA, aDMA or sDMA (Bedford & Clarke, 2009). For that reason, the type of methyl mark left
by PRMTs can easily define the type of downstream impact carried through.

As discussed, PRMT interplay is dynamic and adaptable, but not without limits. Substrate
scavenging is generally accepted as a part of PRMT biology, however, PRMTs themselves are
not considered redundant. PRMT1, PRMTS and CARMI1 were found necessary to sustain life in
mice (Pawlak et al., 2000; Tee et al., 2010; Yadav et al., 2003). The specific requirement of these
three PRMTs indicates unique functions that cannot be carried through by other PRMT family
members, placing limits on PRMT scavenging abilities. The specifics of those essential functions
are not elucidated, but these findings have put emphasis on the biological relevance carried

through by PRMT1, PRMTS and CARMI, as well as the elements that make them stand apart.

1.8 PRMT Structure

Structurally, PRMTs share a common conserved catalytic core made of two domains; the
AdoMet-binding domain (or Rossmann fold) situated at the N-terminal and -barrel at the C-
terminal (Tewary et al., 2019). The Rossmann fold contains most key motifs characteristic to the
PRMT family; named motif I, post-1, II, III and double-E loop, while the 3-barrel domain
contains the THW motif (Figure 2) (Bedford & Clarke, 2009; Herrmann et al., 2009; Tewary et
al., 2019). These motifs have been identified in all canonical PRMTs (PRMT1-8) and therefore

have been structures of interest in the study of PRMTs.
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Enzymatically, the double E loop is essential for the catalysis of the methylation reaction.
The consensus motif (SEMxMGxxLxxExM) places two glutamic acid residues deep inside the
substrate binding pocket, providing the negative charge needed to orient the arginine of the target
substrate through the stabilization of its guanidium group (Tewary et al., 2019). This placement
provides the environment needed to stabilize transfer of the methyl group from the methyl donor
(SAM) to the substrate, leaving a methylated substrate and a SAH molecule by-product.

Dimerization is required for catalytic activity of PRMT1 (Zhang & Cheng, 2003),
PRMT3 (Siarheyeva et al., 2012), and CARM1 (Troffer-Charlier et al., 2007), and highly
suggested for the rest of PRMTs based on their conserved structural core (Tewary et al., 2019).
Heterodimerization and heterooligomerization between PRMTs was also found to have
functional relevance that differ from homooligomers, although their biological implications are

still unknown (Hobble & Schaner Tooley, 2024).

1.9 Liquid Liquid Phase Separation (LLPS) and Membraneless Organelles (MLOs)

Beyond the local affinities of protein-protein interactions regulated by protein
methylation, MeR, and therefore PRMTs, are meshed into the biology of biomolecular
condensate (Hofweber & Dormann, 2019). Through LLPS, one homogenous solution can form
condensates that are distinct in role and composition. P-granules, neuronal transport granule,
Cajal bodies, stress granules, paraspeckles and the nucleolus are some of the condensates known
to date (Hirose et al., 2022; Takakuwa et al., 2023) and due to their crucial involvement in cell
biology are aptly denoted as MLOs. They typically are high in protein density and are dynamic
(Wang et al., 2021), with the ability to adopt unique features for each cell type and/or conditions

(Hirose et al., 2022).
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Macromolecular forces contributing to MLOs include hydrophobicity, charge
distribution, temperature, pH and ionic strength (Hirose et al., 2022). Since they were found in
many instances to be a requirement for the formation of biocondensates, intrinsically disordered
regions are heavily associated with phase separation (Elbaum-Garfinkle et al., 2015; Martin &
Holehouse, 2020; Molliex et al., 2015; Nott et al., 2015). It is worth noting that globally,
intrinsically disordered regions are neither necessary nor sufficient to drive phase separation.
Instead, disordered regions are often rich in PTMs, contributing to their modularity in their
ability to phase separate and acts as an additional level of regulation beyond protein sequence.
Therefore, the disordered regions and their PTMs, particularly phosphorylation and Arg
methylation, are considered the primary driving force of MLOs formation (Bah & Forman-Kay,
2016; Ibrahim et al., 2022; Orti et al., 2021; Wang & Li, 2024).

For instance, hypomethylated Arg in FUS promotes its localization to biocondensates,
while the addition of an aDMA mark promoted the opposite (Qamar et al., 2018). Meanwhile,
aDMAs s enabled binding of FUS by SMN and is required for its recruitment to RNA granules
(Wang & Li, 2024). MeRs in disordered regions are therefore not necessarily an indicator to a
protein’s propensity to recruit to condensates, as additional interactors are also at play.
Nevertheless, a global investigation of MeRs found that aDMA of a common target site of
PRMTs, the RGG motif, is heavily implicated in stress granule dynamics (Wang et al., 2022).
The elements needed and events leading to MLO formation are currently a topic of interest due
to the increasing evidence that they take part of disease pathophysiology, particularly in the
context of neurodegeneration (Elbaum-Garfinkle, 2019; Wang et al., 2021). As such, the
implications of Arg methylation in LLPS cannot be ignored as the investigation of PRMTs

continues.
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1.10 CARMI (or PRMT4)

MeRs are an undeniably intrinsic part of cell biology. The type of methyl mark left by
PRMTs as well as the signals causing their placement are evidently complex. While there is
some redundancy to PRMT roles, their distinctions make individual PRMTs stand out across
different cellular pathways. Consistent with its distinct nomenclature, one of the PRMTs with an
abundance of outstanding roles is CARM1. As will be explored at length in this work, these roles
range across a plethora of key cellular functions in a range of cell types. Beyond the extensive
literature on the wide reach of CARMI1 in normal cell function, CARMI1 deregulation stands out
as a contributor to disease and its promising capacity as a therapeutic target. Consequently, the
exploration of CARM1’s roles beyond our current knowledge is a promising step towards the
discovery of therapeutic avenues. As the protein of interest in this work, the relevant literature

surrounding its function will be reviewed in the following sections.

1.10.1 CARM1’s Histone Substrate

As mentioned, PRMTs are known to contribute to histone methylation. H3R17 is
understood to be CARM1’s predominant histone methylation site, but it is also capable of
methylating H3R2, H3R26 (Bauer et al., 2002; Bedford & Clarke, 2009; Ma et al., 2001;
Shishkova et al., 2017). Mechanistically, the H3R17me2a mark is generally associated with
transcriptional activation as the modifications act towards the recruitment of transcription factors
(Wu & Xu, 2012). Interestingly, the methylation of H3R17 can also be catalyzed via PRMT6,
making CARM1’s most notable histone substrate under the control of more than one PRMT
(Cheng et al., 2020). Still, CARMI1 has undeniably strong ties to transcriptional biology since its

influence is not limited to histone methylation.

15



1.10.2 CARML1 as a Coactivator and Transcriptional Regulator

CARMI1 stands for Coactivator Associated Arginine Methyltransferase 1, and was
named, at the time, on its unique ability among other PRMTs to act transcriptionally through
association to nuclear receptors (NRs). In its first reported publication in 2000, CARM1’s direct
association to GRIP1, a member of the p160 steroid receptor coactivator family, contributed to
enhanced gene transcription, thereby implicating CARMI in co-activation biology (Chen et al.,
2000). Since then, it was found that PRMT1 could also act as a coactivator (Teyssier et al., 2005;
Zhao et al., 2008) and that both PRMTs could act synergistically towards p53 transcriptional
activation (An et al., 2004). Nevertheless, CARM1’s coactivator functions are not fully tied to
PRMTT1’s as they both have distinctive influences.

For instance, CARM1 counts CBP and p300 as substrates (Chevillard-Briet et al., 2002;
Feng et al., 2009). Both are acetyltransferases and interactors of GRIP1 via one of its activation
domains. Mutations of CBP’s methylated Arg led to the loss of GRIP1 transcriptional activation
(Chevillard-Briet et al., 2002). On the other hand, CARM1 methylation of p300 inhibits its
interaction with GRIP1 and altered its downstream transcriptional abilities (Lee et al., 2005). As
such, CARM1’s transcriptional regulation of GRIP1 can occur through CBP and p300
methylation.

Taken together, CARM1’s influence on GRIP1 occurs in two ways, first through
CBP/p300 methylation (Chevillard-Briet et al., 2002; Lee et al., 2005) and second through
CARM1’s direct interaction (Chen et al., 2000). As a steroid receptor coactivator, GRIP1 acts on
a variety of nuclear receptors. In conjunction with CARM1, GRIP1 transcriptionally activated
androgen, estrogen and thyroid hormone receptors (Chen et al., 1999). Accordingly, CARM1
carries extensive transcriptional influence via GRIP1. Still, this interaction does not fully

encompass CARM1’s coactivator functions.
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Pax7 is a transcription factor also under the influence of CARM1. The interaction is
heavily studied in skeletal muscle due to its particular relevance in myogenic biology. In satellite
cells, Pax7 methylation by CARMI recruits the necessary complexes to promote the
transcriptional activation of Myf5, leading to the initiation of the myogenic program (Kawabe et
al., 2012). CARMI1’s coactivator activity has also been identified in disease settings. In
colorectal cancer, CARM linteracts with B-Catenin to activate the transcription of Wnt related
genes (Ou et al., 2011). In a breast cancer model, CARM1 methylated BAF155, a member of the
SWI/SNF complex, to promote oncogene activation (Kim et al., 2021; Wang et al., 2014). Also
in breast cancer, CARMI1 directly associated to ERa and promoted its activity (Carascossa et al.,
2010). As a whole, the involvement of CARM1’s co-activator or transcriptional interactions
appears to be tied to the cell type, disease or biological context.

As a whole, this is not an extensive list of CARMI1’s co-activator or transcriptional
activity. Other related interactions include SOX9, RUNX, MED12, BRD4, PARP1 and NFIB
(Santos et al., 2023). Nonetheless, what is described above displays how its transcriptional

influence is no small part of its function.

1.10.3 CARMI1 in Splicing and RNA Biology

As discussed, CARM1 takes part of transcriptional regulation through its interaction and
methylation of transcription factors. Splicing occurs co-transcriptionally and is also under the
influence of transcription factors (Boumpas et al., 2023). As such the interaction and methylation
of these factors with and by CARMI1 extends its influence to splicing biology. For instance,
CARMI methylation of CA150; a transcription elongation regulator, was found to promote exon
skipping in of the CD44 pre-mRNA transcript (Cheng et al., 2007). Other transcription

elongation factors (SmB, SAP49 and U1C) were also found to be methylated by CARM1
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suggesting a splicing influence beyond CA150 (Cheng et al., 2007; Saber & Rudnicki, 2022).
Corroborating this, a comprehensive RNA-seq exploration found that each PRMT, including
CARMI, significantly influenced alternative splicing events for hundreds of genes (Wei et al.,
2021).

CARMI1 continues to influence RNA biology after pre-mRNA processing. RBPs are a
well-known subgroup of PRMT substrates and also known to have altered RNA interactions
dependent on their MMA and aDMA modifications (Maniaci et al., 2021). In the case of
CARMLI, its best known RBP substrates are KSRP, HuR and HuD. For each of these, the
methylation of CARM1 allowed their association with SMN and influenced their localization
and/or affinity with mRNA targets (Fujiwara et al., 2006; Hubers et al., 2011; Ravel-Chapuis et
al., 2022; Tadesse et al., 2008). As a primary topic in this work, the link between CARM1 and

HuD will be expanded within the following pages.

1.10.4 CARMI1 within Translation Biology

The role of CARMI, as well as other PRMTs, is gaining interest in translation biology
for their emergence as major contributors to the process. In a global analysis of PRMT
interactomes, it was found that ribosomal proteins were overrepresented within the list of
putative substrates. PRMT1 and CARMI1 particularly were found to be required for normal
ribosomal function. The inhibition of each of these PRMTs decreased global translation as well
as polysome abundance. Since the ribosomal footprint remained unaltered, the authors suggest
that aDMAs are required for ribosomal complex biogenesis (Wei et al., 2021). As mentioned, the
identity of ribosomal proteins part of CARM1’s methylome is extensive but mostly putative

since few were validated experimentally. In the same line of thought, the mechanisms involved
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are for the most part unelucidated. As an emerging topic, CARM1’s translation biology stands to

be a hallmark as its study progresses.

1.10.5 CARMI1 as a Distinct Member of the PRMT Family

In addition to CARMI1’s notable coactivator functions, other features make it a distinct
member of the PRMT family. As mentioned, PRMTs share a catalytic core in addition to
generally overlapping motif affinity; the GAR and RGG motifs (Chowdhury & Jin, 2023;
Najbauers et al., 1993; Thandapani et al., 2013). Interestingly, CARM1 uniquely presents little
affinity to the GAR motif (Santos et al., 2023; Shishkova et al., 2017). Instead, it diverges in
capacity through a strong preference towards the PGM motif (Cheng et al., 2007), which was
further narrowed to proline rich motifs (Shishkova et al., 2017). The distinctions in substrate
recognition motifs and imparted methylation supports the notion that CARM1 is a mainly non-

redundant member of the PRMT family, standing apart in its biological contributions.

1.10.6 CARMI1 and Survival

CARM1 is among the three PRMTs required to sustain life (Yang & Bedford, 2013).
While PRMT1 and PRMTS5 knockouts mice models were found to be embryonically lethal
(Nicholson et al., 2009; Pawlak et al., 2000; Tee et al., 2010), CARM1 knockout mice models
die perinatally (Yadav et al., 2003).

The necessity of CARMI is further associated with its enzymatic activity, as a
catalytically inactivated knock-in led to the same phenotypical outcome observed of the knock-
out model. While some residual coactivator activity remained in the absence of catalytic activity,
it was not sufficient to rescue any phenotype (Kim et al., 2010). Another report corroborates its
enzyme independent transcriptional activation functions, as CARM1, but not its enzymatic

activity, was sufficient to activate NF-xB dependent gene transcription in a MEF cell model
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(Jayne et al., 2009). Additionally, our group found that CARM!1 interacted with nonsense-
mediated decay factor UFP1 in an enzymatically independent manner to promote the decay of
premature terminating codon containing transcripts (Sanchez et al., 2015).

As such, CARM1’s influence is not entirely tied to enzymatic ability, but its requirement

for survival does make it heavily integrated into CARM1’s function.

1.10.7 Structural Features of CARM1

In addition to the common structural features of PRMTs described above, CARM1’s N-
terminal and C-terminal domains contains a plekstrin homology (PH) domain (Troffer-Charlier
et al., 2007) and transactivation domain (TAD) (Ma et al., 2023; Teyssier et al., 2002),
respectively (Figure 2). The N-terminal domain is a requirement for substrate recognition,
without which there is a global reduction in CARMI interactions (Shishkova et al., 2017).
Additionally, without this domain, the methylation of CARM1 substrates was greatly
diminished, strongly correlating with what was observed of a CARM1 KO model (Shishkova et
al., 2017). As such, the N-terminal domain is undeniably required for CARM1 function.
Meanwhile, the C-terminal domain is required for CARM1’s role as a coactivator to nuclear
receptors (Teyssier et al., 2002). It contains essential motifs for the interaction of transcriptional
proteins (Xie et al., 2024). Other notable features include the dimerization arm (DA) and nuclear
localization sequence (NLS) (Liu et al., 2018). As the name of these structures imply, the
dimerization arm is mediating the dimer formation (Itonaga et al., 2024), and the NLS required
for its nuclear import (Liu et al., 2018). In addition to these structures, CARM1 receives PTMs

that further impact its function.
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Figure 2: Schematic of the structural features of CARM]1 .

In addition to the catalytic core which is conserved among PRMTs, CARM1 contains unique N-
terminal and C-terminal domains which act towards substrate recognition and transcriptional
activation. PH; Pleckstrin Homology domain, DA; Dimerization Arm, NLS; Nuclear Localization
Sequence, TAD: Transactivation Domain. Schematic is representative of the full length protein. Not to

scale.
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1.10.8 CARMI1 Post Translational Modifications

CARM1 is known to receive a plethora of PTMs, several of which are established as
being major regulatory elements integrated into its biology. Those with a known functional
impact will be discussed below.

A notable PTM of CARMI is its own automethylation (R551). CARM1’s
automethylation site is located within its 15" exon, which also is excluded from one of its major
1soforms. The most common isoform, CARMI1FL, contains all 16 exons, whereas CARMI1AL15,
is named as such for its alternatively spliced exon 15, and therefore exclusion of the
automethylation site. While both have a similar composition of substrates, some exceptions
applied and CARM1A15 had decreased overall methylation activity (Wang et al., 2013). The
CARMIALS isoform and automethylation deficient mutant (R551K) had reduced ERa
transcriptional activity implying its automethylation take part of its transcriptional activity. When
considering that nearly 100% of CARMIFL is suggested to be endogenously automethylated,
this regulatory feature appears to be directly dependent on the levels at which each isoform is
expressed (Charoensuksai et al., 2015;Wang et al., 2013).

Several CARM1 phosphorylation sites are known. First, its phosphorylation at site T132
by GSK-3[ protects CARM1 from ubiquitination (Li et al., 2017). CARM1 phosphorylation at
S217, located in its catalytic core, abrogates its methyltransferase ability, likely through the
disruption of the SAM-binding pocket. It also disrupted its ERa transcriptional activation but not
its coactivator related interactions, or its dimerization (Feng et al., 2009). Another group found
this modification to be mediated by CDK1 (Cho et al., 2025). A phosphorylation at S228 by
PKC, led to similar disruptions, but also disrupted CARM1’s dimerization capabilities

(Higashimoto et al., 2007). Additionally, CARMI1 is phosphorylated by PKA at S448, which in a
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breast cancer model allowed CARM1’s direct interaction and activation of ERa (Carascossa et
al., 2010). The last phosphorylation that will be outlined is S595 (or S572 in CARM1AL1S5). For
both isoforms, the reaction is catalyzed by p38y. In the case of CARM1A15, its phosphorylation
inhibited its nuclear import, but not its methyltransferase activity (Chang et al., 2018).

CARMI1 is also O-GlcNAcylated at sites S595 (or S572 in CARM1A15), S598, T601 and
T603 by OGT. In the mitotic process, these modifications altered the levels of H3R17me2, a
well-known CARMI substrate, suggesting they take part of CARM1’s regulation of chromatin
dynamics (Sakabe & Hart, 2010). Furthermore, the S595 O-GlcNAc modification prevented
CARMI1 phosphorylation, placing OGT as an upstream regulator of CARM1 function. In the
mitotic process, OGT expression also altered CARM1’s localization (Sakabe & Hart, 2010).
Outside of the mitotic process, the modification did not impact CARM1 ’s stability, localization,
dimerization or H3R17me2 levels (Charoensuksai et al., 2015). OGT’s influence on CARM1’s
activity, histone methylation, phosphorylation, and localization are seemingly narrowed to the
mitotic process.

Lastly, CARMI is ubiquitinated at T132 by SKP2, sending CARMI1 for proteasomal
degradation (Li et al., 2017; Lu et al., 2025). This modification coincides with the
aforementioned GSK-3f3 phosphorylation site, which protects CARMI1 against proteasomal
degradation (Li et al., 2017). CARM1’s ubiquitin mark can be removed by PSMD14, an event
which stabilized CARM1 and mediated cancer progression (Lu et al., 2025).

This is not a comprehensive list of CARM1 modifications. Some modifications were
found to be specific to disease models, and not necessarily representative of its typical role

(Itonaga et al., 2024). Still, the investigations focusing on CARM1 modifications have found
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them to be an intrinsic part of its function and regulation. As such, each modification adds an

additional layer of complexity to CARM1’s biology .

1.10.9 CARMI1 Expression and Localization

CARMI1 is ubiquitously expressed (Santos et al., 2023), but is notably highly expressed
in skeletal muscle (Qiu et al., 2022). CARM1’s expression patterns are further defined by the
relative expression of its two isoforms. As outlined, both isoforms display different properties.
Notably, the CARM1AL15 had overall decreased methylation abilities when compared to
CARMIFL and failed to act as a transcriptional coactivator (Wang et al., 2013). This factor is
particularly relevant when considering that CARM1 isoforms have tissue specific expression
patterns that are conserved across species. At the mRNA and protein level, CARMIFL was
found to be predominant in brain, heart and muscle tissues. Meanwhile, CARM1A15 mRNA was
expressed in conjunction with the full length protein in the lungs, ovaries, and liver (Wang et al.,
2013).

As mentioned, CARM1 contains a NLS necessary for its nuclear import. As implied by
its coactivator functions, CARMI1 has the ability to localize to the nucleus, and can have a
predominant localization to the compartment (Chang et al., 2018). However, CARMI can also
be expressed and active in the cytoplasm (Feng et al., 2009; Saber & Rudnicki, 2022). The
expression levels of CARMI in the nuclear and cytoplasmic compartments are variable, as it was
found to be dependent on cell type (Herrmann et al., 2009). Its localization was also found to
change according to the cellular state (Bao et al., 2018), or its PTMs (Chang et al., 2018; Cho et
al., 2025). As such, while its subcellular localization is variable, CARM1’s localization is

recognized as being either nuclear and/or cytoplasmic.
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1.10.10 CARMI1 and Pluripotency

CARMI1 takes part of many facets of cellular regulation. Among these roles, CARM1 has
a strong association with proliferation due to its influence on pluripotency, cell cycle and its
reoccurring deregulation across multiple cancers.

In embryonic stem cells, CARM1 was found to be required to maintain the pluripotent
state. Its downregulation induced transcriptomic changes that promoted the expression of
developmental genes and repressed those associated with self-renewal. Moreover, CARMI1’s
overexpression in these stem cells conferred resistance to differentiation signals (Wu et al.,
2009). Its expression is distinctively associated with pluripotency maintenance.

Throughout the cell cycle, CARM1’s regulation via phosphorylation serves to regulate
the transition between phases. CDK1 phosphorylation inhibits its activity and allows the
transition from G2 to M phase and promotes mitotic entry (Cho et al., 2025). Expanding on this,
it was found that CARM1’s developmental contributions are carried through Yapl and cell cycle
related genes (Wnt signalling). CARM1’s methylation of H3R17 was found to enhance their
transcription, without which embryonic development is disrupted (Yang et al., 2019). CARMI1
was found to hypermethylate the NuRD complex and to modulate the transcription of cell cycle
related genes. In this context, CARM1 was found to promote cell cycle progression and
proliferation in a manner dependent on its enzymatic activity (Chen et al., 2024). Therefore,
CARMI’s interaction with cell cycle genes and association with proliferation have been reported
in many works of literature. Other studies expand on this by highlighting its involvement with
aberrant cell cycle progression.

A pan-cancer systematic analysis of CARM1 expression in human tumors identifies it as
being extensively deregulated in its protein levels. Across a plethora of cancer types, CARM1

was found to be overexpressed, correlating to increased proliferation and a poorer prognosis (Qiu
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et al., 2022). The same correlation between CARM 1 biology and cancer severity has also been
extensively reported in other studies, and as such its ties to cancer biology is CARMI1’s main
field of research interest (Bacabac et al., 2024; Cheng et al., 2013; Liu et al., 2021; O’Brien et
al., 2010; Santos et al., 2023; Wang et al., 2021; Xie et al., 2024). The contributions of CARM1
towards cancer progression hints at the importance of its proper regulation in order to prevent
aberrant proliferation.

Taken together, it is clear that CARMI is a determining factor in pluripotency and
proliferation. Nevertheless, CARMI has the ability to act independently from these processes
since additional roles outside the scope of proliferation have been reported. These will be

explored below.

1.10.11 CARM1 in Muscle Biology

In skeletal muscle biology, CARMI is known to be key in the maintenance and
determination of satellite cell division. In this process, CARM1 acts towards the epigenetic
changes required for cell fate determination. Its phosphorylation and association with p38y
prevents the CARM1 dependent transcriptional activation of Pax7 and maintains the cell in a
stem state. On the other hand, without the involvement of p38y, CARMI1’s activation of Pax7
initiates the myogenesis process (Saber & Rudnicki, 2022).

In C2C12 cell cultures, the methylation of HuR, a RBP and CARMI substrate, was found
to be influential in myotube formation (Ravel-Chapuis et al., 2022). Beyond myogenesis,
CARMI1 also contributed to the myofiber response to denervation or disuse. In the resulting
muscle wasting, CARM1’s expression correlated with an increase in muscle atrophy while its
downregulation or inhibition was protective against the process (Liu et al., 2019; Stouth et al.,

2020; Webb et al., 2023). Additionally, a muscle specific knockout of CARM1 led to
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neuromuscular junction (NMJ) defects, including post-synaptic fragmentation, axonal swelling,
and abnormal sprouting, along with impaired motor function (vanLieshout et al., 2022). Overall,
CARMI1 is involved in muscle cell maintenance, differentiation, response to muscle wasting and

NMJ health.

1.10.12 CARMI in Neuronal Biology

There is growing evidence that additional cell specific roles originate from CARM1
function. Neuronal cells have become a topic of interest in its research and frames CARMI as a
potentially important contributor to the cell type.

In PC12 cells, CARM1’s methylation of HuD, a neuronal RBP in the same family as
HuR, acted as a molecular switch between proliferation and differentiation. In this context, a
CARMI knockdown led to a HuD mediated increase of the p21 mRNA half-life and promoted
neurogenesis when induced with NGFs (Fujiwara et al., 2006). In hippocampal cells, PKC
phosphorylation and inhibition of CARM1 decreased HuD’s methylation and promoted the
expression of neurotrophic factors (BDNF, NGF, NT-3). The concurrent activation of PKC and
inhibition of CARM1 led to an increase in branching and dendritic length (Lim & Alkon, 2012).
During the differentiation of hippocampal neurons, CARM!1 was found to colocalize with PSD-
95, a post-synaptic marker. CARM1’s knockdown led to aberrant dendritic spine morphology,
including increased spine width and density, implying the involvement of CARMI in dendritic
maturation (Lim & Alkon, 2017). These findings argue that CARM1 contributes to neuronal
function in the events that lead and contribute to the differentiation process.

While little else is known of CARM1 in a neuronal setting, these findings make a
compelling argument for broader CARM1 contributions in neurobiology. As of yet, HuD is its

best described neuronal substrate. Still, the breadth of impact surrounding its methylation is
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unelucidated. It is clear that the role of CARM1 in neuronal cells is at its early stages of

investigation in comparison to its other fields.

1.11 HuD

HuD is predominantly expressed in neuronal tissues and a well established regulator of
neuronal functions (Akamatsu et al., 1999; Deschénes-Furry et al., 2006; Okano & Darnell,
1997). It is associated with neuronal differentiation, synaptic plasticity, regeneration, learning
and memory (Dell’Orco et al., 2020; Deschénes-Furry et al., 2006). Its diverse contributions
throughout these processes are attributed to its dynamic spatiotemporal regulation (Bronicki &
Jasmin, 2013; Dell’Orco et al., 2020; Jung & Lee, 2021). HuD can be found in the nucleus and
cytoplasm, but has a predominantly cytoplasmic localization (Burry & Smith, 2006). It also
localizes to RNA granules; dynamic, biomolecular condensates (or MLOs), dense in RNA and
RNPs (Antic & Keene, 1998; K. E. Bauer et al., 2023; Hubers et al., 2011; Smith et al., 2004).
As an RBP, it is known to interact with several types of RNAs, including mRNAs, long non-
coding RNAs, circular RNAs, micro RNAs and Y RNAs (Bronicki & Jasmin, 2013; Ryu et al.,
2022; Valkov & Das, 2020). Accordingly, HuD is involved in a plethora of molecular pathways
that reflect its various functions. These include alternative splicing, mRNA stability, translation
and localization (Bronicki & Jasmin, 2013).

While HuD’s RBP functions impact several types of RNAs, mRNAs are the most
relevant type in the context of this work and also the most studied. As such, mRNAs will be the

focus of this overview.

1.11.1 Splicing

The nervous system has been reported to be particularly prevalent in alternative splicing

events (Lee & Irizarry, 2003). For this reason, proteins involved in the process, such as HuD, are
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of particular interest in this cell type. HuD can directly interact with pre-mRNAs, RNAPII and
HDAC?2. Through these interactions, HuD is suggested to block the removal of acetyl marks and
alter the speed of RNAPII leading to faster elongation and decreased alternative exon inclusion
(Zhou et al., 2011; Zhu et al., 2007). In the neocortex of HuD knockout mice, over 300 genes
were found to be affected in their splicing, most of which are related to neuronal functions (Sena
et al., 2021). HuD’s influence on its mRNA targets therefore starts at transcription, at the pre-

mRNA stage.

1.11.2 Nucleocytoplasmic Shuttling

HuD contains a NLS and NES motif implying the ability to cross the nuclear envelope.
These are contained in a linker region located between the second and third of its three RRMs
which also contains the target methylation site of CARMI1 (Bronicki & Jasmin, 2013; Hubers et
al., 2011).

HuD’s localization is particularly relevant to neuronal differentiation since its nuclear
export is suggested to be required for the onset of neurite growth (Hayashi et al., 2015;
Kasashima et al., 1999). In PC12 cells, RNA bound HuD interacts with TAP/NXF1 which is an
export factor in the process of bulk mRNA export (Saito et al., 2004). While this interaction is
not fully characterized, this suggests that HuD’s export centers on the poly(A) tail of its mRNA
targets as opposed to a more specific export motif (Bronicki & Jasmin, 2013; Culjkovic-
Kraljacic & Borden, 2013; Saito et al., 2004). The full mechanism of its nuclear export is not
fully elucidated (Bronicki & Jasmin, 2013). The same stands for its NLS. It is well known that
HuD contains this motif, however it is suggested to be very weak (or non functional) since its

effect was not observable (Burry & Smith, 2006; Kasashima et al., 1999). Still, a small amount
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of HuD is found in the nucleus (Burry & Smith, 2006), meaning its shuttling capabilities are still

unelucidated.

1.11.3 HuD Binding and mRNA Stability

HuD’s binding to its mRNA targets is mediated by three RRMs. The first and second
recognize AREs in the 3’UTR and the third interacts with the mRNA’s poly(A) tails (Bolognani
et al., 2010; Bolognani et al., 2008; Perrone-Bizzozero & Bird, 2013). For 92% of HuD’s mRNA
targets, its binding sites are localized within the 3°UTR with no apparent preference for poly(A)
tail proximity (Tebaldi et al., 2018; Zhu et al., 2006; Zuccotti et al., 2017). As such, the whole of
3’UTRs can be subject to HuD binding. It was found that RRM1 and RRM2 were required for
HuD to bind the GAP-43 mRNA, but all three RRMs were needed to mediate its stabilization
(Bolognani et al., 2010). For these reasons, all three RRMs are suggested to be required for HuD
to carry its function.

HuD’s binding preferences have been of interest in many works. Its affinity to AREs is
well reported (Akamatsu et al., 1999; Dell’orco et al., 2021; Sahoo et al., 2018; Wang & Tanaka
Hall, 2001) although other work argues that U-rich sequences are a more representative motif
(Table 1). In the investigation of HuD’s interaction with B-actin mRNA, HuD was shown to bind
a U-rich sequence that followed the 5’-ACACCC-3’ motif. The 5’-ACACCC-3’ sequence itself
was however not required for its binding (Kim et al., 2015). Mechanistically, HuD displayed a
preference towards poly(U) sequences when compared to AREs, suggesting adenosines serve to
destabilise the interaction (Park-Lee et al., 2003). However, HuD does have affinity to poly(A)
tails. HuD’s affinity to the GAP-43 mRNA was found to be dependent on the length of the

poly(A) tail. Experimentally, tails of 150 adenines had a 10 fold increase in affinity with HuD
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when compared to a tail of 30 adenines (Beckel-Mitchener et al., 2002). For the most part,

ARE:s, poly(U) motifs and poly(A) tails are associated with HuD’s binding.

Table 1: HuD mRNA binding motifs

HuD Binding Motifs Reference
5’-AUUUA-3’ (Chung et al., 1996)
5’-AUUUUA-3’
5’-AUUUUUA-3’
5’-UU(AUUU),AUU-3’ (Park et al., 2000)
(Where n>3)
5’-CCcucccucucuc-3’ (Bolognani et al., 2010)

5’-UUUUGUUUUGUUU-3”
5’-UUUUUUUUUUAAA-3’

Genes such as p2/ (or Cdknla) (Fujiwara et al., 2006; Hubers et al., 2011; Joseph et al.,
1998), Marcks (Wein et al., 2003), HuD (Borgeson & Samson, 2005), HuR (Dai et al., 2012;
Mansfield & Keene, 2011), App (Kang et al., 2014), Bdnf (Allen et al., 2013; Vanevski & Xu,
2015), Noval (Ratti et al., 2008), Ache (Deschénes-Furry et al., 2007), GAP-43 (Mobarak et al.,
2000) and Tau (Aranda-Abreu et al., 1999) are recognized as bona fide HuD mRNA targets.
Among these, GAP-43 is HuD’s best characterized mRNA target. As such, the mechanisms
surrounfing its regulation are often used as an example of HuD function.

It was found that altering HuD’s expression levels correlated with GAP-43’s mRNA
stability and levels. This further carried on at the protein level, since HuD’s overexpression
correlated to an increase in GAP-43 expression (Mobarak et al., 2000). Mechanistically,
deadenylation is at least partially at cause for the correlation. /n vitro work found HuD increased
the stability of the GAP-43 mRNA by decreasing the rate of deadenylation; an early event of
mRNA degradation (Beckel-Mitchener et al., 2002). Evidently, as discussed, the p21 mRNA is

also subject to changes in stability in accordance to its HuD binding (Fujiwara et al., 2006;
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Hubers et al., 2011). Similar observations on stability and expression were observed of other
mRNA targets, making this a key functional role of HuD’s (Lim & Alkon, 2012; Ryu et al.,
2022). Collectively, the binding motifs of each mRNA and the capacity of HuD to bind the

mRNA can have a determining impact on the stability of its mRNA targets.

1.11.4 Translation

HuD’s influence on its mRNAs extends into the translation process. Through HuD’s

interaction with e[F4a and the mRNA’s poly(A) tail, HuD can enhance their translation. Without

both of these interactions, HuD is unable to induce the neurite outgrowth of PC12 cells

associated with its overexpression. Interestingly, the RRM3 and linker region alone were able to

cause the outgrowth. In other words, the RRM3 binding at the poly(A) tail and its interaction
with elF4a is sufficient to cause the increase in translation (Fukao et al., 2009). This suggests a
general translational control as opposed to a more selective motif.

In a MN cell line (NSC-34), HuD enhances the translation of genes associated with
differentiation and axonogenesis. In this setting, Y3 RNA was found to compete with mRNAs
for HuD binding and prevent its recruitment to polysome (Tebaldi et al., 2018). Therefore, the
mRNA’s affinity with HuD and ability to compete with Y3 is a determining influence on the
pool of mRNAs translated.

Notably, there is an exception to HuD’s translation enhancing functions, as it could
translationally repress p27. This occurred via an IRES element in the 5’UTR as opposed to its
most prevalent 3°’UTR affinities discussed so far (Kullmann et al., 2002; Tebaldi et al., 2018).
Consequently, translation inhibition by HuD is possible, but what is known of the process

suggests that this process might not be representative of its most abundant affinities.
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Taken together, HuD has the ability to regulate its mRNA targets beyond its ability to

stabilize transcripts through its interactions with translational proteins.

1.12 CARM1 in Motoneurons

CARM1’s influence over HuR and HuD, two members of the Hu RBP family, suggest
that the interactions have broader significance in muscle and neuronal cells. Accordingly, our
group followed through the neuromuscular implications of these interactions and have identified
CARMI to have a particular relevance to the MN cell type. In fact, in MN-1 cells (a MN derived
cell line) the downregulation of CARM1 was found to be sufficient to induce differentiation
suggesting it is a major contributor to the process (Hubers et al., 2011).

As previously mentioned, CARM1 was found to methylate HuD in PC12 cells, acting as
a molecular switch between proliferation and differentiation (Fujiwara et al., 2006). Our group
determined that this interaction was replicated in the MN-1 cell model. Mechanistically, the
methylation of HuD at R248 by CARMI1 decreased its affinity to the 3’UTR of the p21 mRNA
and maintained the cells in a proliferative state. This identified a novel mean of influence on
HuD’s affinities and solidified CARMI1 as a regulator of its function in MNs (Hubers et al.,
2011). As such, it is clear that CARM1 takes part of MN biology through the regulation of cell
cycle, and that its influence is at least in part carried through by HuD.

CARMI also contributes to HuD’s regulation in MNs outside of its mRNA affinities. Our
group found that CARM1’s methylation of HuD at R248 was required for its interaction with the
SMN protein. Functionally, SMN recruited HuD and its associated mRNA targets (7au and
GAP-43) to RNA granules and colocalized with HuD in the neurites of differentiated MNss.
(Hubers et al., 2011). Moreover, without SMN HuD failed to localize to axons coinciding with a

decrease in axonal poly(A) containing mRNAs (Fallini et al., 2011). As such, CARM1
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methylation of HuD is crucial for its interaction with SMN which branches into broader
implications for the axonal localization of its mRNA targets.

As mentioned, SMN is a protein methyl reader and effector protein of methylarginines.
SMN stands for survival motor neuron for its apparent requirement for MN health. Its loss is
characteristic of SMA, a neurodegenerative disease known for the specific vulnerability of its
MNs (Burghes & Beattie, 2009). The cause of this vulnerability is an ongoing point of interest.
Despite SMA having a clear etiology, the events connecting SMN loss to MN vulnerability have
proved to be complex and numerous (Boyer et al., 2010; Hunter et al., 2014; Lauria et al., 2020;
Murray et al., 2013; Shafey et al., 2008; Sharma et al., 2024). However, our group found that
HuD’s overexpression rescued the defects associated with SMN’s loss in MN-1 cells.
Specifically, HuD overexpression in sShASMN MN-1 cells rescued the recruitment of RNA granule
markers (KSRP and Staufen) and one of its mRNA targets (GAP-43) to dense RNA granules. It
also increased the number of cells that displayed longer neurites (Hubers et al., 2011). As such,
HuD can contribute to processes associated to SMN function and MN function. This strongly
implies that HuD carries roles essential for MN health.

As a whole, there has been little work focused on HuD’s contributions to the MN cell
type, and even less in conjunction with CARM1. What we know of the proteins so far hint at an

additional contribution to the MN phenotype that warrant more investigation.
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1.13 Project Rationale

The multi-functionality attributed to CARMI1, places it as a necessary part of basic
cellular function, as well as that of specialized tasks. Accordingly, the functional impact of
CARMI in neuronal cells is well accepted but has yet to be broadened and solidified within the
landscape of neurobiology. As CARM1’s best described neuronal substrate, HuD brings forward
the notion that CARMI1 has so far undescribed roles both outside and within this interaction. To
date, both CARM1 and HuD have scarcely been investigated in the context of MNss.

In the case of CARM1, the lack of neuron specific exploration suggests that the full
scope of CARMI1 interactions has yet to be determined. It cannot be ruled out that the
methylation of other substrates are part of neuronal pathways so far not considered to be within
CARM1’s scope of influence. With so little known about its neuronal substrates, the
investigation of its proteome is needed to fully contextualize its function in this cell type.

As for HuD, while the exploration of its mRNA targets has been of interest in many
studies done to date, the MN cell type has been mostly omitted. This leaves a gap in our
understanding of HuD’s role in MNs. Additionally, the functional relevance of CARM1’s
methylation of HuD on cell cycle in MNs through a change in its affinity to the p21 mRNA
implies that other mRNAs could be impacted in a similar way. As such, expanding the identities
of HuD mRNA targets in MNs subject to CARM1’s influence could consolidate the CARM1 and
HuD interaction as a notable mechanism in MN health.

Taken together, what is known of CARM1’s role in MN is shaping it to be a contributor
to cellular mechanisms not yet attributed to its function. Through HuD methylation, CARM1 has
the potential to influence the landscape of its mRNA targets and sway its many neuronal

functions. In addition, the evident impact of CARMI1 in MN through HuD is suggestive that its
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role is not limited to a single substrate, but likely to have a broader reach. Accordingly, the
exploration of CARMI1 in MN through its impact on HuD and other potential substrates is a

promising first step into defining the full scope of its impact.

Hypothesis

CARMI can alter HuD’s landscape of mRNA targets and contribute to MN

proteome methylation.

Objective 1
1. Identify the full spectrum of HuD mRNA targets influenced by CARM1 in MNs

ii.  Determine which mRNA motifs within HuD’s mRNA targets are influenced by CARM1

iii.  Determine which roles within HuD’s mRNA targets are influenced by CARM1

Objective 2
iv.  Identify CARMI substrates in MNs

36



Chapter 2 Materials and Methods

The methodology described here encompasses the work of Chapter 3, 4 and 5, as well as the

Supplementary data.

2.1 Cell culture

Motoneuron derived cell line (MN-1) cells (Salazar-Grueso et al., 1991) were grown in L-
Glutamine free DMEM (Dulbecco’s modified Eagle’s medium) (09354; GIBCO) supplemented
with 10% heat inactivated FBS (fetal bovine serum) (080150; Wisent), 100 U/ml penicillin
streptomycin (SV30010; Cytiva), and 2 mM of L-Glutamine (25030081; GIBCO). C2C12, 293T,
Hela, MCF7 and MDA-MB-231 cells were obtained from ATCC and grown in DMEM (319-
015-CL; Wisent) supplemented with 10% FBS (080150; Multicell) and 100 U/ml penicillin
streptomycin (SV30010; Cytiva). NIH3T3 were obtained from Dr. Livio Pellizzoni from
Columbia University and cultivated as described for MN-1 cells. Patient fibroblasts from the
Coriell Institute (GM00232F, GM08333C, GM03813F, GM03815B, GM03814F) were grown in
MEM (10370021; Gibco) supplemented with 20% non heat inactivated FBS (080150; Wisent),
100 U/ml penicillin streptomycin (SV30010; Cytiva), and 2 mM of L-Glutamine (25030081;
GIBCO). All cells were kept in a humidified incubator at 37°C and 5% CO2 and tested for
mycoplasma routinely through a PCR detection kit (G238; Abm). All experiments were

conducted before the cells reached 25 passages.

37



2.2 Mice tissues

Animal procedures were approved by the University of Ottawa Animal Care Committee and
comply to the Canadian Council on Animal care guidelines and the Animals for Research Act
(protocol #: CMMb-3995).

The brains and livers of healthy carriers of the spinal muscular atrophy SMNA7 transgene ( Le et
al., 2005) or gastrocnemius muscles of SMN?B~ SMA (Bowerman et al., 2012) mice models
were excised and snap frozen in liquid nitrogen before being crushed into a powder prior to

sample preparation.

2.3 Plasmids and stable cell lines

The human CARMI1 open reading frame sequence was subcloned into the pEGFP-N1 empty
vector using the Gibson method. The GFP tag (EGFP) is located at the C-terminal end. A site
directed mutagenesis was used to create the CARM1 E266Q catalytically inactive mutant. The
plasmids were amplified through transformation of DH5a E. Coli competent cells for
amplification (see below). The correct insertion, sequence and mutation of each plasmid was
validated through sequencing (Génome Québec services).

The stable MN-1 cells expression pGIP-Z or pGIP-Z shCARMI used throughout this work were
previously described (Hubers et al., 2011), and maintained in 2 pg/mL puromycin (Wisent
Bioproducts, 400-160-EM).

To generate stable MN-1 cells, the pPEGFP-N1, pEGFP-N1 CARMI1 and pEGFP-N1 CARMI1-
E266Q were transfected as described below into WT MN-1 cells and selected with G418 at a
concentration of 2000 pg/mL and maintained at a concentration of 200 pug/mL. The cells were
sorted by flow cytometry to select for a cell population expressing GFP in comparable intensity

between the three stable cell lines.
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2.4 Transfections

A total of 8 ug of DNA (pEGFP-N1, pEGFP-N1 CARMI1 and pEGFP-N1 CARM1-E266Q
constructs) and 16 pg of PEI was incubated with pre-warmed Opti-MEM (Gibco, 31985070) for
5 min. After combining the DNA and PEI (Millipore Sigma, 764965), the samples were further
incubated for 15 min before adding to 10 cm plates of 80% confluent MN-1 cells in Opti-MEM.
After 3h30 incubation at 37°C, the transfection media was removed and replaced with their

standard culture media. The cells were incubated for a duration of 48h prior subsequent use.

2.5 Bacterial transformation

DH5a and BL21 competent cells were mixed with a 200 ng of plasmid DNA and incubated on
ice for 30 min. The samples were heat shocked at 42°C for 30 sec prior to a 5 min incubation on
ice. 500 pL of pre-warmed LB at 37°C was added to the bacterial mix and incubated in a shaker
for 1h. The bacterial culture was serial diluted in LB and spread on LB agar plates containing
either 100 pg/ml ampicillin or 50 pug/mL kanamycin. The plates were incubated upside down in a
37°C incubator overnight. Each colony was picked and grown in LB containing ampicillin

(Sigma, A9518) or kanamycin (100 pg/ml or 50 pg/mL respectively) for subsequent use.

2.6 GST recombinant fusion protein purification

Recombinant human HuD was inserted in the pGEX-4T2 backbone and transformed as described
in BL21 competent E. Coli cells. A colony formed from the transformed cells was introduced to
1L of LB broth containing ampicillin and placed in a 37°C shaker until the exponential phase,

i.e. when optical density at Asoo reached about 0.6. An aliquot was conserved at this step as a
control towards the confirmation of induction. IPTG was added to a final concentration of 0.2

mM and incubated on a shaker at 37°C for 4 hours, at which point an aliquot was conserved to
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confirm the induction was successful. The bacterial culture was pelleted and resuspended in PBS
supplemented with protease inhibitors (04693159001, Roche) and sonicated on ice. The cell
debris was pelleted out of the sample and the supernatant mixed with 1% (v/v) Triton X-100 and
500 pl of 50% GST bead slurry for overnight tumbling at 4°C. The beads were pelleted, and an
aliquot of the supernatant was conserved to confirm the affinity purification. The beads were
washed in PBS with 1% Triton X-100 twice followed by a 5 min tumbling in PBS. The beads
were pelleted, at which point an aliquot was set aside and mixed with Laemmli as a control for
bead elution of the product. The remainder of the beads were mixed with a 32.5 mM Glutathione
(G6529, Sigma) in PBS (pH 7.5) for tumbling at 4°C for 5 min, and heated at 37°C for 30 sec.
This step was repeated four times, and the elution product set aside, and combined each time. An
aliquot of the beads after the elution was set aside towards elution confirmation. 5 mL of PBS
was added to the elution product, which was dialysed in a semi-permeable dialysis membrane
(Spectrumlabs, 132 650) in 4L of PBS overnight at 4°C. The dialysis product was concentrated
in a 10 kDa MWCO centrifugal filter tube (UFC9010, Millipore) until a final volume of about
500 pL was reached. The concentration of the final purified product was quantified through a

Bradford Assay (DC protein assay, Biorad) for subsequent use.

2.7 Sample buffers

The standard 5X sample buffer consists of 250 mM Tris-HCI pH 6.8 (Multicell; 600-125-1K),
10% (w/v) SDS, 0.5M DTT (Fisher; BP166-500), 50% (w/v) Glycerol (Fisher; G31-1), 25%
BME (MP Biochemicals; 190242) and 0.1% (w/v) bromophenol blue (Bio-Rad 161-0404) in
water. The adapted 4X sample buffer consists of 200 mM Tris HCI pH 6.8, 24 % (w/v) SDS,

40% (w/v) Glycerol, 25% BME and 0.1% (w/v) bromophenol blue in water.
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2.8 Sample preparation

Cells pelleted in PBS and mice tissue powder were resuspended in RIPA lysis buffer (100 mM
Tris pH7.4, 100 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% (w/v) NaDOC and 0.1% (w/v) SDS
in water) completed with complete protease inhibitors (04693159001, Roche) and 10 pg/mL
PMSF before use. Cells were incubated on ice and vortexed intermittently for 15 min. Mice
tissue powder samples were snap frozen in liquid nitrogen and vortexed repetitively, for 1h.
Samples were centrifuged 15 min at 4°C at 13 000 rpm and supernatant collected. The protein
concentration was determined through a Bradford Assay (DC protein assay, Biorad). These
concentrations were considered for the preparation of samples, mixing with the specified sample

buffer and heat denatured at 95°C for 8 min unless otherwise specified.

2.9 SDS-PAGE

The samples were resolved by SDS-PAGE with gels made of a 4% acrylamide stacking gel layer
followed by a 10% acrylamide resolving gel and transferred on a nitrocellulose membrane
(Biorad, 1620112), making sure to preserve the stacking gel. The membranes were blotted in 5%

non-fat milk in PBS-T (with 0.05% Tween-20) prior to immunoblotting.

2.10 Antibodies and Immunoblotting

For western blotting, the antibodies used were; CARMI from Cell Signalling Technologies
(3379S) 1 :1000, GFP from ChromoTek (3H9-100) 1 :1000, PRMT2 from Proteintech (66885-1-
Ig) 1 :1000, PRMT6 from Bethyl (A300-929A) 1 :3000, PRMT7 form Cell Signalling
Technologies (14762s) 1 :1000, GAPDH from BioLegend (MMS-580S) 1: 3000, a-Tubulin
from Millipore Sigma (T6199) 1: 10 000, Ptger4 from Proteintech (24895-1-AP) 1:1000,

Smarca2 from Invitrogen (HL1115) 1:1000 and Adra2B from Abcam (ab151727) 1:1000. The
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PRMTS5 and PRMTT1 antibodies were made in house. The HuD antibody used for WB purposes
was from Santa Cruz (sc28299) 1:500. The H3R17 dimethyl antibody from Sigma (07-214) was
used at a dilution of 1:2500. All antibodies were diluted into a gelatin blocking buffer for
immunoblotting. Li-Cor IRDye 680LT Goat anti-Mouse IgG (926-68020) and IRDye 800CW
Donkey anti-Rabbit IgG Secondary Antibody (926-32213) fluorescent secondary antibodies, or
Horseradish Peroxidase (HRP) conjugate secondary antibodies (Jackson ImmunoResearch
Laboratories Inc., 211-032-171, 112-035-175 and 115-035-174) and HRP substrate (Millipore,

WBLUF0500) were used to visualize immunoblotting.

2.11 Statistical analysis

Statistical analyses were performed using paired or unpaired two tailed Student’s t-test or One
Way or Two way ANOVA with Tukey’s or Dunnett’s multiple comparisons test. All analysis
and bar graphs were made with GraphPad Prism software (Version 10.2.2 (397)). P<0.05 was
used as a threshold for significance. Error bars represent + SEM (Standard Error of the Mean) or

SD (Standard Deviation), as specified in figure captions.

2.12 HuD RNA Immunoprecipitation

A total of six to eight 10cm plates containing ~80% confluent MN-1 cells stably expressing
pGIP-Z or pGIP-Z shCARMI vectors were washed and scraped into PBS. The cells were
pelleted, PBS aspirated and lysed in RIPA buffer as described under “Sample Preparation”, but
with the addition of 0.2 mM DTT (V3155; Promega) and 0.42U/mL RNAse out (10777019;
ThermoFisher). The lysis was done on ice over the course of 40 min, pipetting up and down
intermittently. The samples were pelleted three times, moving the supernatant to a new tube each

time. The lysate concentration was then quantified using a Bradford Assay (DC protein assay,
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Biorad). Each IP reaction was done within a final volume of 1ml containing 1.5 mg of protein
and completed with RIPA buffer. An additional set of samples containing a 5% or 10% aliquot
of input lysate was set aside as a loading control. The HuD IP set (Input, IgG, IP) were prepared
in triplicates; one used towards the confirmation of efficient IP, and two for RNA extraction. The
[P samples were pre-cleared with 20 pL of 50% slurry of Protein A/G agarose (sc-2003; Santa
Cruz) for 20 min prior to sample centrifugation, removal of beads and addition of 3.75 ug of
primary Ab a-HuD (Ab96474; Abcam) or 3.75 ug of rabbit IgG (homemade) for overnight
tumbling at 4°C. After tumbling, 20 pl of a 50% slurry of Protein A/G agarose (sc-2003; Santa
Cruz) was added, and samples tumbled for an additional hour. After pelleting the beads, the flow
through was set aside, and beads washed 5 times with 1 mL of RIPA buffer. Laemmli was added
to samples intended to be used for IP confirmation, or 1 mL of Trizol (15596026; Invitrogen) for
samples intended for RNA extraction. The RNA extraction was performed as recommended by
the manufacturer. The duplicate RNA pellets were resuspended together in 20 pL. of RNAase

free ddH2O for subsequent use.

2.13 HuD RIP Sequencing and Analysis

The RNA product from the HuD RIP triplicates was pooled prior to sequencing. For the HuD IP
samples, the volume of RNA product used was normalized to the IP efficiency. The 10% input
lysate samples, and IgG samples were pooled in equal volumes. The pooled RNA product was
sent for library preparation and sequencing to Génome Québec. The RNA was analyzed through
Bioanalyser, underwent NEB rRNA-depleted (HMR) stranded library preparation, and Illumina
Library QC. Both the 10% inputs and IP products were found to pass the quality control and

were used for sequencing. The Rb IgG samples did not contain enough RNA for sequencing and

43



were excluded from further analysis. The samples were sequenced using [llumina NovaSeq 6000
S2 PE100 - 50M reads.

On the Galaxy server (Abueg et al., 2024), the FASTQ sequencing data was mapped to the
GRCmm38.p6 (mm10) mouse genome using STAR (Version 2.7.5b) (Dobin et al., 2012), read
counts compiled using htseq-seq count (Version 0.9.1) (Anders et al., 2014), and the differential
expression analysis done using GFOLD (V1.1.4) (J. Feng et al., 2012). The data was plotted in
Perseus (Version 2.1.2.0) (Tyanova et al., 2016). Motif analysis was performed using MEME
(Version 5.4.1) (Bailey & Elkan, 1994). The length of the motif discovery parameters was
specified to range from 6 to 15 bases. STAR, ht-seq count, and MEME was used through the
Galaxy server (Abueg et al., 2024). Gene ontology analysis was performed using g:Profiler

(Raudvere et al., 2019).

2.14 RT-PCR

After the HuD-RIP, a total of 5 pL. of RNA product was used for RT-PCR purposes. The RNA
was primed with oligo-dT and at 65°C for 10 min and reverse transcribed in a solution of RNasin
(Promega, N251), dNTP (Promega, U1515), and AMV-RT (Promega M510) at 42°C for 1h. The
reverse transcription product was diluted for each product and amplified by PCR using GoTaq
(Promega, M7123). The primer sequence used for each RNA target is further described in
Supplementary Table 3. The PCR product was then run on a 1% agarose gel containing 1 pg/mL

EtBr (Bio Basic, D0197) and imaged by using a transilluminator.

2.15 Densitometry Analysis

Quantification of signal was performed using Fiji (ImageJ2 Version 2.14.0/1.54f) (Schindelin et

al., 2012) or ImageStudio (Version 5.5.4).
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2.16 GFP-AP/MS

Stable MN-1 cells expressing pEGFP-N1, pEGFP-N1 CARMI and pEGFP-N1 CARM1 E266Q
constructs were used for GFP AP/MS, adapted from Trinkle-Mulcahy et al., 2008. A total of 15
mg of protein lysate of each cell line was used for each GFP-AP reaction using commercial GFP
beads (Chromotek, gta-100). The GFP-AP bead product was used in an acidic elution step
according to the GFP-Trap beads manufacturer’s protocol and analyzed by MS. The MS data

was analyzed using Perseus, using a Student’s T test (Version 2.1.2.0) (Tyanova et al., 2016).

2.17 Histone methylation confirmation

The methylation of histones was adapted from Lee et al., 2002, using MN-1 cells transfected
with pEGFP-N1, pEGFP-N1 CARMI and pEGFP-N1 CARM1 E266Q constructs as described

above. Histones were used as a substrate for CARM1 (Sigma, H9250).

2.18 Radiolabelled methylation assay

Recombinant CARM1 was purchased from Active Motif (Cat# 81807) and used as an enzyme
source for the radiolabelled methylation reactions. A total of 4ug of CARM1 was incubated with
Sug of the substrate of interest; GST (purified as above), GST-HuD (purified as above), Histones
(Sigma, H9250), GST-OGT (1-400aa) (Proteintech, Ag2160), OGT (606-1022aa)
(MyBioSource, MBS1123899), RPS7 (MyBioSource, MBS204398), Alix (Pdcd6ip) (Origene,
TP303735) at 37°C with 50 mM of Tris-HCI pH 7.4 and 0.55 uCi of SAM[*H] (Perkin Elmer,
NET155V250UC) for 2h, mixing the samples intermittently. The totality of the samples was
passed through a nitrocellulose membrane using a Dot-Blot System (Schleicher & Schuell
Minifold I system) and washed with PBS. The membranes of the wells of interest were cut and

places in 2 mL of Cytoscint (MPbio, 882453). The 3H ionizing radiation signal of each sample
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was recorded as CPM using a radioisotope counter (Tri-Carb 4910TR Beta Liquid Scintillation

Analyzer) throughout a 10 min read period.
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Chapter 3 Biochemical Properties of CARM1: Impact on Western Blotting

and Proteomic Studies

The rationale of the project outlined in this thesis is heavily dependent on the assessment
of CARM1 protein level in MNs through WB. While this is not an outstanding methodology, the
results observed with CARM1 were misleading. Under standard conditions, CARM1 was
difficult to detect, even becoming undetectable by WB. If detectable, the observable signal was
inconsistent with the predicted outcome. With persistent inconsistencies and without the ability
to reliably assess CARMI protein levels, it became clear that its study would be hindered.
Therefore, to undergo the investigation of CARM1 premised by this work, I set out to understand

the basis of these difficulties and define reliable means of its detection by WB.

The findings described in this chapter were published and adapted from;
Biochemical Properties of CARM1: Impact on Western Blotting and Proteomic Studies
Julie Bourassa, Genevieve Paris, Laura Trinkle-Mulcahy, and Jocelyn Coté
ACS Omega 2024 9 (38), 40204-40213

DOI: 10.1021/acsomega.4c06360
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3.1 Defining CARMI1 behavior in WB

WB is most often coupled with SDS-PAGE as a universal analytical tool for protein
assessment warranted by its applicability to most proteins allowing for direct size comparison and
quantification without confounding factors such as bulk or intrinsic charge. In the first step of the
technique, standard practices of sample preparation call for protein denaturation by heating
samples at 95°C for 5-10 min in the presence of Laemmli buffer composed of dithiothreitol (DTT),
2-mercaptoethanol (BME), Tris-HCI and sodium dodecyl sulfate (SDS). In this sample buffer,
DTT or BME serve to break disulfide bonds preventing the formation of covalent bonds through
cysteine residues. All the while SDS, a surfactant and strong denaturant, gathers around the
peptides and promotes denaturation through its hydrophobic and hydrophilic moieties (Krainer et
al., 2020). During the denaturation process, SDS binds denatured protein along their backbone and
provides a uniform negative charge acting as a driving force for protein migration during SDS-
PAGE. After size separation, the proteins are bound to a membrane which can further be used for
immunoblotting (IB), visualization, and quantification.

The process of sample preparation for SDS-PAGE, is often inferred in the methodology of
published work, leaving ambiguity in the conditions used in such a crucial step of western blotting.
After its original definition (Laemmli, 1970), sample preparation is understood to have variability
in its practice (Kurien & Scofield, 2012; Litovchick, 2018), as defined by user preference. As such,
there is no true specification of a standard. Importantly, although there is a range of conditions
belonging to the standard of procedure, these conditions have successfully been used and remain
compatible with most proteins. Using the conditions successfully used by our group in the past, it
was repeatedly found that the observed CARMI1 IB signal often went against the predicted

outcome.
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For instance, MN-1 cells stably expressing GFP tagged CARM1 or CARMI1 E266Q
(catalytically inactive mutant) (Cheng et al., 2007) fusion proteins, displayed an apparent decrease
of endogenous and exogenous CARMI1 signal at their predicted molecular weight (63 kDa and 90
kDa, respectively) (Figure 3A, top panels) across sample of increasing protein amounts. The loss
of the anticipated band correlated with the increased signal of a band at a larger size (>180 kDa),
or at the junction between the resolving and running gel. The same pattern in signal was observed
using GFP IB as secondary validation (Figure 3A, bottom panels). This concurrent shift suggests
that CARMI can assemble into large protein aggregates surpassing the maximum threshold for
gel migration. Given that this trend is observed for both endogenous and exogenous CARMI, it is
unlikely that the aggregates are an artifact of the constructs and additionally argues against the
requirement of CARMI1 catalytic activity for aggregation. It can be concluded that the size shift of
the protein signal consists of CARMI1 aggregation which prevents its migration through the gel.
Given this property, only considering the predicted signal would erroneously imply an inverse
correlation between detectable CARMI1 protein levels and total protein amount for the same
sample. Overall, under these standard conditions CARMI protein signal should not be interpreted

at face value.

3.2 Heat denaturation as a contributor of CARM]1 aggregation

To resolve the events leading to CARMI1 aggregation, the effect of temperature was
investigated. Standard procedure of sample preparation (as shown in Figure 3A) relies on the
heating of samples at 95°C for 5-10 min in the presence of sample buffer for protein denaturation
(Kurien & Scofield, 2012; Litovchick, 2018). Heat is a known factor in protein aggregation (Ng et
al., 2021). To test if high denaturing temperatures are a driving factor for CARMI1 aggregation,

the samples were exposed to lower temperatures for increased amounts of time with the aim of
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achieving protein denaturation while avoiding aggregation (Figure S1). The resulting blots reveal
that CARM1’s signal remained visible at its expected molecular weight, but streaked from the top
of the gel, acting as an intermediate between proper migration and complete aggregation. This was
confirmed with GFP IB which matched CARMI’s streaked signal pattern. In addition, the
proportion of CARMI migrating at its expected size was inversely proportional to the amount of
total protein loaded (as shown in Figure 3A) and temperature, indicating a dependence on both
temperature and protein concentration for aggregation.

With evidence that heat denaturation contributed to CARM1 aggregation, CARM1’s
ability to migrate through the gel without heat denaturation was tested. Here (Figure 3B), the
samples are incubated at room temperature in standard sample buffer before running on a gel.
CARMI1 was able to migrate properly into the gel without detectable aggregations. As expected,
CARMI runs lower than its expected size due to its partially denatured state, most likely adopting
a more compact conformation. The doublet is indicative that a subset of CARM1 protein was able
to fully denature without the need for heat denaturation. Interestingly, CARM1 aggregates are so
large that they can barely migrate into the stacking buffer (4% acrylamide), reflecting the
widespread interlinking of the CARM1 proteins. Hence, to avoid CARMI1 aggregation and allow

complete protein migration heat denaturation must be avoided.
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(CG) and CARM1-GFP E266Q (CG*), mixed with standard sample buffer and either heated for 8 min at 95°C

(boil) or incubated at room temperature (no boil) before resolving by SDS-PAGE and immunoblotted. 1B;

immunoblot.
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3.3 Protein Concentration and CARM1 Aggregation

To test if CARMI1 aggregation is dependent on protein concentration rather than total
protein amount loaded in a single well, samples containing equal amounts of protein in different
final volumes were prepared (Figure 4A). Decreasing total protein concentration led to a decrease
in aggregation.

To test the requirements needed for CARM1 aggregation, purified recombinant CARM1
was used in WB analysis with both heat denaturing and non-heat denaturing methods of sample
preparation (Figure 4B). The ability of the purified recombinant purified CARM1 protein to form
aggregates shows that the presence of other proteins is not required for CARM1 aggregation. This
points towards an intrinsic ability to form aggregates.

Noticeably, aggregates also formed in the non-heat denatured sample which differs from
what was seen in cell culture and mice tissues. These results imply a critical concentration
threshold beyond which CARMI1 will aggregate regardless of temperature and suggests that
CARMI1’s own concentration within the sample - rather than total protein concentration - is a
predominant factor contributing to aggregation. This is put in evidence in Figure 4B where
CARMI1 recombinant protein was able to form aggregates at much lower total protein

concentrations than shown in total cell lysate Figure 4A.

52



A) B)

Protein CARMI
concentration: concentration:
1.75 0.875 0.583 0.04 002 001 0005 00025
ug/ul ug/ul ug/ul ug/uL ug/ulL ug/ull ug/ul ug/uL
35ug Short exposure Long exposure
Final O boil Boil Boil No Boil Boil No Boil
ma

volume: 20 uL 20 uL 40ul 60 uL
G CG G CG G CG G CG

KDa KDa i
180-
116- 180-
90- 1164 .-
90-
58- ° —
- ——
48.5- 58 '-_1 -— -~
48.54 "
A 36.5- 36.5-)
26.6- .
IB: CARMI 26.6- 4 26.6-1 -
IB: CARMI1
IB: CARM1
180-
116-
90-
58-
48.5-
36.5-
IB: GFP
58-
485- - T — — i — —
IB: Tubulin

Figure 4: CARMI aggregation is dependent on its concentration.

Protein lysate of MN-1 cells stably expressing GFP (G) and CARM1-GFP (CG) prepared in samples of

equal protein amounts in differing volumes (A). CARMI full length recombinant purified protein prepared
in samples of equal volume (B). The samples were mixed with standard sample buffer and heated 8 min at
95°C (boil) or incubated at room temperature (no boil) before running by SDS-PAGE and immunoblotted.
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3.4 CARMI1 Aggregations in a Range of Models

To test if heat dependent CARM1 aggregation is relevant in other models, the ability of
CARMI to form aggregation was evaluated in various cell lines and mice tissues. In all cell lines
and tissue types tested so far, which include NIH3T3, NSC-34, C2C12, HEK293T, Hela, MCF7,
MDA-MB-231 (Figure 5A), MN-1 cell lines (Figure 3) as well as mouse brain and liver tissues
(Figure 5B, Figure S2), CARM1 aggregates were detected. In addition, consistent with what was
shown previously, CARMI1 aggregation in mice brain and liver tissues (Figure 5B) formed
aggregation in a protein concentration and temperature dependent fashion. This supports the idea
that CARM 1 aggregation is not limited to a specific cell type and suggests a widespread occurrence
through a conserved mechanism.

The data shown so far suggest that CARM 1 aggregation is an artifact of sample preparation
that has potential to alter biological interpretation of results and invalidate their reliability for
protein quantification. As shown, avoiding heat denaturation in cell lines or mice tissues allowed
proper migration of CARM1 by SDS-PAGE. We therefore aimed to compare the intensity of
CARMI1 signal between the two methods of sample preparation in a range of protein
concentrations.

In both mice brain and liver tissues and across all protein concentrations, the normalized
non-heat denatured samples had a significantly stronger CARMI1 signal when compared to their
heat denatured equivalent (Figure 5B, Figure S2). As reflected in Figure 3A, the difference in
signal was further accentuated with increasing protein concentration. This is consistent with our
proposed model where aggregation sequesters CARM1 and prevents its migration in a protein
concentration dependent manner. That being said, even CARMI1 signal in the least concentrated

samples (15 pg, or 0.43 pg/ul) was statistically different compared to their non heat denatured

54



equivalent, indicating that limiting protein concentration in samples is not enough to completely
prevent a shift in quantification.

Contrastingly, GAPDH and PRMT?7 quantifications remained proportional in either
method of sample preparation, tissue type and protein range (Figure 5B). Here, GAPDH is used
because of its extensive use as a loading control in WB without reports of aggregations impeding
its migration. PRMT?7, a protein in the same family as CARM1 with no detectable aggregation
(Figure 6F), is used to contrast CARM1’s own ability to do so. Overall, the data suggest that
CARMI1 is disproportionately impacted by sample preparation and demonstrates that the standard
procedure of sample preparation in WB techniques inserts error in CARM 1 protein quantifications,

making standard sample preparation unsuited for its study.
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Figure 5: CARMI1 aggregation occurs in multiple models
(A) Protein lysate of MDA-MB-231 (MDA), MCF7, Hela, NIH3T3, C2C12 and 293T cell lines prepared

in samples containing 35 pg in a final volume of 30 uL. (B) Protein lysate of mice brain and liver tissue
prepared in samples containing the indicated protein amount in a final volume of 40 uL. Values were
normalized to total protein (Ponceau staining). The samples were heat denatured at 95°C for 8 min (boil)
or incubated at room temperature (no boil) prior to SDS-PAGE. Statistics; paired T-test, P < 0.05, Error

bars show SEM, N=4
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3.5 CARM1 VS other PRMTs

The data shown so far suggests that CARM1’s ability to form aggregates is a consequence
of its own structural features. That being said, all members of the PRMT family are known to have
a largely conserved catalytic core. We set to determine if heat denaturation dependent aggregation
also prevented gel migration of other canonical PRMTs. PRMTS8 was excluded from this study
because of its transmembrane nature which differentiates it to the other cytosolic or nuclear
PRMTs. PRMT3 was also excluded due to its low expression in the same cell model. GAPDH was
used to normalize PRMT2 instead of o-Tubulin because they are of equal size and have
overlapping signals. Interestingly, the impact of heat denaturation did not significantly impact
PRMTs (Figure 6), for the exception of PRMTI1, PRMTS and of course CARM1 (Figure 6A, C,
D). While statistically significant, the protein signal of PRMTS5 remains comparable in its
quantification, while PRMT1’s doubles when avoiding heat denaturation. PRMT1 aggregates at
high molecular weights were also observed after heat denaturation of samples in a manner
resembling what was seen with CARMI. It is worth noting that no aggregates were detected for
the other PRMTs (Figure 6 B, D-F). The fact that other PRMTs remain largely unaffected by the
method of sample preparation attests to the uniqueness of CARM1 and PRMT1 even among their

paralogous and largely structurally conserved counterparts.
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3.6 CARMI1 Aggregate Prevention

The data indicates that the minimum stringency required to prevent CARMI1
aggregation is above what is provided by standard loading buffers. SDS is universally used in
loading buffers for its ability to drive forward protein unfolding and mediate hydrophobic
interactions. To this effect, standard SDS concentration in Laemmli buffer is typically kept at 2%.
Since these conditions do not extend to CARMI, it reasons that increasing SDS availability might
offer the stringency required to mediate the interactions at their cause. As described previously,
the expression of a GFP tagged CARMI1 is used as a secondary means of IB validation. It is worth
noting that different migration heights of CARM1-GFP suggests incomplete or partial denaturation
dependent on sample preparation method. Interestingly, SDS concentration had to be tripled before
CARMI aggregation was noticeably reduced. Even so, at a final concentration of 6% SDS,
CARMI1 aggregates were still present, albeit to a much lesser extent (Figure 7A). Further
increasing SDS concentrations to 10% provided no extra benefit as compared to the 6% SDS
(Figure 7A). These results suggest that aggregations are driven by hydrophobic interactions.

To test the stability of CARM1 aggregates, samples were heat denatured in 2% SDS to
promote the formation of aggregates after which the SDS concentration was adjusted to a final
concentration of 6% and either incubated at room temperature or heat denatured once more (Figure
7A). In both cases, increasing SDS concentration to 6% after aggregate formation was not able to
resolve aggregation, displaying their strong resistance to SDS, and pointing toward a different
mechanism also contributing to CARM1 aggregation.

While the driving force of aggregates seem to be of hydrophobic nature, their
surprising stability to high SDS concentrations once formed suggests a potential covalent
interaction between CARMI proteins. To test if disulfide bonds are involved in the aggregations,

samples were treated in a range of DTT concentrations prior to SDS-PAGE. We reasoned that
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increasing DTT concentrations would resolve the aggregations should they be disulfide bond
dependent. Surprisingly, the increase of DTT concentration further prevented normal migration of
CARMI1 when heat denatured (Figure 7B). While suggesting that disulfide bonds are involved in
aggregation, it also concludes that it is not through a contributive manner. Since higher SDS
concentrations are better at mediating aggregations, its ability to rescue aggregation in a high DTT
concentration context was tested (Figure 7C). A concentration of 6% SDS was able to resolve the
aggregations, meaning that the root cause leading to aggregation following DTT treatment in heat
denaturing conditions was mediated by SDS, and therefore of a non-covalent nature.

The data shown so far point towards the use of higher concentrations of SDS in the absence
of DTT for a more accurate representation of CARMI protein level. A sample buffer suited to
CARM 1’s properties was prepared and compared to standard sample buffer (Figure 7D). The use
of the adapted buffer (6% SDS, no DTT) significantly increased the proportion of CARMI1
properly migrating to the gel in heat denaturing conditions, leading to a complete recovery of
CARMI protein levels as compared to its non-heat denatured condition. This makes the use of an
adapted sample buffer required for accurate assessment of CARM1 protein levels.

Importantly, the impact of DTT and high SDS concentrations observed for CARMI
extended to PRMT1 (Figure 7B,C), further pointing towards a common mechanism of aggregation.
The use of an adapted sample buffer (Figure 7D) was beneficial for PRMT1 detection, albeit to a
lesser significance due to a lower prevalence of aggregates. The use of an adapted sample buffer
is therefore recommended for PRMT]1 to ensure more accurate results.

Here, it was demonstrated that standardly used sample preparation conditions do not extend
to CARMI1 due to distinct biochemical properties. Standard WB conditions cause CARMI1 to

accumulate into SDS-resistant aggregates which sequester and prevent CARM1 migration in SDS-
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PAGE. This disproportionally impacts its detection by WB, inserting error through inaccurate
representation of its expression. We identify heat denaturation, CARM1 concentration and DTT
as major driving factors for aggregation formation. Further investigation into the PRMT family
shows that CARM1 is not the only PRMT impacted by these biochemical properties; they also
extend to PRMT1 which can aggregate albeit to a lesser extent. In both instances, increasing SDS
concentrations and avoiding DTT in loading samples have mediated the interactions at cause of
aggregate formation and improved WB detection. These results argue that these modifications are
required for sample preparations of CARM1 and PRMT]1 to preserve their quantitative reliance in

WB and SDS-PAGE and avoid misleading results.
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Figure 7: PRMT1 and CARMI1 aggregates are inhibited by SDS at formation and promoted by
DTT.

(A) Protein lysate samples of stable MN-1 cells expressing GFP (G) or CARMI1-GFP (CG) containing
35 pg in 30 pL prepared and either heat denatured or incubated at room temperature with an increasing
range of SDS. For samples with two SDS treatments, the concentration of SDS was increased from an
initial 2% to 6% after the first heat denaturation step, prior to another heat denaturation or incubation at
room temperature step. Samples of MN-1 WT protein lysate containing 35ug in 30ul prepared and either
heat denatured or incubated at room temperature with increasing range of DTT (B) or DTT and SDS (C).
(D) Using an adapted sample buffer (purple) with 6% SDS and no DTT, samples were prepared, and heat
denatured or incubated at room temperature prior to SDS-PAGE, WB and quantification. N=4. Statistics;
2-way ANOVA, error bars show SD. All heat denaturation steps were done for 8 min at 95°C. IB;

immunoblot. Blue start indicates detectable aggregates
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3.7 Discussion
3.7.1 CARMI1 Aggregations in an Experimental Setting

WB is a standard procedure and indisputably a necessary tool in proteomics and molecular
biology with the advantage of applicability to most proteins. Here, the data shows that CARM1
does not fall within this category, with prominent aggregation preventing its detection by
conventional methods. The aggregates are shown to be dependent on temperature at the protein
denaturation step as well as CARM1’s own protein concentration (Figure 8). Aggregates are also
widespread to a range of cell lines and mice tissue models suggesting their ubiquitous
occurrence. Therefore it is plausible that these factors are unknowingly introducing inaccuracies
in CARM1’s study.

There is a lot of interest in the evaluation of CARMI1 protein levels in cancer as its
overexpression was found in many tumours when compared to healthy tissue, suggesting a role
in cancer pathogenesis (Qiu et al., 2022). Consequently, modulating CARM1 expression as
models of overexpression or knockdown in either cell or mice model is a strategy often used in
investigative research (Bao et al., 2019; Dhang et al., 2025). It is therefore a requirement that it
be assessed accurately, without confounding factors.

Considering this, we have set out to investigate the cause of the aggregates as well as
defining conditions that allow accurate CARM1 quantification in SDS-PAGE with heat
denaturation. Increasing SDS concentrations to 6%; or three times the conventional availability
of SDS, was successful in preventing most of the aggregations. The successful use of SDS points
towards hydrophobic interactions as being the primary driving force to aggregate formation.
Surprisingly, DTT treatment led to stronger aggregation, demonstrating that disulfide bonds
present in the protein are protective from aggregation and beneficial for CARM1 gel migration

(Figure 8). Combining both findings by increasing SDS and removing DTT from standard
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loading buffer provides a complete rescue of CARM1 protein migration and an alternative

preparation method suited for CARM1’s study.
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PAGE.

66



These findings are consistent with a model where a hidden hydrophobic core of CARM1
is at the cause of the aggregates but is shielded in the presence of disulfide bonds in its native
state. When broken, the hydrophobic core is revealed and acts as a nucleation site to irreversibly
sequester CARM1 protein into aggregates. When left intact, the bonds shield the hydrophobic
core and allow for denaturation and CARM 1 migration without exposure of the nucleation site.
In either scenario, high concentrations of SDS seems to have the ability to mediate other
hydrophobic moieties other than those shielded by disulfide bonds.

Even if the capabilities of SDS to denature proteins are well documented, the kinetics
outlining its mechanism remain unelucidated (Bhuyan, 2010). Transmembrane proteins are well
established as having the ability to form aggregates through their hydrophobic core that can
unfold and initiate misfolding (Sagne et al., 1996). They also encompass most reports for
aggregation, implying that only transmembrane protein has this ability. This study argues against
this general standpoint and expands this premise to yet unidentified proteins in the process of
sample preparation. This highlights the need of more biochemical studies focusing on the
structural basis that leads to proteins to be excluded from the traditional method of sample
preparation for SDS-PAGE and WB analysis.

CARML1 is not unique in its ability to form aggregates as demonstrated with PRMT 1, but
it stands out in terms of the degree of bias aggregates introduce. Given that PRMTs share a
conserved catalytic core, this argues that the property of aggregation be allotted to CARM1
through its unique structural components. In the same line of thought, the C-terminal domain of
CARM1 is unique among PRMTs and well known for its unstructured conformation and
potential hindrance in CARM1 proteomic studies. The particularity of the domain has been

suggested to be causing difficulties with X-ray crystallography methods (Troffer-Charlier et al.,
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2007). Most successful X-ray crystallography structures reported so far have either found the C-
terminal domain to have low electron density suggesting a disordered state or excluded it due to
difficulties at its resolution (Troffer-Charlier et al., 2007). Additionally, full length recombinant
CARMI purification is difficult due to its propensity to accumulate into inclusion bodies as
insoluble aggregates (Figure S3) (Chumanov et al., 2011). It is plausible that the unstructured C-
terminal domain of the protein is at cause for all these challenges, however, more needs to be
done before reaching this conclusion.

In any case, bypassing the effects of aggregation is in the best interest of proteomic
studies used for CARM1’s understanding. As mentioned, aggregations are dependent on
CARMI’s own concentration. This is of relevance when working with a model of CARM1
overexpression, as is often the case in exploratory research. It is also unknown if all isoforms of
CARMI are impacted equally, which may introduce another layer of variability when not
considered.

The use and effect of other reducing agents such as BME has yet to be evaluated, but they
may provide additional options for the prevention of CARM1 aggregate formation. While our
adapted sample buffer does contain a reducing agent, it should also be noted that the complete
absence of reducing agents could lead to the formation of non-CARMI aggregates.

As demonstrated, CARM1 aggregation is dependent on a variety of factors which may
vary with an experiment’s specific conditions. Consequently, the presence of aggregates should
be empirically evaluated, with comparison of heat denatured and non-heat denatured CARM1
signals as an additional control. Proteolytic activity, normally negated during heat denaturation
(Pringle, 1975), is not addressed without heat denaturation, so use of parallel protease inhibition

as an additional measure is advised.
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The use of the adapted sample buffer described here is strongly recommended for
CARMI1 SDS-PAGE in heat denaturing conditions without which the introduction of aggregates
is bound to mislead result interpretation. These findings should be considered in any study

involving CARM1 and kept in mind in the interpretation of results published so far.

3.7.2 Implications of CARM1 Aggregations in Cell Biology

Until this publication, the particularities of CARM1 and their challenges in proteomics
were not directly reported. This is remarkable given the rising interest it gathers in cancer
biology and increasing number of publications. While the data presented here addresses these
properties in the experimental setting of CARM1’s investigation, it also opens the door to
broader biological implications. As demonstrated, CARM1 stands out from most other PRMTs
in its ability to form aggregates. This distinctive capacity brings forward the idea that the
structural components at cause could be biologically relevant to CARM1’s function.

This data does give insight to the nature of the structural component responsible for the
change. One of the most surprising findings in this publication was the positive correlation
between DTT concentration and CARM1 aggregation, suggesting that disulfide bonds are
present in CARM1°’s native form. There are no reports of CARMI1 having disulfide bonds in its
structure, making this a conflicting assessment. Disulfide bonds are typically present in proteins
exposed to the oxidizing conditions associated with extracellular space and the endoplasmic
reticulum (Feige & Hendershot, 2010). Cytoplasmic or nuclear proteins for the most part do not
contain disulfide bonds (Stewart et al., 1998). Based on this, CARM1 and other PRMTs do not
fall under the umbrella of proteins typically associated with the modification. Still, two other

PRMTs are known to contradict this general assumption.
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First, disulfide bonds were found to connect PRMT1 homodimers in a crystallography
experiment. This caused PRMT1 homodimers to create an extended polymer in the crystal
lattice. Mutation of the disulfide site showed PRMTT1 to maintain its ability to form oligomers in
vitro without altering its enzymatic activity (Zhang & Cheng, 2003). Moreover, purified human
PRMT1 and PRMTS in 293T cells were found to contain disulfide bonds, which contributed
along with other non-covalent interactions to their oligomerization (Rho et al., 2001). The
functionality of this modification is unknown, but it is clear that they contribute at least in part to
their oligomerization.

Interestingly, PRMT1 and PRMTS5 are the only PRMTs aside from CARM1 that were
significantly impacted by heat denaturation in sample preparation (Figure 6A, C, D), which as
discussed suggests a common mechanism of aggregation. Also described in this chapter, the data
suggests that CARM1 does in fact contain a disulfide bond. Taken together, this suggests that
PRMT1, PRMTS and CARMI1 contain at least one disulfide bond as a conserved structural
component. This points to a significant knowledge gap that needs to be addressed through more
structural and biochemical studies. More work needs to be done in order to fully understand the
implications of its properties.

There are no reports of a physiological relevance for CARM1 aggregates. Nevertheless, it
cannot be ruled out that CARM1’s ability to drastically alter its hydrophobicity might be
connected to protein function. Hydrophobicity and electrostatic interactions are key elements for
LLPS of MLOs. These include paraspeckles, to which a pool of CARM1 has been shown to
localize (Hu et al., 2015; Hupalowska et al., 2018). Paraspeckles have been found to act as
“sponges”, with the ability to selectively sequester RNAs and proteins (Hirose et al., 2022). It is

possible that CARM1’s structure is modified to control its sub-cellular localization to such
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organelles towards a functional goal. For these reasons, the premise of a broader biological

meaning should be considered in future studies.

3.8 Conclusions and Future Directions

The unique properties of CARM1 have the potential to hinder its study. Here, the
consequences of its aggregation and adaptations required for its study by WB were defined.
Since the CARM1’s aggregations described here occur outside of a biological context, the
incentive to further characterize its properties may not be of urgent concern. However, as
described, CARM1 crystallography and protein purification experiments have reportedly been
difficult (Chumanov et al., 2011; Troffer-Charlier et al., 2007). Its biochemical properties may
also be hindering other methodologies that hold back its study in biological contexts. As such,
there is reason for more exploration of the properties described here.

Experimentally, since cysteine residues are the only amino acids capable of forming
disulfide bonds (Wiedemann et al., 2020), the ten cysteine residues found in CARM1 are of
particular interest. It would be relevant to determine if cysteine mutations alter its ability to
aggregate, and if so, which cysteine residue(s) is or are responsible. It was also brought up that
the properties responsible for CARM1’s aggregations could have a biological function,
potentially in LLPS. In the same line of thought, determining if cysteine mutations alters
CARMI’s ability to be recruited to paraspeckles would be an ideal starting point in

characterizing the possible biological function of these properties.
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Chapter 4 CARMI1 Modulates HuD’s mRNA interactions in

Motoneurons

HuD is a major neuronal regulator under the influence of its methylation by CARMI. As
mentioned, the p21 mRNA half-life was found to decrease upon methylation of HuD by CARM1
(Fujiwara et al., 2006). Among the best known HuD mRNA targets, p2/ is the only target
investigated found to be under this influence (Hubers et al., 2011). This highlights a regulatory
mechanism through which a subset of HuD’s mRNA targets may be influenced. In this chapter,

the identity of HuD’s mRNA targets in MNs with dependencies on CARM1 will be explored.

4.2 Experimental Overview

A HuD RIP-Seq was performed in MN-1 pGIP-Z and pGIP-Z shCARMI cells (referred as
shCARMI cells). The differential abundance of mRNAs between the HuD RIPs was analyzed
using GFOLD. Motif analysis was performed to identify consensus motifs within the genes with
the largest absolute fold change, as well as motifs directionally influenced by CARMI. In
addition, GO analysis was performed to identify the molecular and biological functions
influenced by CARMI. Finally, genes of interest were validated by RT-PCR, and their protein

levels assessed by WB for CARMI1 dependent changes in expression.

4.3 Results

Aim i. Identify the full spectrum of HuD mRNA targets influenced by
CARM1 in MNs

4.3.1 Cell Lines

To replicate the MN cell type, the MN-1 cell model (Salazar-Grueso et al., 1991) was

used. These cells were used in previous published work by our group as a model for the study of
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CARMI in MN biology (Hubers et al., 2011; Sanchez et al., 2013, 2015). Within these works,
two MN-1 stable cell lines were generated to stably express a pGIP-Z shCARMI1 (or empty)
vector (Hubers et al., 2011). Most importantly, these cell lines replicated the initial finding that
CARMI methylation of HuD altered its affinity with the p21 mRNA target (Fujiwara et al.,
2006; Hubers et al., 2011), making it an ideal model for the objective premised by this work.
CARMI protein levels were evaluated in these cell lines prior to downstream application
and were confirmed to have a CARMI1 knockdown (Figure 9A). Additionally, HuD protein
levels were found to be consistent between the two cell lines, ruling out its abundance as a
potential variable in the comparison of its mRNA interactions (Figure 9A). With the baseline

protein levels established, the cells were used for HuD’s RIP.

4.3.2 RIP of HuD

In order to confirm the IP of HuD, the protein product was evaluated by WB. The HuD
IP showed a clean pull down of the protein with no unspecificity in the IgG negative control
(Figure 9B). This shows HuD to be enriched in the IP product.

To validate that the same conditions would translate to a HuD mRNA target enrichment,
the concurrent pull down of some of its known mRNA targets; p2/ and GAP-43, was used to
define the conditions leading to their specific and robust amplification (Figure 9C). Furthermore,
the 18s rRNA was used as a marker of unspecific RNA pull down. As such, using these same
conditions that yielded a HuD enrichment, the RT-PCR amplification showed an enrichment in
p21 mRNA when compared to the input. GAP-43 was not similarly enriched when compared to
the input, but still showed a specific pull down within the HuD IP lanes. Lastly, 18s rRNA was
still present at low levels across IgG and IP samples, suggesting the rRNA be binding to the

protein A agarose beads or antibodies outside of the antigen binding sites. Taken together, these
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experimental controls attest to the successful IP of HuD and its known mRNA targets,

suggesting these conditions can be used towards HuD’s RIP-seq.
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Figure 9: HuD immunoprecipitation and amplification of its known mRNA targets.

(A) Immunoblot of stable pGIP-Z and shCARM1 MN-1 cell lysate. (B) Representative
immunoblot of a HuD IP performed in stable MN-1 pGIP-Z and shCARMI cell lines.
(C) Representative RT-PCR amplification of HuD mRNA targets (p2/ and GAP-43) using a

HuD RIP as a template source. 18s serves as a control for unspecific binding.
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4.3.3 RIP-seq Analysis

Having established the conditions that led to the isolation of HuD mRNA targets, the
RNA product of biological triplicates was pooled and sent for RNA-seq. For each replicate, the
RNA volume used for analysis was normalized to the HuD IP efficiency of pGIP-Z and
shCARM1 MN-1 cells. This was done to avoid the addition of IP efficiency as a variable in data
interpretation. Importantly, the samples were depleted of rRNA at library preparation, since the
conditions used did not exclude all rRNAs as demonstrated by 18s. The 10% input and HuD RIP
samples were found to pass the quality control, while the IgG did not contain enough RNA to
sequence. For this reason, the IgG samples were excluded from sequencing. The sequencing data
was mapped to the mouse genome and feature counts compiled and quantified. In order to
compare the two conditions, the data was analyzed through GFOLD, a tool for differential
expression RNA seq analysis (Figure 10) (Feng et al., 2012). GFOLD values can be interpreted
similarly as fold-change and the largest absolute values reflect a more meaningful difference
between samples.

To this end, an arbitrary threshold of GFOLD values of above 2, and below -2 was set

(Figure 10, red dotted lines). Using this threshold, 123 genes are highlighted.
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Figure 10: mRNA targets with CARM1 dependent levels of interaction with HuD.
GFOLD RNA-seq analysis of pooled biological triplicates of HuD RIPs performed in stable pGIP-Z or

shCARM1 MM-1 cells. GFOLD values can be interpreted similarly to Fold Change. Green labels represent the
selected genes of interest. Blue labels represent known HuD mRNA targets. CARM1 is highlighted in red. Dotted

red line and solid blue line delineate the inclusion criteria for motif and GO analysis.
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In addition, certain criteria were established to highlight the genes most relevant to the
premise of this work. While HuD is involved in the regulation of many types of RNA, what is
known of the CARM1 and HuD interaction is so far limited to protein coding genes. Since the
objective of this work is to expand on genes impacted similarly, only protein coding proteins

were considered for downstream analysis.

4.3.4 Motifs Analysis

Aim ii. Determine which mRNA motifs within HuD mRNA targets are
influenced by CARM1

HuD’s function is tied to its ability to bind mRNA. As such, it is expected that it’s ARE,
or U rich preference be reflected among the RNA yielded from its RIP. To test this, a motif
enrichment analysis was performed. Only the 3°’UTR sequences were considered as they are
typically known to contain HuD binding sites (Zuccotti et al., 2017). Among the 91 protein
coding genes of this group, a motif analysis revealed the AGAGAG motif as the most enriched
(1.8 fold) within the 3’UTR, along with other AREs (Figure 11). This agrees with what is known
of HuD, supporting the notion that HuD mRNA targets were the predominant component within

the samples, as opposed to co-immunoprecipitated products.
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Figure 11: Motifs enriched in the 3’UTRs of genes coprecipitating with HuD in pGIP-Z and

shCARM1 MN-1 cells.
The 3’UTR sequences of protein coding genes with GFOLD values of above 2 and below -2

were considered (91 genes) and compared to those of other protein coding genes in the mouse

genome. The motif densities are presented in relation to their position in the 3’UTRs.
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Beyond the general motif affinity of HuD, the ability of CARMI to selectively alter
HuD’s affinity motifs within its mRNA targets was evaluated. Once again, only the 3’UTR
sequences of protein coding genes were considered. In addition, the threshold was adjusted to
include genes with a GFOLD value falling below -1.5 or above 1.5 (Figure 10, solid blue line).
This was done in order to increase the sample size of protein coding genes included in the
analysis. With these criteria, 90 genes fell above a GFOLD value of 1.5, and 101 genes fell
below a GFOLD value of -1.5. For interpretation, positive GFOLD values are indicative of an
enrichment within the experimental group (shCARM1), whereas a negative GFOLD value is
indicative of an enrichment within the control group (pGIP-Z) (Figure 10).

Comparison between the experimental and control group reveals commonalities as well
as a potential HuD motif preference dependent on CARM1 protein levels (Figure 12). As
mentioned, AREs are expected of HuD mRNA targets. Such sequences are found within both
groups, with an A-rich sequence falling at the second most enriched motif in the shCARM1
group. Additionally, U-rich sequences fell as third and first most enriched motif for the genes in
the shCARMI group and control group, respectively. These U-rich sequences found within both
groups are consistent with what was found to be enriched within the combined 91 protein coding
genes with the largest absolute GFOLD values (Figure 11). Uniquely, a CAG motif sequence
was found to be enriched in the control group (Figure 12). This is also reminiscent of the most
prevalent motifs found among the 91 genes with the largest absolute GFOLD values (Figure 11).

Interestingly, the primary enriched motif within the experimental group was a G-rich sequence.
A similar sequence was also enriched within the control group, albeit with a less meaningful e-
value. HuD is not known to bind directly G-rich sequences, however G-rich sequences are often

found near the polyadenylated 3’UTRs of mRNAs (Kostadinov et al., 2005), and polyadenylated
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3’UTRs are known to be bound by HuD (Beckel-Mitchener et al., 2002; Bronicki & Jasmin,
2013). The presence of G-rich sequences is likely indicative of its prevalence in the mRNAs
outside of HuD’s binding site. However, these motifs were found to have vastly different e-
values between the two groups. More specifically, they were found to have an e-value of 1.4¢16
and 2.8¢ for the experimental and control group respectively (Figure 12). Altogether, a motif
analysis finds enriched sequences to be consistent with what is known of HuD, with U-rich
elements representing a large portion of identified motifs. A comparison between the
experimental group and control highlights similarities, most notably the presence of AREs and
G-rich motifs, but with a notable distinction. G-rich motifs are vastly more prominent within the
MN-1 shCARMI1 samples when compared to the control group. The e-values of the G-rich
sequences suggest that HuD’s ability to interact with transcripts containing this motif within their
3’UTRs is influenced by CARM1. While this cannot be ascertained from this data alone, this

points towards a mechanism through which CARM1 can selectively diminish HuD’s interaction

through this motif.
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Figure 12: Motifs enriched in the 3’UTRs of protein coding genes coprecipitating with HuD

in pGIP-Z or shCARM1 MN-1 cells.
The 3’UTRs of genes with GFOLD values of below -1.5 and above 1.5 were used to determine

the motifs enriched with HuD in pGIP-Z and shCARM1 cells, respectively.

82



4.3.5 Gene ontology Analysis

Aim iii. Determine which roles within HuD mRNA targets are

influenced by CARM1
Preserving the same criteria, the 90 genes and 101 genes falling above and below
GFOLD values of 1.5 and -1.5, respectively, were used to investigate the GO terms influenced
by CARMI protein levels (Table 2, Table 3). The highlighted genes were compared to all genes
identified within the pGIP-Z input sequencing dataset. The GO terms mentioned in the text are

italicized.

4.3.5.1 Molecular Function

Molecular function terms enriched within the control group (pGIP-Z cells) highlight GO
terms relating to protein signalling, such as ligand activity, growth factor binding and signalling
receptor binding. Interestingly, signalling terms represent the majority of result from the gene
list. In addition, two GO terms stood out in their direct relation to the investigation of CARM1
function within MN. First, protein-arginine deiminase activity was found to be enriched. As
mentioned, Arg deamination or citrullination is a permanent modification that renders Arg
unsuitable as a methylation substrate in addition to changing its chemical properties (Cuthbert et
al., 2004). Most notably, the identification of this GO term in the context of CARMI1 protein
levels suggest a potential lasting downstream impact in global arginine methylation. Secondly,
consistent with the model used for this investigation, genes taking part of structural constituent
of myelin sheath were also enriched within this gene list. As myelination is a significant
component of MN biology, the potential involvement of CARMI1 in their function further

suggests its involvement in this cell type.
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On the other hand, genes found to be enriched within the experimental dataset
(shCARMI cells) reflected a very different type of molecular function. RNAPII regulation and
DNA binding relating GO terms constitute the majority terms identified. For instance, terms such
as RNAPII regulatory region sequence-specific DNA binding and double stranded DNA binding
fell towards the top of the list. Together, these point towards a CARM1 dependent transcriptional
influence, which agrees with its known roles. Other terms were highlighted as well, such as
cation binding, its subgroup of metal ion binding, as well as regulatory region nucleic acid
binding.

CARMI protein levels appear to alter the molecular function of the pool of mRNAs
bound by HuD. Lower levels of CARMI1 correlated with the enrichment of RNAPII and DNA
binding terms while higher levels of CARMI1 correlated with protein signalling terms. The
abundance of correlating terms brought forward by both gene groups put in evidence the distinct

functional impact that CARM1 could impart through HuD.

4.3.5.2 Biological Processes

Biological processes enriched within each group are numerous and diverse in function.
Given the experimental method, there is the expectation that the terms identified in both groups
be relating to known HuD functions. In accordance with this, commonalities between the
shCARMI1 and pGIP-Z groups include terms relating to development, morphogenesis and the
positive regulation of cell differentiation. However, to delineate the terms most relevant to this
work, the focus was put on GO terms most influenced by CARM1 protein levels, and therefore
the terms unique to only one dataset.

Accordingly, both groups were found to have unique biological functions. Within the

shCARMI cells, terms relating to the Wnt signalling pathway were found to be recurrent;
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Canonical Wnt signaling pathway, regulation of Wnt signaling pathway and cell-cell signaling
by Wnt are among the terms found to be enrichment. Meanwhile, no Wnt relating terms were
identified within the control group. The repeated inclusion of these terms in the experimental
group strongly suggest that Wnt signaling be a noteworthy component of CARM1’s influence.

Relevant to the model investigated, the term nervous system development and cell
projection organization were also identified within the shCARM1, but not within the pGIP-Z
dataset. The implied regulation of HuD on CARMI to bind mRNAs relating to neuronal
development further implicates CARMI1 in the mediation of neuronal development, consistent
with the previous findings that CARM1 delineates cell fate through HuD (Fujiwara et al., 2006;
Hubers et al., 2011).

Meanwhile, terms enriched within the pGIP-Z cells include skeletal system development,
which is reminiscent of CARM1’s known role in skeletal muscle health. The presence of this
term in the context of MN is consistent with CARM1’s strong association to myogenesis (Saber
& Rudnicki, 2022). Furthermore, the presence of peptidyl-arginine modification within the list is
also in a clear association to CARM1’s primary function, and ties into the term protein-arginine
deiminase activity identified in the molecular function. The reoccurrence of this process is
corroborating the idea of an influence on Arg methylation beyond CARM1’s immediate
substrates.

As a whole, the terms highlighted are consistent with both HuD’s known roles and
CARMI’s own. The identification of terms closely related to CARMI1 known functions further

suggest that CARM1’s influence be at least in part occurring through HuD in MNs.
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4.3.5.3 Cellular Component

MN are defined by their distinct structural features adapted for the rapid transduction and
transmission of signal across a large distance (De Vos & Hafezparast, 2017). The regulation of
axonal transport upon and after differentiation represents an additional layer of control
particularly required of MNs. In the investigation of HuD and CARM1’s roles in MN, the
cellular component predominant of each gene group has potential to indicate which MN
pathways are impacted.

Consistently with what was found in Biological Processes, the datasets had a
commonality. In both groups, the extracellular region was an enriched cellular component. Since
this term encompasses a broad range of genes, it is unsurprising that it can be found among both
datasets. Interestingly, all other terms were unique to each dataset suggesting that CARM1’s
influence be targeting different cellular components. Most notably, cellular anatomical entity,
was found to be most enriched within the shCARM1 dataset. In addition, terms more meaningful
in the context of this study include intracellular anatomical structure, extracellular region and
the plasma membrane. Overall, the sShiCARMI dataset points towards structural features as a
main area of influence.

On the other hand, terms highlighted only within the pGIP-Z datasets are limited to
endomembrane system, postsynapse and neuron part. These terms are more apparently related to
the specialized functions expected of a MN cell type. The fact that these terms were not found in
the other dataset presents CARM1’s influence on HuD’s binding as being meaningful towards
neuronal regulation.

While more inferences could be made from this dataset, the terms discussed so far give a
clear insight on the contributions of CARM1 within this cell type. The molecular function

subgroup identifies signaling, DNA binding, protein-arginine deamination and structural
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constituents of myelin sheaths as being influenced by CARMI1 protein levels. In terms of
biological function, the data suggests that CARM 1 be implicated in signaling, including Wnt
signaling, neuron system development and skeletal system morphogenesis. Additionally, the
cellular component ontology subgroup highlights CARM1’s protein level as having influence on
cellular structure and neuronal parts. These findings are consistent with a model where CARM1

alters HuD’s gene pool towards the regulation of MN development and signalling pathways.
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Table 2: GO terms associated with protein coding genes coprecipitating with HuD in
shCARM1 MN-1 cells.

Protein coding genes with GFOLD values of above 1.5 were included for GO analysis and
compared to protein coding gened identified in the total cell lysate of pGIP-Z cells. The green
scale bars visually represent the significance of each GO term within the sample set.

(This table is continued on the next page.)

Molecular Function

Term Name GO term ID  -logl0 Adj. p Value

cation binding GO.0043 168 2173
RNA polymerase Il regulatory region sequence-specific DNA binding GO:0000977 2130
RNA polymerase 11 regulatory region DNA binding GO:01012 2114
double-stranded DNA binding GOA03 690 2.090
metal ion binding GO.0046872 1.B50
transcription regulatory region sequence-specific DNA binding GO:0000976 1.845
sequence-specific double-stranded DMNA binding GO: 1990837 1.688
histone acetyliransferase binding GO:035035 1.584
ENA polymerase Il proximal promoter sequence-specific DNA binding GO:0000978 1.550
transcription regulatory region DNA binding GO:0044212 1.449
proximal promoter sequence-specific DNA binding GO:0e8T7 1.447

regulatory region nucleic acid binding GO:M01067 1.435



Table 2 (Continued): GO terms associated with protein coding genes coprecipitating with

HuD in shCARM1 MN-1 cells.

Biological Process

Term Name GO term ID  -logl0 Adj. p Value

tissue morphogenesis GO48729 TO8S
animal organ morphogenesis GOMO9ERT 4.750
tissue development GOMO9EES 4446
regulation of canonical Wnt signaling pathway GO:M60E2E 4.131
tube morphopenesis GOu35239 4116
anatomical structure morpl GO:0009653 4.082
positive regulation of developmental process GO0051094 4.015
morphogenesis of an epithelinm GOM0200% 3.855
system development GOUMM4BT31 3.805
multicellular organism development GO:07275 3747
regulation of multicellular organismal devel GO:2000026 3713
canonical Wnt signaling pathway GO060070 3.545
regulation of Wnt sighaling pathwa GO030111 3477
mammary gland specification GO:060594 3267
tube development GO:035295 3.248
positive regulation of multicellular organismal process GO:051240 3209
epithelium development GO:060429 3196
cellular response to growth factor stimulus GO00T1363 3176
regulation of transcription by RNA polyvmerase 11 GO.Ma3sT 3174
regulation of morphogenesis of an epithelivm GO:1905330 3164
nervous system development GO:07399 3164
cellular response to BMP stimulus GO0T1773 3.100
response to BMP GO:M71772 3100
cell diffe GO:0030154 3.082
response to growth factor GO:TOR48 2.004
positive regulation of cell diffi GO045597 2957
regulation of multicellular orpanismal process GO:05123% 2956
transcription by RNA polymerase 11 GON6366 2035
animal organ development GO:0048513 2.883
inner ear develo GO:N4ER3S 2.802
semicircular canal development GO:M60ET2 2728
cellular developmental process GOUN4ERRY 2.658
epithelial tube morphogenesis GO:0060562 2.656
Wit signaling pathwa GO:0016055 2554
response to endogenous stimulus GO:M0e718 2.550
cell-cell signaling by wnt GO:0198738 2535
regulation of developmental process GO0050793 2486
regulation of cell diff GO.0045595 2427
marnmary gland formation GO:M60592 2432
ear development GO:0043583 2422
response to organic substance GO:0010033 2378
positive regulation of macromolecule metabolic process GO:10604 2349
regulation of transcription, DNA-templated GO:0006355 2332
cellular response to chemical stimulus GOTORRT 2204
sensory organ development GO007423 2268
cellular response to endogenous stimulus GO:071495 2241
regulation of nucleic acid-templated trans cription GO:1903506 2176
positive regulation of gene expression GO:0010628 2.164
regulation of RNA biosynthetic process GO:2001141 2.15%
cell projection organization GOM30030 2120
negative regulation of canonical Wnt signaling pathwa GO:00500590 2104
anatomical structure formation involved in morphogenesis GO:N4E646 2.095
regulation of macromolecule biosynthetic process GO.010556 2.067
transcription, DNA-templated GO:M6351 2047
response to chemical GOM42221 2036
transmembrane receptor protein serine/threonine kinase signaling pathwa GO:MOTITE 2021
nucleobase-containing compound biosynthetic process GOM34654 2012
Cellular Component

Term Name GO term ID  -logl0 Adj. p Value

cellular ical entity GO:0110165 13.116/
cellular_component GO:NS575 11.B68
it llular anatomical structure GO:M05622 3544
cell periphery GO:0071944 3459
membrane GO:0016020 3277
extracellular space GO:H5615 3.209
extracellular region GO.MN55T76 2755
plasma membrane GOMNSERG 2659
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Table 3: GO terms associated with protein coding genes coprecipitating with HuD in pGIP-Z
MN-1 cells.

Protein coding genes with GFOLD values of -1.5 and smaller were included for the analysis and
compared to protein coding gened identified in the total cell lysate of pGIP-Z cells. The green scale

bars visually represent the significance of each GO term within the sample set.

Molecular Function

Term Name GO term 1D -logl0 Adj. p Value

receptor ligand activity GO:0048018 3.511
receptor regulator activity GO:0030545 3276
miolecular function regulator GO:0098772 2.466
growth factor binding GO:0019838 2.072
insulin-like growth factor binding GO:0005520 1.773
proteit-arginine deininase activity GO:0004668 1577
signaling receptor binding GO:0005102 1.533
structural constituent of myelin sheath GO:0019911 1.366

Biological process

Term Name GO term 1D -logl0 Adj. p Value

signal transduction GO:00071635 6.281
regulation of tesponse to stimulus GO:0048583 4.492
system development GO:0048731 4.339
multicellular organism development GO:0007275 4.258
prositive regulation of developmental process GO:0051094 4.043
regulation of signal transduction GO-0009966 3.925
positive regulation of cell differentiation GO:0045597 3.836
regulation of cell communication GO:0010646 3.608
regulation of signaling GO:0023051 3.564
tegulation of developmental process GO:0050793 3.374
regulation of signaling receptor activity GO-001046% 3129
regulation of multicellular organismal process GO:0051239 2.634
anifial otgan developrent GO:0048513 2118
regulation of cell differentiation GO:0045595 2.031
skeletal system morphogenesis GO:0048705 1.969
regulation of multicellular organismal development GO:2000026 1.935
cellular calcium ion homeostasis GO:0006874 1.917
intracellular signal transduction GO:0035556 1888
cell surface receptor signaling pathway GO:0007 166 1.823
cell population proliferation GO:0003283 1.805
calcium ion homeostasis GO-0055074 1.793
cellular divalent inorganic cation homeostasis GO:0072503 1.753
tissue developiment GO:0009888 1.721
regulation of molecular function GO-0065008 1.683
regulation of anatomical structiure morphogenesis GO:0022603 1660
transport GO:0006810 1.629
divalent inorganic cation ho lasis GO:0072507 1.583
tegulation of animal organ morphogenesis GO:2000027 1.461
adrenomedullin receptor signaling pathway GO: 1950410 1.456
peptidyl-arginine modification GO:0018195 1.440
growth GO-0040007 1.383
establishment of localization GO:0051234 1.364
atatormical structure morphogenesis GO:0009653 1.362
positive regulation of cellular process GO:0048522 1.327
cell-cell signaling GO:0007267 1.313
hormone metabolic process GO:0042445 1.308
Cellular Component

Term Name GO term 1D -logl0 Adj. p Value

extracellular region GO:0005576 4.153
endomembrane system GO:0012505 1.490
postsynapse GO:0098794 1.467
neuron part GO:0057458 1.366
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4.3.6 Abundant and Differentially Enriched Genes within the HuD RIP-seq Datasets

Aside from motif analysis and gene ontology, the identities of HuD mRNA targets
influenced by CARM1 are needed to understand the mechanisms downstream of the CARM1
and HuD interaction. Accordingly, a series of genes were selected for experimental validation.
As before, only protein coding genes were considered. In addition, genes with larger RPKM
values (arbitrarily defined as 5 or above) in at least one condition were prioritized with the aim

of promoting the discovery of major HuD interactors.

4.3.6.1 Genes enriched within the pGIP-Z dataset

CARM1

Interestingly, CARM was found to fall within the threshold of differentially abundant
genes (GFOLD -2.47) (Supplementary Table 1). Evidently, the differential expression of the
CARMI1 mRNA transcript was expected when exploring the RNAome of sixCARM1 MN-1 cells.
However, CARM1 was never confirmed or highlighted as a HuD mRNA target, making its
presence in the HuD RIP-seq dataset unexpected. Among the 123 genes identified as having
different abundance between samples, CARM 1 was on the higher end of RPKM values in pGIP-
Z cells (Supplementary Table 1). This suggests its interaction with HuD be notable when
compared to its other interactors. Mechanistically, it also suggests a potential feedback loop
between CARMI1 protein levels and its mRNA levels, although this cannot be confirmed from

this data alone.

Schipl and Iqschfp

With GFOLD values of -8.57 and -8.44 for ShipI and Igschfp, respectively, these genes

are a stark contrast to the rest of the dataset. Iqschfp is a fusion protein of Schip1 and Iqcj (also
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denoted as Iqcj-Schipl). As such, both Schipl and Iqschfp share a 3’UTR. Knowing that HuD
interacts in majority with 3’UTR, their proximity in the dataset suggest it interacts with the
fusion protein, however, neither proteins are known HuD mRNA targets. Schipl is a
cytoskeleton associated protein defined by its interaction with the merlin protein (Goutebroze et
al., 2000). Unlike Schip1, Igschfp contains a calmodulin binding 1Q motif (Kwasnicka-Crawford
et al., 2006) and contributes to cytoskeletal organization at the nodes of Ranvier (Martin et al.,
2016).
Smarca2

With a GFOLD value of -4.74, Smarca? is the third most differentially enriched gene
following Schipl and Igschfp. Smarca2 is an ATPase member of the SWI/SNF chromatin
remodelling complex (Li et al., 2024), and epigenetic regulator with a strong association with
neuronal differentiation (Sokpor et al., 2021). To date, the Smarca? is not a confirmed HuD
mRNA target and there is no clear direct association in the literature linking HuD and Smarca?2.

This is therefore a novel interaction which warrants further experimental validation.

Adra2B

In addition, Adra2B was a highlighted gene of relevance due to its high RPKM and large
absolute GFOLD value (-2.14). Adra2B, once again, is not a defined HuD mRNA target. Adra2B
is a transmembrane protein and one of three sub members of the a2 adrenoceptor family (a.2-
AR), a G-protein coupled receptor family. Adra2B is known to regulate neurotransmitter release
within the sympathetic system, as well as adrenergic neurons in the central nervous system
(Papageorgiou et al., 2022). For this reason, Adra2B’s regulation is of interest in the regulation

of MN.
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Stc2

Stc2 was also found to stand out within the dataset with a GFOLD value of -2.73. Its
canonical function relates to ER stress, where its overexpression acts as part of the cell response
to unfolded or misfolded proteins, oxidative stress and hypoxia as a pro-survival factor (Byun et
al., 2010; Ito et al., 2004; Zeiger et al., 2011). To date, it has not been identified as a HuD mRNA

target.

4.3.6.2 Genes Enriched Within the shCARM1 Dataset

Overall, genes enriched in the siICARM1 dataset were fewer in number. As such only

two genes of interest were selected in this subset; Ptger4 and Phox2B.

Ptgerd

Ptger4, or EP4, was found to stand out from other genes within this dataset through its
large GFOLD value of 2.15. It is a G protein-coupled receptor (GPCR) canonically acting
downstream of PGE2 towards the increase of intracellular cAMP (Katsuyama et al., 1995;

Sugimoto & Narumiya, 2007). It is also not a known HuD mRNA target.

Phox2B

Phox2B was found to have a GFOLD value of 2.19 and with high abundance within the
samples. It is a transcription factor and regulator of neurogenesis, especially in the specification
of motoneuron types (Brunet & Pattyn, 2002). Phox2B, like the other genes mentioned, is not a

confirmed HuD mRNA target.

Taken together, Schip1/Igschfp, Smarca2, Adra2B, Stc2, Ptger4 and Phox2B are genes

that stand out from the HuD RIP-seq dataset based on their large absolute GFOLD value;
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suggesting a CARM1 dependence. Their high RPKM value also suggests they be prevalent HuD
mRNA targets. To date, none of the genes listed above have been established as HuD mRNA
targets. The novelty suggests that CARM1’s influence on HuD might be through so far

undescribed interactions.

4.3.6.3 Known HuD mRNA Targets

Based on the data presented here, it seems that most genes identified as being influenced
by CARMI have not previously been experimentally validated within the literature as bona fide
HuD mRNA targets. However, the dataset is consistent with what is anticipated of HuD, as many
of its known mRNA targets were prevalent within the samples (Figure 10, blue labels).

First, by far the most prevalent mRNA seen in the dataset was [f-actin (Actb), a
confirmed HuD target in MN (Akten et al., 2011; Kim et al., 2015; le et al., 2017). Actb is also
recognized as a particularly abundant protein expressed ubiquitously (Condeelis & Singer, 2005;
Vedula & Kashina, 2018). This is consistent with Actb’s distinctively high read count within the
samples.

In addition to Actb, several other mRNA targets known as HuD mRNA targets were
identified within the dataset. These include p2/ (Cdknla) (Fujiwara et al., 2006; Hubers et al.,
2011; Joseph et al., 1998), Marcks (Wein et al., 2003), HuD (Elavl4) (Borgeson & Samson,
2005), HuR (Elavll) (Dai et al., 2012; Mansfield & Keene, 2011), App (Kang et al., 2014), Bdnf
(Allen et al., 2013; Vanevski & Xu, 2015), Noval (Ratti et al., 2008) and Ache (Deschénes-Furry
et al., 2007) and GAP-43 (Mobarak et al., 2000) amongst others. As expected, these genes fell
towards the higher RPKM values, consistent with their enrichment expected from a HuD-RIP.
Interestingly, their affinity to HuD was not impacted by CARM1 protein levels according to the

criteria defined above.
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On the other hand, the genes highlighted above as being potentially impacted by CARM1
protein levels fall within the same RPKM range as the genes known as HuD mRNA targets
(Figure 10, green labels). This suggests that the genes highlighted have a prevalence of
interaction with HuD comparable to that of its other known mRNA targets. This implies a similar

degree of interaction, although it cannot be concluded from this alone.

4.3.6.4 Experimental validation of HuD’s interactions in MNs

To test if the findings derived from the sequencing data were replicated experimentally,
the ability and replicability of CARMI1 protein levels to alter gene enrichment yielding from a
HuD RIP was tested.

Through biological replicates, the RNA product enriched from a HuD RIP performed in
MN-1 pGIP-Z and shCARMI cells was amplified via RT-PCR (Figure 13). As none of these
genes are confirmed HuD mRNA targets, the specificity of the amplification is essential. For this
purpose, cross exon primers were designed to ensure the specific amplification of the mRNA
product. For the primer sequences, refer to Supplementary Table 3. Due to the nature of some of
the highlighted genes, several elements are important to consider for interpretation of results.

First, as a fusion protein, the Schipl and Igschfp primers target a sequence contained
within both of the genes. The Schipl and Igschfp datapoints highlighted in the dataset will
therefore be considered together and without distinction for this analysis. Secondly, it is
important to note that cross exon primers could not reliably be used for Phox2B. Similarly, as an
intronless gene, Adra2B primers fall within the bounds of its only exon. As such, the targeted
sequence for both genes can be found on both genomic DNA and mRNA transcripts. Genomic
DNA should not be present in the RIP samples based on the methodology used for RNA

extraction however, it is important to rule out its potential use as template source. For this
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reason, an additional set of controls was included in the experimental design. In these control
samples, the purified RNA product resulting from the RIP was used as template for PCR
amplification without reverse transcription. This effectively prevents the amplification from
RNA transcripts and limits amplification to DNA already present in the samples should it be a
meaningful source of template.

An additional factor to consider is that only the signal coming from RIP was considered
in the subsequent densitometry analysis. While the inputs serve as a visual assessment of the
total, the normalization of the RIP yield to the total RNA may not be reflective of the impact
CARMI has on HuD. Since CARMI1 is well known to alter gene expression through
transcriptional regulation, it reasons that the total mRNA levels have the potential to be different
in the two cell lines expressing different levels of CARM1. Additionally, as potential HuD
mRNA targets, the mRNAs investigated here are also likely to have altered stability through
their association with HuD. With these unknown variables, the normalization of the signal
coming from the RIP to the input would not have interpretative value. Consequently, this
approach was avoided. Instead, direct comparison of HuD RIP amplification signals was used as
a snapshot of the impact of CARM1 protein levels on HuD’s pool of mRNA targets.

Encouragingly, the RT-PCRs of Schip1/Igschfp, Smarca2, Stc2, Ptger4, Phox2B, Adra2B
and CARM1 (Figure 13A-G) performed as described above showed to be replicable and
consistent with the RIP-seq datasets. For, Schip1/Igschfp, Smarca2, Stc2, Ptger4, Phox2B,
Adra2B (Figure 13 A-F), the PCRs performed in the absence of reverse transcription showed no
signal within HuD RIP samples confirming that their amplification stems from mRNA templates

as opposed to residual genomic DNA. Importantly all of the genes tested were amplified beyond
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background levels (IgG) following a HuD RIP for at least one of the two cell lines. This confirms

the interaction of the mRNAs of interest with HuD.
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Figure 13: RT-PCR amplification of the genes of interest following a HuD RIP in pGIP-Z
and shCARM1 MN-1 cells.

Schipl/lgschfp (A), Smarca2 (B), Stc2 (C), Ptger4 (D), Phox2B (E), Adra2B (F) and CARM1 (G)
were amplified through RT-PCR and the DNA product run on an agarose gel prior to imaging.
“No RT control” samples were processed without reverse transcription. All inputs represent 10%

of the total cell lysate. Images are representative of all replicates.
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Figure 14: Quantification of the mRNA levels of the genes of interest in the inputs of pGIP-Z
and shCARM1 MN-1 cells.
The RT-PCR amplification of Schip1/Igschfp (A), Smarca2 (B), Stc2 (C), Ptger4 (D), Phox2B (E)

and Adra2B (F) mRNA from inputs were quantified through densitometry analysis and normalized
to the pGIP-Z sample. Each datapoint represent different biological replicates. Statistical analysis;

Paired t-test P<0.05. N=3-5. Error bars represent SD.
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Figure 15: Quantification of the mRNA coprecipitating with HuD in pGIP-Z and shCARM1 MN-1

cells.

The RT-PCR amplification of Schip/Igschfp (A), Smarca2 (B), Stc2 (C), Ptger4 (D), Phox2B (E) and

Adra2B (F) from a HuD RIP were quantified through densitometry analysis and normalized to the pGIP-Z

sample. Each datapoint represent different biological replicates. Statistical analysis; Paired t-test P<0.05.

Error bars represent SD. N=3-5.
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Beyond the confirmation of interaction, almost all genes tested here had significant
changes in HuD interaction dependent on CARMI1 protein levels. Schip1/Igschfp and Stc2
displayed the most significant change (Figure 15A, C, E), followed by Smarca?2, Ptger4, and
Phox2B (Figure 15 B, D, E). Of all mRNAs tested only Adra2B failed to reach significance
(Figure 15F).

It is worth noting that, as seen in the quantification of the input lanes (Figure 14), the
global levels of some of these mRNA targets are also dependent on CARMI1. Here,
Schipl/lgschfp, Stc2 and Ptger4 levels are altered along with CARM1’s protein levels (Figure
14A, C, D). Meanwhile, Smarca2, Phox2B and Adra2B did not reach significance (Figure 14B,
E, F). On that account, CARM1 protein levels exert an influence on the global levels of these
mRNAs. This could be reflected through changes in transcription, stability or degradation.
Regardless, the significant changes of mRNA interaction with HuD between cell lines confirms
that CARMI1 protein levels can alter the composition of HuD’s pool of mRNA targets.

In addition to the significant change in mRNA interacting with HuD, the direction of the
change is consistent with the RIP-seq dataset (Figure 10). In other words, the dataset identified
Ptger4 and Phox2B as being enriched in HuD RIP samples of shCARMI cells when compared to
the control. Meanwhile, Schip1/1gschfp, Smarca2 and Stc2 were found to be more enriched in the
control as opposed to the shCARM1 cells. In all cases, the directional change agrees with the
expectations of the RIP-seq dataset (Figure 15A-F, Figure 10).

In summary, it is clear that CARM1 protein levels have influence on the global levels of
some of the mRNAs outlined. Still, all mRNAs could be amplified following a HuD RIP, which
argues that the mRNAs of Schip I/Igschfp, Smarca2, Adra?B, Ptger4, Phox2b, Stc2 and CARM1

be true interactors of HuD. Additionally, except for Adra2B, HuD’s interactions with the
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outlined genes were found to be in dependence of CARMI1 levels. For Schip1/Igschfp, Smarca?,
Ptgerd, Phox2b and Stc2, the directional change of interaction with HuD in the two cell lines
were significant and consistent with the RIP-seq dataset. This suggests that CARM1 protein
levels alter the prevalence of Schip1/Igschfp, Smarca?2, Ptger4, Phox2B and Stc2 within HuD’s

pool of mRNA interactors in MNss.

4.3.7 CARMI1 Enzymatic Activity Impacts Ptger4 and Smarca2 Protein Levels

CARMI1 function is heavily tied to its enzymatic activity, although not in complete
overlap (Jayne et al., 2009; Kim et al., 2010; Sanchez et al., 2015; Yadav et al., 2003). It cannot
be determined if effects observed within this chapter are a direct consequence of CARM1’s
enzymatic activity.

As briefly mentioned in Chapter 3, CARM1’s methylation activity can be prevented
through a point mutation. This mutant form of CARM1 is used within the next section of this
chapter and throughout the rest of this work.

A pEGFP-NI1 construct was used as the backbone for CARM1 insertion. Alone, the
construct leads to free GFP expression. After CARMI insertions, the pEGFP-N1 CARMI1
construct expresses the CARM1-GFP fusion protein, while the CARM1-GFP E266Q construct
expresses the enzymatically dead fusion protein (Figure 16 A). For the confirmation of the lack
or presence of enzymatic activity stemming from these CARM1 constructs, refer to
Supplementary data and Figure S5.

CARMI’s protein levels have influence on the global mRNA levels of Schip1/Igschip,
Stc2 and Ptger4 (Figure 14 A, C, D) and HuD’s interaction with Schip1/Igschfp, Stc2, Ptger4,
Smarca2, and Phox2B mRNAs (Figure 15 A-E). As precursors of protein translation, it is

plausible that CARM1’s influence on these mRNAs results in their altered protein expression. As
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such, the ability of CARM1’s overexpression to incur a change in the expression of the genes
highlighted was assessed by WB.

Once more, stable MN-1 shCARMI1 and pGIP-Z cells were used as baselines of low or
endogenous levels of CARMI, respectively. Endogenous levels of CARM1 expression could
potentially stifle any exogenous effect through the saturation of its methylome. Therefore, the
shCARMI cell line is used to replicate a system unsaturated in CARMI activity. The use of both
cell lines should showcase the unstifled effect of transient CARM1 expression.

To discern between the consequences that are dependent or independent of CARM1’s
activity, the two cell lines were transfected to express CARM1-GFP or the aforementioned
catalytically inactive CARM1-GFP E266Q mutant. After 48h incubation, the lysate was
collected and used towards WB analysis. The expression of the exogenous and endogenous
CARMI protein was evaluated and confirmed prior to evaluating the protein levels of the
highlighted genes (Figure 16A).

First, Adra2B protein levels 48h after CARM1-GFP or CARM1-GFP E266Q transfection
show no significant changes within either the pGIP-Z or ssCARM1 cells (Figure 16D). Since
Adra2B was not experimentally found as having mRNA levels dependent on CARM1 (Figure
14F and Figure 15F), there was no strong basis supporting CARM1’s ability to impact its protein
levels. Accordingly, the absence of change is in line with what was observed from Adra2B’s
mRNA experimentally.

Unlike Adra2B, the Ptger4 mRNA levels interacting with HuD were found to be
significantly dependent on CARMI. This does not guarantee a change at the protein level, but
could be a plausible outcome of CARM1’s influence. Importantly, the overexpression of the

CARMI constructs did not yield any significant changes in the pGIP-Z cells, but did reach
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significance in sShCARMI cells (Figure 16B). More specifically, CARM1-GFP overexpression
led to a decrease in Ptger4 protein levels. Interestingly, the overexpression of CARM1’s
catalytically inactive counterpart was unable to cause the same change. This demonstrates the
dependence of Ptger4 protein levels on CARM1’s enzymatic activity. Additionally, the absence
of the same observations in the pGIP-Z cell line suggests that endogenous CARMI1 expression is
enough to saturate the methylome responsible for the change. By relating these findings with
those of Figure 14D and Figure 15D, it can be concluded that the influence of CARMI in
Ptgerd 's mRNA is reflected at the protein level (Figure 16B).

Another gene of interest highlighted is Smarca2. Similarly to what is observed for Ptger4,
the overexpression of CARM1-GFP was able to incur a change in Smarca2 protein levels in
shCARMI cells, but not in pGIP-Z cells (Figure 16C). The fact that Smarca2 protein levels are
unaffected in pGIP-Z cells suggests that the function of CARMI responsible for the change is
saturated with its endogenous levels of expression. Interestingly, the overexpression of CARMI1-
GFP E266Q) did not lead to a change of Smarca2 protein levels. The inability of the catalytically
inactive form of CARMI1 to cause the same change shows that the mechanisms at cause depend
on its methylation activity. This data shows the ability of CARMI to decrease Smarca2 protein
levels in an enzymatically dependent manner.

Unfortunately, only Adra2B, Ptger4 and Smarca2 were evaluated here. Schip1/Iqschfp,
Stc2, and Phox2B were omitted solely based on the absence of reliable IB antibodies. On that
account, they cannot be ruled out as genes with or without a potential dependence on CARMI1 at

their protein level.
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Altogether, this experiment demonstrates that CARM1 can alter the protein levels of
genes identified within the HuD RIP-seq dataset to be dependent on CARMI1. This suggests that

CARM1’s influence on HuD binding could contribute to changes in their expression.
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Figure 16: Impact of CARM]1 overexpression on the protein levels of Ptger4, Smarca2 and
Adra2B.

(A) Stable MN-1 cells expressing either pGIP-Z control or shCARM1 were transfected with pEGFP-
N1 (G), pEGFP-N1 CARMI1 (CG) or mutant catalytically inactive CARM1 (CG*). The resulting
immunoblots of Ptger4 (B), Smarca2 (C), and Adra2B (D) were quantified through densitometry
analysis and normalized to their respective empty vector control. WB images are representative of
each replicate. IB; Immunoblot. Statistical Analysis, One Way ANOVA with Tukey’s multiple

comparisons test. P<0.05, Error bars represent SD. N=4-5
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4.4 Discussion
4.4.1 Identifying the Full Spectrum of HuD mRNA Targets Influenced by CARM1 in MNs

HuD is dynamic in nature, interacting with a plethora of proteins and complexes essential
in RNA biology. To get a representative outlook of HuD in RNA biology, its discrimination
among its protein interactors is essential. As such, stringency was prioritized in defining the
experimental conditions surrounding this objective. When considering the total amount of HuD
(input lane), it can be determined that the IP efficiency falls just below the 5% threshold (Figure
9). This represents a non-dominant portion of the total HuD protein. While it was found that
another antibody did have a better IP efficiency, it was also determined that the IP efficiency did
not necessarily correlate to the enrichment of known HuD mRNA targets (Figure S4). In fact, a
more efficient HuD pull down leads to less p2/ and GAP-43 mRNA isolated in the process.
Moreover, the RT-PCR amplifications were more comparable to that of the IgG, indicating their
inefficient affinity purification. Meanwhile, the lower efficiency IP led to the robust RT-PCR
amplification of its known targets, especially for that of p21. For this reason, the conditions
leading to a better RIP yield were prioritized.

It is worth noting that the p21 mRNA target, as emphasized throughout the investigative
rationale of this objective, did not stand out from this dataset. Reflecting what was found by RT-
PCR (Figure 9), its presence within the HuD RIP samples was confirmed in the dataset (Figure
10), but its GFOLD value (-0.14065) did not meet the threshold established in this work. As
mentioned, this cell model was previously found by our group to replicate the initial finding that
CARMI1 methylation of HuD altered p21 mRNA affinity (Fujiwara et al., 2006; Hubers et al.,
2011). The fact that it was not highlighted here suggests that other factors are involved in their
interactions, such as the cell’s commitment to cell differentiation. Consequently, the data

presented here cannot be considered a comprehensive evaluation of CARM1 dependent HuD
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mRNA targets in MN. However, 123 genes under the influence of CARM1 were identified

within HuD interactors, answering to the purpose of this aim.

4.4.2 Determining Which Motifs within HuD’s mRNA Targets are Influenced by CARM1

The second aim focused on the identification of motifs within HuD interactors that are
influenced by CARMI. This was evaluated in two ways; first through the identification of the
top motifs among the 123 genes with the largest absolute GFOLD values, and subsequently by
comparing motif abundance between the pGIP-Z and shCARMI1 cell lines.

As per the introduction, HuD’s affinity to AREs is widely reported (Wang & TanakaHall,
2001), but U-rich motifs are now thought to be a more accurate reflection of its binding affinities
(See Table 1).

When considering the motifs identified among the 123 genes highlighted, a high
prevalence of U-rich sequences show consistency with the expectations of a HuD RIP. This
agrees with the notion that the genes identified in this work are true interactors of HuD.
Interestingly, an enriched motif, the 5-‘ACACAC-3’ motif, is very similar to the 5’~ACACCC-3’
motif, which itself is found to precede the U-rich elements bound by HuD in the B-actin mRNA
(Kim et al., 2015). Since this is not a known HuD binding site, its significance points towards a
potential adjacent regulatory element.

On the other hand, when considering the motifs influenced by CARM1, poly(U) motifs
were more significantly associated with HuD within the pGIP-Z cell line. This suggests that
CARMI acts positively towards the association of HuD and its highest affinity sequence (Park-
Lee et al., 2003). This positive association is not in agreement with the only HuD mRNA target
currently known to be regulated through CARM1. As a reminder, CARM1 was found to act

negatively towards HuD’s and p21’s mRNA interaction (Fujiwara et al., 2006). Overall, there is
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a discrepancy between the overall positive influence of CARM1 on HuD’s highest affinity
sequence, and its negative influence observed with the p21 mRNA. Nevertheless, this could be
explained through other factors. Most importantly, the sequence targeted by HuD within the p21
mRNA is not strictly a poly(U) sequence. In fact, despite its high U content, p21’s sequence
targeted by HuD is best described as an ARE sequence (Joseph et al., 1998). Accordingly, the
poly(U) motif identified in this dataset does not necessarily represent the biology surrounding the
p21 mRNA. This suggests that CARM1’s influence on HuD acts beyond the ARE motif
identified within the p21 mRNA and argues for an extended range of influence than what is
currently described.

Within the sitCARM1 cells only, a poly(A) sequence was identified as being enriched.
The presence of a poly(A) sequence itself is expected in a HuD RIP as RRM3 it is known to bind
polyadenylated sequences in the poly(A) tail (Beckel-Mitchener et al., 2002; Bolognani et al.,
2010; Bolognani & Perrone-Bizzozero, 2008; Perrone-Bizzozero & Bird, 2013). The same motif
was not found to reach the same significance in pGIP-Z cells, once again suggesting CARM 1
acts negatively on its binding with HuD.

Aside from the poly(U) and poly(A) sequences, other motifs highlighted here are G-rich
sequences. These G-rich sequences were found to be enriched within both cell lines, but with
very different e-values. As mentioned, G-rich sequences are not associated with HuD’s binding
motifs but do align with their prevalence adjacent to polyadenylated regions (Kostadinov et al.,
2005). Unlike the other motifs found to be under the influence of CARM1, this motif implies a
means of influence outside of HuD’s known binding motifs.

It is interesting that this specific motif be identified. G-rich sequences are known to form

G-quartets; a secondary structure often associated with an increased RNA stability (Fay et al.,
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2017). It cannot be concluded from this data alone that the G-rich sequence described here does
adopt the G-quartet secondary structure in vivo. However, the sequence associated with this
structure is closely related to those found here (Kamura et al., 2020). G-quartets have been
shown to be recognized by FMRP, an RBP associated with neuronal development (Didiot et al.,
2008). This structure is also associated with translation regulation (Didiot et al., 2008; Fay et al.,
2017), and splicing (Georgakopoulos-Soares et al., 2022). The presence of the G-rich motif in
both conditions is therefore consistent with their regulatory role in mRNA biology beyond
HuD’s direct binding motifs.

Most relevant to this work is the involvement of RNA G-quartets in PRMT biology. For
instance, PRMTS5’s methylation of the RBP FXR1 was required for its binding of G-quartets,
leading to increased oncogene expression (Vijayakumar et al., 2024). Meanwhile, PRMT1’s
methylation of FMRP led to a decrease in binding with its G-quartet containing RNA (Stetler et
al., 2006). Additional regulatory elements of G-quartet containing mRNAs have emerged from
such methylation events. The RGG motif, a major site of Arg methylation for most PRMTs, has
the ability to interact with G-quartet containing mRNAs as described in the apoptotic inhibitor
Aven. The motif’s association with G-quartet containing mRNAs occured independently of its
methylation. However, its methylation by PRMT1 was required for the association of methyl
sensing proteins TDRD3 and SMN, which recruited the complex to polysomes. The recruitment
effectively led to increased protein translation, establishing RGG motif methylation as a
regulatory element in G-quartet containing mRNA expression (Thandapani et al., 2015). As
such, PRMT methylation of RBPs can lead to their altered interaction with the G-quartet motif.
While HuD has no evidence of being one of these proteins, it is plausible that HuD’s CARM1

dependent differential affinity to mRNAs containing this G-rich motif carries a functional impact
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on other RBPs and substrates of other PRMTs. As such, the regulation of this subset of mRNAs
could lend CARM1 translational control beyond HuD’s direct influence.

Overall, the data presented here argues that CARM1 has an expanded range of influence
on HuD. For one, CARM1’s influence on the mRNAs interacting with HuD reveals a positive
influence on HuD and poly(U) motif interaction. On the other hand, CARM1’s was found to
carry a negative influence on HuD’s poly(A) motif interaction. The data also reveals an influence
beyond HuD’s canonical binding motifs; the G-rich motif. This motif was prevalent in both
groups but represented the most significant motif in sShCARMI1 cells. This suggests that CARM 1
represses HuD’s interaction with RNAs containing this motif, potentially as an additional

indirect influence on the translation regulation of HuD’s mRNA targets.

4.4.3 Determining the CARM1 Dependent Roles of HuD’s mRNA Targets

Through gene ontology analysis, the combination of the molecular functions, biological
processes and cellular components identified as being dependent on CARM1 within HuD’s
mRNA targets highlights a broad range of influence.

Key molecular function terms involve the recurrent Wnt pathway related terms found to
be enriched within the HuD-RIP performed in the sShCARM1 MN-1 cells. The functional
relevance of the Wnt pathway has been extensively reported through its heavy involvement in
neurogenesis (Arredondo et al., 2020; Galli et al., 2014; Lie et al., 2005; Rosso & Inestrosa,
2013; Teo & Salinas, 2021). The prevalence of Wnt related terms in a HuD-RIP of MN-1 cells is
therefore consistent with the pathways expected to be at work. Coincidingly, a HuD-RIP
performed in the forebrain tissue of transgenic human HuD expressing mice identified a high
prevalence of genes within Wnt signalling pathways (Bolognani et al., 2010; Tanner et al.,

2008).
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On the other hand, no Wnt related terms were identified in the HuD-RIP performed in the
control group. This shows that Wnt related genes are under the influence of CARMI1 for their
interaction with HuD, more specifically, that CARM1 expression acts negatively towards their
association with HuD. It is unclear what functional impact could stem from the altered
interaction of Wnt related genes with HuD. Nevertheless, as mentioned, transient knockdown of
CARMI has been shown to be sufficient to induce MN-1 cell differentiation (Hubers et al.,
2011), and Wnt signalling contribute to neurogenesis (Arredondo et al., 2020; Galli et al., 2014;
Teo & Salinas, 2021). This points towards a model where the reduction of CARMI protein
levels associated with MN-1 cell differentiation promotes HuD’s interaction with Wnt associated
genes, enabling their downstream contributions to neural differentiation events. The
identification of terms such as nervous system development, cell differentiation and cell
projection organisation enriched in the HuD-RIP shCARM1 sample (but not the control sample)
is consistent with this hypothesis.

The identification of Wnt genes as acting downstream of CARM1 is not novel. CARM1
has previously been shown to promote the expression of Wnt signalling, albeit in colorectal
cancer cells known for their aberrant Wnt gene expression and activation. In this study, CARM1
was found to promote Wnt gene expression through its coactivator function (Ou et al., 2011).
The context of this interaction is not likely equivalent in MNs, however this finding is consistent
with CARM1’s influence on Wnt genes, and points towards HuD as an intermediate in its effect

in MNss.

4.4.4 Determining CARM1’s Impact on Novel HuD mRNA Targets

So far, CARM1’s influence on HuD has been discussed in the scope of mRNA motif and

gene ontology term enrichment. Several genes were highlighted and validated as being HuD
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mRNA targets under the influence of CARM1. Schip 1/Igschfp, Smarca2, Adra2B, Stc2, Ptger4
and Phox2B were confirmed as HuD mRNA targets, and for the exception of Adra2B, all were
confirmed to be dependent on CARMI for their interaction with HuD. Their canonical functions
were briefly addressed above, however, their relevance in the context of neural and MN biology
was not explored. The roles and potential ramifications stemming from their identification will

be expanded on below.

4.4.4.1 Schipl and Igqschfp

As mentioned, the Schipl and Iqschfp datapoints are clear standouts from the dataset.
Schip1, or schwannomin interacting protein 1, as the name suggests, is an interactor of the
schwannomin protein (also denoted as NF2 or merlin). The fusion protein Igschfp was also
found to interact with NF2, Ankyrin-G (AnkG) (Martin et al., 2008) and Ankyrin-B (AnkB)
(Martin et al., 2017). Schipl is strongly expressed in the heart and skeletal muscles, while both
Igschfp and Schipl are strongly expressed in the brain (Goutebroze et al., 2000; Kwasnicka-
Crawford et al., 2006).

Consistent with their cytoskeletal associations, Igschfp, as well as Schipl are established
neuronal contributors, most notably through their importance in neurites. For instance, Schip1’s
expression coincides with axonogenesis stages in brain tissues. Adult and embryonic mice
expressing SchiplA10, a frameshift mutant with a premature stop codon, displayed decreased
size of the anterior commissure anterior branch and posterior branch consistent with axonal loss.
Primary neurons from the anterior commissure showed defects in axon elongation and guidance
(Klingler et al., 2015). The events leading to these defects are still unelucidated.

While Igschfp shares a portion of its sequence with Schipl, its role appears to be distinct.

In fact, Igschfp’s role is reportedly of most consequence in the long-term maintenance and
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regulation of mature axonal structures. Unlike Schip1, Igschfp is known to accumulate at axon
initial segments (AISs) as well as nodes of Ranvier (Martin et al., 2008). In myelinated neurons,
AISs and nodes of Ranvier are rich in voltage-gated ion channels, key for the rapid voltage
changes required of action potentials (Nelson & Jenkins, 2017). Iqschfp’s recruitment to these
regions showed to be dependent on BIV-spectrin (P. M. Martin et al., 2008); a key node of
Ranvier component requirement for normal sodium channel clustering in neurons (Komada &
Soriano, 2002). Including BIV-spectrin and AnkG, Iqschfp also interacts with potassium
channels (Kv7.2, Kv7.3). Mutations in Igschfp in mice led to ataxia and reduced pain sensitivity,
coinciding with the abnormal shape of cytoskeletal structures in the nodes of Ranvier (Martin et
al., 2016). While the nature of these defects are yet to be fully elucidated, it suggests that Iqschfp
be a structural contributor of nodal architecture.

In proliferating PC12 cells, Iqschfp was found to have a diffuse expression while
differentiated cells showed it to concentrate in neurite extensions and growth cones. Moreover, it
was found to colocalize to F-actin rich regions. Its punctate appearance suggests an association
to organelles and active transport towards growth cones (Kwasnicka-Crawford et al., 2006).
Taken as a whole, Igschfp’s association to cytoskeletal structures in neurites emphasizes the
importance of its localized recruitment for normal neuronal function in differentiated cells.

As anovel HuD interactor, this is in line with the RBP’s established functions. As per the
introduction, HuD is known to act towards axonal transport of its mRNA targets through its
recruitment to RNA granules (Fallini et al., 2011). GAP-43 is the best example of a growth cone
associated protein with a dependence on HuD for its localization. Akin to Iqschfp, GAP-43

concentrates in neurites and growth cones (Yoo et al., 2013), and colocalizes with F-actin due to
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its direct interaction (Nguyen et al., 2009). Their similarity suggests a potential common method
of transportation matching HuD’s roles.

It is clear that Schip1 and Igschfp have essential roles for neuron development and
maintenance fitting under HuD’s regulatory umbrella. This work cannot confirm that Schipl or
Iqcshfp mRNAs are direct targets of HuD. However, Schip1 was identified as being
downregulated in the striatum of a HuD KO mice model (Dell’orco et al., 2021). This association
suggests that HuD has a non-redundant influence on Schip1 protein levels. This could be
mediated through HuD’s regulation of Shipl’s mRNA as the data presented here suggests.
Nevertheless, other interactors are likely involved, and CARM1’s influence on Schip1/Igschfp
function independently or through HuD is still unknown.

Lastly, the data presented here is the first evidence implicating CARM1, HuD and
Schip1/Igschfp in MN biology. It is clear that this association has the potential to impact MN

health. For this reason, more exploration of the contributions of this pathway is needed.

4.4.4.2 Ptgerd

Ptger4 is often viewed through the lens of PGE2 as one of its receptor subtype which also
includes EP1, EP2 and three EP3 splice variants (A, B and C) (Palikhe et al., 2012; Sugimoto &
Narumiya, 2007). However, each subtype differs in the type of signal transduced resulting in
varied biological roles (Sugimoto & Narumiya, 2007). As the only EP receptor subtype
identified within the dataset presented here, the unique roles of Ptger4 are of particular interest.

Ptger4 specifically has been linked to several diseases. Topics reoccurring in its study
surround a variety of cancer types, including colorectal, lung, breast, prostate and ovarian cancer.
For the most part, Ptger4’s role in the aforementioned cancers contributed to disease through

increased proliferation, invasion and migration (Yokoyama et al., 2013).(De et al.,
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2021)(Bacabac et al., 2024)(Yokoyama et al., 2013) Interestingly, CARM1 and Ptger4’s
common effect on breast cancer tissue appears to be more than a coincidence, as Ptger4 can act
upstream of CARM1 thereby altering its role (Hiken et al., 2016). (Johnston & Dowsett,
2003)(Hiken et al., 2016)In ligand independent growth, Ptger4 was found to be overexpressed, as
well as required for growth to persist. Concurrently to Ptger4 overexpression, the intracellular
concentration of cAMP was found to increase (Hiken et al., 2016), in line with its canonical
function (Katsuyama et al., 1995). PKA is well known to be activated through cAMP signalling
(Das et al., 2007; Koschinski & Zaccolo, 2017). PKA is also known to phosphorylate CARM1,
promoting its direct binding and transcriptional activity at ERa in a ligand independent manner
(Carascossa et al., 2010). Consistent with these findings, CARM1 direct interaction with ERa
was found to be dependent on Ptger4 activity.To that end, the Ptger4 and CARMI interaction
was suggested to influence the transcriptional biology contributing together to breast cancer
progression (Hiken et al., 2016).

Ptger4’s role in neurons is less defined than in cancer biology. Consequently, its
downstream impact on CARMI is not necessarily equivalent in MNs. Nevertheless, ERa carries
functions outside of breast tissues or the female reproductive system. In fact, ERa was found to
be enriched within MNs (McLeod et al., 2020). Estrogen signalling was also found to enhance
MN axonal regeneration after peripheral nerve injury (Acosta et al., 2017) and promote dendrite
growth of steroid-sensitive MNs in a male specific subset of muscles (Rudolph & Sengelaub,
2012). The ERa pathway linking Ptger4 and CARM1 is therefore not to be excluded from MN
biology.

(Li et al., 2008)(Southall & Vasko, 2001)(Echeverria et al., 2005)(Ahmad et al.,

2005)Here, Ptger4 mRNA is identified as a HuD interactor in MN. Through its association with
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HuD, the Ptger4 mRNA has potential to be regulated in its stability, translation and localization.
Under HuD’s neuronal regulatory umbrella, Ptger4 could be contributing to known and novel
functions associated with HuD.

Nevertheless, the Ptger4 mRNA interaction with HuD was found to be dependent on
CARMI1 protein levels. Functionally, CARMI1 decreased Ptger4 mRNA interaction with HuD.
The decrease in interaction between the mRNA and HuD suggests a loss of overall mRNA
stability that could expand to an altered Ptger4’s protein levels. In line with this, Ptger4 protein
levels were found to decrease upon CARM1 overexpression, but not the overexpression of the
methyl dead mutant. As such, Ptger4 protein level regulation by CARMI1 is mediated through its
enzymatic activity. This suggests a mechanism through which CARM1’s methylation of HuD
influences Ptger4’s mRNA stability which could at least in part contribute to its decrease in
protein levels. Of course, this is only one possibility, and more work is required to test this
mechanism. Most notably, it remains to be determined if HuD is required or sufficient to carry
out CARM1’s impact on Ptger4 protein expression.

Regardless of if HuD is an intermediate to CARM1’s regulatory role on Ptger4 protein
levels, this work demonstrates that in addition to Ptger4’s ability to act upstream of CARMI1,
CARMI can act upstream of Ptger4’s expression. This is the first suggestion of a feedback
mechanism occurring between Ptger4d and CARM1. What is known of how both proteins interact
suggests that the ERa pathway might carry further relevance in MN, although more exploration
is needed. (Ahmad et al., 2005; Echeverria et al., 2005)Since Ptger4’s role in neuronal cell types
is still largely unexplored, the full scale of its importance is still unreported. CARM1’s influence

on Ptger4 protein level could have broader implications in MN function.
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4.4.4.3 Stc2

Stc2 is of interest in cancer research as it was found to be upregulated in a variety of
tumours, correlating with increased proliferation and invasion (Qie & Sang, 2022). It is
considered a hormonal protein, as it is secreted out of the cell in response to cellular stress such
as nutrient insufficiency (Qie et al., 2024). In addition to its role in ER stress response, Stc2 has
been shown to carry relevance in a neuronal setting, more particularly in the context of axonal
injury.

In a recent study, Stc2 mRNA levels were found to increase 5.5 fold following axonomy
of DRG neurons, coinciding with an increase in Stc2 protein secretion. Mechanistically, this
upregulation was determined to occur via epigenetic control, specifically through HDACS. In a
sciatic nerve injury Stc2 knockout mice model, axon regeneration was found to be lacking, as
reflected by a decrease in the regenerative axonal marker SCG10. Importantly, Stc2 gene
delivery rescued axonal regenerative defects (Jeon et al., 2021), highlighting its requirement in
this setting.

Beyond the context of axonal injury, Stc2 protein expression is linked to regulation of
skeletal muscle mass. A transgenic hSTC2 mice model displayed dwarfism as a phenotype, in
part through a significant reduction of skeletal muscle mass (Gagliardi et al., 2005). In humans,
Stc2 was found to be a muscle mass modifier through a genome-wide association study. This
finding was reflected in C2C12 cell culture, where Stc2 knockdown led to an increase in
myotube length establishing the protein as a regulator of myogenesis (Hernandez Cordero et al.,
2019). Additionally, Stc2 knockout mice model showed increased muscle mass, more
specifically through an increase in muscle fiber hypertrophy as opposed to an increase in number
(Lionikas et al., 2023). Stc2’s proper regulation is therefore essential for skeletal muscle

function.
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In vivo studies found that the loss of Stc2 prevented recovery following axonomy (Jeon et
al., 2021), and in a different study, caused an increased muscle mass (Lionikas et al., 2023).
These neuronal and muscular functions shape Stc2’s as having a hand in neuromuscular biology.
Coincidently, Stc2’s prevalence in the HuD RIP-seq dataset obtained from a MN model offers a
potential avenue through which Stc2’s most novel functions overlap.

(Jiang et al., 2023)Furthermore, Stc2’s protein expression was found to be estrogen
receptor dependent (Bouras et al., 2002). As mentioned, CARM1 acts towards estrogen receptor
transcriptional activation. The finding that Stc2’s mRNA levels decrease along with CARM 1
protein levels (Figure 14C, Figure 15C) is consistent with what is known of Stc2’s
transcriptional regulation. In addition, in the context of this work, it suggests that CARM1’s
regulation of Stc2 mRNA be at least in part carried through at transcription, if not also through
HuD.

The prevalence of Stc2 as a HuD mRNA further hints at Stc2’s influence in MN. Stc2’s
mRNA dependence on CARMI1 for HuD interaction implies a downstream influence on its
mRNA’s stability and/or localization. Given Stc2’s role in axon regeneration (Jeon et al., 2021),
this range of influence broadens the means through which CARM1 could take part of MN health.
Once again, more work is required to confirm CARM1’s influence beyond Stc2’s interaction
with HuD. The CARM1, Stc2 mRNA and HuD interaction should be considered for further

investigation.

4.4.4.4 Adra2B
The a2-AR family was linked to actin dynamics, as their activation increased the length
and number of dendritic spines in cortical neurons. This was found to occur through an increase

in Spinophilin expression (J. Hu et al., 2008), an actin binding protein enriched in dendritic
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spines (Hsieh-Wilson et al., 2003) and regulator of NMJ synaptic vesicle release (Muhammad et
al., 2015). Adra2B is therefore a notable gene in neuronal biology.

Regarding Adra2B, the sequencing data presented here (Figure 10) identifies its mRNA
as potential HuD target impacted by CARM1 protein levels. However, the CARM1 dependence
did not reach significance experimentally. As mentioned, this suggests that Adra2B mRNA is not
impacted by CARMI in its levels. However, it does not rule it out as a HuD mRNA target. In
fact, through RT-PCR following a HuD RIP, Adra2B was amplified suggesting an interaction.
The data presents Adra2B as being a novel HuD mRNA target. That alone brings insight to MN
biology, a cell type for which HuD mRNA targets have yet to be explored. It goes without saying
that Adra2B and its downstream function have clear ties to neuron biology. Current investigation
found it tied to several cognitive processes; memory (Fairfield et al., 2019; Rasch et al., 2009),
emotional information processing (Mammarella et al., 2016; Xie et al., 2018) being clinically its
main area of interest. At a molecular level, the Adra2B’s distinction from other a2-ARs
adrenergic receptors is still in its early stages of investigation. The potential implications of HuD
in neuron biology should be considered in further explorations of Adra2B.

Adra2B is the only mRNA target identified within the RIP-seq dataset whose affinity
with HuD appeared to be influenced by CARM1 but that was not validated experimentally. For
this reason, Adra2B will not be emphasized in the rest of this work since it does answer this

work’s hypothesis.

4.4.4.5 Phox2B
Phox2B is a transcription factor found to mediate the expression of neural specification
genes. In the three main subtypes of MNs; branchial, visceral and somatic, Phox2B is required

for the formation of the former two, but not the somatic subtype (Dubreuil et al., 2000, 2002).
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Without Phox2B, mice embryos did not have the branchial and visceral nuclei expected of this
developmental stage of the hindbrain. Further investigation found that the absence of Phox2B did
not impair MN progenitor cell prevalence but blocked their ability to differentiate and form
axons (Pattyn et al., 2000). Overall, the timed regulation of Phox2B in the early development of
branchial and visceral MNs is required for a normal phenotype.

Aside from its key role for normal development, its abnormal expression is also enough
to alter cell fate. For instance, forced expression of Phox2B in chick embryonic spinal cord, led
to ectopic neurons with abnormal MN-like phenotype. In other words, these ectopic neurons
expressed Islet] and ChAT, but not Islet2, consistent with the markers associated with branchial
and visceral MNs (Dubreuil et al., 2000). Therefore, abnormal expression of Phox2B is sufficient
to promote atypical neural differentiation with a likeness to branchial and visceral MN subtypes.

As mentioned, Phox2B is a transcription factor with a hand in neural specification gene
expression, consistent with its influence on MN lineage. Notably, Phox2B can upregulate Ngn2
(Neurogenin2) (Dubreuil et al., 2002), a proneuronal factor, which depends on other transcription
factors to specify neuron identity (Ma et al., 2008). Phox2B can also repress Pax6 and Olig2
(Dubreuil et al., 2002). In the spinal cord, Pax6 is a transcription factor which activates Ngn2
expression (Scardigli et al., 2003), which in turns represses Pax6 towards MN differentiation
(Bel-Vialar et al., 2007). In addition to its Phox2B dependent downregulation, Olig2 is also
downregulated by Ngn2 to promote MN lineages over those of astrocyte or oligodendrocytes
(Hulme et al., 2021; S. K. Lee et al., 2005). Isletl, a required gene for specification of MN
lineages (Pfaff et al., 1996), also acts downstream of Phox2B in sympathoadrenal neurons
(Huber et al., 2013). Since the mechanisms surrounding lineage specification are complex, they

cannot in their entirety be reviewed here. Nevertheless, Phox2B’s impact on Ngn2, Pax6, Olig2
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and Isletl’s biological function is a clear indicator to its particular relevance in MN lineage
determination and the premise of this work.

As anovel HuD mRNA target whose interaction is dependent on CARM1, this new
avenue of regulation suggests CARM1 could have a hand in these biological functions.
According to the HuD RIP dataset, Phox2B’s mRNA interacted with HuD more in the
experimental condition, suggesting CARM1 negatively impacted the association. Should
CARMI’s impact on Phox2B’s mRNA be reflected at the protein level, this could reflect a novel
way through which CARMI1 could influence MN health. Needless to say, more work needs to be
done to test this hypothesis. However, deregulation in Phox2B’s mRNA stability is already
pathologically relevant in MN disease, as investigated by Mitsuzawa ef al. Since this is closely
related to the work presented here, this will be expanded on below.

In a familial ALS iPSC model (TARDBP p.G376D mutation), Phox2B mRNA levels
were found to be downregulated. Further investigation into the impact of pathological TDP-43
found that it lacked WT TDP-43’s ability to bind Phox2B mRNA and localize to neurites,
coinciding with a decrease in neurite length. They also reported a decrease in global Phox2B
mRNA stability, although pathological TDP-43’s interaction with the Phox2B mRNA was
unchanged. This leaves the cause behind its decreased stability unresolved. The authors suggest
there is a distinction to be made between two Phox2B isoforms that could account for the loss of
stability (Mitsuzawa et al., 2021). While certainly plausible, it also leaves the possibility of other
regulatory elements impacting Phox2B’s mRNA levels. Based on this work, HuD, and by
extension, CARMI1, could be one of those elements. Both HuD and CARMI1 have been involved
in ALS, and fit within the scope of its pathology (De Santis et al., 2019; Dell’Orco et al., 2021;

Liu et al., 2018). Deregulations stemming from their interactions should not be ruled out.
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In any case, the work presented here identifies Phox2B as being a member of HuD’s pool
of mRNA interactors under the influence of CARMI. The novel interaction of these three genes
supports the idea that they take part in MN health. The interaction of CARM1, HuD and Phox2B

should therefore be considered for further investigation.

4.4.4.6 Smarca2

Smarca2, also known as BRM, is a core component of the SWI/SNF chromatin
remodeling complex. Alike to its homologous counterpart, Smarca4 (or BRG), it functions as an
ATPase subunit, hydrolysing ATP towards nucleosomal disassembly (Kim et al., 2024; Li et al.,
2024). The complex has transcriptional control leading to gene activation or repression (Martens
& Winston, 2003). The transcriptional changes yielding from this chromatin remodeling are
understood to be tightly regulated to maintain cellular health, as more than 20% of all cancers
were reported to have mutations within SWI/SNF subunits (Church et al., 2023; Wang & Tang,
2023).

The SWI/SNF complex subunits are interchangeable, providing distinguishable
compositions and functionalities. Smarca2 is found in what is termed the BAF (BRG/BRM
Associated Factors) complex. In addition to its association to cancer biology as a member of the
SWI/SNF complex (Wang & Tang, 2023; Wang et al., 2014), the BAF complex has been shown
as necessary to normal neuronal function.

The complete ablation of the BAF complex in the cortex of developing mice revealed it
to be required for correct neuron morphogenesis. In its absence, deficiencies in excitatory neuron
projection were prominent as seen through defects in cell adhesion, polarization and Wnt
signalling (Sokpor et al., 2021). Additionally, the presence of the complex is not enough to

guarantee proper neural development. Since its subunits are interchangeable, its control is also
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mediated through the spatiotemporal distributions of the complex and its subunit composition
(Ho et al., 2019; Lessard et al., 2007). Without adapting its subunits from the neural progenitor
BAF (termed npBAF) to the neural BAF (nBAF), the transition from neural stem cell progenitor
to post mitotic neurons is blocked (Lessard et al., 2007). The BAF complex is also required for
forebrain development, with proliferation, differentiation and survival of neural progenitor cells
being dependent on its function (Narayanan et al., 2015). The BAF complex is therefore
undeniably linked to neural development, and the identity of its components is required if one is
to understand its functionality.

Admittedly, the BAF complex is composed of mutually exclusive Smarca2 or Smarca4
(Gao et al., 2019; Jelinic et al., 2014), and as above (Lessard et al., 2007; Sokpor et al., 2021),
the distinction between the ATPases is not always made. It is possible that one of the ATPases be
specifically required to drive neural development in addition to the other subunits mentioned,
however this remains to be investigated.

Smarca?2 has clear clinical roots in neural pathology. The Nicolaides-Baraister Syndrome
(NCBRYS) is caused by pathogenic variants of Smarca2, with an initial onset of neurological
symptoms, such as seizures, as early as 7 months old (Zhang et al., 2022). The syndrome is
further characterized by its high prevalence of intellectual disability, as well as cognitive delay,
limited speech and microcephaly (Pretegiani et al., 2016).

The specifics of how these symptoms come to be are still an ongoing point of interest, but
investigations into this field found that the pathological variants of Smarca2 are structurally
sound, retaining the ability to gather in the BAF complex, but with altered functional role (Gao et

al., 2019; Van Houdt et al., 2012).
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Interestingly, most mutations associated with the syndrome localize to areas of DNA
contact but are not an apparent cause of altered affinity to DNA (Gao et al., 2019). Nevertheless,
the expression of pathological Smarca2 variants caused widespread gain and losses of chromatin
accessibility, in addition to defects in neurogenesis. More specifically, hESC expressing
pathological Smarca2 variants showed defects in neural progenitor cell differentiation, failing to
express key neural progenitor markers Pax6 and SOX2, and having reduced expression of
neural-specific transcription factor SOX3. In addition, increased chromatin accessibility caused
the recruitment and colocalization of Smarca2 and Smarca4, and de novo activation of astrocyte
enhancers (Gao et al., 2019). As such, the epigenetic impact yielding from Smarca?2 is of
relevance in the context of neurogenesis and determination of cell lineage.

Curiously, conditional knockout of Smarca2 in mature rats is viable, with no toxicities
associated with its loss (Maher et al., 2023). This is a stark contrast to the pathologies observed
in NCBRS. The early onset of neurological symptoms associated with the syndrome, combined
with the experimentally validated requirement of Smarca2 for normal neural differentiation
suggests it is likely to be relevant throughout development, whereas the viability of its loss

thereafter suggests its role be redundant past maturity.

4.4.5 CARMI, HuD and Smarca2

The identification of a prominent ATPase from the SWI/SNF chromatin remodeling
pathway also builds on the premise that CARMI1 takes part of the chromatin remodeling it
causes. CARM1 has already been shown to methylate BAF155 (or SMARCC1), a subunit of the
BAF complex. The methylation strengthened the colocalization of BAF155 and Smarca4 and
promoted the expression of the NANOG pluripotency marker (Panamarova et al., 2016).

Additionally, in the context of breast cancer the same methylation equipped BAF155 with the
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means to increase proliferation and metastasis (Wang et al., 2014). It is worth noting that
CARM1 was the only canonical PRMT able to methylate BAF155 in vitro (Wang et al., 2014).
Moreover, it was found that Smarca4’s ATPase activity was activated through a direct
interaction with CARM1 and promoted ER-dependent transcription (Roberts, 2014; Xu et al.,
2004), although Smarca4 is not a CARMI substrate. Instead, Smarca4 acts as an intermediate
between BAF155 and CARM1 (Xu et al., 2004). CARM1’s influence towards pluripotency and
proliferation through BAF155 and Smarca4 in the SWI/SNF complex corroborates to its
epigenetic impact beyond that of histone methylation, with a strong influence on cell lineage.

It is interesting that the methylation of BAF155 incurs a stronger colocalization with
Smarca4, and that CARMI1 interacts with Smarca4. While the same studies did not investigate if
Smarca?2 is impacted similarly, (Panamarova et al., 2016; Xu et al., 2004), the fact that the two
ATPases of the SWI/SNF complex are mutually exclusive (Gao et al., 2019; Jelinic et al., 2014)
suggests a potential inverse correlation between CARMI1 activity and Smarca2 recruitment to the
SWI/SNF complex.

Functionally, the two proteins are established opposites in their influence over the cell
cycle. As expanded upon earlier, CARM1 has a strong association with pluripotency and
proliferation. In addition, as demonstrated by our group in the MN-1 cell model, CARMI is
quickly downregulated at the protein level upon differentiation. Knocking down CARM1 is also
sufficient to induce an increase in differentiation (Hubers et al., 2011). Accordingly, the
downstream impact of CARM1 is significant in the determination of cell fate, and its protein
expression is associated with the outcome.

Meanwhile, Smarca2 upregulation within various cell models (P19, F9, C2C12) was

found to be synonymous with differentiation, with its protein levels strongly increasing
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throughout the process (Itoh et al., 2008). In a neuronal setting, Smarca2 protein was found to be
lowly expressed in neural progenitor cells but was strongly induced after initiation of
differentiation (Machida et al., 2001). Smarca2 was also found to have increased protein
expression upon neuronal differentiation coinciding with the transition from npBAF to nBAF
(Staahl et al., 2013).

While the protein levels of CARM1 and Smarca2 were not evaluated together, these
findings are consistent with a model where CARM1 and Smarca2 protein levels inversely
correlate, to promote either proliferation or differentiation. The apparent necessity of an increase
in Smarca?2 protein levels during differentiation emphasizes the significance of the elements
mediating its protein expression. Prior to this work, the HuD and Smarca?2 interaction had yet to
be defined. This alone, brings interest on potential new additions to HuD’s functions, but the
influence of CARMI1 protein levels on HuD’s binding ability towards Smarca2 highlights a
potential regulatory pathway through which Smarca2 protein levels could be at least in part
modulated.

Based on the data presented here, CARM1 does not significantly alter Smarca2’s total
mRNA levels (Figure 14B). However, there is a CARM1 dependent increase in interaction
between HuD and Smarca? mRNA (Figure 15B). While not exclusively the case, HuD is mostly
known to promote the active translation of its mRNA targets (Kullmann et al., 2002; Tebaldi et
al., 2018). If taken at face value, this would suggest that Smarca2 protein levels would increase
to reflect a stronger association with HuD and subsequent increased translation. However, the
data presented here also determined that transient expression of active CARM1, but not its
inactive form, decreased Smarca2 expression (Figure 16C). This demonstrates that additional

regulatory elements are present and contribute to lower Smarca2 protein levels, and that the same
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regulatory elements are dependent on CARM1°’s activity. This suggests that CARM1’s
enzymatic function has post-transcriptional control on Smarca2, although the mechanisms
potentially at cause are unknown.

As above, Smarca?2 is linked to neuronal health. Its identification as a HuD mRNA target
is consistent with what is already known of HuD’s function. It reasons that a major neurogenesis
RBP regulates the mRNA of an epigenetic factor associated with neuronal development.
Furthermore, HuD function is known to be modulated by CARM1 methylation. The potential
dependence of Smarca? mRNA stability on HuD’s methylation would be consistent with its
known attributes.

Having established that CARM1 increases Smarca?2 mRNA binding with HuD while
repressing its protein expression, the data points towards a model where CARM1 is a regulator
of Smarca2 protein expression in MNs. Considering what is known of each protein, the
molecular shift between proliferation and differentiation could potentially be a particularly
relevant process. With the understanding that the interactions are not fully resolved yet, the
literature and data shown here is consistent with the following model.

It is consistently reported that Smarca2 protein levels increase rapidly in the transition
from proliferation to differentiation. As such, the regulation of its mRNA transcript is likely to
be closely tied to the events leading the transition. In a proliferative state, abundant CARM1
could act through HuD to stabilize Smarca2’s transcript while also acting downstream to repress
its expression. At this stage, Smarca2 protein levels are low and its mRNA protected by HuD.

At differentiation onset, when CARMI1 levels drop, its repression on Smarca2 protein

dwindles resulting in a rise in its expression. At this stage, HuD’s abundant interaction with
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Smarca2 contributes to its upregulation. As a contributor to neuronal differentiation, Smarca2
would drive and/or further the differentiation until its completion (Figure 17).

Moreover, since Arg methylation is a stable modification, the drop in CARM1 protein
levels at differentiation would not cause the immediate loss of HuD’s interaction with Smarca?2,
maintaining its increased transcript interaction until protein turnover restores it to its basal
methylation state. Such a mechanism could then restore Smarca2 to basal levels after the
transition is complete. Of course, more work needs to be done to test if this model is

corroborated in the cell model.
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Lastly, Smarca2 also has a transcriptional influence on a known CARMI1 substrate. As
mentioned, hESC expressing pathological Smarca2 failed to express the transactivator SOX2
(Gao et al., 2019), a marker of neural stem cells, stemness and pluripotency (Bareiss et al., 2013;
Ellis et al., 2004; Schaefer & Lengerke, 2019). SOX2 is a known substrate of CARMI. Its
methylation impacts SOX2’s ability to self-associate and act as a transactivator (Zhao et al.,
2011). Akin to CARM1, SOX2’s expression was found to be aberrant in various forms of cancer,
including breast and ovarian cancer (Bareiss et al., 2013; Leis et al., 2012; Lengerke et al., 2011).
The ability of Smarca2 to regulate SOX2 could also have a downstream impact on CARM1
function. The novel link between CARM1 and Smarca2 protein levels described in this work
implies a potentially functional mechanism through which CARM1, Smarca2 and SOX2
intersect. In any case, more exploration is required to test if such an interaction is reflected in the
MNs.

To conclude, the work described here establishes the first links between CARM1, HuD
and Smarca2 in MNss; first, that the CARMI1 protein promotes HuD’s interaction with Smarca?2
mRNA, and second, that CARM1’s activity can decrease Smarca2 protein levels. The bigger
picture surrounding these interactions is undetermined. The premise of a CARMI1, HuD and
Smarca2 interaction is a strong incentive to research how three independently major regulators of

cell function can act in conjunction towards MN regulation.

4.4.6 Limitations and Future Directions

The conclusions drawn from the data shown here offer many other lines of investigation
to pursue. First and foremost, there are missing elements relating to the methodology used here.
Evaluating if Schipl, Iqschfp, Stc2 and Phox2b protein levels are dependent on CARM1’s

enzymatic activity, akin to Smarca2 and Ptger4, would be of value to complete this preliminary
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line of investigation. As mentioned, a CARM1 dependent protein level change does not
necessarily equate to HuD’s involvement. However, identifying such a dependence does give
direction to the next steps of investigation of HuD and mRNAs of interest.

There remains to make a distinction between direct HuD mRNA targets or interacting
mRNAs. IPs do not discriminate against indirect interactors. It cannot be argued that the HuD
IPs presented did not also pull-down unintentional targets. Nevertheless, the conditions
maintained throughout these experiments were purposely carried through with high stringency to
avoid the discovery of confounding mRNAs. As such, while this limitation must be considered,
the data presented here is brought forward through conditions most favorable to promote the
discovery of direct HuD mRNA targets. As mentioned, the comparable abundance between the
confirmed HuD mRNA targets and the novel targets identified here (Figure 10) suggest a direct
interaction. Still, confirmation is required in order to properly characterize the interactions.

A Clip-seq experiment would be an ideal tool to determine HuD’s footprint for each of its
mRNA targets in MNs. In addition to making a stronger argument for a direct interaction, this
method narrows the location of the interaction.

The premise of this work focuses on the ability of CARMI1 to alter the landscape of
HuD’s mRNA binding. The methodology used does not discriminate between HuD and
methylated HuD (HuD*) and instead relies on altered CARMI1 protein levels. As such, the
findings outlined here do not differentiate between what is a consequence of methylation
dependent affinity with HuD or a CARM1 dependent change in target mRNA levels through
other pathways. Overall, while the changes described are dependent on CARM1, it cannot be
argued that it is necessarily through HuD’s methylation. The involvement of HuD in the process

can be tested through two in vitro experiments. First, an RNA mobility shift assay would test the
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ability of HuD or HuD* to bind to the mRNA target of interest and alter the complex’s ability to
migrate through a native gel. Secondly, a filter binding assay would give quantifiable mean to
assess the binding affinity of HuD or HuD* to the mRNA of interest.

As mentioned, CARM1’s methylation of HuD allowed its binding with SMN and
concurrent recruitment to RNA granules for axonal transport (Hubers et al., 2011). These
mRNAs could also be dependent on CARMI1 for axonal transport. Among the genes listed,
Igschfp particularly has functions tied to its axonal localization (Martin et al., 2008, 2016). It is
of interest to determine if CARMI is a determining factor in its localization of other highlighted
genes.

Furthermore, in terms of data analysis, the investigation focused on protein coding
RNAs, so while HuD is known to bind many types of RNAs, only mRNAs were considered here.
Accordingly, the conclusions made through this work does not encompass the full scope of RNA
biology that may be impacted. Additional bioinformatic analyses with the current dataset could
also be further expanded on. Lastly, there are limitations associated with the use of the MN-1 cell
model. Since this relates to more than this chapter, these limitations will be discussed in Chapter

6.

4.4.7 Conclusion

In this chapter, CARM1’s influence on HuD’s interaction with its mRNA targets in MNs
was investigated, which so far had not been explored. Here, a HuD RIP-seq found that CARM1
heavily influenced the G-rich motifs, although they are not known to be HuD binding motifs.
The data here also suggest that CARMI acts positively towards the association of HuD and the
poly(U) motif. In terms of GO, the data reinforces CARM1’s influence on differentiation

through HuD, but also suggest additional neuronal roles. At the gene level, Schip1/Igschip,
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Ptgerd, Stc2, Phox2B and Smarca? are identified as novel HuD mRNA targets, all of which are
dependent on CARM1 for their association to HuD. Ptger4 and Smarca2 are also found to be
dependent on CARM1 at their protein levels, although the importance of HuD in this process
was not investigated.

As a whole, this investigation identified several means of influence deriving from
CARMI1 in MNs. When considering the genes highlighted in this study, none were previously
established as HuD mRNA targets. Through this novelty, it is clear that the full extent of
CARM1’s influence in MNss is not fully defined. This suggests that CARM1’s role in MNs takes
part of pathways so far undescribed in the cell type. In this regard, this work establishes CARM1
as an emerging player in MN biology, prompting for more investigation of its contributions to

the MN cell type.
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Chapter 5 CARMI Interactions in Motoneurons

The identity of CARM1 substrates has been proven to be biologically relevant in both
normal cell function and disease. The cell type specific roles it may carry has the potential to
have therapeutic value beyond the scope of its predominant study in cancer research. In neuronal
cell types, CARMI has an established function, but there has been little furthering of this field of
study throughout the years. This chapter aims to explore CARM1 neuronal substrates with the

objective of shaping the general outlook of this ubiquitous protein within the frame of the MN

cell type.

5.1 Experimental Overview

MN-1 cells stably expressing GFP, CARM1-GFP or CARMI1-GFP E266Q were
generated and used in an GFP-AP/MS experiment towards the isolation of interacting partners.
The proteins of interest were validated through an in vitro methylation assay. The AP/MS

methodology is based on co-authored paper (Morettin et al., 2019).

5.2 Results
5.2.1 Generation of CARM1-GFP Stable Cell Lines

Using the GFP, CARM1-GFP or CARM1-GFP E266Q constructs described above, MN-
1 cells were transfected and selected for stable genomic integration. After selection, the three cell
lines were further selected by flow cytometry using GFP fluorescence as a selection tool towards
the isolation of cell populations expressing it in equal intensity. Accordingly, the expression
levels of GFP, CARMI1-GFP and CARM1-GFP E266Q were further investigated by WB. The
resulting blots show bands at a MW of ~90 kDa for the CARM1 constructs, and a ~27 kDa band

for the GFP alone construct (Figure 3A). This is consistent with the expression of the intended
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protein product. There was however a visible decrease in signal coming from the CARM1-GFP
E266Q protein when compared to its enzymatically active counterpart. This is unexpected given
the population selection for equal expression of GFP constructs. Although this could suggest an
inherent lower expression level, the evidence of free GFP in the mutant lane (Figure 3A) points
towards the degradation of the protein product. Since CARMI1 is largely dependent on its
catalytic activity to carry out its roles (Yadav et al., 2003), it can be expected that the cell’s
response to its accumulation lead to its cleavage or degradation (Trinkle-Mulcahy, 2019). This
experimental artefact should be considered in the downstream applications of these cell lines but
given the sustained expression of the mutant fusion protein, the cells were subsequently used for
interactor identification. Importantly, the endogenous levels of CARMI1 remain unaffected by the

expression vectors, suggesting that its effect be consistent among all cell lines.

5.2.2 CARMI1 Localization

The localization of CARM1 within the stable cell lines was evaluated by fluorescence
microscopy to determine if the exogenous CARMI1 interactions are representative of the
endogenous protein. As mentioned, CARMI1 localization is dependent on cell type, and not
strictly considered either nuclear and/or cytoplasmic (Herrmann et al., 2009). In MN-1 WT cells,
CARMI signal is specular and dispersed within the cytoplasmic compartment of the cell with
noticeable perinuclear accumulation (Figure 18). CARMI1 signal is also consistent with nuclear
localization, suggesting it localizes to both compartments in this cell type. The same
observations are made of the free GFP expressing MN-1 cells (Figure 19). The perinuclear
CARMI1 accumulation is more contrasting in MN-1s expressing the fusion protein, but this
finding is consistent with CARM1’s overexpression (Figure 20, Figure 21). GFP localization is

diffuse in the free GFP expressing cells, but colocalized with CARM!1 in the fusion protein
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expressing cells, consistent with the expected signal. Taken together, CARM1’s distribution is
conserved within all cell lines, suggesting that exogenous CARMI1 interactions are representative

of endogenous CARMI.
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Composite

Figure 18: Fluorescence microscopy of WT MN-1 cells.
Proliferating MN-1 cells were fixed, probed for CARM1 and stained with DAPI. All images are

representative and taken in random fields of view. Composite image shows DAPI (blue), CARM1 (red)

and GFP (green). Scale bar represents 50 pm.
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Figure 19: Fluorescence microscopy of stable MN-1 cells expressing pEGFP-N1.
Proliferating MN-1 cells were fixed, probed for CARMI1 and stained with DAPI. All images are

representative and taken in random fields of view. Composite image shows DAPI (blue), CARMI1 (red)

and GFP (green). Scale bar represents 50 um.
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Composite

Figure 20: Fluorescence microscopy of stable MN-1 cells expressing pEGFP-N1 CARMI.
Proliferating MN-1 cells were fixed, probed for CARM1 and stained with DAPI. All images are

representative and taken in random fields of view. Composite image shows DAPI (blue), CARM1 (red)

and GFP (green). Scale bar represents 50 um.
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Composite

Figure 21: Fluorescence microscopy of stable MN-1 cells expressing pEGFP-N1 CARM1-E266Q.
Proliferating MN-1 cells were fixed, probed for CARMI and stained with DAPI. All images are

representative and taken in random fields of view. Composite image shows DAPI (blue), CARMI1 (red)

and GFP (green). Scale bar represents 50 um.
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5.2.3 GFP Affinity Purification

The affinity purification of CARM1 and interacting partners was done through GFP-trap
beads, which were incubated with the lysate of the stable MN-1 cells expressing GFP, CARM1-
GFP or the E266Q mutant. After incubation with GFP-trap beads and washes, the affinity
product was eluded and used for MS analysis. Given the unique properties of CARM1 outlined
in Chapter 3 (Bourassa et al., 2024), an affinity purification approach does go in opposition to
the optimal conditions called for by CARMI. For this reason, several elements had to be taken
into consideration in the methodology used. These will be discussed below.

First of all, as described in Chapter 3, factors promoting CARM1 aggregation include
heat denaturation, high CARM1 concentration as well as DTT. Coincidingly, steps often used
towards AP-MS bead elution make use of heat denaturation and DTT for sample preparation. Of
course, this is not a universal rule but is part of established protocols which were used as the
baseline of this objective (Morettin et al., 2019; Trinkle-Mulcahy, 2012; Trinkle-Mulcahy et al.,
2008). In the exploration of CARM1 aggregation following the methodology of those established
protocols, even the avoidance of heat denaturation failed to prevent CARM1 aggregation
following AP (Figure S6). This further emphasizes CARM1’s own concentration as a driving
factor of its aggregation. It also suggests that a CARM1 AP approach is bound to be conducive
to its aggregation.

There is little precedent on the impact of aggregations in MS analysis outside the scope
of pathological aggregates (Pukala, 2023), which arguably are not of the same nature as those
observed of CARM1 at sample preparation. As such, the impact aggregates could have on this
type of experimental design is also unknown. Some degree of CARMI1 aggregation was

anticipated to be unavoidable using this approach. Nevertheless, since CARM1 appears to be an
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exception to most in its biochemical properties, the conditions following the AP should not

impede interactor detection.

5.2.4 GFP-AP/MS Results
Aim iv. Identify CARMI substrates in MNs
The MS data stemming from the AP of GFP, CARM1-GFP and CARMI1-GFP E266Q

was compared three ways to distinguish outstanding genes between all samples.

5.2.4.1 CARMI1-GFP vs GFP

In the first analysis, the comparison of gene enrichment between the CARM1-GFP and
free GFP highlights interactors specific to CARM1 as opposed to those of GFP or unspecific
bead binding (Figure 22). Unsurprisingly, CARM1 itself was by far the most prevalent gene
identified within the dataset. This was anticipated since CARMI1 is well known to dimerize
(Troffer-Charlier et al., 2007). Outstandingly, only one other gene reached significance. This
gene is Pdcd6ip, also known as Alix. Since Alix is a clear stand out from the other data points
both in terms of signal intensity and p-value, it suggests that it is a primary interactor of
CARMI.

Alix was first identified as an ALG-2 interacting protein, whose interaction with the latter
is calcium dependent and involved in pro-apoptotic signaling (Missotten et al., 1999). More
recently, Alix’s interaction with ALG-2 acts as a mediator of calcium induced caspase 9
activation (Strappazzon et al., 2010). Nonetheless, key contributions of Alix were found to relate
to other molecular mechanisms such as endocytosis, viral budding and focal adhesions (Odorizzi,
2006). Due to its broad involvement, its identification as a potential CARM1 substrate could be

biologically impactful.
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According to the criteria defined, CARMI and Alix are the only genes found to be
significantly enriched within the CARM1-GFP AP sample. As an enzyme with other well
defined substrates, it is surprising that no other genes were found as enriched. This could be at
least in part explained by the transient nature of PRMT’s catalytic activity (Feng et al., 2011; Hu
et al., 2016; Kolbel et al., 2009; Van Haren et al., 2017). It is expected that the interaction
between CARMI and its substrates be brief, which could explain lower intensities of other
peptide sequences. For the purpose of CARMI1 substrate exploration, the genes below the
significant threshold were also considered for further investigation.

Expectedly, OGT was found to be another standout gene from the dataset. As discussed
in Chapter 1, CARMI1 is O-GlcNAcylated by OGT, a modification which altered CARM1’s
ability to methylate H3R17, prevented its phosphorylation and altered its localization in mitotic
cells (Sakabe & Hart, 2010). Moreover, OGT was found to be methylated by CARMI1 (R348)
increasing its stability and global O-GIcNAcylation levels (Lin et al., 2024). As an interactor and
substrate of CARM1, its identification is consistent with the literature surrounding the two
enzymes.

Another protein of interest identified within this dataset is RPS7. RPS7, is a component
of the small ribosomal subunit 40S (Nakao et al., 2004). It is one of numerous ribosomal proteins
identified in this dataset as seen in the (Figure 22, bottom panel). RPS7 specifically was not
empirically validated as a CARM!1 interactor but was identified in CARM1 interactor datasets
(Wei et al., 2021). Since CARMI is known to interact and methylate ribosomal proteins (Wei et

al., 2021), the high visibility of ribosomal proteins in this work is consistent with the literature.
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Figure 22: Interactions of CARMI1-GFP in MN-1 cells.

A GFP affinity purification and mass spectrometry approach was used to identify CARM1-GFP’s interacting
partners. The volcano plot illustrates the difference of interactions between CARM1-GFP and GFP (top panel)
as a function of statistical significance. The dotted square in the top panel outlines the zoomed in area shown
in the bottom panel. Solid line represent FDR (0.05, s0:0.3). CARMI1, and HuR (Elavll) are highlighted in red
and orange, respectively. Other genes of interest are highlighted in green. LFQ; Label-Free Quantification.

N=3. Paired t-test P<0.05.
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5.2.4.2 CARMI-GFP E2660Q vs GFP

As a second method of analysis, the gene enrichment between CARM1-GFP E266Q and
the free GFP AP was evaluated (Figure 23). Once again, CARM1 itself was by far the most
significant and prominent gene identified within this dataset, consistent with CARM1’s
dimerized nature (Troffer-Charlier et al., 2007).

In this instance, CARM1 is the only significantly enriched gene. Surprisingly,
Pdcd6ip/Alix was not enriched within this dataset. In fact, the CARMI and Alix interaction was
eliminated, falling below Alix detection levels in the control sample. This is a drastic contrast to
the interaction found for CARM1’s active form. Accordingly, this strongly suggests that Alix’s
interaction with CARM1 is dependent on its activity.

On the other hand, OGT remains a standout gene in this dataset. This is consistent with
the active form of CARM1. This suggests that this interaction is independent of CARM1’s
enzymatic activity. The persistent interaction between OGT and the enzymatically dead CARM1
supports the notion of an interaction independent of CARMI activity.

Lastly, RPS7 was also evaluated in this dataset. Unlike CARM1’s active form, RPS7 falls
well within the bulk of the datapoints, suggesting its enrichment to be negligible when compared
to OGT’s and CARM1’s enrichment. As such, RPS7 interaction with CARM1 appears to be

dependent on its enzymatic activity.
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Figure 23: Interactions of CARMI1-GFP E266Q in MN-1 cells.
A GFP affinity purification and mass spectrometry approach was used to identifty CARM1-GFP

E266Q’s interacting partners. The volcano plot illustrates the difference of interactions between
CARMI1-GFP E266Q and GFP as a function of statistical significance. Solid line represent FDR
(0.05, s0:0.3). CARM1 is highlighted in red. Other genes of interest are highlighted in green.

LFQ; Label-Free Quantification. N=3. Paired t-test P<0.05.
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5.2.4.3 CARMI1-GFP vs CARMI-GFP E2660Q

Finally, gene enrichment between the two CARMI constructs were compared to directly
assess the impact of its enzymatic activity on its interactions (Figure 24). Overall, the
comparison of these two groups reveals that no gene enrichment reached significance.
Nevertheless, with its datapoint falling just below the threshold of significance, only
Pdcd6ip/Alix stood out from the comparison. As mentioned, the previous plots suggested that
Alix’s interaction with CARMI is dependent on its enzymatic activity. This figure further
corroborates this assessment, and highlights Alix as the protein whose interaction with CARM1
is by far the most dependent on its activity.

Aside from Alix, CARM1 itself and OGT were other notable genes as defined in Figure
22, Figure 23). Consistent with the finding that both CARM1 constructs had strong interactions
with CARM1 and OGT, neither are particularly outstanding in this plot (Figure 24). OGT is
more enriched in the CARM1-GFP E266Q sample while CARM1 is more enriched in the
CARMI1-GFP sample, however these changes are below statistical significance and might not be
biologically relevant. Lastly, RPS7 is more enriched within the CARM1-GFP sample when
compared to the mutant construct. This suggests that RPS7 has a stronger interaction with active

CARMI but retains some ability to interact with the catalytically dead CARM1.
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Figure 24: The enzymatic activity of CARMI1-GFP alters its interactions.

A GFP affinity purification and mass spectrometry approach was used to compare the
interactions of CARM1-GFP and CARM1-GFP E266Q. The volcano plot illustrates the
difference of interactions between CARM1-GFP and CARM1-GFP E266Q as a function of
statistical significance. CARMI1 is highlighted in red. Other genes of interest are highlighted in
green. Solid line represent FDR (0.05, s0:0.3) LFQ: Label-Free Quantification. N=3. Paired t-test

P<0.05.
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5.2.5 CARMI1 Methylates RPS7.

Having identified Alix, OGT and RPS7 as potential interactors of CARM1, the nature of
the interaction was further investigated. As expanded on in the introduction, CARM1’s role is
heavily tied to its enzymatic activity but not fully encompassed by it. For this reason, Alix, OGT
and RPS7 were used in a radiolabelled in vitro methylation assay to test if they are part of
CARM1’s pool of substrates (Figure 25).

Using recombinant CARMI1 as an enzyme source, its ability to methylate purified
histones, HuD, Alix, OGT, and RPS7 was assessed. Here, histones and GST-HuD were used as
positive controls since they are both known CARMI1 substrates. Since HuD is GST tagged,
CARM 1 ’s ability to methylate the tag alone was also included to account for any potential
methylation outside HuD’s sequence. Due to peptide availability, OGT was tested through two
partial peptides covering most of the full length sequence. Lastly, since CARMI1 has the ability
to automethylate, the presence of CARMI itself is expected to be sufficient to cause some
methylation reactions. Hence, all methylation reactions were normalized to a sample containing
no other substrate (denoted as CARM1 alone). For interpretation, this means that this assay
measures CARM1’s ability to methylate each substrate beyond its automethylation, as opposed

to being a measure of total methylation.
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Figure 25: In vitro methylation assay of CARMI interactors.

The incorporation of radiolabelled SAM[*H] was measured by CPM following incubation of each interactor
with active recombinant CARM1 and represented as fold change. The CPM values were normalized to
CARMI (alone) to account for potential automethylation. Statistical analysis; One Way ANOVA with

Dunnett’s multiple comparisons test. P<0.05, Error bars represent SD. N=3.
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Taken together, the in vitro methylation assay reveals histones to be by far the most
methylated substrates among all samples. This is consistent with the notion that CARM 1
methylates H3 at multiple sites; H3R2, H3R17 and H3R26 (Bedford & Clarke, 2009; Cheng et
al., 2007; Feng et al., 2006). Interestingly GST-HuD was not significantly methylated, although
there was a non-significant increase in methylation, suggesting that some methylation occured.
As covered at length, CARM1 is well known to methylate HuD. The lack of statistical
significance suggests a need for increased sensitivity to confirm the methylation of substrates
with similar levels of methylation. Since HuD is methylated by CARM1 at only one site (R248)
(Hubers et al., 2011), as compared to the three sites in H3 (Bedford & Clarke, 2009; Cheng et al.,
2007; Feng et al., 2006), it reasons that the methylation signal be lower in this assay. Therefore,
it should be understood that this methodology may not validate substrates with lower, or
comparable, methylation rates to HuD.

In the same line of thought, OGT was found to be methylated by CARMI1 (Lin et al.,
2024). Since this finding had not yet been published when this experiment took place, OGT was
tested with two peptide sequences covering most of the full length protein. With the two peptides
(1-400 aa, and 606-1022 aa) the objective was to explore whether CARMI1 could methylate
OGT, and if so, narrow down the location of the methylated Arg. Nevertheless, CARM1 is
expected to methylate at site R348 (Lin et al., 2024), or in the first peptide sequence (1-400aa)
used in this methylation assay.

Under the condition tested, the methylation assay reveals no significant
methylation between CARM1 and either OGT peptide. This contrasts with the aforementioned
publication. This discrepancy could be explained in many ways, first of which is the sensitivity

of the assay. Visually, the CPM count of both peptides fall below that of HuD, suggesting that
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OGT’s methylation rate be lower than HuD’s. Should it be a true substrate, this method is likely
not sufficient to discern OGT’s methylation from CARM1’s automethylation. On the other hand,
if OGT is not methylated in this assay as the CPM values suggest, it is plausible that other
factors be required for OGT methylation to occur. In any case, this cannot be confirmed from
this assay.

Pdcd6ip, or Alix, is another protein identified in this work, and a clear stand out from the
MS datasets. Interestingly, Alix is known to contain a PRD (Elias et al., 2020) where
approximately 30% of all residues are prolines. As mentioned, CARM1’s methylation sites are
well known to be proline rich motifs (Shishkova et al., 2017), making this particular region of
Alix a promising target sequence. The methylation assay reveals Alix to not be significantly
methylated by CARMI1. Nevertheless, its CPM values were more comparable to those of HuD,
suggesting that some methylation may have occurred. Importantly, the Alix purified protein was
from a mammalian host. Consequently, the protein might already have been methylated by
endogenous CARM1 prior to the assay, dampening any signal. Evidently, this cannot be
confirmed from this assay, but the data does prompt for further investigation of this interaction.

Lastly, RPS7 is the last protein identified in the MS dataset selected for experimental
validation. Here, the methylation assay shows RPS7 to be significantly methylated by CARMI.
This confirms RPS7 as an in vitro substrate of CARM1. While RPS7 was identified as a
potential interactor of CARMI1 in proteomic studies (Wei et al., 2021), RPS7 had yet to be
experimentally validated as a CARMI substrate. It remains to be determined if the methylation
also occurs in vivo, but its identification is consistent with CARM1’s strong affinity with

ribosomal proteins and biological functions (Wei et al., 2021).
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5.2.6 CARMI1 in MN Ribosomal Protein Biology

Finally, the last analysis performed in this objective aimed to identify GO terms
associated with CARM1’s top interactors (Table 4). Since only CARMI and Alix were
significantly enriched from the comparison of the AP-MS of CARM1-GFP and GFP, the
inclusion criteria for this analysis was expanded to include the top 74 genes enriched within the
CARMI-GFP sample set. The selection was then compared to all identified genes, within the
GFP, CARM1-GFP, and CARM1-GFP E266Q datasets.

While RPS7 is the only ribosomal protein investigated in this work, it is clear that
ribosomal proteins are prevalent in this sample, as seen in Figure 22 (bottom panel). This visual
assessment is reflected in the abundance of ribosomal functional annotation terms. The same
applied to other subontologies. At the level of molecular function, structural constituent of
ribosome is the most significant. The top biological process was cytoplasmic translation and was
followed but other terms heavily associated with translation biology. These include peptide
biosynthetic and metabolic process, ribosome biogenesis and ribonucleoprotein complex
biogenesis. Furthermore, translation at presynapse and postsynapse were also found to be
enriched. Lastly, the cellular component term most enriched in the same dataset expectedly
includes cytosolic ribosomes but further expands to the postsynapse.

As previously described, ribosomal proteins were found to be extensively methylated by
PRMTs (Wei et al., 2021). The prevalence of translation terms is in line with what is known of
CARMI’s proteome. Nevertheless, the GO analysis performed here makes further distinction to
CARM 1’s translation impact and brings forward its potential role in neuronal biology. At both
molecular function and cellular component subontology levels, CARM1’s translational influence

is narrowed down to both the pre- and postsynapse. While more investigation is needed, this
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assessment implies that CARM1 may contribute to the regulation of the synaptic proteome in

MN:s; the first insight into CARM1’s biology in this cell type.
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Table 4: GO terms enriched within the top 74 genes found to interact with CARM1

The top 74 protein coding genes enriched with CARM1-GFP underwent GO analysis and were

compared to all protein coding genes identified within the GFP, CARM1-GFP and CARM1-GFP

E266Q datasets. Green scale bars visually represent the terms’s significance. Analysis performed

in g:profiler.

Molecular Function

Term Name GOtermID  -log10 Adj.p Value
structural constituent of ribosome G0:0003735 9.776979616
structural molecule activity G0:0005198 7.103441226
Biological Process

Term Name GOtermID  -log10 Adj.p Value
cytoplasmic translation G0:0002181 8.719344108
peptide biosynthetic process G0:0043043 7.365256383
translation G0:0006412 7.365256383
peptide metabolic process GO0O:0006518 6.79650754
amide biosynthetic process G0:0043604 6.612589124
amide metabolic process G0:0043603 5.732658641
translation at presynapse G0:0140236 4.508309614
translation at postsynapse G0:0140242 4.186436749
translation at synapse GO0:0140241 4.186436749
organonitrogen compound biosynthetic process G0:1901566 3.985966867
protein metabolic process GO0:0019538 2.022403564
ribosome biogenesis G0:0042254 1.973166895
ribonucleoprotein complex biogenesis G0:0022613 1.597438466
cellular nitrogen compound biosynthetic process G0:0044271 1.533861636
Cellular Component

Term Name GO termID -log10 Adj. p Value
cytosolic ribosome G0:0022626 10.91294649
ribosome G0:0005840 9.63937763
ribosomal subunit G0:0044391 9.462807854
cytosolic large ribosomal subunit G0:0022625 4.846785712
ribonucleoprotein complex GO:1990904 4.260508942
large ribosomal subunit G0:0015934 4.186436749
postsynapse G0:0098794 3.273985087
intracellular non-membrane-bounded organelle G0:0043232 2.238300963
non-membrane-bounded organelle GO0:0043228 2.238300963
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5.3 Discussion

This objective aimed to explore CARM1’s methylome in MNs, a cell type in which
CARMI research remains limited. Here, an AP-MS approach is used to uncover CARM1
interactors in the MN-1 cell model. A proteomic analysis reveals Alix, OGT and RPS7 as genes
of interest in this study, and an in vitro methylation assay confirms RPS7 to be a novel CARMI1

substrate (Figure 26). Each finding will be considered and elaborated on below.

159



CARM1 SAM SAH

[J
e CARMA1 y

oGT
CARM1
CARM1
Alix
CARMA1 CARM1
Alix. Alix
Ocr
CARM1
Alix

Ribosomal protein
methylation

Figure 26: Suggested interactions of CARM1 in MNs.
CARM1’s predominant interactor in MNs is Alix, which occupies its catalytic site. CARMI1 also

interacts with OGT independently of its catalytic site. CARM1 methylates RPS7 and other

ribosomal proteins in the MN proteome towards downstream translation regulation.
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5.3.1 OGT as an Interactor of CARMI1 in MNs

In this work, OGT is identified as one of CARM1’s most prevalent interactors. While
OGT was not significantly enriched, it stood out from other datapoints. As mentioned, OGT is
known to modify CARM1 through an O-GIcNAc modification (Sakabe & Hart, 2010).
Furthermore, OGT itself was recently found to be a CARMI1 substrate (Lin et al., 2024). This
suggests that the interaction observed here is representative of their biological interaction. While
OGT was not significantly enriched in this dataset, the literature on both proteins suggest that the
CARMI and OGT interaction occurs in the MN cell type as well.

Furthermore, OGT’s strong detection was observed in both the catalytically active and
inactive form of CARM1. The fact that OGT interaction with CARMI is independent of its
enzymatic activity suggests that the interaction takes place outside of CARM1’s catalytic site.
This is consistent with the notion that the interaction of CARM1 and OGT observed is the
consequence of CARMI acting as a substrate of OGT, but not OGT acting as substrate of
CARMI.

An in vitro methylation assay shows no convincing evidence of OGT methylation by
CARMLI. This does contrast the previous report of OGT as a CARMI substrate however, this
methylation event was reported to be dependent on extracellular glucose concentrations (Lin et
al., 2024). Therefore, the conditions leading to OGT methylation by CARMI1 are unlikely to be
relevant to the conditions tested. This supports the idea that, at least in the absence of atypical
glucose concentrations, CARMI is a substrate of OGT but not the other way around in MNss.

As an OGT substrate, CARM1’s role in MNs could have biological meaning.
Functionally, the O-GlcNAcylation of CARM1 was shown to alter its ability to modify H3R17,
its localization and phosphorylation in the mitotic process (Sakabe & Hart, 2010). The same was

not observed outside from the mitotic process (Charoensuksai et al., 2015). Nevertheless, OGT
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was found to influence CARM1’s substrate specificity. The investigation of CARM1’s
methylome identifies 840 putative substrates potentially regulated by CARM1’s modification by
OGT. Interestingly, RPS7 was identified within that list, suggesting that OGT act upstream of its
methylation by CARM1 (Charoensuksai et al., 2015). Importantly, since RPS7 was not a
confirmed CARMI1 substrate before this work, OGT’s influence on its methylation by CARM1
has not been experimentally tested.

As a known interactor and substrate of CARM1, OGT’s identification in the MN model
is consistent with that of other investigations performed in different models. The consistency
between cell types suggests a role that is not specific to MNs. OGT does have neuronal functions
and is found to be neuroprotective towards certain neurodegenerative diseases, including ALS
(Han et al., 2024; Lee et al., 2021; Shen et al., 2021; Su & Schwarz, 2017; Zhao et al., 2021). As
an emerging research field, the mechanisms surrounding OGT’s role in neurons are not fully
elucidated. It is possible that OGT’s neuronal roles be carried through at least in part by

CARMI, but this cannot be confirmed here.

5.3.2 Alix is CARMTY’s Strongest Interactor in MNs

The data presented here suggests a unique affinity of Alix with CARMI. In fact, aside
from CARMI itself, Alix was the only protein identified within the threshold of statistical
significance. Alix’s identification in the dataset is consistent with the literature, as Alix was
found to associate with CARM1 in 293T cells in a wide scale proteome interaction investigation.
The interaction however was not tested experimentally in the same work (Huttlin et al., 2021).
Additionally, another investigation into CARM1’s proteome in a breast cancer model further
corroborates the findings described here. Through an [P-MS approach, the most prevalent

CARMI1 interactors was revealed to be CARM1 itself, as well as Alix (Suresh, 2021). Akin to
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what is seen here, both genes were clear standouts from the rest of the dataset. This replicable
interaction in this work and that of others suggests that Alix is a true interactor of CARMI.

In this work, the interaction between CARM1 and Alix was found to be dependent on
CARMI’s enzymatic activity as reflected in the complete loss of interaction between Alix and
the CARMI1-GFP E266Q fusion protein. This drastic change in interaction suggests that Alix
interacts with CARM1 at its catalytic site.

The same conclusion is drawn from another group. In the work of Suresh (2021), the
CARMI1 and Alix interaction was further investigated based on their distinctively strong
interaction in breast cancer cells. In their work, the interaction between Alix and active CARM1-
Flag was lost with CARM1-Flag E266Q (Suresh, 2021). The consistency between both works
highlights the importance of the E266 site, or the double E loop in the catalytic site, for Alix
binding. It also further corroborates the need of CARM1’s active form for its interaction with
Alix.

Due to the transient nature of PRMT methylation reactions, an AP or IP approach is
understood to be a snapshot of the total interactions occurring in the cell. In other words, the
short-term methylation interactions are likely to be detected at lower levels than that of a stable
interaction. For this reason, the globally low detection levels in the AP-MS experiment is
consistent with the transient nature of CARM1’s interaction. For instance, HuR, a known
CARMI substrate, is enriched in the dataset but not an outlier akin to Alix (Figure 22, bottom
panel). As the only significant interaction, the high prevalence of Alix peptide detection suggests
that it be the predominant interactor of CARMI1 in MNSs. It also hints at a more stable interaction,

with function potentially distinct from a methylation event.
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The same suggestion was made by Suresh et al., 2021 regarding the Alix and CARM1
interaction in breast cancer cells. In their work, the author suggests a stable interaction between
Alix and CARMI1 and hypothesizes that Alix is the main interactor of CARMI in breast cancer
cells. Since this was replicated here, this hints at a ubiquitous interaction between the two
proteins across cell types.

As discussed, Alix interacts with CARMI1 at its catalytic site. As a potential stable
interaction, Alix could block any further methylation events by CARMI. If biologically relevant,
this interaction could act as a CARMI regulatory tool. There is little precedent to such an
interaction. PRMT regulation is most reported to be done though PTMs, degradation and splicing
(Bedford & Clarke, 2009; Goulet et al., 2007; Hartley & Lu, 2020; Wang et al., 2013). Stable
interactions at the catalytic site are typically inhibitory. Synthetic small molecules are often used
to inhibit PRMTs (Ferreira de Freitas et al., 2019; Wu et al., 2021; Xie et al., 2023), but differ in
nature as they are not endogenous proteins. This leaves a lot of questions to be answered and
more investigation is needed before making conclusions on the nature of the Alix and CARM1
interaction.

Structurally, Alix has a PRD domain (Elias et al., 2020). As the only PRMT with a
proline rich motif preference, this domain is of interest when investigating potential CARM1
methylation sites. An in vitro methylation assay reveals that Alix is not significantly methylated
by CARMI, but comparable to HuD’s signal. As discussed, the assay’s sensitivity was likely
insufficient to distinguish non-substrates from those of lower methylation rates. For this reason,
Alix cannot be excluded as a CARMI1 substrate in MNs.

Once again, Suresh et al., 2021 investigated CARM1’s ability to methylate Alix and

further characterized their interaction. In their work, the ability of CARMI1 to interact with Alix
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was found to be through the PRD. Using synthetic peptides, they also identify two sites that are
methylated by CARMI1 in vitro (Arg745 and Arg757), both replicating potential methylation
sites within the PRD (Suresh, 2021). This strongly suggests that CARM1 has the ability to
methylate Alix in MNs. Here, the full-length protein was used in an in vitro methylation assay.
While admittedly not significant, the methylation assay in Figure 25 suggests that some
methylation reactions may have occurred.

Overall, this work shows Alix to be CARM1’s most prominent interactor in MN but there
is very little literature on the role of their interaction in cellular biology. Alix is known for its
proapoptotic properties mediated through its interaction with the ALG-2 protein and is a
regulator of the endolysosomal system through ESCRT proteins (Larios et al., 2020; Mahul-
Mellier et al., 2006). In Hela cells, both CARMI1 and Alix localize to the abscission site during
cytokinesis. Depletion of either led to an increase in binucleated cells and defects in ESCRT-III
protein recruitment (Suresh, 2021). Therefore, CARM1 and Alix interaction appear to have a
biological function but the mechanisms surrounding it are unelucidated. Aside from what was
described above, there is very little information on the nature of the interaction. For this reason,
giving context to their interaction in a MN setting is difficult.

Mechanistically, since the PRD contains CARM1°s methylation sites and is its site of
interaction (Suresh, 2021) its function is most likely to be impacted. Coincidingly, the PRD
domain is a major site of interactions required for Alix’s function, which includes ALG-2 and
TSG101 (a member of the ESCRT-I complex). It was found that Alix interaction with ALG-2
and TSG101 proteins were required for neuronal death in vivo. Deletion of these binding
domains could also protect against naturally occurring cell death (Mahul-Mellier et al., 2006).

Based on this, the PRD domain is an essential part of Alix for its apoptotic role. This suggests
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that CARM1 may take part of these processes. Nevertheless, other functions could also be
impacted.

The role of Alix in neurons has been investigated for its apparent relevance in synaptic
regulation. Alix concentrates at synapses during synaptogenesis. It also concentrates at the
presynaptic ends in a manner dependent on its ALG-2 interaction. A mouse Alix KO model
reveals its loss to be viable, but not without a phenotype. In fact, despite its vesicular function,
Alix is not required for synaptogenesis. However, a decrease in synaptic vesicle number was
identified in the KO animals (Laporte et al., 2022). These animals also have a reduction in their
brain volume, and a decrease in neural progenitor cells at embryonic stages. Alix KO neurons
displayed a decrease in dendrite and axonal length, and growth cone area (Laporte et al., 2017).

In summary, a CARMI influence on Alix biology could contribute to a series of
biological functions. With a significant role in apoptosis, endocytosis and synaptic health, Alix is
a promising contributor to MN biology under CARM1’s influence. Still, Alix appears to have a
unique type of interaction with CARMI, of which there is no concrete understanding. CARM1’s
main interactor appears to be Alix, but the inverse is suggested to not be true (Suresh, 2021). As
such, the interaction could be involved in only a subset of Alix’s function. This leaves a great

deal of questions that need to be answered before the purpose of the interaction is clear.

5.3.3 RPS7 is a Novel CARM1 Substrate

Ribosomal proteins have been particularly prevalent in the AP-MS of CARM1-GFP.
Ribosomal biology has been known to be within PRMT’s realm of interaction, but only recently
was this solidified into one of their core functions. A recent investigation of PRMT proteomes
reveal ribosomal proteins as being overrepresented among their pool of interactors. PRMT1 and

CARMI1 particularly stood out from other PRMTs as their inhibition was sufficient to decrease
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global translation coinciding with a decrease in polysome abundance (Wei et al., 2021). As one
of the two PRMTs found to be most influential in translation biology, the data presented here is
consistent with this notion.

Here, RPS7 was selected to be further investigated. An AP-MS approach reveals its
strong affinity with CARM1-GFP, which was lost in the CARM1-GFP E266Q catalytically
inactive protein. This drastic change in interaction suggests that RPS7 interacts with CARM1
through its catalytic site, implying RPS7 to be one of CARM1’s substrates. This is reflected in an
in vitro methylation assay, thereby confirming it to be a CARMI substrate, although the validity
of this interaction remains to be determined in vivo. Nevertheless, the high level of interaction of
RPS7 with the active CARM1 taken in combination with its ability to be methylated suggests a
biological relevance. As a CARM1 substrate, RPS7 methylation could act as a modulator of
translation, promoting or inhibiting the translation of a subset of genes towards a functional goal.

As mentioned, CARM1 inhibition led to a decrease in global translation reflecting its
contributions in translation (Wei et al., 2021). Moreover, SMN is a well-known effector protein
of CARMI1 (Hubers et al., 2011) and an interactor of ribosomal proteins acting towards the
translation of mRNA contributing to MN function and stability (Lauria et al., 2020). On that
premise, the methylation of RPS7 by CARM1 suggests an interaction with SMN that may impact
MN gene translation. However, there is no evidence of RPS7 being one of SMN’s interacting
ribosomal proteins (Sharma et al., 2024). SMN has been the methyl reader most relevant to this
work but is also not the sole reader of methyl marks. This leaves the door open for other
potential effector proteins to detect RPS7’s methylation by CARMI.

On its own, RPS7 deregulation has been found to contribute to cancer biology. For

instance, aberrant RPS7 expression correlated to increased ovarian cancer development (Wang et
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al., 2013), a poorer prognosis in prostate cancer (Wen et al., 2019), lung adenocarcinoma (Wu et
al., 2021), and hepatocellular carcinoma (Zhou et al., 2024). It is worth noting that this is
reminiscent of CARM1’s own proliferative properties, although there is no evidence of the
CARMI-RPS7 interaction taking part of it.

Interestingly, RPS7 is among several ribosomal proteins to regulate MDM?2 and p53
interactions. MDM?2, an E3 Ligase directly binds and promotes degradation of p53. In this
pathway, RPS7 directly interacts with MDM2 resulting in the protection of p53 (Chen et al.,
2007; Zhu et al., 2009). Needless to say, as the “guardian of the genome” p53 has been and
continues to be central to cancer biology through its tumor suppressor properties. P53 mutations
are notable contributing factors to tumor progression and its targeting is a promising therapeutic
target (Peuget et al., 2024). As a whole, RPS7’s interactions with MDM?2 have been of interest
for its apparent value in cancer biology.

As a CARMI substrate, it remains to be determined if RPS7 methylation can alter its
known interactions in vivo. For instance, it is clear that a change in interaction between RPS7
and MDM2 has the potential to influence p53 biology. The examples given above all relate to a
cancer setting, but regardless of if this interaction occurs in cancer or in healthy cells, the
elements leading to its regulation are biologically relevant. Despite its strong association to
cancer, p53 is also attributed neuronal roles. p53 has widespread expression in brain tissues and
has been found to take part of neuronal functions through its transcriptional targets. For instance,
in PC12 cells, p53 induced the expression of wnt7b, Coronin 1b and Rad13 to contribute to
neurite outgrowth after NGF mediated differentiation (Brynczka & Merrick, 2008; D1 Giovanni
et al., 2006). P53 was also found to be required for GAP-43 expression during neurite and axon

outgrowth through its acetylation and p300/CBP mediated signalling (Tedeschi et al., 2008).
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Beyond normal cell function, p53 mutations or deregulations are also associated with
nervous system diseases. Notably, p53 takes part in Parkinson disease, Alzheimer, epilepsy and
spinocerebellar ataxia (Li et al., 2023), emphasizing the requirement of its regulation for
neuronal health. MN diseases are not exempt from p53 influence. In the context of SMA, the loss
of SMN has been reported to cause p53 upregulation (Courtney et al., 2019). In SMA mice, p53
activation contributed to MN death, driving MN degeneration. P53 activation and
phosphorylation was also found to be a marker of vulnerable MNs (Simon et al., 2017).
Furthermore, inhibition of p53 signalling reduced the NMJ loss experienced in SMA mice
(Courtney et al., 2019). In ALS iPSCs derived MNs and mice, p53 protein level reduction
rescued axonal degeneration and increased survival (Maor-Nof et al., 2021). Therefore, in
multiple instances p53 deregulation was found to take part of MN disease. As a p53 regulator,
RPS7 could equally be involved in these pathways.

To conclude, with its identification as a CARM]1 substrate, RPS7 interactions are now
particularly relevant in the MN setting. Whether through p53, its translational role, or even an
undescribed one, it is clear that RPS7 methylation by CARMI1 could play a role in its
downstream functions. Needless to say, more exploration of the CARM1 and RPS7 interaction is
required to fully grasp its implications. This exploration of CARM1’s MN interactors identifies
RPS7 as one of its substrate, attesting to CARM1’s ability to contribute to the MN methylome

beyond HuD.

5.3.4 HuD as a Distinctive Neuronal Substrate

In this work, CARM1’s interaction with HuD has been the main motivation in pursuing
CARMI’s exploration in MN. As per this project’s rationale, HuD is a known CARM1 substrate

and effector protein (Fujiwara et al., 2006; Hubers et al., 2011). Interestingly, HuD was not a
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significant or outstanding interactor of CARM1 in this study. Several reasons could explain its
absence. First of all, as discussed above, the transient nature of CARMI1’s interactions results in
a generally low peptide count. While HuD’s methylation by CARM1 in MN-1 cells was found to
have a functional impact (Hubers et al., 2011), the level of interaction between the two proteins
is likely to be temporary and lesser than the interactors identified here. Moreover, the cells were
maintained in a proliferative state and therefore CARM1’s interaction with HuD so far
associated with the transition to differentiation (Fujiwara et al., 2006; Hubers et al., 2011) may
not be as apparent here. The limitations associated with the cell model used here are expanded on
in Chapter 6.

Interestingly, no uniquely neuronal proteins were identified. Of course, as discussed,
those identified have the ability to contribute to neuronal biology, but they are not predominantly
neuronal in function or expression. This investigation of CARM1’s proteome in MNs suggests
that HuD is its only predominantly neuronal substrate. This in itself is indicative of CARM1’s
role and points towards non-tissue specific interactors as the majority of its functional
intermediates. Further supporting this is the prevalence of HuR as a CARM1 interactor (Figure
22).

HuR is a protein of the same family as HuD and known CARMI substrate (Li et al.,
2002; Pang et al., 2013; Ravel-Chapuis et al., 2022). Unlike HuD, HuR is ubiquitously expressed
but both RBPs are structurally conserved (Clark et al., 2025; Ma et al., 1996). HuR was found to
be among the most enriched interactors identified in the AP-MS of CARM1-GFP, suggesting
that in MN, HuR interaction in CARMI1 is more prevalent than HuD’s. As such, while HuD is a

well-known CARM1 MN substrate, the data suggests that HuR’s interaction is more abundant.
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This notion further supports the idea that CARM1’s role in MN is not limited to HuD as its only

specifically neuronal substrate but occurs through other broadly expressed intermediates.

5.3.5 Limitations and Future directions

The absence of HuD highlighted the limitation of an AP-MS approach for transient
interactions. The temporary nature of the interaction could be reflected in a generally lower
peptide count. As is currently the case with HuD, some true CARM1 substrates were likely not
identified in this dataset. For this reason, this is unlikely to be a complete list of interactors.
Other methods such as BiolD, which use a covalent label to mark protein interactions, could be
used as a complementary approach. This method would remove the barrier brought forward by
AP for transient interactions and could highlight interactors of low prevalence.

Still, the data presented here identified RPS7 as a novel CARMI1 substrate. In order to
further this finding, the biological relevance of the RPS7 interaction needs to be characterized.

To this effect, an in vitro methylation assay coupled with a MS analysis would narrow
down which site(s) within RPS7 is or are methylated by CARM1. With this information in hand,
each methylated Arg site(s) can be mutated to assess the role of each PTM. Through comparison
of WT RPS7 and mutant(s), the impact of the methylation(s) by CARMI1 on RPS7 interactome
can be assessed through a Co-IP approach. This would reveal if its modification by CARM1
disrupts or promotes its known interactions.

Lastly, it would be of value to determine if SMN interacts directly or indirectly with
RPS7 in MNss, and if so, if its methylation by CARMI1 takes part or modulates the interaction.
Since SMN’s direct association to ribosomes contributes to the translation of genes involved in
neurogenesis (Lauria et al., 2020), it would be relevant to determine if RPS7 contributes to the

Process.
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Overall, these methods would be a clear outlook to the CARM1 and RPS7 interaction
through its interactome and translation influence. Other avenues of investigation can be
considered based on the data presented here. Alix is clearly a protein of note in CARM1 biology,
although very little about the interaction is known. As discussed, its apparent stable association
with CARMI1 suggests a role not limited to its methylation. Consequently, Alix may have a
broader impact on CARM1’s function than its other interactors. Here, the possibility of it acting
as a potential inhibitor is hypothesized, although there is little precedent to this type of
interaction. Determining the accuracy of this hypothesis would be the first step in understanding

the biological relevance of the interaction as well as its implication in MNs.

5.4 Conclusion

In summary, this Chapter aimed to determine if CARM1 contributed to the MN
methylome. In this work, OGT, Alix and RPS7 were highlighted for their apparent abundant
interaction with active CARM1. Under the conditions tested, OGT and Alix were not
significantly methylated by CARMI1 in vitro although previous publications support a model
where both are CARMI1 substrates. Lastly, RPS7 was found to co-purify with CARM1 in MN in
an enzymatically dependent manner and was confirmed as a novel CARM1 substrate in vitro.
Therefore, CARMI1 contributes to the MN methylome, answering to the hypothesis premised by

this work.
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Chapter 6 General Discussion

6.1 CARM1 as a Contributor to MN biology

Previous work by our group identified CARMI1 as a contributor to MN biology through
its methylation of HuD. In this investigation, CARM1’s MN roles were further explored with the
goal of answering our hypothesis;

CARMI1 can alter HuD’s landscape of mRNA targets and contribute to MN proteome
methylation.

The influence of CARMI1 protein levels on HuD’s interaction with its mRNA targets was
narrowed to the identification of six genes; Schipl/Iqschfp, Smarca2, Stc2, Ptger4 and Phox2B.
Each of these genes were found to be dependent on CARMI1 protein levels for their mRNA
interaction with HuD. None of these genes were confirmed HuD mRNA targets prior to this
work, bringing novelty to what is known of each protein. Ptger4 and Smarca2 protein levels were
found to be dependent on CARM1’s enzymatic activity. Without precedent for these interactions,
CARM1 brings a novel facet of HuD biology and broadens its scope of neuronal influence.

On the other hand, the exploration of CARMI1 interactors in MN is found to be
consistent with other investigations, even those based in other cell types and disease models.
Corroborating with literature, translation proteins are overrepresented in the list of its interactors
suggesting a broad influence in the process. RPS7 is a novel substrate of CARMI1 experimentally
validated in this work consistent with its identification as a putative substrate in other studies
(Charoensuksai et al., 2015; Wei et al., 2021). Still, GO analysis does identify neuronal terms,
most relating to translation and postsynaptic components. As a whole, CARM1’s neuronal

influence appears to take place indirectly via other regulatory processes, such as translation.
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Taken as a whole, there is evidence for a stronger CARM1 influence in MNs than what is
currently attributed to it. These findings answer the hypothesis premised in this work. In MNs,

CARMI1 alters HuD’s mRNA landscape and contributes to the methylation of its proteome.

6.2 Limitations

What is known of CARMI1 in MNs places its influence as being at least in part
contributing to the events leading to differentiation since its downregulation was sufficient to
promote the latter (Hubers et al., 2011). Consequently, the sequence of events leading and
driving differentiation must be faithfully represented to fully contextualize its function.

As with the use of any cell line, the limitations of the MN-1 line used here must be
considered. This model has been made and used towards the study of MNs (Awad et al., 2018;
Gopinath et al., 2016; Mi et al., 2007; Salazar-Grueso et al., 1991; Taga et al., 2022). However,
MN-1 cells are in a proliferative state unless induced to differentiate through the addition of
retinoic acid and GDNF (Hubers et al., 2011). Prior to differentiation, the cells are already
committed to the MN lineage as they express ChAT; a MN marker (Salazar-Grueso et al., 1991).
As such, the cells already display specialized MN properties, while preserving their proliferative
ability. This “in between” state makes their practicality an asset but comes with the drawback of
not being fully representative of the target model. This is particularly true for the events leading
to or involved in MN differentiation, which as discussed, are particularly relevant to CARMI.
For this reason, the MN-1 cell line cannot fully replicate the differentiation process and are not
ideal for the next steps of CARM1 research in MNSs.

In recent years, iPSC derived MNs have been extensively characterized and used to
replicate the properties canonical to the MN cell type (Bianchi et al., 2018; Du et al., 2015; Johns

& Maragakis, 2022; Solomon et al., 2021; Thiry et al., 2020). In addition to their fidelity to the
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cell type of interest, iPSCs allow the exploration of the events involved in the differentiation of
neuron progenitor cells to fully differentiated MNs (Solomon et al., 2021). For this reason, iPSCs
bridge the gap left by the MN-1 cell model and should be considered as a model for the next

steps of the investigation of CARM1 in MNs.

6.3 Lessons from CARM1

CARM1’s neuronal contributions are not within its primary research topics. With its
deregulation being strongly associated with cancers, CARMI1 research is broadly focused on its
role in disease models. Still, CARMI1 is ubiquitously expressed and a regulator of essential
biological processes. Its role in MN was found to be a promising facet of its function as
previously demonstrated by its impact on HuD, but little more was uncovered since then (Hubers
etal., 2011).

Throughout these chapters, novel CARM1 interactions or CARM 1-dependent
interactions were identified. The implications of each finding were discussed in detail, each
offering plausible means through which CARM1 could further take part of MN biology. Even so,
other assessments can be made from the combined conclusions of each chapter.

Notably, there was a strikingly different degree of novelty brought forward by each
objective. In the exploration of HuD interactions, it was clear that CARM1’s influence so far
centered on so far unidentified targets. In fact, HuD’s known targets were relatively unaffected
by CARMI’s protein levels. Meanwhile, CARM 1’s interactome was consistent with other
similar studies, with very little novelty observed from this dataset.

When starting this work, the notion of HuD being a substrate of CARM1 suggested other
prominent neuronal regulators might also be identified. Contradicting this, no other specialized

neuronal health contributors were highlighted to be interactors of CARMI. In other words, any
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neuronal influence stemming from these proteins are not representative of their canonical
function as is the case with HuD. CARM 1’s influence on HuD therefore appears to be an
exception to a generally conserved interactome between cell types. As such, this work suggests
that CARM1’s neuronal roles are carried through means already established to be within
CARM1’s realm of interaction. This in itself is a telling assessment of CARM1 biology.

Still, although CARM1’s interactome appears to be conserved between cell types, its role
in MN is not, indicating that a conserved interactome does not equate to a conserved function.
Different MN roles may exist through other indirect mechanisms. Evidently, not all aspects of
CARMI functions were explored here. In Chapter 1, CARM1’s extensive influence on
transcription and translation was described, both of which are at the core of CARM1 function.
The findings of Chapter 4 and 5 argue that both of these facets act downstream of CARM1
towards a functional role in MNs.

In Chapter 4, Smarca2, an ATPase subunit of the SWI/SNF chromatin remodelling
pathway was found to be regulated by CARMI1 in both its mRNA’s association with HuD and its
total protein level. As discussed above, the transcriptional influences of CARM1 and Smarca2
are part of their core functions and are associated with opposing roles; proliferation and
differentiation, respectively. The antagonistic influence of CARMI1 activity on Smarca2 protein
levels implies a downstream influence, plausibly associated with the transition between
proliferation and differentiation. On the other hand, in Chapter 5, ribosomal proteins were found
to be overrepresented in CARM1’s MN interactions. The functional impact of those interactions
are not defined, but it strongly suggests that translation biology remains a core facet of CARM1
function in MNs. Taken together, this suggests that CARM1’s MN specific influence may be

extended to transcriptional and translational regulation. Both processes are dynamic and
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complex, for these reasons a comprehensive approach is required in the next steps of this
investigation.

In their respective chapters, the future directions were described with the goal of
characterizing and solidifying each interaction as bona fide interactions. Here, the notion that
CARMI1 contributes to MN function through a broader transcriptional and translational control

will be explored.

6.4 Future Directions
6.4.1 Defining the Transcriptional Influences of CARMI1 in MNs

Here, it is suggested that CARM1 regulates Smarca2 protein levels, potentially through
HuD methylation, and contributes to the chromatin remodelling changes occurring throughout
MN differentiation (Figure 17). In order to test these interactions, iPSC derived MNs expressing
HuD or HuD R248K (a mutant that cannot be methylated by CARM1 (Hubers et al., 2011))
could be used to determine the impact of CARM1 inhibition on Smarca2 protein levels. This
would specify if Smarca2 protein levels are regulated through HuD, or other CARM1 dependent
avenues. Additionally, a Smarca2 ChIP-seq approach could assess which genes fall under the
transcriptional influence of HuD’s methylation and/or CARMI1 activity. In parallel, it would be
of interest to determine if Smarca2 downregulation impacts the MN’s ability to differentiate.
Collectively, these experiments would define the transcriptional impact that CARM1, Smarca2

and potentially HuD have on MN differentiation.

6.4.2 Defining the Potential Influence of CARM1 on Translation in MNs

Following CARMI inhibition in iPSC derived MNs, a Ribo-seq experiment would be a

great method to define the mRNAs under the influence of CARM1’s methyl transfers. Based on
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the data here, it is plausible that CARMI1 inhibition alters the pool of genes being actively
translated, potentially promoting the translation of genes involved in neurogenesis.

In addition, a polysome profiling assay will define the translation dynamics impacted.
Based on literature, it is expected that CARMI1 inhibition will decrease global translation and
polysome assembly (Wei et al., 2021). However, the distribution of known CARMI1 ribosomal
protein substrates among monosomes, polysomes or free protein in MNs has not been evaluated.
It would be of interest to determine if ribosomal proteins, such as RPS7, depend on their
methylation by CARM1 for their assembly. With the Ribo-seq experiment, these should give

insight into which processes are translationally regulated through CARMI.

6.4.3 Defining CARM1’s impact on MN development

Lastly, in vivo work is required to determine the importance of CARMI in MNss in its full
biological context. As discussed throughout this work, CARMI1 is suggested to contribute to MN
biology, although the full extent of its role is not defined. For these reasons, establishing a mice
model with a MN specific CARM1 knockout would highlight if it is required for MN
development, and if its loss is grounds for neuromuscular defects. Taken in combination with the
other proposed experiments, these answers would solidify the breadth of impact that CARM1

carries in the cell type.

6.4.4 CARMI as a Therapeutic Target in MNs

It is argued here that CARMI could have functional relevance in the MN cell type. As
such, CARM1’s regulation in MNs could potentially be used as a therapeutic approach in
neuromuscular diseases. In this work, SMA was brought forward as a disease of interest due to

the involvement of CARM1 and HuD in the biology surrounding its causative gene; SMN.
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SMA is a neurodegenerative disease known for the particular vulnerability of MNs.
Intervention at pre-symptomatic or early stages of the disease is the best way to prevent MN
degeneration (Chaytow et al., 2024; Dangouloff & Servais, 2019). Later intervention is still
beneficial but limited (Wood, 2018). SMA MNs have been suggested to display developmental
delays, including an altered proteome and delayed neurite outgrowth (Fuller et al., 2016;
Varderidou-Minasian et al., 2021). For these reasons, targeting contributors of MN
differentiation could be beneficial to their overall function. CARM1’s inhibition in SMA could
promote MN differentiation and rescue/prevent developmental delays.

Therefore, CARM1 could prove itself to be of therapeutic value in SMA and other
neurodegenerative diseases. As an enzyme, CARM1 has the advantage of being targetable
through inhibitors (Iannelli et al., 2022; Nakayama et al., 2018; Peng et al., 2024; Vhuiyan et al.,
2013). Should its inhibition be beneficial to MN health, its targeting could be an accessible and

much needed therapeutic tool in neuromuscular diseases.

6.5 Conclusion

CARM1’s current literature frames its function in proliferative roles giving the
impression that its influence is narrowed to the process. Here, the scope of CARMI function is
expanded and provides evidence supporting a broader involvement in MN biology. This study
brings attention to the emerging contributions of CARMI1 in specialized cells such as MNs. The
complete picture of CARMI1’s role in MN is still at its introduction. These findings described
here bring forward several investigative avenues. This exploration of CARM1 in MNs should

therefore be considered in guiding further efforts.
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Additional Results

Throughout this project, many research avenues were considered. Something that was not
expanded upon in this work is CARM1’s ability to methylate HuR. The interaction was found to
be particularly relevant to skeletal muscle biology. Akin to HuD, CARM1’s methylation of HuR
mediated its interaction with SMN and altered its localization in the myogenic process. (Ravel-
Chapuis et al., 2022). Given the similarities between the two RBPs at a functional and structural
level, our group proposed that CARM1’s influence on MNs and muscle may have mirroring
influences and contributing to neuromuscular biology as a whole.

It was previously found that CARM1 be overexpressed about 18 fold in the
gastrocnemius muscle of the SMN?B~ SMA mice model at PND22 as assessed by WB (Ravel-
Chapuis et al., 2022). With this striking change in expression, this model was considered to
evaluate CARM1’s contributions to muscle and SMA pathology.

Surprisingly, replicating this experiment gave very different results. In my hands, the
gastrocnemius of SMN?P- SMA mice at PND22 expressed about a third of CARM1 compared to
age matched control (Figure 27). Needless to say, when comparing to the previously reported 18
fold overexpression, this finding was very puzzling. This discrepancy could be explained two
ways, first being the strain used between each experiment.

In the original investigation, the SMA mice were in a C57BL/6 (BL6) X CDI1
background (Ravel-Chapuis et al., 2022), while the ones used here were bred in a BL6
background. It was previously shown that the background could have drastic changes to the
phenotype of the SMN?B~ SMA mice (Eshraghi et al., 2016). For that reason, despite expressing

the same transgene, the two strains could display different levels of CARM1 expression.
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Secondly, it must be considered that as described in Chapter 3, CARM1 has outstanding
biochemical properties that are detrimental to its quantification by WB. In Figure 7, the distinct
requirements of CARMI1 for accurate quantification were considered to ensure that aggregates
did not influence results. Still, it cannot be confirmed that CARM1 aggregations were involved
in the 18 fold change in CARM1 expression observed in the C57BL/6 (BL6) X CD1 SMN?B-
SMA mice. Since the C57BL/6 (BL6) X CD1 strain is no longer available, a direct comparison is
not possible. Regardless, both findings highlight CARM1 as being deregulated in the
gastrocnemius muscle of the SMN?B~ SMA mice model. This argues for a contributing role of
CARMI in muscular biology and the pathologies associated to the neurodegenerative disease of
SMA.

Lastly, the protein levels of CARM1 were assessed in SMA patient fibroblasts using the
appropriate WB conditions defined in Chapter 3. Our group had previously found that Type 1
SMA patient fibroblasts (GM00232) overexpressed CARM1 when compared to those of a
healthy patient (GM08333) (Sanchez et al., 2013). In my hands, the same result was not
replicated. The fibroblasts showed to have a lot of variability between replicates. The same
variability was also seen through SMN levels, suggesting that other factors are involved. Since
both CARM1 and SMN did not reach significance between patients this was not further
explored.

These findings highlight how CARMI in SMA needs to be better understood. The
results presented in this section are still an incomplete overlook but should be considered in

future studies.
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(A) The gastrocnemius muscles of SMN?P mice and control littermates were collected at
PND?22 and lysed prior to SDS-PAGE and WB analysis. CARM1 was quantified through

densitometry analysis and normalized to Ponceau Stain. Statistical analysis; Unpaired T-test.
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Figure 27: CARMI protein levels in the gastrocnemius muscle of SMA mice and SMA

P<0.05, Error bars represent SD. N=5-8. (B) Patient primary fibroblasts of healthy (GM08333),

Type 1 (GM00232) or Type 2 SMA patients (GM03813), and SMA carriers (GM03814,

GMO03815) were used to quantify CARM1 and SMN protein levels as analysed by WB analysis.
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CARMI and SMN were normalized to Tubulin. Statistical analysis; One-way ANOVA with
Tukey’s multiple comparisons test. P<0.05, Error bars represent SD. N=4-5. All CARMI1
samples were prepared using conditions that prevent its aggregation. SMN samples were

prepared using standard sample preparation conditions. IB; Immunoblot.
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Supplementary Data
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Figure S1: MN-1 cell protein lysate sample preparation using intermediate heat
denaturation temperatures.

Samples were denatured using intermediate temperatures prior to SDS-PAGE and WB. All
samples contained 35 pg of protein in a final volume of 30 pL. and were heat denatured as

indicated (50°C for 15 min, 30 min, or 60°C for 30 min). IB; immunoblot.
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Figure S2: CARMI1 aggregation in mouse tissues.
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Brain and liver mouse tissue samples were prepared to contain different protein amounts in equal
volume using standard protocol and incubated at room temperature or heat denatured at 95°C for

8 min. IB; immunoblot.
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Figure S3: Recombinant CARMI1 protein accumulates in {nsoluble pellets.

The BL21 competent cells (BI; Before Induction) were induced to express recombinant CARMI1-GST (Al
After Induction). After lysis, the supernatant (S) was incubated with GST beads which were isolated (BE;
Before Elution) and eluted (AE; After Elution). The insoluble pellet (P) was resuspended in urea. All

samples were mixed with lammli buffer, run on SDS-PAGE and Coomassie stained.
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Figure S4: Comparison of HuD IP and RIP yields with two different antibodies.

In MN-1 pGIP-Z cells, the efficiency of HuD’s IP and RIP was tested using two different
antibodies. HuD was immunoprecipitated using an Abcam (Ab96474) (A) or a Santa Cruz
antibody (sc-28299) (B) and compared by WB (top panels). In parallel, the
coimmunoprecipitated RNA was extracted, and HuD mRNA targets p21 and Gap-43 were

amplified via RT-PCR(bottom panels).
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Supplementary Table 1: Genes enriched with HuD in pGIP-Z cells
The genes identified in a HuD RIP performed in MN-1 pGIP-Z and shCARMI cells were

analyzed for differential enrichment using GFOLD. An arbitrary threshold of a GFOLD value of
-2 and below was set to highlight the genes enriched with HuD in pGIP-Z cells. The genes of

interest in this study were highlighted in grey.

Gene symbol Gene name GFOLD RPKM RPKM logRPKM pGIPZ
pGIP-Z shCARM1

ENSMUSG00000027777.15 Schipl -8.56791 10.8211 0.00995752 3.43577526
ENSMUSG00000102422.1 Igschfp -8.44373 21.3844 0.021445 4.41848682
ENSMUSG00000024921.17 Smarca2 -4.73732 0.740888 0.0183954 -0.4326726
ENSMUSG00000005124.10 Ccn4 -4.73632 0.271901 0 -1.8788466
ENSMUSG00000031442.21 Mcf21 -4.70682 0.114207 0 -3.130277

ENSMUSG00000055737.12 Ghr -4.50452 0.142627 0 -2.809681

ENSMUSG00000046027.17 Stard5 -4.05777 0.352879 0.00620308 -1.5027545
ENSMUSG00000042686.5 Jphl -3.97053 0.363296 0.00677648 -1.4607826
ENSMUSG00000110523.1 C230057MO2Rik  -3.83269 0.229778 0 -2.1216874
ENSMUSG00000086496.1 Gm14204 -3.71742 0.264421 0.00686438 -1.9190913
ENSMUSG00000040280.10 Ndufa4l2 -3.68474 2.95716 0.131454 1.5642123

ENSMUSG00000026220.6 Slcl6al4 -3.6618 0.439373 0.0101041 -1.1864819
ENSMUSG00000087141.1 Plcxd2 -3.58914 0.196382 0.00474353 -2.3482654
ENSMUSG00000048015.4 Neurod4 -3.53999 2.12305 0.131628 1.08613835
ENSMUSG00000056073.16 Grik2 -3.49456 0.140126 0.00447459 -2.8352034
ENSMUSG00000059588.13 Calerl -3.43997 0.727327 0.0416249 -0.459324

ENSMUSG00000105102.1 Gm35507 -3.32106 0.288633 0.00613344 -1.7926918
ENSMUSG00000108151.1 Gm33201 -3.11935 0.814081 0.0198063 -0.2967557
ENSMUSG00000043310.4 Olfr571 -3.09363 1.51372 0.13625 0.59809837
ENSMUSG00000033740.17 St18 -3.05896 1.63236 0.157188 0.70695926
ENSMUSG00000042351.9 Grap2 -2.98696 0.171276 0.00678136 -2.5456051
ENSMUSG00000000416.16 Cttnbp2 -2.97891 0.13482 0.00575413 -2.8908936
ENSMUSG00000022272.17 Myol0 -2.97683 0.18138 0.0125477 -2.4629127
ENSMUSG00000116720.1 Gm31641 -2.93491 0.225234 0.00619854 -2.1505035
ENSMUSG00000031284.16 Pak3 -2.93115 0.410809 0.0372302 -1.2834603
ENSMUSG00000109186.1 Gm34821 -2.92586 0.174538 0 -2.5183869
ENSMUSG00000029092.9 D5Ertd615e -2.86688 0.357024 0.0265986 -1.485907

ENSMUSG00000030228.18 Pik3c2g -2.85602  0.0335001 0 -4.8996908
ENSMUSG00000050587.14 Lrrc4c -2.83835 0.183172 0.00732141 -2.4487291
ENSMUSG00000055639.16 Dachl -2.82707 0.19301 0.011572 -2.3732525
ENSMUSG00000093839.2 Olfr462 -2.76493 0.144159 0.00605017 -2.7942672
ENSMUSG00000020303.2 Stc2 -2.72565 12.7561 1.79161 3.67311541
ENSMUSG00000034457.10 Eda2r -2.71899 0.542819 0.0560552 -0.8814569
ENSMUSG00000044864.16 Ankrd50 -2.6654 0.0605964  0.00199463 -4.0446241
ENSMUSG00000041642.18 Kif21b -2.62741 0.327861 0.038222 -1.6088438
ENSMUSG00000031497.9 Tnfsf13b -2.59727 0.437694 0.049314 -1.1920055
ENSMUSG00000032517.16 Mobp -2.58105  0.0515496 0 -4.277895

ENSMUSG00000025328.9 Padi3 -2.51817 0.462381 0.0466716 -1.112846

ENSMUSG00000032185.15 Carml -2.4728 5.45333 0.879529 2.44713746
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ENSMUSG00000110018.2 5430437J10Rik -2.41166 0.408341 0.0253889 -1.2921537
ENSMUSG00000111360.1 Gm38642 -2.38114 0.990309 0.127883 -0.0140493
ENSMUSG00000109503.1 Gm44786 -2.37078 0.420314 0.0168 -1.2504606
ENSMUSG00000045667.14 Smtnl2 -2.34683  0.0793252  0.00221945 -3.6560769
ENSMUSG00000110115.1 Gm32486 -2.34683  0.0793044  0.00221887 -3.6564553
ENSMUSG00000018698.15 Lhx1 -2.34647 1.5929 0.249525 0.6716557
ENSMUSG00000022996.15 Wntl0b -2.32298 4.1584 0.717011 2.05602854
ENSMUSG00000032182.15 Yipf2 -2.23397 5.03448 0.907479 2.33184277
ENSMUSG00000042826.13 Fgfll -2.21181 0.838418 0.125172 -0.2542584
ENSMUSG00000001739.14 Cldnl5 -2.19125 0.455933 0.0478373 -1.1331063
ENSMUSG00000033227.7 Wnt6 -2.16902 0.487809 0.0579417 -1.0356117
ENSMUSG00000039741.15 Bahccl -2.16735 0.373814 0.0632109 -1.4196075
ENSMUSG00000108634.1 Gm38534 -2.14829 2.83761 0.505637 1.50467632
ENSMUSG00000058620.5 Adra2b -2.14521 10.6304 2.22333 3.41012398
ENSMUSG00000041261.9 Car8 -2.1373 0.295845 0.0373586 -1.7570866
ENSMUSG00000063376.6 Ifnal3 -2.13481 1.90912 0.2688 0.93290779
ENSMUSG00000097416.3 Gm26670 -2.11502 0.353841 0.046087 -1.4988269
ENSMUSG00000030465.19 Psd3 -2.11328 1.3828 0.288131 0.46759251
ENSMUSG00000024846.6 Cstb -2.10456 0.261437 0.0331236 -1.9354648
ENSMUSG00000087211.7 Lhxlos -2.06741 0.361301 0.0121307 -1.4687268
ENSMUSG00000110008.5 Olfr560 -2.05777 1.36605 0.254806 0.45001029
ENSMUSG00000040380.14 CbIn3 -2.0538 0.402174 0.0643828 -1.3141083
ENSMUSG00000085298.2 F730035MO5Rik  -2.04956 0.93403 0.130667 -0.0984592
ENSMUSG00000110682.1 A530010L16Rik  -2.03396 0.32693 0.028886 -1.6129463
ENSMUSG00000102945.1 Gm37884 -2.02823 3.89689 0.703876 1.96232321
ENSMUSG00000054763.9 Defb42 -2.02667 2.27957 0.446929 1.18876171
ENSMUSG00000026167.14 Wntl0a -2.02202 1.02592 0.178401 0.03691824
ENSMUSG00000035420.7 Fam170a -2.00443 0.170854 0 -2.5491641
ENSMUSG00000089512.3 Gm26287 -2.00236 355.803 81.0134 8.47493486
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Supplementary Table 2: Genes enriched with HuD in shCARMI cells
The genes identified in a HuD RIP performed in MN-1 pGIP-Z and shCARMI cells were

analyzed for differential enrichment using GFOLD. An arbitrary threshold of a GFOLD value of

2 and above was set to highlight the genes enriched with HuD in shCARMI1 cells. The genes of

interest in this study were highlighted in grey.

RPKM RPKM
Gene symbol Gene name GFOLD pGIP-Z shCARM1 logRPKM pGIPZ

ENSMUSG00000072694.8  1500011B03Rik  5.63987 0 1.24823 -
ENSMUSG00000027220.2 Syt13 5.54559 0 0.83749 -
ENSMUSG00000087598.9 Zfpl11 5.4527 0.0367361 2.35015 -4.7666577
ENSMUSG00000034764.15  1700006J14Rik 4.85851 0.0524481 2.74414 -4.2529657
ENSMUSG00000001555.10 Fkbp10 4.5999 0 0.559672 -
ENSMUSG00000031845.15 Beol 3.99006 0.00793356  0.586012 -6.9778159
ENSMUSG00000021318.15 Gli3 3.76902 0.0767952 1.38103 -3.7028401
ENSMUSG00000039304.11 Tnfsf10 3.65469 0.00383119  0.225106 -8.0279917
ENSMUSG00000042396.10 Rbm?7 3.46951 0.0122496 0.39757 -6.3511215
ENSMUSG00000021732.14 Fgfl0 3.39459 0.188552 2.56537 -2.4069656
ENSMUSG00000015579.5 Nkx2-5 3.38886 0.211257 3.27556 -2.2429289
ENSMUSG00000022836.11 Mylk 3.21674 0.0277647 0.393929 -5.1706044
ENSMUSG00000091594.2 Gm17067 3.20636 0.0192248 0.493325 -5.7008876
ENSMUSG00000030075.10 Cntn3 3.08444 0 0.0868109 -
ENSMUSG00000035395.11 Dcaf8l 3.0409 0 0.135621 -
ENSMUSG00000103133.1 Gm37303 2.90181 0 0.331302 -
ENSMUSG00000044674.6 Fzdl 2.8757 0.0961403 1.0289 -3.3787149
ENSMUSG00000024269.11 Tpgs2 2.83848 0.280209 2.39409 -1.8354248
ENSMUSG00000074227.12 Spint2 2.80556 0.385257 3.24304 -1.3761069
ENSMUSG00000097156.7 Gm3764 2.79198 0.0260301 0.330648 -5.2636753
ENSMUSG00000113890.1 Gm48368 2.77469 0 0.26284 -
ENSMUSG00000049556.5 Lingol 2.7123 0.00427891  0.132889 -7.868541
ENSMUSG00000008734.9 Gpre5b 2.69269 0.00217873  0.0969248 -8.8422969
ENSMUSG00000048142.9 Nat8l 2.64719 0.012099 0.203111 -6.3689684
ENSMUSG00000060985.15 Tdrd5 2.54443 0.145416 1.08388 -2.7817421
ENSMUSG00000049252.17 Liplb 2.51865 0.00084862 0.02315 -10.202597
ENSMUSG00000038535.17 Zp280d 2.48575 0.0434967 0.31924 -4.5229502
ENSMUSG00000068617.5 Efcabl 2.44109 0.0455316 0.420399 -4.456988
ENSMUSG00000048988.8 Elfnl 2.42936 0.432806 2.80684 -1.2082076
ENSMUSG00000032035.16 Etsl 240119 0.218984 1.38956 -2.1911026
ENSMUSG00000022456.18 Septin3 2.39993 0.0982197 0.680919 -3.3478438
ENSMUSG00000100552.1 Gm29019 2.37994 0 0.64555 -
ENSMUSG00000031661.12 Nkdl 2.3446 0.00221315  0.0780217 -8.819683
ENSMUSG00000007682.6 Dio2 2.3446 0 0.0611561 -
ENSMUSG00000045034.12 Ankrd34b 2.3446 0 0.0748995 -
ENSMUSG00000060480.5 Olfr171 2.3446 0 0.252932 -
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ENSMUSG00000026589.14 Secl6b 2.31689 0.0857719 0.611955 -3.5433511
ENSMUSG00000046159.16 Chrm3 2.28091 0.0225852 0.208532 -5.4684785
ENSMUSG00000079584.2 Gm364 2.27959 0.0140364 0.270982 -6.1546832
ENSMUSG00000009687.14 Fxyd5 2.2619 0.0601594 0.466585 -4.055066
ENSMUSG00000026768.10 Itga8 2.24014 0.0177983 0.165483 -5.8121167
ENSMUSG00000044646.15 Zbtb7c 2.22735 0.0213177 0.236194 -5.5518044
ENSMUSG00000012520.10 Phox2b 2.18657 6.29329 30.2659 2.65381443
ENSMUSG00000050315.14 Synpo2 2.17914 0.0924825 0.525926 -3.4346758
ENSMUSG00000039942.15 Ptger4 2.14983 1.16231 5.66009 0.2169949
ENSMUSG00000106350.2 Gm4869 2.14359 0.0443783 0.386827 -4.4940018
ENSMUSG00000074457.10 S100al6 2.13949 0.0499074 0.596946 -4.3246024
ENSMUSG00000057182.15 Scn3a 2.13164 0.38551 1.89692 -1.3751598
ENSMUSG00000105322.1 Gm43751 2.09883 0.0558411 0.427358 -4.1625288
ENSMUSG00000044229.9 Nxpe4 2.08182 0.0187722 0.174759 -5.7352585
ENSMUSG00000043903.4 Z1p469 2.05016 0.151585 0.75348 -2.7218011
ENSMUSG00000027500.10 Stmn2 2.02747 0.0648252 0.397514 -3.9473014
ENSMUSG00000079350.2 Magea8 2.02571 0 0.1749 -

ENSMUSG00000028438.16 Kif24 2.01854 0.0679718 0.385642 -3.8789199
ENSMUSG00000074892.9 B3galt5 2.00337 0.0376706 0.250208 -4.7304172
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Confirmation of CARM1-GFP enzymatic activity
The CARM1-GFP construct has already been demonstrated in the past to be

enzymatically active (Herrmann et al., 2009). In the same line of thought, the CARM1 E266Q
mutant has also been used for its lack of catalytic activity (Cheng et al., 2007). Mechanistically,
the mutation of the glutamic acid to a glutamine residue described locates to the double-E loop
motif within the PRMT catalytic core and abrogates any methyl transfer. As such, the constructs
are a reliable means of investigation towards the impact of catalytic activity of CARM1 on
protein interaction. Nevertheless, the activity, or lack thereof, was investigated in the cellular
context relevant to this study to ensure the biological relevance of the findings outlined in this
work.

Before discussing the results, it is important to note that the experiment presented in
Figure S5, was processed according to standard WB practices. When this experiment was carried
through, the factors contributing to CARM1 aggregation discussed in Chapter 3 were not
defined. However, despite the evident aggregation of CARMI, it was detectable at its expected
molecular weight. Since the premise of this specific experiment is not reliant on CARM1
quantification, the interpretation of the data remains unchanged.

WT MN-1 cells transiently expressing the GFP, CARM1-GFP and CARM1 E266Q-GFP
constructs were used to express the exogenous proteins. Accordingly, the cell lysate shows a
strong expression of the constructs, with the anticipated CARM1-GFP and GFP bands (Figure
S5A). A GFP-AP was performed for each transfection and the purified product (Figure S5B) was
incubated with purified core histones in vitro in a buffer conducive to protein methylation. After
incubation, the methylation product was analyzed by WB and blotted for dimethyl H3R17; a
CARMI substrate and known methylation site (Figure S5C). The resulting blot shows the

presence of the dimethylated product in the CARMI1-GFP lane, consistent with the anticipated
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activity from the construct. This suggests that the exogenous protein be conformationally
consistent with the endogenous protein. There was a detectable, albeit fainter band within the
mutant lane. The considerable difference in signal between the CARM1 constructs is consistent
with the expected methylation activity. While the faint band in the mutant lane could argue for
potential residual activity, it is likely that endogenous CARM1 be responsible for its presence.
CARMI1 homodimers are prominent in vivo and it is expected that exogenous and catalytically
active endogenous CARM1 be contained within the AP product used as an enzyme source for
the methylation assay. A band at endogenous CARM1’s molecular weight in the AP product
within the CARM1 construct expressing lanes further supports this (Figure S5B). Therefore,
these blots confirm the drastically different abilities of each CARM1 construct, supporting their

use for downstream experiments.

266



G * G GC GC*
s ccc ¢ g s2SccC ;
- . 4 KDa KDa
KDa KDa 180- 180-
180-m
180-+ : 116- 116-
116- ‘ 116-n 9. “ <CARMI-GFP g ‘<CARMI-0FP
90-1 - m— <CARMI-GFP 904 ACARMI-GEP 53l <CARMI 58 e
58- 58+ 48.5- 48.5- :
48.5- - 48.5+
36.5- 36.5-
S e 4 GAPDH 36.5- (RN < GAPDH i
36.5- 266 ' 206- <GFP
26.6- - 26.6- . < GFP IB: CARMI IB: GFP
. IB: GFP, GAPDH

IB: CARM1, GAPDH

Short exposure  Long exposure

C G GC GC* G GC GC*

KDa
180-]
116-

90-

58-
48.5-

36.5-
26.6-

"\ <H3R17

IB: Dimethyl H3R17

Figure S5: In vitro methylation assay of purified histones using CARM1-GFP or CARM1-GFP E266Q.
The lysates of WT MN-1 cells transfected with GFP (G), CARM1-GFP (CG) and CARM1-GFP E266Q

(CG*) (A), were used in a GFP affinity purification (B) as an enzyme source for an in vitro methylation

assay (C). The methylation of CARM1 susbtrate H3R17 was used as readout of methylation activity as

measured by a dimethyl specific H3R17 antibody.
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Figure S6: CARM1-GFP aggregation following a GFP affinity purification.
A total of 2mg of protein originating from the lysates of MN-1 cells stably expressing GFP (G),
CARMI1-GFP (CG) and CARMI-GFP E266Q (CG*) were used in a GFP-AP. The AP product

was incubated at room temperature (termed no boil) or heat denatured at 95°C for 8 min (termed

boil) in Laemmlli buffer.
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Supplementary Table 3: Primer sequences

The primers listed were used in RT-PCRs or mutagenesis experiments carried in this work.

Forward sequence (5’ to 3°)

Reverse sequence (5’ to 3°)

Ptger4 CTCATCTGCTCCATTCCGCT GGATGGGGTTCACAGAAGCA
Stc2 TTCGATGCCCAGGGAAAGTC TCTCCACAATCACACCGACG
Schip1/Iqschfp AAGAGAGCCATCCACCAGAGAA ATAGCACCGTCATTTACAGTTCCTC
Phox2B GCCTCAACGAGAAACGCAAG GCGAAGACCCTCTCCAACTC
Adra2B CCCTCATCTACAAGGGCGAC GGCTGCGTTTGGCAATTACA
p21 CAGCGATATCCAGACATTCAGA CTCAGACACCAGAGTGCAAGAC
GAP-43 TTTGTTTCTTGGTGTTGTTATGGC GAACGGAACATTGCACACACA
18s GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
CARM1 CTACATGCTCTTCAACCAGCGCATG  CTCTCCAGCATGCGCTGGTTGAAGA
E266Q CTGGAGAG GCATGTAG
Mutagenesis
Oligo-dT ITTTTTTTTTTTTITTTTT N/A
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