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ABSTRACT

Our understanding of protein lysine methyltransferases and their substrates remains limited
despite their importance as regulators of the proteome. The SMYD (SET and MYND domain)
methyltransferase family plays pivotal roles in various cellular processes, including
transcriptional regulation and embryonic development. Among them, SMYD?2 is associated with
oesophageal squamous cell carcinoma, bladder cancer and leukemia as well as with embryonic
development. Initially identified as a histone methyltransferase, SMYD2 was later reported to
methylate p53, the retinoblastoma protein pRb and the estrogen receptor ERa and to regulate
their activity. Our proteomic and biochemical analyses demonstrated that SMYD2 also
methylates the molecular chaperone HSP90 on K209 and K615. We also showed that HSP90
methylation is regulated by HSP90 co-chaperones, pH, and the demethylase LSD1. Further
methyltransferase assays demonstrated that SMYD2 methylates lysine K* in proteins which
include the sequence [LFM].;-K*-[AFYMSHRK].1-[LYK]+,. This motif allowed us to show
that SMYD2 methylates the transcriptional co-repressor SIN3B, the RNA helicase DHX15 and
the myogenic transcription factors SIX1 and SIX2. Finally, muscle cell models suggest that
SMYD2 methyltransferase activity plays a role in preventing premature myogenic differentiation
of proliferating myoblasts by repressing muscle-specific genes. Our work thus shows that
SMYD2 methyltransferase activity targets a broad array of substrates in vitro and in situ and is

regulated by intricate mechanisms.



”You turn the wheel and the mud whirls round,
as if you were possessed while you stand over
it and say "I'm going to make a jug, I'm going
to make a plate, I'm going to make a lamp and
the devil knows what more!"”

Nikos Kazantzakis, Zorba the Greek
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1.1. Modification of Lysine Residues

The combination of the 20 naturally occurring amino acids into polypeptides
offers a remarkable number of possible conformational, structural and functional
arrangements. The complexity of a set proteome is however still increased by several
orders of magnitudes by specific modifications following translation and folding. Over
300 types of post-translational modifications (PTMs) have been reported from various
organisms (1). Up to 5% of eukaryotic genomes encode enzymes responsible for post-
translational modification of the proteome; it is estimated that the majority of proteins in
eukaryotes and archae carry some type of PTM (2). Post-translational modifications
direct processes as varied as chemotaxis, fluorescence, cellular signalling and

localization, protein complex formation, turnover and polymerization.

Lysine presents one of the broadest arrays of post-translational modifications
(Figure 1). Among those, acylation of the e-amine is a common modification, of which
the best studied is acetylation (3-5) but also include formylation (6), propionylation (7,
8), butyrylation (7), crotonylation (9), malonylation (10), succinylation (11-13) as well as
acylation by fatty acids, such as palmitoylation & myristoylation (14) (Figure 1).

Biotinylation of lysine by biotin ligases also form an acyl-lysine adduct (15).

Many other modifications of lysine in proteins are observed in vivo. Oxidation of
the lysine sidechain leads to B-hydroxylation (16) or the production of allysine by
deamination (17). Glycosylation of the lysine sidechain, either through N-glycation (18)
or O-glycosylation following B-hydroxylation (19), is involved in protein stability (20)
and ADP-ribosylation (21) or adenylylation (AMPylation) (22) are linked to the oxidative

stress response. The modification of lysine can also be part of an enzyme catalytic cycle:

2



pyridoxal phosphate-dependent enzymes and rhodopsin form an imino-lysine adduct with
their cofactor (23, 24). Protein degradation and cell signalling cascades lead to lysine
modification by the covalent addition of ubiquitin or ubiquitinyl-like peptide chains
(SUMO, NEDDS, FAT10, ISG15 and others.) (25-27). Lysine residues are also the target

of non-enzymatic modification by urea, leading to its carbamylation (28).

Finally, the methylation of a lysine e-amine is the only reported case of lysine
alkylation (29-32) and involves the transfer of up to three methyl groups. To this day,
lysine methylation has been observed in both nuclear and cytoplasmic proteins and is

now considered a prevalent modification in eukaryotes, prokaryotes and archaea (33-36).



Figure 1.1: Post-translational modifications of lysine residues in proteins
Representation of known post-translational modifications of lysine residues; the lysine

side chain is represented in black and added moieties are represented in blue.
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1.2. Uncovering Lysine Methylation

Methylation of a lysine residue was first reported in 1959 by Ambler et al. (37) in
the flagellin protein of Salmonella typhimurium. While the origin and the function of the
methyllysine residue was a mystery at the time, the identification that histone proteins
were also methylated suggested that this PTM is a prevalent modification (38). The
subsequent discovery of the methylation of a wide range of proteins (39-47) confirmed

the predominance of this PTM in both prokaryotes and eukaryotes.

In addition, the regulation of EF-Tu methylation by carbon, phosphorus or
nitrogen availability (48) and the evolutionarily conserved character of multiple
methylation sites identified in ribosomal proteins (49-52) hinted that lysine methylation
could serve important biological functions. This was confirmed by the report that
methylation of calmodulin K115 (53-55) lowers its capacity to stimulate NAD kinase
activity (56). Methylation of calmodulin does not, however, prevent the activation of
other calmodulin targets (56, 57). These findings showed that lysine methylation
modulates the function of a protein and demonstrated that this PTM has the ability to

affect only a subset of activity of the methylated substrate.

Interest in lysine methylation intensified following the observation that the
methylation of lysine 9 on histone H3 leads to the recruitment of HP1 (Swi6 in S. pombe)
to chromatin (58, 59), and consequently promotes heterochromatin formation. This effect
suggested that the widespread modification of histone proteins by methylation could lead

to dramatic effects on gene expression.



1.3. Protein Lysine Methyltransferases

Two groups of enzymes, both using S-adenosyl-L-methionine (SAM) as a methyl
donor, catalyze the addition of a methyl group to the e-amine group of a lysine side chain
(60). The first type of protein lysine methyltransferase regroups the enzymes containing a
catalytic SET domain (class V methyltransferases). The SET domain, named after
SU(var), Enhancer of Zeste and Trithorax, the three first identified proteins harbouring
this domain in Drosophila (61), is characterized by three regions folded into a mainly -
sheet knot-like structure that forms the active site consisting of the four conserved motifs
GXG, YXG, NHXCXPN and ELXFDY (62-64). Binding of SAM and the substrate takes
place on each side of a methyl-transfer channel formed by this knot-like structure. It is
suggested that a catalytic tyrosine resting in this channel deprotonates the lysine’s -
amine group, triggering the methyl transfer from SAM to the lysine g-amine (65-72). A
network of aromatic residues and hydrogen bonds in this channel limits the possible
orientations of the lysine substrate (73), controlling the SET domain proteins to transfer a

specific number of methyl groups to a substrate.

Based on sequence similarities and domain organisation, the SET-domain
containing proteins can be broadly divided in seven families (63): SUV3/9, SET1, SET2,
SMYD, EZ, SUV4-20 and R1Z. Members of the SUV3/9 (G9a (74), GLP (75), SETDB1
(76)), SET1 (SET1 (77)), SET2 (NSD1 (78)), SMYD (SMYD2 (79), SMYD3 (80)) and
EZ (EZH2 (81)) families methylate both histone and non-histone substrates (Appendix 1
& Figure 1.2) while substrates reported to this day for the SUV4-20 and RIZ families are

limited to histone proteins (82, 83). Outside of these seven families, SET7/9 and SET8



are also reported to methylate a substantial number of proteins (Appendix 1 & Figure

1.2).

The second class of PKMTs, the seven [B-strand methyltransferases (class |
methyltransferases), belongs to an extended superfamily of methyltransferases found
throughout eukaryotes, prokaryotes and archaea. Members of this family methylate DNA,
RNA or amino acids such as arginine, glutamine, aspartate and histidine (60, 84). They
are named after its Rossman fold built around a central B-sheet structure, which includes
the conserved, catalytic motifs hhXhD/E, XDAX and PXVN/DXXLIXL (h=hydrophobic

residue) that allow the association of SAM and the protein substrate.

Across all three domains of life, a number of class | methyltransferases are
reported to methylate lysine residues in proteins (Appendix 1). The bacterial
methyltransferases PrmA and PrmB methylate the ribosomal units L11 (85) and L3 (86),
respectively. In S. cerevisiae, Rkm5 methylates the ribosomal protein L1ab (87) and Seel
methylates the elongation factor EF1-o on K316 (88). Recently, VCP-KMT, a newly
identified class | methyltransferase, was shown to methylate the membrane protein VCP
(89). Class I methyltransferases are also able to methylate histones, as Dotl homologs
trimethylate K79 of histone H3 (90). In crenarchaea, the methyltransferase akKMT, a
broad specificity class | lysine methyltransferase, was shown to methylate the DNA-

binding protein Cren7 (91).



Figure 1.2: Association of lysine methylation substrates with their PKMT suggests
complex networks

Each PKMT or substrate node of the methylation networks is color-coded according to its
functional classification. In Eukarya, 34 PKMTs methylate >65 substrates other than
histones. SET7/9 is by far the most promiscuous PKMT, targeting close to half of
eukaryotic substrates reported to this day. In contrast to eukaryotes, only 8 unique
PKMTs have been identified in prokaryotes and 2 in Archaea. Those interactions,
together with the 1018 methylation sites listed in Appendix 1, demonstrate the

complexity of this modification and its regulatory potential for the proteome.



ROR« HSP90
K38 K209
K615
-
PCNA
K248
K880
pRb P53 L. ﬂ Nums
K810 K158
K373 K3 K3 K373 K163
ﬁ EED
K66
K197
K268
Kad
DNMT3a Kiza K2s4
K1094 b,
MYPT1 @ K142 K70 G9
Ke42 ONMTY
K108 K239 /
K123 K165
Gf-1B SUV3aHY
K8
CcDYL1
K135
HDACY
K233
K235 Ka32
K236
K23e
SIRTY
? Pri2 K60
1
iy Sso7d
- 7 Prit K37
Z MC1-a
‘&é‘t 7 DNA polymerase IV
*9 7 DNA polymerase B
G
7 Topolll
TPCNAVR
Cren?
Ric small subunit K34
K181 GINS15 K16
?

10



1.4. Detection of Lysine Methylation

Systematic high-throughput studies helped uncover the global implication of
PTMs such as phosphorylation (92, 93) and acetylation (3-5) in different cellular
processes. If the terms “phosphorylome” and “acetylome” can now properly be applied to
our understanding of those modifications, an exhaustive description of the lysine
methylome and the biological functions it regulates has yet to be produced. The
challenges still associated with the detection of lysine methylation impede research on
this PTM. The small molecular weight of a methyl group relative to other PTMs and the
lack of a charge difference between methylated and unmethylated lysine residues leave
few options for the detection of methylated lysine residues via direct physicochemical

methods.

1.4.1 Targeted discovery of lysine methylation

Given the challenges associated with its detection, the identification of lysine
methylation has long relied on the targeted identification of single sites by amino acid
sequencing, radio-labelled assays or immunoblotting. Some of the earliest reports of
lysine methylation were provided by Edman sequencing (46, 47, 94, 95). This method is
reliable and precise enough to detect methyllysine (Figure 1.4A). However, Edman
sequencing is time-consuming and necessitates large amounts of the target proteins,
making it inapplicable to high-throughput approaches. Introduction of radioactively-
labelled methyl donors either in culture media or lysate (Figure 1.4A-B) has also been
used to detect methylated proteins in model systems, together with 2D SDS-PAGE or

liquid chromatography (50, 96-98). The use of radioactive material on this scale is
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however cumbersome and does not allow the identification of specific methylation sites.
It also does not indicate what type of residue is labelled, as arginine, histidine, aspartate
and glutamate residues as well as the amino terminus of proteins can be the targets of S-
adenosyl-L-methionine-dependant methyltransferase (99-101). More recent studies have
made use of immunoblotting to explore potential methylation sites on proteins (34).
However, pan-methyllysine antibodies suffer from a low level of specificity, sensitivity
and low reproducibility between suppliers and lots available. As for generic radioactive
methylation assays, immunoblotting with pan-methyllysine antibodies does not allow the
determination of the methylation site. Antibodies raised against a specific methylation
site have however been invaluable in the identification and in vivo confirmation of

methylated proteins (Figure 1.4A & Appendix 1).

1.4.2 High-throughput discovery of lysine methylation

Mass spectrometry is the current method of choice to detect PTMs. This
technique is sensitive and reproducible: it can detect the 14 Da shift in the mass of a
given peptide corresponding to methyl group and is also capable to determine the
residues being methylated (Figure 1.4B). Its use in recent years has nonetheless been
impaired by the low abundance, in vivo, of methylated sites relatively to their non-
methylated. In addition, the small mass difference between a trimethylated and an
acetylated peptide (42.05 Da vs 42.01Da) cannot be separated using low resolution mass
spectrometers. Fortunately, the precision of recent instruments such as Orbitrap and triple
TOF makes easier their respective identification (91, 102). High resolution MS-MS is

required to confirm that a lysine is methylated. Previous proteome-scale studies of
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acetylation in human cells have used pan-acetyllysine antibodies to enrich acetylated
proteins prior to mass spectrometry analysis (3). Low specificity and sensitivity of
previously available pan-methyllysine antibodies have limited the use of this approach.
Recently, a cocktail of antibodies was developed to enrich methylated peptides (103) and
has successfully yielded a significant number of novel methylation sites. This novel
approach identified 165 sites across a wide variety of sequences in histones, elongation
factors and chaperone proteins in HCT116 cells. In addition, metabolic labelling
methods, such as heavy methyl SILAC (104), are being developed and have been applied

to the de novo, high-throughput discovery of chromatin-specific methylation sites (105).

Recently, a new approach for the detection of methylation was reported, based on
known methyllysine-binding protein domains in lieu of a classic antibody fold (Figure
1.4B). Liu et al. used the HP1p3 chromodomain as bait against cell extracts and systematic
peptide arrays to identify a methyllysine-dependant interactome for the protein (106).
This led to the discovery of 29 new methylated proteins and demonstrated a role of HP1[3
in DNA-damage response, driven by its interaction with methylated DNA-PKc. Moore et
al. (107) also made use of methyl-binding domains by engineering a generic methyl
probe from the LAMBTL1 fold. This construct was then used to identify new targets for
the PKMTs G9a and GLP directly from cell extracts, utilizing SILAC and specific

PKMTs inhibitors.
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Figure 1.3: Methyllysine residues on canonical histone H2A, H2B, H3 and H4.

Bold numbers indicate the methylated residue, italics indicate the organisms in which
these modifications are found: At; Arabidopsis thaliana, Bt; Bos taurus, Ce;
Caenorhabditis elegans, Dm; Drosophila melanogaster, Dr; Danio rerio, Gg; Gallus
gallus, Hs; Homo sapiens, Mm; Mus musculus, Nc; Neurospora crassa, Pb; Paramecium
bursaria chlorella virus, Sc; Saccharomyces cerevisiae, Sp; Schizosaccharomyces
pombe, Tt; Tetrahymena thermophila. Known methylation states are indicated in

parenthesis. An * indicates methyllysine residues modified by an unidentified enzyme.
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1.4.3 Prediction-based discovery of lysine methylation

As an alternative approach to high-throughput technologies, other research groups
decided to focus on the determination of substrate recognition by PKMTs. A library of
peptides spanning the sequence recognized by a PKMT and bearing targeted or
systematic mutations is assayed for methylation optima. These, often together with
structural studies, allow for the elucidation of the PKMT specificity and the prediction of
new substrates. The approach has so far been applied to G9a (108), SETD6 (109),
SET7/9 (73, 110) and SET8 (111). More specifically, the methyltransferase activity of
SET7/9 toward TAF7 (73), TAF10 (112) and E2F1 (113, 114) was first predicted on the
basis of methylation assays performed on a small library of peptides (73). To date, the
majority of methylation sites reported for SET7/9 are included within the motif [R/K]-
[S/T/IA]-K*-[D/K/N/Q)] inferred from these assays Appendix 1). However, a recent study
expanded the range of SET7/9 putative substrates (110). The broader motif identified in
this study [G/R/H/K/P/SIT]-[K/R]-[S/IK/Y/AIRIT/P/N]-K*, suggests that SET7/9 may
have a more relaxed specificity than previously assessed (110). An extensive peptide
array based on a 21 residue peptide encompassing the N-terminus of histone H3 was also
used to characterize the sequence recognized by the methyltransferase G9a (108). The
team found that G9a recognizes the motif [N/T/GS]-[G/C/S]-[R]-K*-[T/G/Q/SIVIMIA]-
[F/VIIILIA], where K* is the methylated lysine (108). Among the candidates including
this motif, CDYL, WIZ, ACINUS, DNMT1, HDACL1 and Kruppel were shown to be
methylated both in vitro and in vivo by G9a. Furthermore, methylated peptides of the
CDYL and WIZ target sequences were found to bind HP1p chromodomain,

demonstrating that methyllysine effectors can recognize those sites. While peptide arrays
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have proven useful in the identification of protein substrates, this approach may not be
applicable to all PKMTs. For example, identification of a motif for SET8 based on a
peptide array designed from the tail of histone H4 failed to provide new substrates for
this PKMT, demonstrating that peptide substrates may lack important structural
determinants required for substrate recognition and catalysis (111). In a variation on this
approach, full-length protein arrays regrouping over 9000 candidate substrates were used
to determine the motif recognized by the methyltransferase SETD6, only known at the
time to methylate RelA. A total of 154 total putative targets were predicted. Of these, six
substrates were confirmed in vitro and of these, PLK1 and PAK4 were found to be
methylated in HEK293 cells overexpressing SETD6 (109). In summary, while the
proteome-wide characterization of lysine methylation has recently progressed
significantly, the success rates of linking a genuine methylation site to a proper biological
cue have remained relatively low. However, even with the shortcomings of current
methods, efforts from several groups have highlighted the roles played by lysine

methylation in a myriad of cellular processes.
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1.5. Functional Roles of Lysine Methylation

1.5.1 Methylation of Histone Proteins

Given their abundance and ease of preparation, histone proteins were one of the
first characterized methyllysine proteins (38). Research efforts have subsequently
mapped several methyllysine residues on histone proteins and related those modifications
to specific biological cues (Figure 1.3) (comprehensively reviewed in (115-118). Among
these biological roles, methylation of histones is associated with activity at transcription
start sites (H3K4 (119)), heterochromatin formation (H3K9 (58, 59)), X chromosome
silencing and transcriptional repression (H3K27 (120, 121)), transcriptional elongation
and histone exchange in chromatin (H3K36 (122-126)) and DNA damage response
(H4K20 (127, 128) and H3K79 (129)). Our view of this network of modifications
increased in complexity with the recent discovery that the protomers of the same
nucleosome can be methylated on different lysine residues (130). The combination of
different PTMs forms patterns of modifications distributed throughout the genome and
these configurations strongly correlate with the state, cell type and gene expression

profile of the cell line studied (131-134).
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Figure 1.4: Detection of lysine methylation

A) Most common experimental approaches in target-specific detection of lysine
methylation. Edman degradation and direct detection either by mass spectrometry or
immunoblotting allows for the analysis of in vivo samples. In vitro radio-labelling is most
often used to confirm the PKMT associated to a given site. B) Recent approaches used to
allow the high-throughput characterization of lysine methylation to overcome the
limitations of direct detection approaches. Methylated peptides or proteins can be
enriched, either by pan-methyllysine antibodies or methyl-binding protein domains.
Alternately, proteins can be specifically labelled (isotopically, radioactively) to allow an

easier identification of methylated peptides.
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1.5.2 Methylation of the transcription apparatus

The study of histone lysine methylation paved the way for the subsequent
identification of an important number of sites on other proteins involved in the regulation
of transcription and translation (Appendix 1). Among those, methylation of p53 by
SET7/9 (135) was initially reported to promote the pro-apoptotic activity of the
transcription factor in stimulating its acetylation by p300/CBP (136). Methylation of
K370 by SMYD2 was later shown to prevent the methylation of K372 by SET7/9, thus
keeping p53 in a “poised” state (79, 137). Methylation of K373 and K382, by G9a (138)
and SET8 (139, 140) respectively, were also reported to regulate the function of p53. In
the first case, the modification directly inhibits p53 pro-apoptotic activity (138).
Methylation of K382 recruits the transcriptional suppressor L3MBTL1 to block the
expression of p53 target genes such as p21 and PUMA (140). Altogether, these findings
suggest that lysine methylation tunes p53 activity in a variety of ways. Intriguingly,
Lenhertz et al. (141) and Campaner et al. (142) reported recently that SET7/9 null mice
do not show any defects in p53 acetylation or apoptotic activity. However, the authors did
note the possibility that other compensatory mechanisms could exist — as p53 is regulated
by redundant mechanisms (143-147). In addition, it remains to be investigated whether
other p53 PTMs — such as the methylation of K370 by SMYD2 in control mice or
redundant activating mechanisms such as the acetylation of K373 and 382 — buffer the

impact of SET7/9 knock-out.

Besides p53, several transcription factors are methylated by SET7/9 and as a
result their activity is modulated in different ways. Methylation of K185 inhibits E2F1

apoptotic activity by inducing its proteasomal degradation (113). TAF10 methylation
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increases its affinity for RNA polymerase Il thereby stimulating the transcription of
specific target genes (112). Methylation of K630 on the androgen receptor (AR)
stabilizes interaction of its N- and C- terminal domains, allowing transactivation of AR-
responsive genes (148) while methylation of FOXO3 on K270 lowers the DNA binding

affinity of the forkhead protein (149).

In apparently conflicting studies, SET7/9 was reported to methylate RelA (p65)
on both K37 (150) and K314/315 (151). While Ea et al. (150) showed that methylation of
K37 is required for NF-xB target gene expression in HEK293 cells following TNFa
stimulation, Yang et al. (151) showed that, also in response to TNFa, methylation of
K314 and K315 induces the proteasomal degradation of the protein in U20S cells. It is
possible that SET7/9 can methylate both residues and that another regulatory switch

directs its activity specifically toward the activation or repression of RelA.

In addition to SET7/9, other methyltransferases also modulate RelA activity.
Methylation of K310 on p65 by SETD6 tethers GLP through its ankyrin repeat domain,
promoting the deposition of the repressive mark H3K9Me2 on inflammatory response
NF-kB target genes (152). In contrast, cytokine stimulation induces methylation of RelA

by NSD1, which promotes NF-«xB activity through an unknown mechanism (78).

Similar to RelA, lysine methylation is a key PTM in the intricate regulatory
network of the retinoblastoma protein (pRb) (153, 154). Methylation of K810 by SMYD2
enhances pRb phosphorylation and promotes cell cycle progression while methylation of
K860 by the same PKMT stimulates the binding of the tumour suppressor to L3MBTL1

and induces cell cycle arrest (154). Interestingly, following DNA damage, pRb
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methylation on K810 by SET7/9 leads to cell cycle arrest (155). Intriguingly, the same
enzyme also methylates the tumour suppressor on residue K873, leading to the

recruitment of HP1 to pRb target genes which also triggers cell cycle arrest (156).

Methyllysine residues have also been mapped on other pioneer transcription
factors. Methylation of GATA4 by EZH2 regulates association of the activator to p300,
regulating the expression of GATA4 target genes (81). Similarly, methylation of C/EBPJ
(157) by G9a is important for the transactivation potential of the transcription factor.
Conversely, methylation of Reptin by the same enzyme negatively regulates a subset of
hypoxia responsive genes (158). Taken together, these studies suggest that lysine
methylation of the same residue can lead to different outcomes depending on the cellular
context. Overall, it is clear that different methylation sites on the same protein can lead to
drastically different effects. These findings also suggest that additional mechanisms such
as feedback loops, switches and even demethylation of methyllysine residues (see below)

will mark which lysine will be methylated during a given cellular process.

1.5.3 Methylation of the translation apparatus

In contrast to the various effects reported for lysine methylation on gene
transcription, investigation of the impacts of lysine methylation on translation has yielded
far less details. Notably, although methylation of ribosomal proteins has been reported for
three decades, the molecular and biological implications of these marks have remained
elusive. Evidence that these PTMs are found in mammals, yeast, plants, bacteria and

archaea, lends credence to the hypothesis that methylation of the ribosome is important
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for its functions. However, systematic mutation of lysine residues known to be
methylated failed to promote or impair either ribosomal assembly or cell survival,
suggesting that methylation of ribosomal subunits plays a role in a novel, yet unexplored,
biological pathway. It was recently suggested that methylation of K106 and K110 of
L23ab could influence its precise positioning within the ribosome (159) while
methylation of K55 on L42 might modulate association to tRNA (160). However, in both
cases, further experimental evidence is needed to provide a definite answer. Interestingly,
recent studies have shown that the Drosophila Polycomb interactor Corto (Centrosomal
and chromosomal factor) recognizes trimethylated K3 of the ribosomal protein L12. This
association, mediated by the chromodomain of Corto, recruits the RNA polymerase il
and activates transcription of the heat shock responsive gene hsp70 (161). The
involvement of lysine methylation in the nuclear functions of ribosomal proteins (162)
suggest that lysine methylation of ribosome components has the potential to modulate or
elicit important functions beside its canonical functions. However, given the substantial
number of methyllysine residues within the ribosomes (approximately 80), redundant

mechanisms could mask the role of lysine methylation in the biology of the ribosome.
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1.6. Functional diversity of lysine methylation beyond histones and transcription

In addition to transcription factors and the translation machinery, a wide variety
of proteins are methylated by PKMTs, as demonstrated by both targeted and large-scale
studies (34-36). Across all kingdoms of life, a critical set of functions is regulated by the

methylation of lysine on proteins.

1.6.1 Lysine Methylation & Eukaryotes

Some chaperone proteins are regulated by lysine methylation in eukaryotes. For
example, methylation of HSP90 by SMYD?2 is involved in sarcomere assembly through
titin stabilization (163, 164). Also, SETD1 methylation of HSP70 on K561 promotes the
association of the chaperone to Aurora Kinase B and stimulates the proliferation of
cancer cells (165). In the yeast kinetochore, methylation of Dam1 by SET1 at the yeast
kinetochore is important for proper chromosome segregation during cell division (77,
166) while methylation of DNA methyltransferase DNMT1 by SET7/9 regulates global
levels of DNA methylation (167-169). These examples further demonstrate that in
eukaryotes lysine methylation is not limited to proteins of the transcriptional apparatus

but it affects a wide variety of functions in the cell, many of them yet to be explored.

The role of lysine methylation in plants is even more elusive: the chloroplastic
Rubisco large subunit (170) and Fructose 1,6-biphosphate aldolase (171, 172) are both
methylated by RLSMT but their activity remains unaffected by the modification.
Methylation of aquaporin PIP2 K3 is necessary for E6 methylation in Arabidopsis

thaliana; yet the roles that these PTMs play remain unknown (173, 174).
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1.6.2 Lysine Methylation & Prokaryotes

Similar to eukaryotes, lysine methylation modulates protein functions in bacteria.
Methylation of pilin in Synechocystis sp. regulates cell motility (175) while methylation
of EF-Tu’s K56 lowers its GTPase activity and stimulates dissociation from the
membrane (176). In the latter case, levels of methylated EF-Tu increase in response to
deprivation in carbon, nitrogen or phosphate levels, suggesting that extracellular cues
control the activity of lysine methyltransferases (48, 177). Other lines of evidence suggest
that lysine methylation of surface proteins might play a role in optimizing bacterial
adherence to their environment (see Diseases and Lysine Methylation and (178-182)).
Recent large scale proteomic studies in Desulfovibrans vulgaris (183, 184) and
Leishmania interrogans (185) reported a large number of methylation sites on a wide
variety of proteins (Appendix 1), suggesting that lysine methylation is a prevalent and

dynamic post-translational modification in bacteria.

1.6.3. Lysine Methylation & Archaea

Archaea are devoid of histone proteins capable of folding DNA into octameric
nucleosomes reminiscent of those found in eukaryotes. Instead, DNA compaction is
achieved by a family of small basic proteins (186). As an interesting parallel with lysine
methylation in eukaryotes, several of these DNA-binding proteins are methylated on
lysine residues. Among those, Sac7d from S. acidocaldarius was the first archaeal protein

reported to be methylated (187). Other members of the archaeal histone-like DNA
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binding proteins, such as CCI, Cren7, Sso7c, are methylated on multiple lysine residues
(33, 188-190). However, no role has yet been ascribed to this modification in the context
of archaeal chromatin (191). As a possible counterpart to eukaryotes, a SET protein able
to methylate the DNA-associated protein MC1-o was identified in the crenarchaea
Methanococcus mazei (192), illustrating that similar processes bring about lysine
methylation across life’s domains. Unique to an archaeal organism, the 3-glycosidase of
the hyperthermophile Sulfolobus solfataricus was reported to be methylated on up to five
residues, a modification reported to protect the protein from thermal denaturation (193).
Further proteomic studies uncovered a large number of proteins methylated in S.
solfataricus (33). Interestingly, for a subset of these proteins such as the -glycosidase,
lysine methylation enhances the thermal stability of the modified protein (33, 189, 194).
Altogether, these findings strongly suggest that lysine methylation in Archaea seems to

be as critical to proper proteome function as in Eukarya.

1.6.4 Lysine Methylation of Viral Proteins

Viruses are able to use the arsenal of methyltransferases of their host cell. Burton
et al. (195) were the first to report the methylation of the major capsid protein VP1 of the
murine polyomavirus. Since then, other examples of methyllysine residue have been
discovered in viral proteins. Methylation of the HIV-1 transcriptional activator Tat on
K50 by SETDBL1 inhibits LTR transactivation (76) while concurrent methylation of K51
by SET7/9 enhances HIV transcription (196, 197), demonstrating that, at least in a
specific context, the virus uses the host’s PKMTs to ensure proper viral propagation.
Some viruses also have the ability to use their own methylation machinery: Paramecium
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bursara chlorella virus 1 methyltransferase VSET site-specifically methylates histone H3
on K27 to trigger gene silencing (198, 199). Overall, viruses seem to take advantage of
lysine methylation mechanisms in their invasion cycle as they do of other PTMs (200-

203).
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1.7. Lysine Demethylation

Evidence that purified cell extracts showed slow yet detectable activity toward
methylated lysine suggested that the methyl moiety added to lysine residues could be
removed by dedicated lysine demethylases (KDM) (204, 205). The discovery of the first
KDM, LSD1, a flavine amine oxidase able to demethylate mono- and di-methylated
histone H3K4, confirmed those initial reports and demonstrated that lysine methylation
was part of a dynamic equilibrium. Jumonji-containing proteins, Fe(ll)/a-KEG dependant
dioxygenase, were subsequently shown to demethylate tri, di- and mono-methyllysine
residues in histone proteins (206). In contrast to other KDMs, LSD1 shows a broad
specificity and demethylates a large spectrum of methylated proteins. For example,
demethylation of the poised K370-methylated pool of p53 by LSD1 is necessary for
subsequent methylation and activation by SET7/9 (137). LSD1 also plays a role in the
function of other transcription factors such as E2F1 (113), Spl (207), STAT3 (208) and
MYPTL1 (209). In addition to the demethylation of transcription factors, LSD1 also
targets the DNA methyltransferases DNMT1 (210) and DNMT3 (75) and the molecular
chaperone HSP90 (211). Notably, demethylation of DNMT1 by LSD1 enhances its

stability and regulates global levels of DNA methylation in embryonic stem cells (210).

Only two jumonji proteins are reported to demethylate non-histone proteins.
JHDM1 (FXBL11) demethylates RelA on K218Me and K221Me, opposing the activation
of this transcription factor. Interestingly, given that RelA regulates fxblll gene
expression, the demethylase participates in a negative feedback loop that tightly controls
the activity of FXBL11 (78). In another study, Baba et al. reported that the Jumonji

demethylase PHF2, following activation by Protein Kinase A, demethylates the

29



transcription factor ARID5B. Demethylation of ARID5B stabilizes the PHF2/ARID5B
complex and triggers the recruitment of PHF2’s H3K9Me2 demethylase activity to, and
regulates the expression of, ARID5B target genes (212). These examples demonstrate
that demethylation is a key component of the signalization and modulation dynamics of

the proteome.
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1.8. Molecular functions of lysine methylation

In comparison to other post-translational modifications, methylation appears to
present only limited ways to affect the chemistry of a residue. For example, acetylation of
lysine e-amine neutralizes its positive charge and the addition of a carbonyl’s dipole
makes possible new types of interactions. Phosphorylation drastically modifies the charge
of a protein (-3 per phosphate group) and adds a relatively important mass to an amino
acid side chain (95 Da; 80 Da for Ser and Thr phosphorylation). The addition of ubiquitin
and ubiquitin-like molecules is linked to cell trafficking, transcriptional regulation and
endocytosis (213, 214) and is coupled to a dedicated recognition pathway, leading to
degradation by the proteasome (215, 216). Comparatively, methylation of a lysine residue
does not modify the side chain’s positive charge and causes only a small change in mass

of a protein (14, 28 or 42 Da).

Following the large-scale identification of methylated lysine residues in S.
cerevisae, Pang et al. (36) observed that 43% of these sites corresponded to potentially
ubiquitinated residues, thus raising the possibility that methylation increases the stability
of proteins by competing with ubiquitination (Figure 1.5A). Accordingly, pulse-chase
experiments revealed an increase in the half-life of several proteins. Therefore,
methylation can be considered as a regulator of ubiquitination. However, this means of
regulating protein turnover rate cannot be applied to the entire proteome, as lysine

methylation has been shown to increase global ubiquitination of E2F1, DNMT1, RORa

and NF-«xB (113, 168, 217, 218).

In the most direct case, methylation of a given lysine residue would preclude the
addition of another modification on the same methylation site. However, “methyl
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switches”, in which methylation of one lysine residue stimulates or inhibits the
modification of at least one neighbouring residue (Figure 1.5B) have been observed. For
example, methylation of p53 K372 depends on the addition of an acetyl moiety on
neighbouring lysine residues (219). Inhibition of cell cycle promoting activity of E2F1 is
blocked by methylation of K185, thereby stimulating the ubiquitination of the
transcription factor and preventing its phosphorylation by CK2 and ATM as well as its
acetylation by PCAF (113). Another example is the methylation of K810 on pRb by
SMYD2, which enhances phosphorylation of serine residues 807 and 811 by CDK4,
inhibiting its cell cycle repressor activity (153). In S. cerevisae, methylation of Daml
K233 prevents the phosphorylation of S232 and S234 by Ipll, allowing its optimal
phosphorylation at S235, which promotes efficient chromosome segregation (77).
Overall, these observations support the fact that lysine methylation is connected to other

networks of PTM and consequently to most signalling events.

In addition to controlling the deposition of neighbouring PTMs, lysine
methylation creates a binding surface for the recruitment of other proteins (Figure 1.4C).
Recognition of methylated lysine residues by chromodomain proteins - part of the Royal
domain family - was first reported for histone proteins (58, 59, 220, 221). Members of the
Royal domains family can specifically bind methylated lysine residues through an
“aromatic cage” formed by combination of hydrophobic contacts and cation-nt
interactions (220, 222-225). Besides the Royal family, the Plant HomeoDomain (PHD)
family also reads methyl-lysine residues. Despite structural divergence between
chromodomain and PHD, the methyllysine engages in similar cation-r interactions (226-

229). Interestingly, the presence of hydrogen bond networks in the aromatic cages allows
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the specific recognition of either mono- or di- methylated over tri-methylated lysine (230)

triggering a specific biological response.

For instance, in histone proteins, the Polycomb complex chromodomain
recognizes di- or tri-methylated H3K27 (231) while the Eaf3 chromodomain protein
recruits the Rpd3S deacetylase complex to regions enriched in H3K36 methylation (126).
Among the numerous domains able to recognize methylated lysine residues on histone
proteins (232), the Tudor (233) and MBT (230, 234) domains are also able to read
specific methyl marks of both histone and non-histone proteins (Figure 1.4C). L3MBTL1
binds methyllysine residues on p53 (140) or pRb (154), and the MPP8 chromodomain
associates with the methylated form of DNMT3 (75) (Figure 1.4D). Interestingly, ankyrin
repeats also appear to recognize methyllysine residues, as illustrated in the recruitment of

GLP to methylated RelA (152).

Lysine methylation can also affect biological outcomes through other mechanisms
such as modulation of a protein’s DNA affinity (114, 235, 236), resistance to tryptic
cleavage (175, 181) and heat denaturation (193). Overall, despite its apparently simple
character, lysine methylation regulates the proteome using a surprisingly wide range of

mechanisms.
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Figure 1.5: Molecular mechanisms of lysine methylation

A) Numerous instances of methylated lysines are able to regulate protein turnover by
preventing the ubiquitination of their residue (see Molecular functions of lysine
methylation). B) More indirectly than with ubiquitination, methyl “switches” can
positively or negatively regulate the installation of other PTMs on neighbouring residues
by recruiting other protein modifying enzymes or preventing their association with their
substrate. C) “Readers” such as the chromo, PHD finger and MBT domains can
specifically bind methylated lysine residues. In addition to numerous groups able to bind
methylated lysine on histone tails, a few examples have been reported for non-histone
substrates. In addition to HP1, the chromodomains of MPP8 and Chx3 recognize (above)
can bind methylated lysines (green) of non-histone proteins through residues forming an
aromatic cage (blue) (PDB ID 3SVM and 3DM1). In addition, mono-methylated K382
and di-methylated K370 of p53 are bound respectively by the second MBT repeat of

L3MBTL1 and the second Tudor domain of PHF20 (PDB ID 30Q5 and 2LDM).
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1.9. Disease implications of lysine methylation

Several types of cancer involve the misregulation of PKMTs (237-244). For
example, expression of SMYD2 is up-regulated in oesophageal squamous cell carcinoma
(245) and bladder cancer cells (153). SMYD3 is overexpressed in breast carcinoma and
correlates with tumour proliferation (246), while G9a is overexpressed in hepatocellular
carcinoma and contributes to lung and prostate cancer invasiveness (138, 247-249).
Accordingly, lysine methylation has been reported to influence processes directly linked
to oncogenic pathways, providing a rationale for the involvement of PKMTs in cancer.
For instance, methylation of pRb by SMYD2 promotes cell proliferation, possibly
through E2F transcriptional activity (153). Similarly, SMYD2 methyltransferase activity
prevents the activation of p53 pro-apoptotic function by the opposing modification of
K372 by SET7/9 (79). Accordingly, these enzymes are currently explored as efficient

cancer markers and potential anti-oncogenic drug targets (241, 242, 244, 250-254).

In addition to cancer, lysine methylation plays key roles in bacterial
pathogenicity. Vaccination efforts against typhus’ agent Rickettsia typhi are targeting the
immunodominant antigen OmpB. Interestingly, a critical difference between OmpB from
infectious and attenuated strains is the methylation of several lysine residues of the N-
terminal region of the protein (255, 256). Chemical methylation of lysine residues on a
recombinant peptide re-establishes serological reactivity of the OmpB fragment (255). In
a similar fashion, Mycobacterium tuberculosis adhesins HBHA and LBP, important for
adhesion to host cells, are also heavily methylated (178-182, 257). Similar to OmpB in R.
typhi, immunological protection potential can be sustained by Mycobacterium

tuberculosis HBHA only in its methylated form (182). Methylation of lysine residues in
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HBHA or LBP per se does not appear to affect the adhesive potential of the pathogen but
it instead protects the protein against proteolytic cleavage in mouse bronchoalveolar
fluid, suggesting a possible role for methylation in the biology and pathogenicity of
Mycobacteria. This hypothesis is further strengthened by the observations that the related
species Mycobacterium smegmatis and Mycobacterium leprae possess methylated
adhesins (181, 257). More recently, methylation of P. aeruginosa Ef-Tu K5 was shown
to mimic the ChoP epitope of human platelet activating factor (PAF), allowing
association to PAF receptor and strongly contributing to bacterial invasion and
pneumonia onset (258). Given the increasing need for new and more efficient vaccines,
understanding how lysine methylation impacts host-pathogen interaction will open

exciting new avenues in understanding the mechanisms of pathogenicity.
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1.10. Rationale and hypothesis

Although histone lysine methylation is held as a canonical example of the
importance of lysine methylation, it still remains unclear whether it acts as a repository of
epigenetic instructions or whether it is a consequence of transcriptional and replicative
DNA-based processes. Importantly, an increasing number of methylation of lysine
residues (see Appendix I) is now shown to influence cell function outside the context of
chromatin. The difficulty to identify these sites however remains the major challenge to
their study. The characterization of PKMTSs presents one of the most promising avenues
to study protein methylation as it can lead to the direct identification of
methyltransferase/substrate pairs but also to the characterization of their roles in vivo.
Among PKMTs, the SMYD, a family of SET proteins characterized by the insertion of a
MYND zinc-finger within the conserved catalytic methyltransferase motifs, have been
shown to be prolific PKMTs regulating protein function, transcription and developmental
processes (section 2.1, 3.1 & 4.1). The range of their protein methyltransferase activity,
together with their biological functions, makes the SMYD family interesting candidates
to study the mechanisms of lysine methylation. As this project was undertaken, the
SMYD protein SMYD2 was reported to methylate histone H3 and the apoptosis regulator
p53 (79, 259) and to regulate the function of the latter. Moreover, SMYD?2 levels were
reported to be misregulated in various types of tumours (245). However, methylation of
p53 was unable to explain the oncogenic phenotypes of all SMY D2-expressing tumours.
Preliminary results from our laboratory and others (Chapter 2 and personal
communications) also suggested that SMYD2 had additional substrates. The identity of

those substrates was still unknown as well as the determinants of their recognition by
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SMYD2, how the activity of SMDY?2 was regulated and the normal biological functions
of SMYD2. It was likely though that both the normal and oncogenic functions of
SMYD2 depended on its methyltransferase activity. Therefore, we aimed to characterize

the biochemical activity of SMYD2 in order to discover novel substrates and functions.

1.10.2 Hypothesises & Objectives

We hypothesized that SMYD2 possessed novel and yet unknown targets dictated
by specific recognition mechanisms and that, in turn, those regulate biological processes
associated with SMYD2 expression. Specifically, we aimed to:
1) Identify novel SMYD2 substrates
2) Use those substrates as models to understand SMDY 2 activity

3) On the basis of these interactions, explore SMYD2 functions in vivo.
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2. PROTEOMIC ANALYSES OF THE SMYD2 FAMILY INTERACTOMES

IDENTIFY HSP90 AS A NOVEL TARGET FOR SMYD2
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2.1 Introduction

Lysine methylation by the SET domain protein lysine methyltransferases
(PKMTs) has emerged as an important regulator of protein functions (260) and nuclear
processes (261). Initially characterized as histone KMTs, SET domain enzymes have
recently been shown to methylate a much broader repertoire of protein substrates. For
example, VEGFR1 di-methylation by SMYD3 increases its kinase activity (80). The
sensitivity of ER to estrogens is increased by its monomethylation on K302 and thereby
stimulates the expression of estrogen-responsive genes (262). Methylation of the
elongation factor E2F1 by SET7/9 accelerates its turnover rate whereas methylation of
both p53 and pRb by the same enzyme protects their pro-apoptotic function (135, 156).
Conversely, methylation of different target lysine residues on pRb and p53 by SMYD2,
represses their apoptotic activity (79, 154).

Based on sequence homology, SET domain KMTs are divided in seven groups
(263). Among these, the SMYD (Set and MYnD domain) group is characterized by the
insertion of a MYND zinc finger (264) embedded within the SET domain (265).
SMYD1, SMYD2 and SMYD3 share a high degree of sequence homology and, with the
exception of SMYD5, human SMYD proteins harbor at least one C-terminal Tetratrico
Peptide Repeat (TPR) domain. Both, TPR and MYND domains are important protein-
protein interaction domains (266-268). In recent studies (266, 267, 269-271), interactions
with different complexes were shown to modulate SMYD proteins localization and
functions. Notably, HSP90 was shown to modulate the methyltransferase activity of

SMYDL1 (271), SMYD?2 (266) and SMYD3 (270) toward lysine 4 of histone H3.
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HSP90 is a homodimeric, ubiquitous and essential chaperone composed of three
functional domains namely the nucleotide binding domain (NBD), the middle domain
(MD) and the dimerization domain (DD). HSP90 is involved in a large variety of
biological processes including, but not limited to, heat shock response, signal
transduction, steroid signaling and tumorigenesis (272). These roles are finely regulated
through the binding of co-chaperones and client proteins as well as post-translational
modifications including phosphorylation (273), ubiquitylation (274), acetylation (275,
276) and nitrosylation (277, 278).

In this study, we generated the protein interaction network for SMYD2, SMYD3
and SMYDS5. Characterization of each SMYD protein network revealed that they
associate with both unique and shared subsets of proteins. Mass spectrometry and
biochemical data also revealed that SMYD2 methylates HSP90a. on lysine residues
located on its NBD and DD, respectively. In addition, we found that HSP90 methylation
by SMYD2 is partially reversed by LSD1 and inhibited by the presence of the co-
chaperone HOP, suggesting that it can be dynamically regulated in vivo. Overall, our
data provide insights into novel regulatory networks for three members of the SMYD

family of KMTs and evidence that HSP90a. is a novel substrate for SMYD2.

42



2.2 Results

2.2.1 SMYD proteins have non-overlapping protein networks

There is a growing interest in better understanding the roles and functions of the
SMYD proteins as some have been linked to various forms of cancers (270, 279-283) and
biological processes (259, 269, 271, 284-286). To date, only a handful of studies on
SMYD interacting proteins have been reported (259, 266-268, 285). In addition, given
that specific protein networks stimulate the enzymatic activity of other KMTs (287-293),
we posited that SMYD proteins would be regulated by similar mechanisms. As shown in
Figure 2.1A, all human SMYD proteins include the presence of the SET and MYND
domain. In addition, the highly homologous SMYD1, SMYD2 and SMYD3 share a TPR-
like domain found on their C-termini (Figure 2.1B). Comparatively, SMYD4 has a
notable addition of a ~240 amino acids region on its N-terminus while SMYD?5 lacks any
clear domain other than the SET and MYND domain and a C-terminal glutamate-rich

extension.
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Figure 2.1: Organization of the five human SMYD proteins.

A) Domain organization of the five human SMYD proteins. Purple; SET domain, orange;
MYND domain, green; TPR domain, Red; Glutamate-rich region. TPR domains of
SMYD4 have been predicted based on sequence homology with SMYD1. B) The C-
terminal domain of SMYDs (SMYD1; PDB ID 3N71) SMYD3; PDB ID 3PDN) folds as
a 7-repeat TPR fold structurally homologous to HOP (PDB ID 1ELR) and PP5 (PDB ID

2BUG) TPR domains.
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To investigate whether the structural differences between SMYD2, SMYD3 and
SMYD5 underlie the formation of alternative protein complexes, we have undertaken to
establish the protein network specific for these SMYD proteins. Briefly, C-terminally
FLAG-tagged SMYD2, SMYD3 and SMYD5 were ectopically expressed in HEK293T
cells and subsequently immunoprecipitated using anti-FLAG antibodies. After
visualization of the proteins by silver staining, SMYD-bound proteins were excised,
trypsinized and analyzed by LC-MS/MS as previously described (n=3) (266). Overall,
28, 33 and 9 proteins co-purified with SMYD2, SMYD3 and SMYDS5, respectively.
Inspection of each SMYD protein network revealed only a limited number of shared
protein interactions including nucleophosmin 1 (NPM1), guanine nucleotide-binding
protein-like 3 (GNL3), cell division cycle 5-like protein (CDC5L) (Figure 2.2A),
Topoisomerase 1 (Topl) and Reptin (RuvB-like 2; RUVBLZ2) (294-298). The interactions
observed for the three SMYD proteins highlight the similarity between SMYD2 and
SMYD3, as they share a high number of protein interactions (14 shared interactors)
comparatively to SMYD5 (6 between SMYD2 and SMYD5 and between SMYD3 and
SMYD5) (Figure 2.2A). Overall, SMYD bound proteins can be divided into three main
functional groups. The first consists of proteins known to play a role in chromatin
remodeling and histone modifications such as CHD6, WDR5, HP1BP3, TOP1 and
JARID1B (299-303). The second group of SMYD interactors includes proteins that are
involved in gene expression regulation and DNA damage repair, such as DHX9, PARP1,
RIF1 and XRCC6 (304-307). Both groups include members either specific to each
SMYD or shared between them. However, none of the two groups appear exclusive to

one specific SMYD. The third group, unique to SMYD2 and SMYD3, includes the
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molecular chaperone HSP90 (both isoforms o and () and specific co-chaperones
including p23, p50 and HOP. Overall, our data show that SMYD2, SMYD3 and SMYD5
share only a limited number of protein interactors. Consistent with recent studies, we
have also found that SMYD?2 associates with proteins involved in cell-cycle regulation,

DNA damage response and HSP90 chaperone machinery (259, 266).
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Figure 2.2: Interaction networks of SMYD2, SMYD3 and SMYD?5.

A) ldentification of SMYD2, SMYD3 and SMYDS5 interaction partners following anti-
FLAG immunoprecipitation coupled to MS. The protein networks highlight the common
interactors of the three proteins. The combined interactors show enrichment of proteins
related to DNA replication and repair, chromatin regulation and HSP90a chaperone
machinery. The different classes of proteins are color-coded to reflect their binding to
SMYD2, SMYD3 or SMYD5. Proteins are rendered in different shapes matching their
specific biochemical functions (see legends in the inlet). This figure was generated using
Ingenuity Pathway Analysis software. B) Reciprocal immunoprecipitation experiments
using beads coupled with either anti-FLAG (left) or anti-HSP90 (right) antibodies. After
extensive washes, proteins were separated on SDS-PAGE gel and detected by Western
blot using specific antibodies. GAPDH was used as a loading control to normalize the

amount of proteins added to the beads.
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To further confirm the binding of HSP90 to SMYD2 and SMYD3, we performed
reciprocal co-immunoprecipitation experiments in HEK293 cells. Lysates were prepared
in RIPA buffer and FLAG-tagged SMYD proteins were incubated with anti-FLAG M2-
agarose beads. After washing, bound proteins were eluted with FLAG peptide and
resolved on a 4-12% SDS-PAGE gel. Consistent with our mass spectrometry data, we
detected a specific enrichment of HSP90a with SMYD2 and SMYD3 (Figure 2.2B).
Similarly, reciprocal enrichment of HSP90-bound proteins revealed that both SMYD2
and SMYD3, co-eluted with the chaperone. However, similar to the immunopurified
proteins from the control samples, we failed to detect an interaction between HSP90a
and SMYD?5, indicating that a shared feature between SMYD2 and SMYD3 determines

their interaction with HSP9O.

Concurrently, we sought to determine the region of HSP90 bound by SMYD
proteins. HSP90 is composed of three functionally distinct domains: the nucleotide
binding domain (NBD), middle domain (MD) and dimerization domain (DD). The full
length HSP90 and the corresponding domains were homogeneously purified and added to
bacterial lysates containing overexpressed GST or GST-SMYD2. After binding
reactions, protein complexes were applied onto glutathione sepharose, washed
extensively and eluted with reduced glutathione. Notable binding was observed for full-
length HSP90 and its dimerization domain (Figure 2.7). However, similar to the binding
reactions performed with the bacterial lysates containing GST alone, no enrichment of
NBD or MD was detected. These results indicate that the NBD and MD of HSP90 are
accessory to the binding of SMYD?2, and likely SMYD3, to HSP90. Overall, our results

demonstrate that HSP90 DD harbors the determinants controlling the recruitment of
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SMYD2. Also, taken together with recent findings showing that HSP90 plays a role in
the activity of both SMYD2 and SMYD3 (266, 270), our results suggest that these two

PKMTs may play a role in the HSP90 chaperone functional network.

2.2.2 HSP90a is specifically methylated by SMYD?2

Following the identification of the protein networks associating with different
SMYD proteins, we surmised that specific interacting proteins could be genuine
substrates for these enzymes. To examine this possibility, we probed the SMYD2-bound
fraction with a pan methyl-lysine antibody and detected a prominent methylated protein
migrating at approximately 90 kDa. Methylation of this protein was dependent on
SMYD2 methyltransferase activity as no signal could be detected with a catalytically
inactive SMYD2-AGEE (Figure 2.3A) (266). To confirm the methylation of HSP90a., we
performed in vitro methyltransferase assays with recombinantly purified SMYD2 and
HSP90a and observed that the chaperone is methylated by SMYD2 (Figure 2.3B). To
investigate whether other SMYD proteins could mediate the methylation of HSP9O0,
ectopically expressed FLAG-SMYD proteins were immunopurified from HEK293 cells.
The enriched proteins were incubated with tritiated AdoMet, HSP90a and/or histone H3
(Figure 2.8A). Fluorography revealed that all human SMYD proteins catalyzed histone
H3 methylation while methylation of HSP90q., in contrast to the other SMYD proteins, is
specific to SMYD2. To verify whether HSP90a. is a target for SET domain proteins
known to share substrates with SMYD2 (308-310), methyltransferase assays were

performed with SET7/9 and SET8. As shown in figure 2.8B, both SET domain KMTs
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were unable to methylate HSP90, providing further evidence on the unique character of
SMYD2 comparatively to other known non-histone KMTs. In addition, given that
SMYD3 does not methylate HSP90, our results point to divergent roles of SMYD2 and

SMYD3 in regards to specific biological processes regulated by HSP90.
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Figure 2.3: SMYD2 methylates HSP90a..

(A) Evidence of HSP90o methylation by western blot from HEK293 cells transfected
with either wild-type SMYD2 or a catalytically inactive mutant. (B) SMYD2, HSP90,
and histone H3 were purified to homogeneity and incubated with 3H-AdoMet, separated
on 15% (w/v) SDS-PAGE gel and Coomassie stained (upper panel). Methylated proteins
were detected using autoradiography (lower panel). (C) Methylation of HSP90a and
histone H3 was performed as in B with the exception that the pH of the buffer has been

changed.
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Methylation of histone proteins by SET domain KMTs is maximal at alkaline pH (311-
315), which likely reflects on the basic environment of the nucleus. Given that HSP90a
is predominantly found in the cytosol, we asked if the methylation of HSP90a by
SMYD2 would diverge from other known histone KMTs. To determine the optimal pH
for HSP90a. methylation by SMYD2, we performed methyltransferase assays in
conditions ranging from pH 6.0 to 10.0. Consistent with other histone KMTs, pH profile
analysis of histone H3 methylation by SMYD?2 revealed a sharp maximum of activity at
alkaline pH values (pH 9.0-10). However, methylation of HSP90a by SMYD?2, either in
presence or absence of histone H3, peaked between pH 7.5-8.0 (Figure 2.3C). These
results indicate that SMYD2 will preferentially methylate HSP90a and histone H3 at
neutral and alkaline pH values, respectively. In addition, these results highlight a hitherto
unknown mechanism for SET domain KMTs and, given that SMYD2 has been found in
the cytoplasm and the nucleus, suggest that SMYD2 can methylate different proteins

pending on its cellular environment.

2.2.3 SMYD2 methylates two residues in two domains of HSP90a

After establishing that HSP90a is a genuine substrate for SMYD2, we sought to
identify the methylation sites on HSP90a (Figure 2.4). We first performed an in vitro
methyltransferase assay with HSP90a. constructs corresponding to the NBD, MD and

DD. As shown in Figure 2.4A, we found that SMYD2 strongly methylates the

dimerization domain of HSP90. In addition, in presence of histone H3, we detected a
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noticeable band corresponding to the NBD of HSP90a.. These results suggest that at least

two lysine residues on HSP90a are methylated by SMYD2.
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Figure 2.4: SMYD2 methylates two lysine residues on HSP90a..

A) Full-length  HSP90a, NBD, MD and DD (wild-type and mutants) were
homogeneously purified and incubated with tritiated AdoMet, recombinantly purified
SMYD2 either in presence or absence of histone H3. Proteins were separated on a SDS-
PAGE gel and stained by coomassie (upper panel). Methylated proteins were detected by
autoradiography (lower panel). HSP90’s NBD is methylated at pH > 8.0 and only in
presence of histone H3, while its DD is methylated at pH < 8.5. B) MS/MS spectra
showing the mono-methylation of HSP90a K615. C) Methyltransferase assays
performed, using a gradient of pH ranging from pH6.0 to pH 10.0, as in A using the
recombinantly purified wild-type, K209R, K615R or K209R/K615R mutant of HSP9O0.
D) Methyltransferase assays were performed as in A using wild-type HSP90 NBD E),
NBD K209R mutant F) or DD K615R mutant. G) Surface representation of yeast HSP90
crystal structure (PDB ID 3CG9) in which both methylation sites are depicted in red and

found at the edge of a-helices.
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Based on these results, we next sought to identify the lysine residues methylated
by SMYD2. SMYD2-FLAG was transiently expressed in HEK293 cells and SMYD2
complexes were purified using anti-FLAG conjugated M2 agarose beads. The enriched
HSP90a was detected by silver staining, trypsinized and the peptides were analyzed by
HPLC-ESI-MS/MS. Two major methyllysine-containing peptides were identified
corresponding to regions neighboring K209 and K615 residues (Figure 2.4B & Figure
2.6). To further confirm that these two amino acids were genuine SMYD2 methylation
sites, we substituted K209 and K615 to arginine residues and homogeneously purified the
full-length HSP90a. mutants. As suggested by our MS/MS data, incubation of SMYD?2
with HSP90 K615R mutant resulted in a severe loss of methylation. In addition,
consistent with the stimulatory role of histone H3 on the SMYD2 mediated HSP90a
K209 methylation, co-incubation of histone H3 with HSP90a K615R partially rescued
the lost of methylation of HSP90a. K615R mutant (Figure 2.4C). Given that K615 is the
predominant methylation site on HSP90a, methylation reactions performed with the full-
length HSP90aw K209R mutant did not impact the overall level of methylation by
SMYD2. However, reactions performed with HSP90aw NBD K209R mutant fully
abrogated the methylation by SMYD2 (Figure 2.4D-E). Accordingly, methylation
reactions performed on HSP90a K209R/K615R double mutant completely impaired
methylation by SMYD2. Overall, these results strongly suggest that SMYD2 methylates
two lysine residues on HSP90a. Considering that methylation of K209 requires the
presence of histone H3 or alkaline pH values and K615 is more readily methylated at
neutral pH, our observations also suggest that, although catalyzed by the same enzyme,

alternative mechanisms will control the methylation of these two lysine residues.
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2.2.4 HSP90 methylation is modulated by its co-chaperones

After identifying K209 and K615 as genuine methylation sites, we sought to
identify the regulatory mechanisms controlling the methylation of HSP90a by SMYD2.
HSP90a is virtually always found in complex with co-chaperones and client proteins. For
instance, the co-chaperone p50 associates to HSP90’s NBD and is necessary for the
regulation of numerous kinases (316). Upon binding to HSP90 middle domain, AHA1
increases HSP90 ATPase activity and stabilizes HSP90 N-terminal dimer (317). HOP
recognizes HSP90 five C-terminal residues through its TPR domain and recruits HSP70

to the HSP90 “chaperone machinery” during certain chaperoning activities (318).

To determine the effects of these three canonical HSP90 co-chaperones, p50,
AHAL1 and HOP were homogeneously purified and increasing amount of each co-
chaperone was incubated with HSP90.  HSP90o/co-chaperone complexes were
methylated by SMYD2, separated on a 15% SDS-PAGE gel and methylated proteins
were detected by autoradiography. As shown in figure 2.5A, co-incubation of increasing
amount of p50 and AHAL did not result in a significant loss of methylation in all ratio
assayed while the presence of HOP caused a drastic decrease in HSP90 methylation by
SMYD2. Given that HOP mainly associates with HSP90 dimerization domain, the loss of
methylation is consistent with our findings that this domain is the predominant site of

methylation by SMYD2.
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Figure 2.5: Regulation of HSP90a methylation by its co-chaperones and LSD1.

A) Methyltransferase assays were performed with homogeneously purified HSP9O0,
SMYD2 and [*H]-AdoMet. Increasing amounts of co-chaperones were added to HSP90
as indicated on the top of the gel. Proteins were separated, stained and detected as in
Figure 2.4 B) Demethylase assays were performed using pre-methylated HSP90 (full-
length or NBD) and increasing amount of LSD1 (Abcam). Proteins were separated by
SDS-PAGE gel and either detected by Western Blot (full-length HSP90) or stained by
coomassie (NBD). Methylated proteins (MeHSP90 or MeNBD) were detected by

autoradiography.
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2.2.5 Methylation of HSP90a K615 can be reversed by LSD1

LSD1 is a flavin dependent monoamine oxidase, which demethylates the
methylated forms of p53 (319) and histone H3 (320). Given that LSD1 is the major
enzyme reported to demethylate non-histone proteins and is also known to demethylate
the SMYD2-methylated p53 (Figure 2.5B), we asked whether LSD1 would demethylate
HSP90. Pre-methylated [°H]-HSP90o. (MeHSP90a) was incubated with increasing
amount of LSD1 and MeHSP90a level was visualized by autoradiography. As shown in
Figure 2.5B, we observed a noticeable decrease in the methylated form of full-length
HSP90a, suggesting that LSD1 can demethylate, in vitro, HSP90a. dimerization domain.
Given that the modulation of K209 methylation by SMYD?2 is challenging to monitor on
full length HSP90, we repeated similar experiments with methylated HSP90a NBD. In
clear contrast with full-length HSP90a., co-incubation of LSD1 with the methylated
fragment of HSP90a NBD did not result in a significant loss of methylation, suggesting
that the K209 methylation site is not a substrate for LSD1. In addition, our findings
support the idea that methylation of the NBD and DD of HSP90a depend on different

mechanisms, albeit elicited by the same methyltransferase.
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2.3 Discussion

2.3.1 Interaction of SMYD2 with HSP90

Cancerous phenotypes associated with misregulated levels of SMYD proteins
(279, 280, 283) and their underlying roles in gene expression regulation (259, 266, 270)
were initially rationalized by their histone methyltransferase activity. Subsequently, their
activities toward non-histone proteins were put in evidence, notably for SMYD2 and
SMYD3 (267, 279, 286, 321). In an attempt to gain a global understanding of these
functions, we determined their interaction network, along with their divergent family

member, SMYD5.

The identification of SMYD2, SMYD3 and SMYD5 interaction networks
suggests a set of similar roles for SMYD proteins involving chromatin modification,
control of gene expression and DNA damage response. This is in agreement with
previous studies linking SMYD family members with cell cycle progression and
developmental processes (259, 266, 268-271, 283-285). Among the interactors we
observed as shared between SMYD2 and SMYD3 include the DNA sliding clamp PCNA
(Proliferating Cell Nuclear Antigen) together with its Replication Factors C RFC1 and
RFC3 and Mini-Chromosome maintenance proteins MCM3 and MCMA4. Interestingly,
these proteins are known to interact with DNA polymerase & during DNA damage
response (322-328). It is thus possible that both SMYD proteins act in DNA polymerase
d dependent processes, possibly by methylating histone or non-histone proteins. In
addition, the interactors shared between SMYD2, SMYD3 and SMYD5 (NPM1, TOP1,
GNL3, RUVBLZ2) are associated with DNA repair and chromatin maintenance during cell

cycle, notably through regulation of p53. This observation further link SMYD proteins
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with the tumor suppressor, as SMYD2 was already shown to inhibit p53 apoptotic

function (286).

The observation that the interaction with the HSP90 chaperone machinery group
is restricted to SMYD2 and SMYD3 in our study suggests that it might be a feature of
TPR-containing SMYD proteins. This hypothesis is supported by our pull-down assay
showing that SMYD?2 interacts physically and specifically with the C-terminal
dimerization domain of HSP90, a mechanism likely applicable to SMYD1, SMYD3 and
SMYDA4. It is interesting to note that a TPR-like domain is a widespread feature among
the SMYD family in higher eukaryotes and numerous SMYD proteins are known to
interact with HSP90 (266, 270, 271). As phosphorylation and ubiquitylation signaling is
already known to be regulated by HSP90 through its interaction with kinases (273) and
E3 ubiquitin ligases (329), further investigation will determine the influence of HSP90 on

the cell methylome.

2.3.2 Dual methylation of HSP90 by SMYD2

Our results illustrate that SMYD2 is unique among the SMYD proteins in its
capacity to methylate HSP90a. This also represents the first direct report of lysine
methylation of the chaperone, which can be added to a growing list of HSP90 PTMs
along acetylation, phosphorylation, nitrosylation and ubiquitylation (273). Our results
show that SMYD2 methylates two residues in two distinct regions of the protein, each

under specific conditions in vitro. While K615 represents the major methylation site in
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HSP90 C-terminal dimerization domain, its NBD is methylated at residue K209 at

alkaline pH and in presence of histone H3.

Alignment of SMYD2 methylation sites reveals that both K209 and K615 neighboring
sequences show only weak sequence homology with previously identified SMYD2
methylation sites (Figure 2.9). Moreover, crystal structure of HSP90 (PDB ID: 2CG9)
shows that both methylation sites on HSP90 are located at the edge of a-helices (Figure
2.4G). These observations are in clear contrast with other SMYD2 methylation sites
found on histone H3, p53 and pRb which are predominantly found in loops, raising the
possibility that SMYD2 might recognize its substrates employing alternative binding

modes.

2.3.3 Methylation of HSP90 complexes

Methylation of HSP90 appears to be modulated by different factors. As
previously mentioned, methylation of K209 is dependent on the presence of histone H3.
This infers that a tripartite complex between histone H3, HSP90 and SMY D2 elicits this
additional activity. On the other hand, formation of the complex between HOP and
HSP90, contrasting with other co-chaperones assayed, impairs the methylation of K615
by SMYD2, suggesting that the early phases of the HSP90 chaperoning cycle, as HOP
mediates the recruitment of HSP70 (318, 330), would be impervious to lysine
methylation. Other complexes might affect the installment of lysine methylation on
HSP90. For example, K209 of human HSP90a is equivalent to R196 in HSP82 (homolog

of HSP90 in budding yeast). Crystal structure of the full length HSP82 (PDBID: 2CG9)
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reveals that R196 is located in a-helix 8, a hinge region between HSP90’s NBD and MD
(Figure 2.11). Analysis of this region of HSP90 shows that K209 might play a role in the
stabilization of the closed conformation of the protein by engaging in polar contacts with
the middle domain. Alternatively, given that R196 interacts with p50 (PDBID: 1US7),
methylation of the structurally equivalent K209 would likely disrupt the formation of the
HSP90-p50 complex. On the other hand, the same residue does not participate in the
binding of the co-chaperone p23. Consequently, methylation of K209 could affect
specific subsets of HSP90 co-chaperones and therefore client proteins, while leaving

intact other HSP90 complexes.

2.3.4 Regulation of HSP90 methylation

Our findings that K209 and K615 are regulated, in vitro, by diverging
mechanisms may be indicative of different roles in the cell. In fact, we have observed that
the activity of SMYD2, at more alkaline pH, directs its activity toward the methylation of
HSP90 K209 and histone H3 while pH closer to the neutral point are conducive for
HSP90 K615 methylation. As a positively charged environment and the presence of
histone proteins are hallmarks of the nuclear environment, it is likely that K209 will be
methylated in the nucleus. In addition, our findings that LSD1, a nuclear lysine
demethylase (320), specifically demethylates K615 raises the possibility that
compartment-dependent subsets of complexes would direct the methylation of specific
lysine residues on HSP90 by SMYD2. Interestingly, previous reports have shown that the

cellular compartmentalization of various SMYD proteins changed during cell cycle
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progression (269, 270, 285) and that such shuttling mechanism could modulate the

activity of members of the SMYD family of PKMTSs (267, 268).

Cross-talk between PTMs is a key mechanism controlling the addition or removal
of other marks on proteins. As observed for pRb (331), RelA (332, 333) and DNMT1
(334), our data also point to an alternative model in which other PTMs affect the
methylation of HSP9O0, or inversely, HSP90 methylation modulates other PTMs. HSP90
K615 was identified in a previous study to be ubiquitylated by the ubiquitin ligase CHIP.
Based on our results, it is expected that both enzymes would compete for this residue.
Accordingly, it is tempting to speculate that methylation of K615 would prevent HSP90a.
degradation and extend the half-life of HSP90 complexes, an hypothesis recently

supported by Pang et al. (335).
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2.4 Material and methods

2.4.1 Cell Culture and mammalian expression of SMYD-FLAG constructs
and FLAG-Immunoprecipitation experiments

HEK293T cells were grown and transfected as previously described (266).
Transfections and immunoprecipitation experiments (either using agarose beads or

Dynabeads) are detailed in the Supplementary information.

2.4.2 Mass Spectrometry Analysis
Mass spectrometry experiments were performed and analyzed as previously

described (266) with minor modifications (See supplementary Information for details).

2.4.3 Protein Purification, pull-down and in vitro enzymatic assays.
Protein purifications and pull-down experiments were performed as previously
outlined (336, 337) (see Supplementary Information for details). Methyltransferase and

demethylase assays are detailed in the supplementary materials section.
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2.5 Supplementary material
2.5.1 Experimental procedures
2.5.1.1 Cell Culture
HEK293T cells were grown in high glucose Dulbecco's Modified Eagle medium
(DMEM). The DMEM medium was supplemented with 10% fetal bovine serum and
recommended antibiotics and antimycotics. Cells were maintained at 37°C in a 5% CO,

humidified incubator.

2.5.1.2 Mammalian Expression SMYD-FLAG constructs

Plasmids containing the open reading frames of SMYD2, SMYD3 and SMYD5
were obtained from Open Biosystems. Primers were designed with an extra 4 nucleotides
(CACC) on the forward primer. After amplification of SMYD2, SMYD3 and SMYD5
cDNAs, the PCR products were directionally cloned into the Gateway Topo pENTR
vector (Invitrogen). After bacterial transformation and plasmid purification, clones
containing the correct DNA sequence were transferred into pCMV2 (Sigma). DNA
sequence was verified by sequencing and protein expression was tested by transient
transfection of HEK293T cells. C-terminally FLAG-tagged proteins were identified by

western blotting using anti-FLAG antibodies (see below).

2.5.1.3 Agarose Beads FLAG-Immunoprecipitation experiments
FLAG-Immunoprecipitation experiments were performed as previously outlined
(266). Briefly, plasmids expressing wild type SMYD2, SMYD3 and SMYD5 (Sigma)
were transiently transfected into HEK293T using Lipofectamine 2000 as instructed by
the manufacturer (Invitrogen). Cells were harvested after 48 hours and then stored at -

80°C. A total 2x10’ cells were used in each immunoprecipitation experiment. The cells
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were lysed in 1 ml of modified RIPA lysis buffer (50 mM Tris HCI, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 0.25% Na-deoxycholate, and 1% NP-40) containing the Mini
Complete cocktail of protease inhibitors (Roche Diagnostics, Laval, Quebec) for 30 min
at 4°C. Lysates were incubated with pre-washed anti-FLAG M2 affinity gel and
incubated in a shaker during 16 hours at 4°C. The beads were washed five times with 50
mM Tris HCI pH 7.4 and 150 mM NaCl and bound proteins were eluted by incubation
with 3XFLAG peptide (150ng/ul). Eluted proteins were then separated on an SDS-PAGE

and visualized by silver staining or probed with specific antibodies.

2.5.1.4 Dynabeads Immunoprecipitation

Cells expressing SMYD2, SMYD3 and SMYD5 were harvested and lysed
according to the previous protocol. The supernatant of these cells was then incubated
with either an 1gG control or anti-HSP90a. at 4°C during 16 hours. Protein G coupled
Dynabeads (Invitrogen) were washed twice with PBS and added to the reaction mixture.
Following an incubation of two hours at 4°C, beads were washed 4 times with 50 mM
Tris HCI pH 7.4 and 150 mM NaCl. Bound proteins were eluted by incubation with 50 pl
of SDS-sample buffer without B-mercaptoethanol at 95°C for 5 minutes. Eluted proteins
were then analyzed by SDS-PAGE and visualized by silver staining or blotted on a

nitrocellulose membrane and probed with anti-FLAG or anti-HSP90a antibodies.

2.5.1.5 Mass Spectrometry Analysis
After silver stain visualizations, gel bands were excised and processed as
previously outlined (266). After tryptic digestion, peptides were extracted from the gel

pieces with 5% formic acid (V/V) and 50% acetonitrile (V/V). The peptide solutions
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were evaporated to dryness using a speed-vac and dissolved in 5% formic acid. Samples
were then analyzed by LC-MS/MS as described previously (266). The peptides were then
analyzed on an LTQ-Orbitrap XL (Thermo-Electron). MS/MS spectra were acquired in a
data-dependent acquisition mode that automatically selected and fragmented the ten most
intense peaks from each MS spectrum generated. The full MS spectra scan was

performed on the LTQ-Orbitrap XL with a 60,000 resolution.

Peak lists were generated from the MS/MS .raw file using DTASupercharge

(version 2.0a7, http://msquant.sourceforge.net/) to produce .mgf files. The .mgf files were

then analyzed and matched to the 86845 protein sequences of the forward and reverse
Homo sapiens International Protein Index (IP1) protein sequence database version 3.66
(European Bioinformatics Institute). The search was performed using the Mascot
database search engine version 2.1.0.4 (Matrix Science) with Trypsin as digestion
enzyme, carbamidomethyl of cysteine as a fixed modification and methionine oxidation,
mono-methyl, di-methyl and tri-methyl lysine as a variable modification. Only the Homo
sapiens protein sequences were selected since all experiments were performed on a
human cell line. Peptides and MS/MS mass tolerances were set at + 7 ppm and 0.5 Da,
respectively, with 3 miss-cleavages allowed. An ion score cut-off of 30 was used for
acceptance of individual MS/MS spectra. The protein significance threshold was set to
0.01 (p < 0.01) to ensure a false positive rate of less than 1%. Protein hit required at least
one “bold red peptide”, i.e. the most logical assignment of the peptide in the database
selected to be considered. Finally, only peptides with a significance threshold of 0.01 (p <

0.01) were selected.
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We developed an approach for the filtering of interaction datasets that takes into
account multiple parameters. First, only the proteins that passed the MS/MS
identification criteria described in the experimental section were considered. Then, we
set-up a cutoff based on the number of peptide observed in the control versus experiment
for every proteins. In particular, we used the number of peptide identified per protein as
a filtering criterion to subtract proteins observed in the control experiments from the
SMYDs immunoprecipitation experiments. The proteins that were present with
approximately the same number of peptides in the controls and the immunoprecipitation
of SMYDs were removed, which represent the majority of proteins observed in the
control experiments. The proteins that had at least 3 times more peptides in the SMYDs
immunoprecipitations than the control were kept. All of the SMYDs and corresponding
immunoprecipitation experiments were repeated 3 times. Finally, protein had to be
identified in at least 2 out of the 3 immunoprecipitation experiments to be kept in the list

of interactors.

2.5.1.6 Cellular Protein Extraction and Western Blots
Cell extracts were prepared by lysing the cells in a modified RIPA buffer as
outlined above. Proteins were separated on 4-12% SDS-PAGE gel (NUPAGE, NOVEX,
San Diego) and then transferred to a nitrocellulose membrane. Western blot analyses for
SMYD2, SMYD3, and SMYD5 expression were performed using monoclonal
horseradish peroxidase-conjugated mouse anti-FLAG M2 antibodies (Sigma). GAPDH
was used as a loading control and detected using a polyclonal rabbit anti-GAPDH

antibody. Membranes were then probed with horseradish peroxidase-labeled goat anti-
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rabbit 1gG or goat anti-mouse secondary antibody (Dako Cytomation Inc., Mississauga,

ON).

2.5.1.7. Protein Purification

The sequence encoding human HSP90a (residues 7-728), its NBD (residues 9-
236), MD (residues 287-555) and DD (563-732) were PCR-amplified and cloned in a
modified version of pET3d. Similarly, cDNAs corresponding to full-length AHAL, p50
and HOP were amplified by PCR and cloned in the same vector as for the HSP90a
fragments (338). SMYD2 and p23 PCR fragments were inserted in a modified version of
PET vector containing a sequence corresponding to a hexahistidine tag and the Small
Ubiquitin-like Modifier (SUMO). Each protein was expressed in BL-21 Rosetta cells
(Novagen) at 18°C for 16 hours. For HSP90a, p50 and HOP, the cells were lysed by
sonication in 50mM sodium phosphate (pH 7.0), 500 mM NaCl, 5mM [-mercaptoethanol
and the soluble fraction was purified by metal affinity. After TEV cleavage during 16
hours at 4°C, the protein solution was further purified by size exclusion chromatography
(S200 Superdex for full-length HSP90 and S75 superdex for HSP90 NBD and DD and
p23). AHAL was purified as detailed before (339). Site-directed mutagenesis was
performed using QuickChange site-directed mutagenesis kit (Stratagene) and mutations

were confirmed by sequencing.

2.5.1.8 In vitro methyltransferase assay
Unless indicated, 60 ng of SMYD2 were incubated with 300 ng of HSP90a and
0.18 uCi of *H-labelled AdoMet for 2 hours at 30°C in 50mM Tris-HCI pH 8.0. For the

pH profiling assays, 50mM sodium phosphate and CHES were used for pH 6.0 and 10.0
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respectively. The reactions were stopped with the addition of loading sample buffer and
the proteins were separated on a 15% SDS-PAGE. The methylated proteins were
detected by fluorography as previously outlined (340). In order to prepare fully
methylated HSP90, SMYD2 was incubated with HSP90 and a molar excess of AdoMet
during 4 hours at 30°C. Methylated HSP90 (HSP90me) was further purified by size
exclusion chromatography on a Superose 6 pre-equilibrated in 20 mM Tris-Cl pH 8.0,

500 mM NacCl.

For the demethylase assay, increasing amounts of recombinant LSD1 (Abcam)
were incubated with pre-methylated full-length HSP90 or its NBD during 1 hour at 37 °C
in 50mM HEPES pH 8.0, 25% glycerol. The reactions were stopped with the addition of
sample loading buffer and the proteins were separated on a 15% SDS-PAGE. Full-length
HSP90 was normalized by Western blot (anti-HSP90 [S88] Abcam) while the NBD was
normalized by Coomassie staining. As for methyltransferase assays, methylated proteins

were detected by autoradiography.

2.5.1.9. Pull-down assays

SMYD2 was expressed in fusion with GST in conditions similar to the SUMO-
SMYD2 fusion protein. Cells were harvested in PBS buffer and lysed by sonication. The
supernatant was then incubated with 10 ug of purified HSP90 domains in PBS buffer
during 2 hours at 4°C. SMYD2 complexes were extracted from the mix by the addition of
glutathione sepharose 4B beads (GE Healthcare) and incubated 1 hour at 4°C. The beads
were washed three times with PBS, and the bound fraction was eluted with 50 mM Tris
8.0 and 10 mM reduced glutathione. Eluted proteins were separated by SDS-PAGE gel

(15%) and visualized by coomassie staining.
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2.5.1.10 ATPase assays
HSP90 was incubated with 100 uM ATP in 100 mM Tris-HCI pH 7.5, 20mM
KCI, 6 mM MgCl; at 37°C. The production of free phosphate was measured by adding 10
ul of the reaction mix to 10 ul of 8 M urea. The mix was then mixed with 70 ul of a 3:1
solution of 0.045% malachite green and 4.2% NH;NOg3 in 4 M HCI previously incubated
at room temperature for 30 minutes and filtered through a 0.22 um filter. The mix was

incubated for 10 minutes and the absorbance was measured at 620 nm.
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Table 2.1: SMYD?2 interacting proteins

. Mascot # Unique %
IPI # Protein Name Repeat Score Peptidel Coverage
N1 964 8 43
IP100220740 NPM1 Isoform 2 of Nucleophosmin N2 229 3 24
N3 268 2 22
. N1 431 6 30
ooz LSOOI e w6
P gp N3 433 5 14
. N1 384 8 14
IP100414676 gHos_EngBl Heat shock protein HSP N2 1351 9 44
N3 660 13 22
. N1 292 4 31
IP100221035 Eaztz ?; :?;‘gm LCl IR U N2 372 5 36
N3 365 5 36
N1 2709 39 48
IPI00784295 Hrife?%gt 'S‘gfsl”ﬂal offfeatshock  \2 3102 43 53
P P N3 2505 35 42
: N1 204 4 7.4
IPI000038ge CL3 Isoform 2 of Guanine N2 93 3 18
nucleotide-binding protein-like 3 N3
s . N1 172 4 6.2
IP100465294 CDC_5L Cell division cycle 5-like N2 185 5 7
protein
N3
. . N1 142 3 14
IP100023591 PURA Transcriptional activator N2 160 4 15
protein Pur-alpha
N3
L. . . N1 135 3 11
IP100013468 gggg Mitotic checkpoint protein N2
N3 120 3 11
. . N1 125 2 13
IP100021700 PC!\IA Proliferating cell nuclear N2 207 4 1
antigen
N3
.. N1 122 3 55
IP100301154 PABECB Polyadenylate-binding N2 64 ) a1
protein 3
N3
N1 115 2 5.7
IP100018146 YWHAQ 14-3-3 protein theta N2 332 7 29
N3 97 2 5.7
.. N1 107 2 9.7
IP100031801 CSDA Isoform 1 of DNA-binding N2 08 5 95
protein A
N3
POLRI1C Isoform 1 of DNA-directed N1 101 2 7.2
IP100005179 RNA polymerases | and Il subunit N2 115 2 7.3
RPAC1 N3
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Table 2.1: SMYD2 interacting proteins (cont.)

AIFML1 Isoform 1 of Apoptosis- N1 o7 2 4.2
IP100000690 inducing factor 1, mitochondrial N2
g ! N3 84 2 34
N1 92 2 3.9
IP100413611 TOP1 DNA topoisomerase 1 N2 125 3 5

. N1 76 2 2.1
IPI00449049 "ARPL Poly [ADP-ribose] N2 83 3 5.1
polymerase 1 N3

IP100031521 RFC3 Replication factor C subunit 3 N2 120 5.6

w

IP100375454 RIF1 _Isoform 2 f)f Telomere- N2 301
associated protein RIF1 N3 293

©

5.2
4.5

~

. N1
e TS p bt N
- alp N3 295 5 18

e L N1
IPI00151170 I¥§ Dual specificity protein kinase N2 66 5 49
N3 120 2 6.2

7

e}



Table 2.2: SMYD3 interacting proteins

. Mascot # Unique %
IPI # Protein Name Repeat Score Peptide Coverage
N1 926 8 43
IP100220740 NPM? Isoform 2 of Nucleophosmin N2 582 5 56.7
N3 1437 14 53.2
. N1 705 11 15.9
IPI00414676 {17 00 Heat NGk Proein FSP 889 17 417
N3 2485 28 56.6
N1 2109 32 40
IPI00784295 Hrife?ﬁﬁp\sé 'gglemgal offeatshock N2 1050 a7 48
P P N3 2485 47 51
» N1 359 8 30.9
IPI00031812 ;Egﬁ N”r‘;'tz?;efe”s'“ve et N2 623 8 30
gp N3 765 10 438
L N1 265 4 20.7
IP100021700 PC!\IA Proliferating cell nuclear N2 285 5 1
antigen
N3
N1 250 4 8.2
IP100008524 m;im :ifi.c’an LOrFEERRIEES 325 5 8.5
gp N3 337 4 9
N1 241 4 77
ponsra XIS To s on
N3 515 10 23
PPP1CC Isoform Gamma-1 of N1 208 4 14.2
IP100005705 Serine/threonine-protein phosphatase N2
PP1-gamma catalytic subunit N3 147 2 9.9
L N1 186 2 7.3
IPI00012442 Gr?(’)tBeFi’r}_;‘?}Z?Pﬁﬁgt;"m'”g N2 78 3 4.6
P gp N3 409 7 23.6
" . N1 183 4 21.4
IPI00023591 PrL:)tReﬁ LLarr]Zf”hp;'O”a' activator N2 253 3 17.2
P P N3 170 2 15.2
. N1 183 4 42
IP100449049 PSR;;Z;%[ADP'“bOSG] N2
POty N3 318 6 6.2
o N1 177 4 6.6
IP100015808 GNL_2 Nucleolar GTP-binding N2 133 3 5
protein 2
N3
N1 169 4 3.2
IP100005024 g’i'r:;?anlrﬁt;ﬁffAm 1 of Myb- N2 510 10 7
gp N3 409 9 6.5
o . N1 164 2 8.6
IP100012066 I_DCBPZ poly(rC) binding protein 2 N2 120 4 17
isoform b N3
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IP100465294

IP100000690

IP100795318

IP100003886

IP100000001

IP100413611

IP100641950

IP100013122

IP100375358

IP100297455

IP100020194

IP100031521

IP100878947

IP100024281

IP100009104

Table 2.2: SMYD3 interacting proteins (cont.)

CDCSL Cell division cycle 5-like
protein

AIFM1 Isoform 1 of Apoptosis-
inducing factor 1, mitochondrial

MCM4 cDNA FLJ54365, highly
similar to DNA replication licensing
factor MCM4

GNL3 Isoform 2 of Guanine
nucleotide-binding protein-like 3

STAUL1 Isoform Long of Double-
stranded RNA-binding protein
Staufen homolog 1

TOP1 DNA topoisomerase 1

GNB2L1 Lung cancer oncogene 7

CDC37 Hsp90 co-chaperone Cdc37

RFC1 Isoform 1 of Replication factor
C subunit 1

AKAPS8L A-kinase anchor protein 8-
like

TAF15 Isoform Short of TATA-
binding protein-associated factor 2N

RFC3 Replication factor C subunit 3

HP1BP3 Heterochromatin protein 1,
binding protein 3

SIP1 Isoform 1 of Survival of motor
neuron protein-interacting protein 1

RUVBL2 RuvB-like 2

N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2

159

406
148

129
146
156

141

288
122
119
64
122

246
110
623
441
100
125

94
185

92
102

90
125

76
73
74
187

66
85

84
100

©O© N O W N wWN O

w N

5.4

14.6

7.3

2.8

4.7

13.6
4.7

2.1

10.2
7.2
17

29.1
7.9
8.5

2.2
4.3

45
3.4
5.2
3.9
3.9
6.7

10

4.3
51

2.2
4.5

80



IP100877939

IP100844578

IP100005492

IP100015029

Table 2.2: SMYD3 interacting proteins (cont.)

JARID1B cDNA FLJ16281 fis, clone
NT2RI13003104, highly similar to
Homo sapiens Jumonji, AT rich

DHX9 ATP-dependent RNA helicase
A

WDRS5 WD repeat-containing protein
5

PTGES3 Prostaglandin E synthase 3

N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2
N3

51
52

408
768
150
155

66
95

15
14.3

5.6

17
18.8
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Table 2.3: SMYD?5 interacting proteins

. Mascot # Unique %
IPI # Protein Name Repeat Score Peptide Coverage
N1 274 5 18.1
IP100220740 NPM1 Isoform 2 of Nucleophosmin N2
N3 72 2 3.4
N1 165 5 9.3
IP100012726 P_AB_PC4 Isof_orm 1 of Polyadenylate- N2 150 4 43
binding protein 4
N3
. . N1 117 2 3.2
IP100465294 CDC_5L Cell division cycle 5-like N2 121 5 3.7
protein
N3
N1 100 2 3
IP100413611 TOP1 DNA topoisomerase 1 N2
N3 107 2 3.2
.. N1 97 2 12
IP100031812 ;(.E;T: Nurt(:jltee?f]eisensmve element- N2 97 5 12
gp N3 65 2 105
N1 88 2 5.8
IP100009104 RUVBL2 RuvB-like 2 N2 89 3 5.9
N3
. . N1 82 3 2.3
IPI00168607 TTC2-1A tetrgtrlcopeptlde repeat N2 105 4 4.
domain 21A isoform 1 N3
N1 74 2 7.4
IP100639836 CHDG6 17 kDa protein N2 85 3 8.3
N3
.. N1 69 2 2.5
IP100010157 MAT2A S—_adenosylmethlonlne N2 106 3 31
synthetase isoform type-2 N3
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Figure 2.6: SMYD2 methylates K209 of HSP90 NBD

MS/MS spectra showing the methylation of K209 on HSP90.
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Figure 2.7: SMYD?2 binds the dimerization domain of HSP90

GST-tagged SMYD2 was incubated with and without equal amounts of full-length
HSP90 or domains corresponding to NBD, MD or DD. Bound proteins were resolved on
a 15% SDS-PAGE gel and stained by Coomassie. Loading controls for GST-SMYD?2

fragments are shown on the left hand side of the gel.
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Figure 2.8 SMYD?2 is the only member of the SMYD family to methylate HSP90a

A) Flag-tagged SMYD proteins were expressed in HEK293 cells and purified using Anti-
Flag agarose beads. Eluates were incubated with or without purified HSP90a., histone H3
and [*H]-AdoMet, separated on 15% (w/v) SDS-PAGE gel and Coomassie stained (upper
panel). Methylated proteins were detected using autoradiography (lower panel). B) SETS,
SET7/9, HSP90 and histone H3 were purified to homogeneity and incubated with *H-

AdoMet Proteins were stained and detected as in (A).
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Figure 2.9: SMYD2 methylation sites do not converge toward a consensus motif
Sequence alignment of known SMYD2 methylation sites on proteins including
Retinoblastoma (pRb), p53 and histone H3 (Lys-4 and Lys-36). Positions showing

sequence homology are rendered in light blue.
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Figure 2.10 Methylation of HSP90 by SMYD2 does not impact its ATPase activity.

A) HSP90 was methylated and re-purified as stated in material and methods and
incubated with ATP. Production of phosphate was detected using malachite green at
620nm. Results are shown as linear regression of the accumulation of phosphate during
the assay. B) ATPase assays performed with HSP90 methylated in presence of histone

H3. Results are depicted as in (A).
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Figure 2.11 Residue K209/R196 mediates contacts with specific HSP90 co-
chaperones

A) Secondary structure of HSP90 hinge region (white) in which the structurally
equivalent K209, R196, is rendered as stick with carbon atoms highlighted in yellow.
(PDB ID 1AML1). B) Secondary structure of HSP90 NBD domain (white) in complex
with Shal (green) (PDB ID 1CG9). R196 is rendered as in (A) with carbon atoms are
colored in red. C) Secondary structure showing the interaction of HSP90 NBD domain
(White) with p50 (purple) (PDB ID 1US7). R196 is rendered as in A with carbon atoms

highlighted in orange and the water is depicted as a blue sphere.
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3.1. Introduction

Post-translational modification (PTM) of proteins adds a layer of complexity to the
proteome that is critical to biological regulation. Although proteomic studies have
enabled the comprehensive study of PTMs such as phosphorylation and acetylation, the
characterization of many other types of PTMs remains a significant challenge (3, 92).
Among these, lysine methylation - the transfer by protein lysine methyltransferases
(PKMTSs) of one, two or three methyl groups to the e-amine of a lysine side chain (60) -
is a prevalent PTM associated with critical cellular processes including cell cycle
progression, chromosome segregation, and pathogen infection (341). The relatively low
abundance and chemically inert nature of lysine methylation hinder its detection by
current proteomics methods. Moreover, the expensive and tedious protocols currently
used to study lysine methylation limit the high-throughput biochemical characterization
of PKMT substrates (342-344).

SMYD?2 is a PKMT that plays critical roles in muscle development and myofibril
formation (163, 164, 345) as well as proper endodermal development during embryonic
stem cell differentiation (346). It is misregulated in oesophageal squamous cell
carcinomas (245), bladder tumours (153), leukemia stem cells (347, 348) and
doxorubicin-resistant breast cancer (349). The oncogenic phenotypes of SMYD2 depend
on its methyltransferase activity (245, 348) which has also been shown to regulate gene
transcription (methylation of histone H3 (266) and Estrogen Receptor a (350)), cell cycle
progression (methylation of Retinoblastoma protein (351, 352)), apoptosis (methylation

of p53 (286)) and oxidative stress (methylation of Poly (ADP-ribose) polymerase 1
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(353)). The substrates currently known for SMYD2 are most likely only a subset of its
full range of methylation targets.

The crystal structure of the SMYD2-p53 complex shows that substrate binding
occurs in a narrow cleft between the catalytic SET domain and a C-terminal tetratrico
peptide repeat domain (354-356). As SMYD2 substrates display little sequence or
structural similarity, the mechanism by which this interface directs substrate specificity is
currently unknown. A better understanding of the structural determinants of SMYD2
specificity would thereby allow for the identification of additional substrates, providing
information on its underlying biological functions and disease associations.

We present here a computational protein design (CPD) approach to define a
substrate recognition motif for SMYD2. This approach is based on multistate design
(MSD), an emerging methodology in CPD that predicts stable protein sequences in the
context of multiple backbones instead of a single fixed backbone template (357). We also
appraised SMYD?2 specificity using methyltransferase assays on both peptide and full-
length protein substrates. The recognition motifs derived using both computational and
experimental techniques were in remarkable agreement and established that SMYD2
recognizes the LFM-K*-AFYMSHRK-LYK sequence. In combination with
bioinformatics analyses and methyltransferase assays, we discovered four previously
unknown substrates of SMYD2: SIN3B, SIX1, SIX2 and DHX15, demonstrating the

utility of MSD as a discovery tool for the study of PTM enzymes.
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3.2. Results and Discussion
3.2.1. Prediction of SMYD?2 substrate recognition motif by multistate design

Several CPD protocols have been developed to design the specificity and stability
of protein-protein interactions (358, 359). These protocols are typically based on the
single-state design (SSD) approach whereby protein sequences are optimized in the
context of a single protein complex structure (360-362). In this approach, discrete amino
acid side-chain rotamers are first threaded on the fixed polypeptide chain of each binding
pair protein, followed by rotamer refinement to improve their packing interactions at the
protein-protein interface. A list of ranked sequences is then returned based on their score
value following sequence optimization. Additional procedures including protein docking
(363, 364) and flexible backbone design (365) can also be incorporated in this process to
improve predictions. Recently, MSD, a CPD methodology that utilizes conformational
ensembles as inputs instead of a single backbone template, was developed as an alternate
approach for the design of protein-protein interfaces (366). MSD improves the prediction
of stable and functional protein sequences (367-369) through improved packing
interactions resulting from small variations in backbone geometry. Although MSD has
been used to recapitulate known binding interactions (370) and to engineer new ones
(371, 372), it has not yet been applied towards the prediction and discovery of previously
unknown substrates of PTM enzymes.

In this study, we developed a computational approach based on MSD to predict the
substrate recognition space of SMYD2. We first generated in silico an ensemble of 180
unique backbone configurations of SMYD2 bound to a p53-derived peptide (PDB ID

3S7F, Figure 3.1A) to be used as our MSD input models. This ensemble was prepared
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using the coordinate perturbation and energy minimization (PertMin) algorithm that we
previously developed (367). PertMin involves the random perturbation of atomic
coordinates followed by an energy minimization procedure that forces the calculation to
adopt divergent descent trajectories resulting from the small coordinate changes to the
input structure. Thus, PertMin results in an ensemble of similar protein structures found
at alternate local minima that simulate conformational flexibility. As shown in Figure
3.1B, the resulting p53 peptide conformations in the PertMin ensemble adopt the same
relative orientation in the SMYD2 binding cleft and occupy a tight conformational space.
These conformations also preserve the interactions that the p53 sidechains (Figure 3.1C)
and backbone (Figure 3.1D) make with the SMYD?2 binding cleft. Inspection of the
ensemble also shows that structural variation of the p53 peptide backbone is lower at
positions -1, +1 and +2 relative to the K370 methylation site, suggesting that they dictate
recognition through stronger interactions. We thus retained these positions for further
design calculations.

Next, we used MSD to optimize each amino acid substitution with the exception of
proline at positions -1, +1 and +2 of the p53 peptide in the context of the ensemble,
evaluating a total of 57 substitutions. To predict the tolerated amino acid substitutions at
each designed position, we calculated the fitness of each substitution by computing the
Boltzmann weighted average of its interaction energy with the SMYD2-p53 complex (see
Methods) in the context of each member of the ensemble. As a result, the fitness value
does not directly reflect binding affinity since the change in free energy (bound vs.

unbound) for each peptide is not computed. Instead, the fitness value reports on the
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ability of each substitution to stabilize the SMYD2-p53 complex while preserving the

binding mode represented in the ensemble.
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Table 3.1: Fitness values calculated by MSD for amino acid substitutions found at

three positions on the p53 peptide

Substitution  Fitness® (kcal/mol) at Position
-1 2l 2

A -62.39 -84.32 -65.32
C -72.62 -86.53 -75.7
D -64.14 -64.49 -52.54
E -69.06 -72.43 -58.71
F -92.88 -79.09 -61.56
G -59.27 -73 -51.82
H -79.14 -63.85 -72.19
I -79.54 -16.6 -80.28
K -91.28 -86.08 -84.64
L -88.03 -75.05 -82.41
M -90.02 -86.25 -82.63
N -65.45 -65.05 -52.95
Q -68.71 -75.06 -60.73
R -71.98 -75.82 -36.08
S -65.18 -81.27 -55.1
T -75.2 -73.8 -61.75
\% -74.46 -51.4 -75.58
w -78.52 -69 62.68
Y -77.5 -76.63 140.53

a- Fitness values are the Boltzmann weighted average of
interaction energies in the context of each member of the

ensemble.
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Table 3.2: k-Means cluster analysis for the calculated fitness of sequence
substitutions

Cluster (k) Substitutions®
Position Fitness’: k1 < k2 < k3

kl: F
-1 k2: KM L
k3: CIHRTWVYAEDGNQS

ki: ACFKMS
+1 k22EDGHLNQRTWY
k3: 1V

kI: IKML
+2 k2. ACHV
k3: EDGFNQSRT

a- The wild-type p53 residue at each position is
underlined and in bold.

b- Clusters ranked higher have more negative fitness
values (kcal/mol)
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As shown in Table 3.1, all substitutions with the exception of W and Y at position +2
result in negative and thus favourable fitness values, suggesting that they potentially
stabilize the complex in the binding mode represented by the ensemble. To determine
which residues to include in the predicted recognition motif, we clustered all substitutions
at each designed position according to the similarity of their fitness values using the k-
means cluster analysis algorithm (373). The k-means algorithm is an iterative method of
clustering numerical values by partitioning them according to their Euclidian distance
from each cluster centroid, which in this case is the average fitness value of each
substitution belonging to the cluster. We partitioned each substitution with a negative
fitness value into one of three clusters (Table 3.2 & Methods), with cluster k1 containing
the most favourable substitutions. A substitution was predicted to be part of the SMYD?2
substrate recognition motif if it is grouped in a cluster of equal or better fitness to the
cluster containing the wild-type p53 amino acid (L.1/Ko/S+1/Ky4,) at that position. Thus,
residues found in the k1 cluster of positions +1 and +2 as well as those from the k1 and
k2 clusters of position -1 were included in the recognition motif [LFMK].3-K*-
[AFMSKC]+1-[KLIM]+2 (where K* is the methylated lysine) predicted by MSD.
Interestingly, our k-means analysis showed that position +1 is more tolerant to
substitution as more amino acids are included in the top cluster than that of positions -1
and +2. This result is in agreement with available crystal structures of SMYD2 in
complex with Estrogen Receptor o and p53 which show that the side chain of the residue
at position +1 is oriented outward of the binding cleft (354, 374), likely allowing for a
broader range of substitutions by enabling a higher number of rotamers to be scored

favourably at this position.
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Figure 3.1: Peptide flexibility in SMYD2 substrate binding cleft

A) Structure of SMYD?2 (PDB ID 3S7F) with bound p53 peptide (stick model). SMYD2
residues forming the substrate binding cleft are represented in purple. B) p53 substrate
peptide backbones included in the 180-member PertMin ensemble. Amino acid positions
relative to the methylated K370 residue are indicated. Crystallographic coordinates of the
p53 peptide are shown in gray. C) Binding interactions between side chains of the p53
peptide and SMYD?2 residues forming the binding cleft (purple) and the methyl transfer
channel (grey). Two hydrophobic pockets (purple) stabilize the side chains of p53
residues at positions -1 and +2 while no interactions stabilize the side chain of the residue
at position +1. D) Binding interactions of the p53 peptide backbone by SMYD2 residues

forming the binding cleft (purple) and the methyl transfer channel (grey).
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3.2.2. High-throughput methyltransferase assays reveals SMYD2 specificity

To validate the SMYD2 recognition motif predicted by MSD, we designed a
SPOT peptide array (375, 376) based on the p53 sequence surrounding the SMYD?2 target
lysine K370 (SSHLK370SKKGQ); each position of the peptide was substituted for every
possible amino acid substitution. Three identical arrays were incubated with recombinant
SMYD?2 and *H-labeled AdoMet under conditions which reproduce SMYD2 specificity
(Figure 3.6) and peptide methylation was quantified by phosphorimaging (Figure 3.2A).
The normalized averaged intensities indicate that positions -1 to +2 surrounding K370 are
the main determinants of SMYD2 activity (Figure 3.2B). In contrast, positions -4 to -2
and +3 to +5 show the highest tolerance to substitutions, validating our choice of
positions designed by MSD.

To precisely define the SMYD2 substrate recognition motif, we calculated the
relative methylation factor for each amino acid as the ratio of methylation for a given
substitution relative to the difference of its methylation and the average methylation of all
other substitutions at this position. This relative methylation factor thus reflects the
preference of SMYD2 for a specific substitution at one position relative to all other
substitutions. Consistent with MSD predictions, we observed that SMYD2 exhibits a
strong preference for L, F and M residues at position -1 (Figure 3.2C). In contrast,
position +1 has a broad tolerance with 8 out of 20 substitutions allowing preferential
methylation. This result is consistent with the solvent exposed orientation of side chains
at position +1 found in the PertMin ensemble. Similar to residues found at position -1, +2
residues remain in a deep pocket within the SMYD2 peptide binding cleft (Figure 3.1C).

Accordingly, SMYD2 shows narrow specificity for peptides containing K, L or Y
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substitutions at this position. Analysis of the relative methylation factors demonstrates

that SMYD2 preferentially methylates the motif [LFM].;-K*-[AFYMSHRK]+1-[LYK]-..
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Figure 3.2: Substrate recognition motif of SMYD2

A) Methylation of a SPOT peptide array containing 200 peptides based on the p53
template sequence in which each position was systematically substituted for every amino
acid. Labelling by tritiated methyl was detected by phosphorimaging after incubation
with recombinant SMYD2 and 3H-AdoMet. B) Heat map representation of average
methylation intensities measured by phosphorimaging. C) Analysis of the relative
methylation factor for every amino acid at each position of the SPOT arrays (n=3). D)
Comparison of SMYD2 substrate recognition motifs determined by methyltransferase
high-throughput assays (SPOT) and MSD calculations. Green, blue, and black represent
hydrophobic, charged, and polar residues, respectively. The methylated K370 residue is

indicated with an asterisk.
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3.2.3. Accuracy of in silico predictions

The recognition motif predicted using MSD is in excellent agreement with results
from our high-throughput methyltransferase assays (Figure 3.2D). Our in silico model
accurately predicted that SMYD2 recognition is predominantly determined by amino acid
identity at positions -1, +1 and +2 of the substrate peptide. The narrow specificity of
SMYD2 for substitutions at position -1 observed in SPOT arrays is correctly identified by
MSD, as position -1 includes only one false positive substitution (K) in the clusters
considered (Table 3.2, k1 and k2 clusters). SMYD2 methyltransferase activity shows a
strong bias toward long side-chain hydrophobic residues L, F and M at position -1,
possibly due to the stabilization of these side chains in a hydrophobic pocket (Figure
3.1C) (354). MSD also correctly predicted a more relaxed specificity at position +1
(Table 3.1), with cluster k1 recapitulating five of the eight substitutions observed to be
favourable in vitro (Figure 3.2D). Interestingly, Y at position +2 is one of the most
unfavourable substitutions predicted by MSD whereas it is included in the recognition
motif derived from the SPOT array experiments. This discrepancy may be due to the
absence in our PertMin ensemble of an adequate p53 peptide backbone conformation
required to favourably score this substitution. Available crystal structures of SMYD2
complexes (354, 374) show this residue embedded in a deep hydrophobic pocket (Figure
3.1C) that accommodates residues with long side chains, an observation consistent with
the motif defined by MSD and the SPOT arrays. While our methyltransferase assays
directly assessed the processivity of SMYD2 toward peptide substrates, MSD assessed
the stabilization potential of its binding cleft. The agreement of both methods suggests

that association may be the main driver of SMYD2 specificity.
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While there is remarkable agreement between recognition motifs predicted by
both MSD and peptide arrays, there are four false negative (H/R/Y and Y at positions +1
and +2, respectively) and four false positive (K, C and I/M at positions -1, +1 and +2,
respectively) substitutions predicted by MSD. To evaluate whether an alternate binning
method could have resulted in fewer false positives and negatives, we used the fitness
value of the wild type at each designed position (Table 3.1) as a cut-off to include or
exclude substitutions from the recognition motif predicted by MSD. As shown in Figure
3.6, use of the wild-type fitness value cut-off results in identical (position -1) or lower
(positions +1 and +2) true positive ratios. In contrast, clustering substitutions with the k-
means algorithm allowed an additional two substitutions to be correctly accepted in the
recognition motif (one at position +1 and one at position +2) while incorrectly including
only one false positive at position +2, demonstrating the benefit of using k-means
clustering over binning with the wild-type fitness value.

To assess whether MSD provided improved prediction accuracy compared to
SSD, we performed SSD on a single fixed backbone using identical parameters as those
used for MSD except that single-state scores were used to rank sequences instead of the
Boltzmann weighted average fitness value. Figure 3.3A shows a comparison of the SSD
scores and MSD fitness values computed for all substitutions except for W and Y at
position +2, which were omitted because both their MSD fitness values and SSD scores
are > 0 kcal/mol. In all cases, regardless of substitution or position, MSD fitness values
were more negative than SSD scores, indicating that substitutions are scored more
favourably in the context of a backbone ensemble rather than a single structure. In the

case of 10 substitutions (F/H/I/L/IM/V/W/Y and F/I at positions +1 and +2, respectively),
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SSD scores fell above our accepted threshold of 0 kcal/mol. The high SSD scores for
these 10 substitutions indicate unfavourable interactions likely resulting from steric
clashes. This result is consistent with a known artefact of SSD arising from the combined
use of a fixed protein backbone template with rigid rotamers, which can lead to the
rejection of favourable amino acid sequences that would have been accepted on a slightly
different backbone geometry or with a slightly different rotamer configuration (377).

To further compare the prediction accuracy obtained by SSD and MSD, we
calculated the true positive (fraction of true positives out of the positives) and false
positive (fraction of false positives out of the negatives) ratios for every possible cut-off
value at 1 kcal/mol increments in the range of score/fitness values obtained for all
substitutions, and plotted them to generate receiver operating characteristic (ROC) curves
(Figure 3.7). ROC curves show that a significant improvement in prediction accuracy is
obtained by using MSD as evidenced by the larger area under the curve that indicates a
higher probability of ranking a randomly chosen positive higher than a randomly chosen
negative. The lower prediction accuracy of SSD results from its poor scoring of
substitutions to position +1, which results in four additional false negatives (F, H, M, and
Y). This incorrect rejection of true positives decreases the true positive ratio to =0.5, a
value that cannot be improved over a broad range of cut-offs that instead only increase
the false positive ratio. In contrast, predictions made by MSD result in a large increase to
the true positive ratio that is accompanied by a small increase to the false positive ratio. It
is likely that similar improvements to prediction accuracy could also be achieved through
the use of alternate CPD methodologies which incorporate backbone flexibility during

calculation (365, 378). Although predictions could not be improved by using SSD or an
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alternate binning method, MSD combined with k-means cluster analysis correctly binned
substitutions as either being part or not of the recognition motif elucidated by SPOT array
analysis with an overall accuracy of 86% (49/57), demonstrating the utility of this

approach to the prediction of substrate recognition motifs for PKMTSs.
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Figure 3.3: Comparison of SSD and MSD predictions

A) MSD fitness values are plotted as a function of SSD scores for a total 55 substitutions
found on the p53 peptide at positions -1, +1, and +2 relative to the methylated lysine. The
45 substitutions that resulted in negative (favourable) fitness and score values are shown
as circles. The 10 substitutions that resulted in negative (favourable) MSD fitness values
and positive (unfavourable) SSD scores are shown as triangles. To simplify, these 10
sequences are given identical arbitrary positive SSD scores on the plot. B) ROC curve for
all substitutions at all positions obtained using SSD scores. C) ROC curve for all
substitutions at all positions obtained using MSD fitness values. The diagonal line

represents random binning.
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3.2.4. Novel SMYD2 substrates include the [LFM].;-K*-[AFYMSHRK].4-
[LYK]:2 motif

We next sought to determine whether the recognition motifs could be used to
discover novel SMYD2 methylation targets. We probed a dataset of all reported genetic
and physical SMYD2 protein interactors (259, 266, 286, 319, 351, 352, 379-381) using
the ScanProsite motif search tool (382). Among our dataset, 95 SMYD2 interactors
include the peptide array motif [LFM].;-K*-[AFYMSHRK].;-[LYK]+, and 135 include
the MSD motif [LFMK].;-K*-[AFMSKC].1-[KLIM]:, (Table 3.3). As expected from
their similarity, the recognition motif predicted by MSD identified a majority (77%) of
the SMYD2 putative methylation targets identified using the motif determined by SPOT

array (Figure 3.4A).
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Figure 3.4: Prediction of SMYD?2 substrates among its interactome

A) 95 proteins reported to interact with SMYD2 include the LFM-K*-AFYMSHRK-
LKY motif determined from SPOT arrays while 137 include the LFMK-K*-AFMSKC-
KLIM predicted by MSD. 73 of these proteins contain sequences common to both
recognition motifs. B) Analysis of gene ontology terms associated to the 95 putative
SMYD?2 targets containing the LFM-K*-AFYMSHRK-LKY motif (green). Among the
22 hits corresponding to terms related to SMYD?2 functions, localization and phenotypes,
11 include a lysine conserved in humans (H. sapiens), mice (M. musculus), frogs (X.
laevis) and fish (D. rerio) (conservation of all sites across 2-3 species or across all four

species are indicated in light or dark blue, respectively).
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To refine our list of possible substrates, we cross-referenced the Gene Ontology
(GO) terms of the 95 SMYD?2 interactors with expression patterns and biological
activities of this PKMT. Using the DAVID Bioinformatics Resources Functional
Annotation Tool (383), we selected 22 proteins corresponding best to reported or
proposed SMYD2 biological functions (Figure 3.4B & 3.7). We also assessed the
conservation of the putative site in mammals, birds, and fish. Of the selected proteins, 10
were expressed as FLAG-tagged constructs and incubated with recombinant SMYD2 and
®H-labeled AdoMet. Autoradiography confirmed that SMYD2 methylates the
transcription factors SIX1 (384) and SIX2 (385), the transcriptional co-repressor SIN3B
(386) and the RNA helicase DHX15 (387) (Figure 3.5A). Furthermore, SMYD?2 cannot
methylate single-point mutants of SIN3B and SIX1 in which the predicted target lysine is
substituted for arginine, confirming that our motif correctly predicts novel protein
methylation sites (Figure 3.5B). Notably, SMYD2 did not methylate six of the proteins
identified by GO analysis. It is likely that the putative target lysine of these proteins is
either not solvent exposed or engaged in intramolecular interactions with other residues
of the motif, preventing methylation by SMYD2. All novel SMYD2 substrates identified
in this study contain a recognition sequence (Figure 3.5C) that is included in both the
SPOT array and MSD motifs, demonstrating the utility of MSD for the discovery of

novel lysine methylation targets for a PKMT.
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Figure 3.5: SIX1, SIX2, SIN3B and DHX15 are SMYD2 substrates

(A) Autoradiography of FLAG-tagged proteins incubated with recombinant SMYD2 and
®H-AdoMet transcription factor E2F1, Mitogen-activated protein kinase 11 (MAPK11),
RNA polymerase Il subunit A C-terminal domain phosphatase (FCP1), Staufen 1
(STAUL1L), DEAD box RNA helicase 5 (DDX5), SIN3B, DEAH box RNA helicase 15
(DHX15), and Sine Oculis Homeobox homolog 1, 2, and 4 (SIX1, SI1X2, SIX4). Upper
panels show the proteins stained by Coomassie following SDS-PAGE and lower panels
show the resulting autoradiography. Transcription factors SIX1 and SIX2, co-repressor
SIN3B, and RNA helicase DHX15 are all methylated by SMYD2. (B) Autoradiography
of wild type and mutant SIX1 and SIN3B incubated with recombinant SMYD2 and *H-
AdoMet. Upper and lower panels are as described above. (C) Alignment of amino acid
sequences surrounding all known SMYD?2 lysine methylation sites (black). Residues
included in the SMYD2 recognition motif are highlighted in green and those that are not
are highlighted in red. (D) Localization of the methylation sites identified by our motif on

SIX1, SIX2, SIN3B, and DHX15.
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The sequence surrounding the methylated K266 of the Estrogen Receptor o is
included in our motif (350). Accordingly, the corresponding residues of the substrate
peptide bind in a conformation nearly identical to the SMYD2-p53 complex (374). In
contrast, our motif would not have predicted the methylation of HSP90 and pRb by
SMYD2 (Figure 3.5C). Most likely, the recognition sites of these protein substrates adopt
alternate peptide conformations not probed by our PertMin ensemble or consist of
divergent sequences not covered in our SPOT arrays. MSD thus suggests that substrates
included in our motif adopt a similar conformation as the SMYD2-p53 complex but that
at least one alternative conformation or set of determinants is possible. This agrees with
previous observations that SMYD?2 is controlled by a biochemical “specificity-switch” in

which reaction conditions direct its activity toward one substrate over another (379).
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3.3. Conclusions

We showed that SMYD2 methylates the sequence motif [LFM].;-K*-
[AFYMSHRK]+1-[LYK]+, with position -1 and +2 exhibiting the highest degree of
selectivity. Combining different bioinformatics and biochemical approaches with the
motifs defined by MSD and SPOT arrays, a novel set of substrates for SMYD2 was
discovered. Interestingly, the methylation sites in SIX1, SIX2, and SIN3B are located in
the protein-protein interaction domain (Figure 3.5D). In SIX1 and SIX2, the methylation
site K51 is located at the surface of the SIX1 domain of both transcription factors in a
region known to interact with the EYA transcriptional activator (388). In SIN3B, the
methylation site is located in the interaction domain that contacts the adaptor protein
SUDS3 (389). Methylation of p53, HSP90, pRb and ERa by SMYD2 was already shown
to control the association of their binding partners (79, 153, 164, 374); our findings
suggest that this mechanism may be shared by numerous substrates of SMYD2. These
four substrates also provide promising avenues to explore the critical role of SMYD?2 in
organ development (163, 390) and genetic regulation (391, 392).

High throughput methyltransferase assays showed that MSD correctly
characterized the substrate sequence space recognized by SMYD2. In addition to
biochemical characterization, CPD techniques can thus be used to study the spectrum of
specificity of other post-translational modifying enzymes. In contrast with current
methods, MSD provides a rapid and inexpensive mean to probe the specificity of a post-
translational modifying enzyme on the basis of its enzyme-substrate interface. This novel

method combining multistate computational protein design and k-means cluster analysis
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is the first demonstration that CPD can be applied to the discovery of previously

unknown substrates of PTM enzymes.
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3.4. Methods
3.4.1. Multistate computational protein design

Atomic coordinates for the p53-bound structure of SMYD2 (354) were retrieved
from the Protein Data Bank (PDB ID 3S7F). Hydrogens were added using the
Protonate3D utility found in the Molecular Operating Environment (MOE) software suite
(393). A 180-member PertMin ensemble (367) of the SMYD2-p53 complex was
generated from the crystal structure with hydrogens added by randomly perturbing the
coordinates of all atoms by + 0.001 A along each Cartesian coordinate axis. Because
coordinate deviation from crystal structure increases proportionately with the number of
minimization iterations, we energy minimized six sets of thirty perturbed structures using
a truncated Newton minimization algorithm for 10, 25, 50, 100, 150 and 250 iterations,
resulting in structures displaying a broad range of deviations from the crystal structure.
The energy minimizations were performed using the AMBER99 force field (394) with a
distance dependant dielectric of 80. The input structure used in SSD was prepared in a
similar fashion from the initial SMYD2-p53 structure with added hydrogens by
performing 50 iterations of conjugate gradient energy minimization.

MSD of the SMYD2-p53 complex was conducted using the fast and accurate side-
chain topology and energy refinement (FASTER) algorithm for sequence optimization
(395, 396). All amino acids with the exception of proline were introduced at p53
positions -1, +1 and +2 relative to the methylated lysine. Adjacent SMYD?2 residues
found in the binding cleft were allowed to sample alternate conformations during the
design, but their identities were not modified (SMYD2 residues 19, 105, 108, 135, 179,

180, 181, 182, 184, 187, 191, 193, 196, 211, 215, 217, 238, 239, 240, 258, 344, 379 and
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380). A backbone dependent Dunbrack rotamer library with expansions of + 1 standard
deviation around side chain y; and y, rotatable bonds was used (397). The interaction
energy of amino acid substitutions were scored using a four-term potential energy
function that includes a van der Waals term from the Dreiding Il force field where atomic
radii were scaled by 0.9 (398), a hydrogen-bond term with a well depth of 8 kcal/mol and
direction specific variables (399), a Coulomb electrostatic term with a distance dependent
dielectric of 40, and a surface area based solvation penalty term (400, 401). MSD was
implemented using PHOENIX (402-404). Substitution fitness was computed as the
Boltzmann weighted average of scores across the 180 members of the PertMin ensemble

at 300 K and these fitness values were clustered using the k-means theorem (373).

3.4.2. Protein preparation and assays

Recombinant SMYD2 was expressed and purified as described previously (379).
C-terminal bound peptides for high-throughput methyltransferase assays were
synthesized by the SPOT method on a trioxatridecanediamine (TOTD) (Kinexus,
Canada) (376). The methylation factor was calculated by using the formula (Ii-1;*)/1;*
were [; is the intensity measured for peptide i and I;* is the average of intensities of all the
peptides for this position, excluding i. For substrate validation assays, FLAG-tagged
constructs of the putative substrates were transfected in HEK293T cells. Cells were lysed
24 hours after transfection in 50 mM Tris pH 7.5, 10 mM NaCl, 5 mM EDTA and 0.4%
NP-40. FLAG-tagged proteins were immunopurified using anti-FLAG M2 magnetic
beads (Life Technologies). Beads were adjusted to 50% v/v in 50 mM Tris pH 8.0 and

incubated with 1.5 pCi of *H-AdoMet for 2 hours at 30°C either in the presence or

126



absence of recombinant SMYD2 (10 ng/pul). Proteins were separated on a SDS-PAGE gel
and methylation was visualized by autoradiography (379). Additional methods are

provided in Sl text.
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3.5. Supplementary material
Discovery of substrates for a SET domain lysine methyltransferase predicted by

multistate computational protein design

Sylvain Lanouette, James A. Davey, Fred Elisma, Zhibin Ning, Daniel Figeys, Roberto

A. Chica, and Jean-Francois Couture

3.5.1. Supplemental methods
3.5.1.1. Preparation of SPOT peptide arrays

The specificity of SMYD2 against a selection of control peptides on SPOT
membranes was evaluated against various buffer conditions to recapitulate its reported
specificity (Figure 3.6) (79, 379). Before incubation with SMYD2, the SPOT arrays were
primed three times with 95% ethanol and three times with Tris buffered saline-Tween
0.1%. The array was then incubated in reaction buffer (50 mM Tris pH 8.0, 50 mM NaCl,
2% Bovine Serum Albumin, 1 pg/ml recombinant SMYD2, 7.5 uM AdoMet and 2.5 uM
3H-AdoMet (10 uCi/ml)) for 1 hour at 30°C. The reaction was stopped by rinsing the
membrane four times with a solution containing 8 M urea, 1% SDS, 0.5% -
mercaptoethanol. Then, the membrane was washed three times with 50% ethanol, three
times with 10% acetic acid and three times with 95% ethanol. The array was then
thoroughly dried before quantification by phosphorimaging (Typhoon FLA 7000
Phosphorimager (GE)). Spots in which K370 was mutated to arginine were used as

negative controls.
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3.5.1.2. Prediction of putative SMYD?2 substrates

To increase the likelihood of identifying its genuine substrates, we first compiled
all reported physical and genetic interactors of SMYD2 (259, 266, 286, 319, 351, 352,
379-381). We subsequently probed the dataset with the DAVID Bioinformatics
Resources Functional Annotation Tool (http://david.abcc.ncifcrf.gov/) (383) to assess
enrichment of GO terms. Putative targets sharing known roles with SMYD?2 such as the
regulation of cell cycle, as well as cell proliferation (153, 154, 392), gene transcription
(153, 154, 391, 392), apoptosis and cell death (79) were selected for subsequent analysis.
In addition, putative targets with biological activities related to mRNA splicing, helicase
activity (211, 392) as well as chromosome segregation, chromosomal part, telomere
maintenance and DNA damage response (211) were shortlisted for our comparative
studies. Finally, we also selected potential substrates showing higher levels of expression
in fetal brain and cortex, brain and cardiac myocytes (392, 405) and during embryonic
development, morphogenesis and projection (346, 405, 406). Correlation of these GO
terms across the 95 putative substrates (Figure 3.8) resulted in 22 candidates of interest

(Figure 3.4B).
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Figure 3.6: Recapitulation of SMYD?2 specificity using SPOT arrays.

A) Autoradiography of wild-type (WT) and mutant Hsp90 incubated with recombinant
SMYD?2 and *H-AdoMet demonstrates that SMY D2 methylates K615 (red) but not K576
(orange), even though both lysines are found on a-helices (cyan) within similar
sequences. Upper panels show the proteins stained by Coomassie following SDS-PAGE
and lower panels show the resulting autoradiography. B) Sequences of peptides derived
from p53 and Hsp90 used to probe reaction conditions required to recapitulate known
SMYD2 specificity. C) Optimization of assay conditions enabling the recapitulation of
SMYD2 specificity. Full, partial, or no methylation is expected for peptides 1/3/5, 6, and
2/4/7, respectively. Incubation of the array for 1 hour in 20 mM Tris*Cl pH 8.0, 50 mM

NaCl, and 2% BSA accurately recapitulates SMY D2 specificity.
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Figure 3.7 Receiver operating characteristic (ROC) curves for all substitutions to
positions -1 (A), +1 (B), and +2 (C) relative to the methylated lysine.

The true and false positive ratios obtained by using the wild-type fitness value as a cut-
off or by k-means cluster analysis are shown as white and black circles, respectively. For
position -1, both binning methods yielded identical true and false positive ratios. The

diagonal line represents random binning.
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Figure 3.8: Correspondence of SMDYD2 interactors with selected gene ontology

terms

134



GENE ONTOLOGY

Role & Molecular function Localization & Diseases
= [1] ' Q = - B
o wgg 0 s Do0?° E_u_» E, E'§ _5_:.2%2 0w £ g 3
o> 58 O 2 % E2S5_.% 9 20§ =% BL S5ESufRe 83 £ ©5 B
) @ g c ot o g 58t X ¢af 3 25 $592098E5 g8 § <8 g8
UniprotlD | © 3 Eega 2. T 38834 Us-gs 2 53 Dol Eg__g o %E 's'g
=g o - fid = < ® Q3 ‘a ® ] 2 =
288 5% 8 3 83 § 3 s8:¢F% 2P ETEvEIE §6 9 92 82
e = o © Z2Lg f % 9 £ ¥ ®L opo e g 3]
E ) Q o < & % E - 'OE

135



OVERLAP

SWISSPROT ID _ UNIPROT ID

MSD

SWISSPROT ID _ UNIPROT ID

SPOT

SWISSPROT ID _ UNIPROT ID

1433T_HUMAN | P27348
AHIL_HUMAN | Q8N157
ACAD9_HUMAN | Q9H845
ADA30_HUMAN | QOUKF2
ARX_HUMAN | Q96QS3
ASPM_HUMAN | Q8IZT6
ATD2B_HUMAN | QOULIO
BANK1_HUMAN | Q8NDB2
BPTF_HUMAN | Q12830
BTF3_HUMAN | P20290
CQO80_HUMAN | Q9BSJ5
CROCC_HUMAN | Q5TZA2
CTDP1_HUMAN | Q9Y5B0
CTR2_HUMAN | P52569
DDX55_HUMAN | Q8NHQ9
DESP_HUMAN | P15924
DHX15_HUMAN | 043143
EVPL_HUMAN | Q92817
F111A_HUMAN | Q96PZ2
FANCM_HUMAN | Q81YD8
FAT2_HUMAN | QINYQ8
FRPD3_HUMAN | Q5JV73
FRYL_HUMAN | 094915
GNL3_HUMAN | Q9BVP2
GRP78_HUMAN | P11021
GTR1_HUMAN | P11166
HNRPL_HUMAN | P14866
HNRPU_HUMAN | Q00839
IQCG_HUMAN | Q9H095
JAK2_HUMAN | 060674
K220_HUMAN | Q01546
KNTC1_HUMAN | P50748
LIPA4_HUMAN | 075335
MANEA_HUMAN | Q5SRI9
MYO5A_HUMAN | Q9Y4I1
MYO7A_HUMAN | Q13402
NFL_HUMAN | P07196
NUAK2_HUMAN | Q9H093
OCRL_HUMAN | Q01968
0ST48_HUMAN | P39656
PARP1_HUMAN | P09874
PCM1_HUMAN | Q15154
PDIP3_HUMAN | Q9BY77
PI4KA_HUMAN | P42356
PLD1_HUMAN | Q13393
PRKDC_HUMAN | P78527
REXON_HUMAN | Q961C2
RIF1L_HUMAN | Q5UIPO
RIOK1_HUMAN | Q9BRS2
SCML2_HUMAN | Q9UQRO
SF3B1_HUMAN | 075533
SIN3A_HUMAN | Q96ST3
SIN3B_HUMAN | 075182
SIX1_HUMAN | Q15475
SIX2_HUMAN | QINPC8
SPTB2_HUMAN | Q01082
STAG1_HUMAN | Q8WVM7
STAM1_HUMAN | Q92783
STAU1_HUMAN | 095793
TACC2_HUMAN | 095359
TCPZ_HUMAN | P40227
TITIN_HUMAN | Q8WZ42
TLN2_HUMAN | Q9Y4G6
TMEMS5_HUMAN | Q9Y2B1
TOPRS_HUMAN | QINS56
TTK_HUMAN | P33981
USPIX_HUMAN | Q93008
WWOX_HUMAN | QINZC7
ZFHX4_HUMAN | Q86UP3

ABCCB_HUMAN | Q96166
AKA1L HUMAN | QOUKA4
APC_HUMAN | P25054
ARSI_HUMAN | Q5FYB1
AT1A4 HUMAN | Q13733
BAGN2_HUMAN | Q8NHY0
CLAP2_HUMAN | 075122
CN166_HUMAN | Q9Y224
CO8A_HUMAN | P07357
COBL_HUMAN | 075128
CP3A4_HUMAN | P08684
CP46A_HUMAN | Q9Y6A2
DDX6_HUMAN | P26196
DLEC1_HUMAN | Q9Y238
DLGP1_HUMAN | 014490
DOTIL_HUMAN | Q8TEK3
DYH5_HUMAN | Q8TE73
E2F5_HUMAN | Q15329
E41L3 HUMAN | Q9Y2J2
E41LA_HUMAN | Q9HCS5
FER_HUMAN | P16591
GLT13 HUMAN | Q8IUC8
HECW1_HUMAN | Q76N89
HS90A_ HUMAN | P07900
HS90B_HUMAN | P08238
IF2B1_HUMAN | QINZIS
IF2B3_HUMAN | 000425
IPO8_HUMAN | 015397
K1210 HUMAN | QOULLO
KIF11_HUMAN | P52732
LONF2_HUMAN | Q1L529
LSP1_HUMAN | P33241
MACOI_HUMAN | Q8N5G2
MAMC2_HUMAN | Q72304
MCMS5_HUMAN | P33992
MCM7_HUMAN | P33993
MYH15_HUMAN | Q9Y2K3
NAL12_ HUMAN | P59046
PAPOG_HUMAN | Q9BWT3
PKP4_HUMAN | Q99569
PLXB2_HUMAN | 015031
PTBP1_HUMAN | P26599
PTPRK_HUMAN | Q15262
RBM34_HUMAN | P42696
RHG28_HUMAN | Q9P2N2
RL27 HUMAN | P61353
RPC6_HUMAN | Q9H1D9
RPP30_HUMAN | P78346
RTFL_HUMAN | Q92541
RU2B_HUMAN | P08579
S10A2_HUMAN | P29034
SHAN3_HUMAN | QIBYBO
SMC4_HUMAN | QINTJ3
SMRCD_HUMAN | Q9HAL7
SPSY_HUMAN | P52788
SPTCS_HUMAN | Q96JI7
SRPK1_HUMAN | Q96SB4
TAF2_HUMAN | Q6P1X5
TBA4A_HUMAN | P68366
THOC4_HUMAN | Q86V81
TM110_HUMAN | Q86TL2
TNAP2_HUMAN | Q03169
WDR7_HUMAN | Q9Y4E6
ZN148_HUMAN | QOUQR1
ZN276_HUMAN | Q8N554

ADRB2_HUMAN | P07550
ARX_HUMAN | Q96QS3
BMP5_HUMAN | P22003
CC110_HUMAN | Q8TBZ0
CCD25_HUMAN | Q86WR0
CCL7_HUMAN | P80098
CGT_HUMAN | Q16880
COF1_HUMAN | P23528
DDX1_HUMAN | Q92499
DDX5_HUMAN | P17844
DMD_HUMAN | P11532
E2F1_HUMAN | Q01094
MK11_HUMAN | Q01094
NCTR2_HUMAN | 095944
PTPS_HUMAN | Q03393
SHRM3_HUMAN | Q8TF72
SIX4_HUMAN | QaUIU6
STIP1_HUMAN | P31948
UN458_HUMAN | Q8IWX7
UNC5A_HUMAN | Q6ZN44
YSK4_HUMAN | Q56UN5

Table 3.3: SMYD2 interactors that contain the MSD and SPOT recognition motifs
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4. SMYD2 ANTAGONIZES MUSCLE GENE EXPRESSION AND SKELETAL

MYOBLASTS DIFFERENTIATION

The work presented will be submitted as:
Sylvain Lanouette, Elias Horner, Yubing Liu, Myriam Cramet, Daniel Figeys, Alexandre

Blais, and Jean-Francois Couture. Biochim. Biophys. Acta (To Be Submitted)

Author contributions:

S.L. performed the experiments and analyzed data related to figures related to figures 4.1
to 4.5 and tables 4.1 to 4.7. E.H. performed the experiments related to figure 4.4A and
tables 4.5 and 4.6 Y.L and M.C. contributed to experiments. D.F. and A.B. provided
insights on the paper. S.L., E.H. and A.B. designed experiments. S.L. and J.-F.C. wrote

the paper.
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4.1. Introduction

The post-translational modification of proteins during tissue development is a
tightly regulated mean of cell fate determination (407-411). In recent years, protein lysine
methyltransferases were shown to regulate tissue development, regeneration,
organogenesis and homeostasis (412-419). In particular, the SET-domain SMYD
methyltransferase family has been associated with the formation of both cardiac and

skeletal muscle tissues (163, 271, 420-423).

Both cardiac and skeletal muscle are characterized by the formation of sarcomeres
- multimeric protein assemblages formed after myoblast fusion during the late stages of
muscle development (424). During embryonic development, vertebrates SMYD1 and
SMYD2 promote correct myofibril arrangement by associating with the molecular
chaperone HSP90 at the sarcomere (163, 164, 425, 426). During embryonic development,
cardiac tissue emerges from the lateral plate mesoderm and forms a chambered heart in a
tightly regulated process driven in part by the transcription factors Nkx2.5, Hand1/2,
Thx2/3/5/20, 1Irx4/5, and GATA4/6 (427, 428). Both SMYD1 and SMYD3 regulate the
expression of cardiac genes during cardiomyocytes differentiation and are important for
correct cardiac morphogenesis (420, 423). In contrast, conditional knock-out of SMYD?2
in Xenopus embryos does not significantly affect heart development (405) although
studies in murine models showed that SMYD2 plays a role in cardiomyocytes by

preventing p53-dependant apoptosis during cardiac injury (429).

The importance of SMYD proteins during the development of skeletal muscle
precursors was also demonstrated in recent studies. Most skeletal muscle tissue derives

from the paraxial mesoderm which eventually gives rise to myoblasts-containing
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myotome. Myaoblasts undergo terminal myogenic commitment under the control of
several transcription factors, including members of the Pax, Mef2, Six and Myogenic
regulatory factors families, and fuse into multinucleated myotubes to form the myofibers
(430-433). Adult organisms can also undergo skeletal myogenesis following activation of
progenitor myosatellite cells into proliferating myoblasts and their subsequent
differentiation into new muscle fibers (432, 434, 435). In myoblasts, SMYD1 expression
is controlled by the Serum Response Factor and myogenin (MyoG) and positively
regulates myoblast differentiation to myotubes (284). SMYD3 regulates the late
expression of the myogenic regulatory factors MyoG and MyoD in the later stages of
muscle development (420) and positively regulates the expression of the muscle growth

regulator myostatin and protect skeletal muscle from atrophy (421).

While the role of SMYD1 and SMYD3 in the regulation of myogenic
differentiation has been explored, the role of SMYD2 in skeletal muscle development has
remained elusive. In this study, we show that SMYD2 is expressed in proliferative
myoblasts and negatively regulates their differentiation to myotubes. We also observe
that the regulation of myogenic differentiation by SMYD2 depends on its
methyltransferase activity. Finally, we demonstrate that SMYD2 controls myogenic
differentiation by downregulating muscle-specific genes in myoblasts. Our results
demonstrate a unique regulatory role for SMYD?2 in skeletal muscle development and

further highlight the role of SMYD proteins in myogenesis.
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4.2. Results

4.2.1. SMYD2 is expressed in proliferating myoblasts

Functional studies of SMYD1 and SMYD3 have shown that these enzymes
regulate myogenic differentiation of myoblasts. Given the high sequence homology
within the SMYD family (379), we surmised that SMYD2 might play an important role
not only in sarcomere stabilization formation but also during myogenic differentiation.
First, we verified the expression of SMYD2 at different stages of myogenic
differentiation using C2C12 myoblasts as a model (436). C2C12 myoblasts can be
maintained in a strong proliferative state but undergo terminal myogenic commitment
and fusion into myotubes upon serum starvation. To measure the levels of SMYD2 at
different stages of differentiation, myoblasts were allowed to proliferate until confluence
and myogenic differentiation was induced by serum starvation (Figure 4.1A). Detection
of SMYD2 by western blotting shows that its expression is highest in proliferative
myoblasts and decreases following induction of myogenic differentiation until it can
barely be observed following fusion into myotubes (Figure 4.1B). This suggests that
SMYD2 function in myoblasts is associated with the proliferative rather than the

differentiated stages.

To determine the function of SMYD2 in the myoblast we first addressed whether
it is involved in the maintenance of the proliferative stage. We determined the
proliferation of sub confluent C2C12 myoblasts following treatment with either non-
specific or SMYD2-targeted siRNA (Figure 4.1C). In contrast with previous results
showing that SMYD?2 regulates the proliferation of fibroblast cells (259), knockdown of

SMYD2 did not impact the proliferation of myoblasts. As SMYD?2 can also promote cell
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cycle progression in other cell models (153, 154), we also assessed the impact of SMYD?2
knockdown on cell cycle stages. Myoblasts treated with either non-specific or SMYD2-
targeted siRNA were grown under proliferative conditions and treated with BrdU
(Material and methods). Determination of the relative cell cycle stages populations by
flow cytometry showed that SMYD2 knockdown did not markedly affect cell cycle

progression in proliferating C2C12 myoblasts (Figure 4.1D).
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Figure 4.1. SMYD2 is expressed in proliferating skeletal myoblasts

A) Experimental scheme for the treatment and harvest of differentiating myoblasts. B)
Time course of SMYD2 expression in proliferating and differentiating myoblasts
followed by western blotting. C) Crystal violet staining of proliferating C2C12 myoblasts
shows that SMYD2 knock-down does not significantly affect the proliferation rate of
C2C12 cells. D) Relative cell cycle stages population analysis of proliferating myoblasts
by flow cytometry shows that SMYD2 knock-down does not impact cell cycle ratios

during proliferation.
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4.2.2. SMYD2 regulates myogenic differentiation

The decrease in SMYD2 levels during myoblast differentiation suggested that it
may be linked with myogenic differentiation. We thus sought to verify whether SMYD2
repression affects the differentiation of myotubes from myoblasts. SMYD2 expression
was repressed using SiRNA as previously described and differentiation was initiated by
serum starvation of fully confluent myoblasts. Early and late myogenic differentiation
were followed by western blot, using antibodies directed against MyoG and Myosin
Heavy Chain (MHC) (437) (Figure 4.2A). Strikingly, SMYD2 knockdown results in a
significant increase in MyoG expression after 24 and 48 hours of differentiation (Figure
4.2A). In line with an increase in early myogenic differentiation, we observe higher levels
of MHC during later differentiation stages (Figure 4.2A). These results suggest that

myogenic differentiation is overall increased in response to SMY D2 repression.

Phenotypic differentiation of myoblasts into myocytes is rapidly followed by their
fusion into multinucleated myotubes. To assess whether the differences in myogenic
marker expression also reflected an increase in myocytes and myotube production, we
followed myotube formation by immunofluorescence detection of MHC. C2C12
myoblasts were fixed after 72 hours of differentiation and expression of MHC was
observed by immunostaining (Figure 4.2B). Consistent with the overall increase of MHC
expression observed by western blotting, differentiated C2C12 cells show a higher
proportion of MHC-positive cells following SMYD2 knockdown as calculated by their
differentiation index (79% increase; Figure 4.2B-C). To assess whether this increase in
myocyte production also results in increased myoblast fusion, we calculated the

myoblasts relative fusion index. As shown in Figure 4.2D, SMYD2 knockdown causes a
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53% increase in fusion relative to cells treated with non-specific SIRNA. Together, these
results strongly suggest that SMYD2 is a negative regulator of early myogenic

differentiation.
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Figure 4.2. SMYD2 limits skeletal myogenic differentiation

A) SMYD2 knock-down causes an increase in the expression levels of myogenic
differentiation markers myogenin (MyoG) and myosin heavy chain (Myosin HC; MHC)
in C2C12 differentiating cells. B) Immunofluorescence of C2C12 cells 72 hours after
induction of myogenic differentiation shows that cells pre-treated with SMY D2-targeted
SIRNA (siSMYD2) have an increase in myotube formation (Green: MHC staining, Blue:
DAPI staining; representative fields of three replicate experiments shown). Normalized
differentiation (C) and fusion (D) indexes (Material and methods) of siSMYD2-treated
C2C12 cells 72 hours after induction of myogenic differentiation relatively to cells

treated with non-specific SIRNA (siNS).
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4.2.3. SMYD2 methyltransferase activity is important for myogenic
differentiation

SMYD proteins regulate various aspects of muscle development but their
methyltransferase activity is dispensable for certain aspect of muscle regulation. SMYD1
transcriptional role during muscle development can only be rescued by catalytically
active SMYD1 (271) while its methyltransferase activity is not necessary for its
association to the sarcomere and correct myofibril formation (438). To assess if the
regulation of myogenic differentiation by SMYD2 depends on its methyltransferase
activity, we treated C2C12 myoblasts with increasing concentration of the SMYD?2
inhibitor LLY-507 (439). Consistent with SMY D2 knock-down, treatment with LLY-507
did not affect proliferation or cell cycle progression of myoblasts (Figure 4.5).

To determine whether inhibition of SMYD2 methyltransferase activity affects
myogenic differentiation, we treated C2C12 myoblasts with LLY-507 and induced
differentiation (Figure 4.3A). Similar to SMYD2 knock-down, levels of myogenic
markers MyoG and MHC increases in response to SMYD2 inhibition (Figure 4.3).
Moreover, immunostaining of differentiated cells treated with LLY-507 confirmed that
inhibition of SMYD?2 also results in an increase in MHC-positive myocytes and myotube
fusion (Figure 4.3). Moreover, myogenic markers expression, myocytes population and
myotube fusion increases concomitantly with inhibitor concentration (Figure 4.3).
Together, those results indicate that the regulation of myogenic differentiation by

SMYD?2 is dependent on its methyltransferase activity.
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Figure 4.3. SMYD2 methyltransferase activity is important for myogenic regulation
A) Treatment of C2C12 cells with the SMYD2 inhibitor LLY-507 promotes an increase
in myogenic differentiation markers MyoG and MHC relatively to untreated cells and
carrier-treated cells (DMSO 0.01%) B) Immunofluorescence of C2C12 cells 72 hours
after induction of myogenic differentiation shows treatment with increasing amounts of
LLY-507 increases myotube formation (Green: MHC staining, Blue: DAPI staining;
representative field of each condition shown). Normalized differentiation (C) and fusion
(D) indexes (Material and methods) of siSMYD2-treated C2C12 cells 72 hours after
induction of myogenic differentiation relatively to cells treated with a non-specific

SIRNA (SiNS).
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4.2.4. SMYD2 regulates the transcription of muscle-specific genes in
myoblasts

SMYD2 was shown previously to function as a transcriptional regulator to control
apoptosis and macrophage activation (79, 440). To determine whether the regulation of
myogenic differentiation by SMYD2 depends on the regulation of gene expression, we
determined the transcriptional profile of proliferating C2C12 myoblasts following
SMYD2 knockdown (Materials and Methods). A total of 186 genes showed at least a
two-fold change of expression (Table 4.5 and 4.6). A majority (146; Table 4.5) shows
increased expression following SMYD2 knock-down, which suggests that SMDY2 is
predominantly a negative regulator of gene expression in myoblast.

Surprisingly, we did do not observe changes in the expression of genes associated
with SMYD?2 activity in other models (79, 350). Previous work showed that methylation
of p53 by SMYD2 in U20S cells was shown to decrease p21 expression (79). In
addition, the methylation of ERa in MC7 breast cancer cells reduces the expression of
growth regulation by estrogen in breast cancer 1 (grebl) and progesterone receptor (pr)
genes (350). However, repression of SMYD2 in myoblasts does not affect the expression
of p21, grebl or pr (Table 4.5), which suggests that SMYD?2 regulates unique pathways
in myoblasts.

To confirm whether SMYD2 regulates specific pathways or functions in C2C12
myoblasts, we clustered our dataset using the DAVID and Toppgene gene ontology (GO)
programs (383, 441, 442), and assessed the GO terms enrichment (Figure 4.4, Table 4.1-
4.4 & 4.7). Genes upregulated in response to SMYD2 knockdown showed a significant

enrichment in categories associated with muscle processes (P=6.2x10°), muscle
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contraction (P=5.4x107) and striated muscle development (P=7.3x10) (Figure 4.4A,
Table 4.1). We also observed that SMYD2 knockdown in myoblasts causes an increase in
the expression of a set of genes involved in actin organization (P=1.6x10) (Figure 4.4A
& Table 4.2). Actin organization and contraction is tightly regulated during muscle
development as it forms the basis of the muscle contractile apparatus (443). Overall, our
results suggest that SMYD2 limits the expression in proliferating myoblasts of an
overlapping set of genes related to muscle processes, development and actin organization
(Figure 4.4B). We further confirmed, using RT-qPCR the upregulation of several genes
associated with muscle and actin regulation (Figure 4.4C). Pdlim3, encoding the PDZ and
LIM domain 3 Z-band associated protein (444, 445) and Vestigial-like like 2 (Vgll2)
(446) are both early activators of the transcriptional network of myogenic differentiation
and are upregulated in response to SMYD2 knockdown (Figure 4.4C). Homer 1
(Homerl) is also highly expressed in skeletal muscle and necessary for correct
scaffolding of TRP channels in skeletal muscle (447, 448). Our data confirmed that it is
aberrantly expressed following SMYD2 knockdown in proliferating myoblasts (Figure
4.4C). Moreover, expression of the sarcomeric protein troponin T3 (Tnnt3) (449) is also

increased following SMYD2 knockdown.
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Figure 4.4. SMYD2 controls the expression of muscle and actin — associated genes in
C2C12 myoblasts

A) Statistical significance (p-value) calculated by DAVID and Toppgene analyses shows
functional enrichment for muscle-associated genes (dark grey), actin-associated genes
(pale grey), multicellular homeostasis (stripes) and the MYB-dependant transcriptional
network (white) ) among genes upregulated in response to SMYD2 knock-down. B)
Venn representation of the overlap of upregulated genes associated with muscle
processes, muscle development, actin regulation and MYB-dependant transcriptional
network. C) RT-gPCR confirms that knock down of SMYD2 increases the expression of

genes involved in muscle and actin regulation (* p-value < 0.05).
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Pdlim3 as well as the myosin VA isoform (Myo5a) and the protein kinase Cti
(Prkci) regulate assembly of actinin during sarcomere and cytoskeletal formation (450-
453). SMYD2 was previously shown to regulate myofibril assembly in developing
muscle through direct association to the sarcomeric Z-discs (163, 164). Our data suggest
that SMYD2 also regulates myofibril assembly in myoblasts by limiting the expression of

actin assembly regulatory genes.
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Table 4.1: Muscle processes genes upregulated in response to SMYD2 knock-down

Gene Gene Name Fold change
Symbol (log 2)
Striated muscle tissue development
Pdlim3  PDZ and LIM domain 3 5.38
Myog myogenin 2.67
Homerl homer homolog 1 2.52
Vgll2 vestigial like 2 homolog 1.48
Tnnil troponin I, skeletal, slow 1 1.09
Muscle system processes
Adrbl adrenoceptor beta 1 3.11
Myl1l myosin, light chain 1, alkali; skeletal, fast 3.09
Myog myogenin (myogenic factor 4) 2.67
Homerl homer homolog 1 (Drosophila) 2.52
Pde4b phosphodiesterase 4B, cAMP-specific 2.32
Lep leptin 2.02
Tnnt3 troponin T type 3 (skeletal, fast) 1.59
Oxt oxytocin/neurophysin | prepropeptide 1.52
Adora2b adenosine A2b receptor 1.50
P2rx3 purinergic receptor P2X, ligand-gated ion channel, 3 1.28
Tnnil troponin | type 1 (skeletal, slow) 1.09
Muscle contraction
Adrbl adrenoceptor beta 1 3.11
Myll myosin, light chain 1, alkali; skeletal, fast 3.09
Homerl homer homolog 1 (Drosophila) 2.52
Pde4b phosphodiesterase 4B, cCAMP-specific 2.32
Tnnt3 troponin T type 3 (skeletal, fast) 1.59
Oxt oxytocin/neurophysin | prepropeptide 1.52
Adora2b adenosine A2b receptor 1.50
P2rx3 purinergic receptor P2X, ligand-gated ion channel, 3 1.28
Tnnil troponin | type 1 (skeletal, slow) 1.09
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Table 4.2: Actin — associated genes upregulated in response to SMYD2 knock-down

Gene Fold change
Symbol Gene Name (log 2)
Actin Filament-based process
Pdlim3  PDZ and LIM domain 3 5.38
Adrbl adrenoceptor beta 1 3.11
Myl1l myosin, light chain 1, alkali; skeletal, fast 3.09
Pde4db phosphodiesterase 4B, CAMP-specific 2.32
Tnnt3 troponin T type 3 (skeletal, fast) 1.59
Sdchp syndecan binding protein (syntenin) 1.34
Prkci protein kinase C, iota 1.32
Myo5a  myosin VA (heavy chain 12, myoxin) 1.32
Rac2 ras-related C3 botulinum toxin substrate 2 1.30
Csflr colony stimulating factor 1 receptor 1.20
Kirrel kin of IRRE like (Drosophila) 1.17
Tnnil troponin | type 1 (skeletal, slow) 1.09
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Analysis of the genes repressed in response to SMYD2 knockdown highlighted a
small cluster of genes encoding neurofilament proteins (Nefm, peripherin and keratin 8;
Table 4.3) normally expressed during the formation of the neuromuscular junction (454).
Interestingly, expression of neurofilament proteins was observed to be inversely
correlated myogenic potential of C2C12 cells (455). These results further suggest that
repression of myogenic differentiation by SMYD2 is associated with transcriptional
regulation. Interestingly, in addition to genes associated with muscle processes and actin
organization, we observe an increase in the expression of genes associated with the
MY B-dependant transcription network and multicellular homeostasis (Figure 4.4 & Table
4.4). This is consistent with previous observations that the MY B-dependant self-renewal
of leukemic stem cells is associated with the misregulation of SMYD?2 (347) and suggest
that SMYD2 roles in those pathologies is associated with its normal function in muscle.

Together, these results suggest that SMYD2 negatively regulates myogenic
differentiation in proliferating myoblasts by limiting the expression of positive regulators

of myogenesis such as Pdlim3 and VglI2.
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Table 4.3: Neurofilament genes downregulated in response to SMYD2 knock-down

Gene Fold change
Symbol Gene Name (log2) g
Intermediate filament protein
Nefm neurofilament, medium polypeptide -1.50
Krt8 keratin 8 -1.44
Prph peripherin -1.05
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Table 4.4: Additional gene clusters upregulated in response to SMYD2 knock-down

Gene Gene Name Fold change
Symbol (log 2)
C-MYB transcription factor network
Toml target of myb1 (chicken) 2.56
Adora2b adenosine A2b receptor 1.50
Casp6 caspase 6, apoptosis-related cysteine peptidase 1.50
Cebpd  CCAAT/enhancer binding protein (C/EBP), delta 1.29
Csflr colony stimulating factor 1 receptor 1.20

Multicellular organismal homeostasis

Btbd9 BTB (POZ) domain containing 9 3.63
Adrbl adrenoceptor beta 1 3.11
Homerl homer homolog 1 (Drosophila) 2.52
Hoxal3 homeobox A13 1.60
Itgav integrin, alpha V 1.49
Rac2 ras-related C3 botulinum toxin substrate 2 1.30
Csflr colony stimulating factor 1 receptor 1.20
Bbsl Bardet-Biedl syndrome 1 1.01
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4.3. Discussion

Our results show that SMYD2 is expressed in proliferating myoblasts and its
methyltransferase activity negatively regulates myogenic differentiation. Moreover, we
show that SMYD2 limits the expression of genes associated with muscle processes and
development in proliferating myoblasts. The increase in transcription of muscle process
genes observed before induction of myogenic differentiation in response to SMYD2
knockdown indicates that these regulatory effects occur in the proliferative stage of
muscle development rather than after terminal phenotypic commitment.

Functional annotation of SMYD2-regulated genes in the myoblasts highlighted
both new and previously reported roles for SMYD2. Previous work showed that SMYD2
is associated with the expression of cell cycle, transcription and chromatin remodelling
genes in human embryonic kidney HEK293 cells and with the Nodal pathway in
embryonic stem cells (ESCs). Our analysis of SMDY2-dependant gene expression in
myoblasts did not show a significant enrichment of those pathways. In contrast, the
increase in expression of genes involved in muscle-specific processes in response to
SMYD?2 repression suggests that the methyltransferase plays a unique role in
transcriptional repression in myoblasts. Together with recent findings that SMYD?2
negatively regulates the expression of endodermal genes in differentiating embryonic
stem cells, our results suggest that SMYD may function predominantly as a repressor
during transcriptional regulation of development.

Interestingly, we also observe an upregulation of a small MYB-dependant
pathway gene cluster in response to SMYD2 knock-down. A recent study reported that

SMYD2 is part of the MYB-dependant pathway in leukemic stem cells and that
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repression of either SMYD2 or MY B-dependant genes in leukemic stem cells prevented
their self-renewal (347). It is tempting to speculate that regulation of the MYB pathway
by SMYD?2 is part of a normal process in muscle that is misregulated in leukemia.

Our results also suggest that regulation of myogenic differentiation by SMYD2
depends on its methyltransferase activity. However, this regulatory function is difficult to
explain by the substrates reported in previous studies (see Results). The lack of effect on
p21, grebl and pr expression suggest that myogenic regulation of SMYD?2 is also
independent of p53 and ERa methylation. Moreover, the lack of effect of SMYD2
knockdown on myoblast proliferation, suggests that its role in myoblasts is independent
of methylation of pRb K810 methylation as it was associated with cell cycle progression
in other studies (153). Moreover, no clear association with specific transcription network
could be established within the set of genes regulated by SMYD2 in myoblasts, which
suggests that SMYD2 methyltransferase activity targets more than one transcription
factor or regulatory complex. Also, previous studies showed the association of SMYD?2
to its substrate HSP90 is important for proper myofibril formation during embryonic
muscle development (163, 164). As sarcomere assembly occurs following the initiation
of myogenic differentiation (456), this suggests that SMY D2 could play different roles as
various stages of muscle formation as it regulates proper gene expression in proliferating
myoblasts but localizes with HSP90 to the sarcomere in later stages of development.

Studies of SMYD1, SMYD2 and SMYD3 during cardiac morphogenesis have
highlighted their functions during heart development (405, 420, 423) and injury (429).
Consistent with their patterns of expression in muscle tissues (259, 270, 423), a role for

SMYD1 and SMYD3 were shown to regulate myogenic differentiation in skeletal muscle
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(420, 421, 425, 457, 458). Our results show that SMYD?2 is also a regulator of myogenic
differentiation and suggest that SMYD1, SMYD2 and SMDYD3 play unique roles during
the myogenic differentiation of myoblasts. SMYD1 expression is upregulated following
the initiation of myogenic differentiation and positively regulates the later stages of
differentiation (271, 284, 457) while SMYD3 promotes the expression of myostatin (421)
and the normal decrease in expression of myogenic regulatory factors in the later stages
of myogenic differentiation (420). In contrast, SMYD2 limits the expression of muscle
specific genes prior to the initiation of myogenic differentiation. As SMYD2 is expressed
both in the somite (405, 406) and in adult skeletal muscle (163), it may, independently of
its non-transcriptional role in sarcomere formation, regulate the premature differentiation

of muscle progenitor cells during muscle formation.
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4.4. Material and methods

4.4.1. Cell Culture

C2C12 myaoblast cells (ATCC) were maintained at 37°C in 5% CO,, below 70%
confluence, in Dulbecco’ Modified Eagle Media (DMEM; high glucose) containing Fetal
Bovine Serum (10%), glutamine (1%) and gentamicin (28 pg/ml). To follow myogenic
differentiation, C2C12 cells were allowed to reach confluence and the media was

changed for DMEM containing Horse Serum (2%), glutamine (1%) and gentamicin (28

ug/ml).

4.4.2. Proliferation, cell cycle & apoptosis analysis

C2C12 myoblasts were seeded at low confluence and grown for 24 hours before
SiRNA transfection using RNAiMax (Life Technologies) as per manufacturer instructions
and allowed to recover for 4 hours. Cells were fixed with 10% Formalin, washed with
PBS 1X and stained with Crystal Violet (0.01%). Cells were then washed again and
suspended in 1% SDS. The absorbance of the solution was measured at 595 nm. For cell
cycle analysis, sub-confluent cells were treated as stated above, harvested and treated
using the APC BrdU Flow Kit (Beckman Dickinson Bioscience) following the
manufacturer’s instructions. Dead cells population was assayed using the Vybrant®

DyeCycle™ Violet/SYTOX® AADvanced™ Apoptosis Kit (Invitrogen).

4.4.3. Western blotting
Antibodies used in this study were as follow: anti-SMYD2 (#4251; Cell

Signalling Technologies) anti-SIX1 (459), anti-myosin heavy chain (MF20,

164



Developmental Studies Hybridoma Bank, DSHB), anti-myogenin (F5D, DSHB),

GAPDH (Immunetech).

4.4.4. Immunofluorescence

Cells were treated with siRNA as stated above, allowed to recover for 24 hours
before inducing differentiation for 72 hours. Transfections were repeated after 48 hours
of differentiation. After washing, cells were fixed with formalin (10%) and probed with
anti-myosin heavy chain antibody. Myosin heavy chain was visualized with secondary
antibody anti-mouse Alexa Fluor 488 (Life Technologies). For each condition, 9 fields
were recorded at 10X magnification (800 ms) using an Axio Observer Z1
(AxioCamMR3, 1388 x 1040 pixels). The differentiation index was calculated by
dividing the number of nuclei in myosin-positive cells by the total number of nuclei for
each field. The fusion index was calculated by dividing the number of nuclei in myotubes
containing > 3 nuclei by the total number of nuclei for each field. Each index was

averaged over 3 separate experiments.

4.4.5. Gene expression analysis & quantitative PCR

Subconfluent C2C12 cells were kept in a proliferative state, treated with either
non-specific or SMYD2-targeted siRNA (see above), allowed to recover for 24 hours and
harvested. Experiments were performed on independent biological duplicates. Gene
expression profiling was done using the Agilent Technologies microarray gene
expression platform Sureprint G3 Mouse (8x60k microarray kit). Labeled cDNA was

prepared using a according to the manufacturer’s instructions, using 200 ng of RNA per
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microarray. Spot intensities were extracted using the Feature Extraction 1.1 software
(Agilent) and gene expression data was analyzed using FlexArray (460). RT-PCR was
performed using 250 ng of total RNA per reverse transcriptase reaction (Invitrogen).

cDNA was diluted and quantified twice by real-time PCR using the SYBR green method.
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4.5 Supplementary information

Supplementary information for:
Sylvain Lanouette, Elias Horner, Yubing Liu, Myriam Cramet, Daniel Figeys, Alexandre

Blais, and Jean-Francois Couture. Biochim. Biophys. Acta (To Be Submitted)
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Figure 4.5. LLY-507 and C2C12 myoblasts proliferation

A) Crystal violet staining of C2C12 myoblasts in proliferative conditions: treatment with
increasing amounts of LLY-507 does not significantly affect proliferation of myoblasts
up to 500 nM. Treatment with 1000 nM of LLY-507 shows an effect on myoblast
proliferation after 72 hours of proliferation. B) C2C12 myoblasts were transfected with
non-specific (siNS) or SMYD2 targeting (siSMYD2) siRNA and treated with LLY-507.
Crystal violet staining shows that 1000 nM of LLY-507 decreases proliferation to a
similar degree after SMYD2 knock-down as after treatment with non-specific SiRNA.
This suggests that inhibition of proliferation by 1000 nM of LLY-507 after 72 hours is
independent of SMYD2. C) Relative cell cycle stages population of proliferating

myoblasts following LLY-507.
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5. DISCUSSION

5.1 Summary

In the course of our characterization of SMYD?2, | identified many novel substrates for
this enzyme, delineated an amino acid motif driving its specificity and demonstrated the
role of its methyltransferase activity during myogenic differentiation. | have first shown
that SMYD2 methylates the molecular chaperone HSP90. | also showed that association
to co-chaperones, reaction conditions and demethylation by LSD1 regulate the
methylation of HSP90 by SMYD2. | have also shown, using high-throughput
methyltransferase assays, that SMYD2 preferentially methylates lysine K* in the amino
acid motif [LFM].;-K*-[AFYMSHRK].+1-[LYK]+,. This motif allowed me to identify the
transcription factors SIX1 and SIX2, the co-repressor SIN3B and the RNA helicase
DHX15 as novel substrates of SMYD?2 in vitro. Moreover, my results confirmed that
multistate computational protein design accurately recapitulates SMYD2 specificity.
Finally, 1 determined that SMYD2 methyltransferase activity limits myogenic

differentiation by regulating the expression of muscle-specific genes in myoblasts.

5.2 Extent of SMYD2 methyltransferase activity

At the start of this project, histone H3 and p53 were the only substrates reported for
SMYD2 (79, 259). Since then, other groups have shown that SMYD2 methylates the
retinoblastoma protein pRb (153, 154), the Poly [ADP-ribose] polymerase PARP1 (353)
and the estrogen receptor ERa. (350) (Table 5.1). The five novel substrates that |

identified double this list of SMY D2 substrates. Together, they form one of the largest set
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of substrates reported for a SET-domain methyltransferase (Appendix 1). Moreover,
using the [LFM].;-K*-[AFYMSHRK]+;-[LYK]+, motif, we identified the molecular
basis underlying a majority of these substrates (SIX1, SIX2, DHX15 and SIN3B, p53,
ERa). However, the sequences surrounding SMYD2 methylation sites on pRb and
HSP90 diverge from this motif at position +2 and on PARP1 at positions +1 and +2. It is
likely that these substrates are recognized through different motifs either determined by
biochemical conditions, co-dependence of residue identity within our motif or relying on
unique binding modes. Further methyltransferase assays would help infer the molecular
basis and the specificity rules underlying these alternate motifs and predict new sets of
SMYD?2 substrates. Considering that we assayed only a limited number of proteins
including the [LFM].;-K*-[AFYMSHRK]:1-[LYK]+, motif and that more putative
substrates would be predicted by alternate motifs, we postulate that SMYD2 methylates a

much larger number of substrates.

5.3 Motif recognition by SET-domain methyltransferases

In addition to our characterization of the amino acid sequence recognized by SMYD?2,
amino acid motifs for the SET methyltransferases G9a (108), SETD6 (152), SET7/9
(110, 461), SET8 (111) and NSD1 (343) have been reported. SET7/9 recognizes the
motif [R/K].2-[S/T/A].1-K*-[D/K/N/Q]+1  (K* is the methylated lysine), or
[G/R/H/K/P/SIT] 5-[KIR]2-[S/K/Y/A/RIT/PIN].4-K* (110, 461), G9a recognizes the motif
[N/T/GIS]).2-[GIC/S-R].4-K*-[T/GIQISINVIMIA]+1-[FIVINIL/A]+, (108), NSD1 methylates
the motif [FY]2-[ILV].1-K*-[QKNM],;1-[VI1]+2 (343) and SET8 methylates the peptide
motif R.3-H.o-[RKY].4-K*-[VILFY]:1-[LFY]s2-Rys (111).
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Alignment of these motifs (Figure 5.1) shows that these methyltransferases favour
hydrophobic and positively charged residues, with a strong bias for K and R residues.
SET-domain methyltransferases also select strongly against negatively charged residues,
with only SET7/9 allowing for one acidic residue at a single position. However, despite
the conservation of the SET-domain fold, each methyltransferase targets a unique set of
sequences. In addition, the range and symmetry relatively to the substrate lysine of these
sequences is not conserved between methyltransferases. For example, SMYD2 and
SET7/9 recognize different asymmetric cassettes covering positions -1, +1 and +2 and -2,
-1 and +1, respectively, while SET8 recognizes a symmetric cassette from positions -3 to
+3. Moreover, there is no conservation in the degree of specificity for each position

between SET domain methyltransferases.

Accordingly, inspection of the crystal structures of methyltransferase/substrate
complexes shows few conserved characteristics (Figure 5.2). In each case, the target
lysine is fully extended within the methyl-transfer channel and the ¥, and ®, dihedral
angles orient the peptide backbone away from the catalytic site. However, the overall
orientation of each backbone shows different binding conformations. For example, a
histone H4 peptide bound to SET8 adopts an extended conformation while substrate

peptides bound to SMYD2 or SET7/9 curve into sharp U-shapes.

The conformations of the peptide substrate backbones also show striking differences. The
vy dihedral angle Y. of the p53 peptide, when bound to SMYD2, is rotated by
approximately 60° relatively to SET7/9, G9a and SET8 (Figure 5.2). The side chain of
the residue in position -1 is stabilised by polar and water-mediated interactions in SET7/9
(461) and by two aspartic acid residues in GLP/G9a (75). In contrast, the side chain of the
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corresponding residue of the SMYD2 substrate is bound within a tight hydrophobic
pocket (354, 374). Position +1 of peptides bound to SMYD2, G9a and SET8 show
similar relative @ dihedral angle (d.1) which orient the side chain of these residues away
from the enzyme peptide binding clefts. Strikingly, in the peptide bound to SET7/9, the
®,; angle is rotated by approximately 180° (Figure 5.2) orienting the side chain of the
residue in position +1 toward the peptide binding cleft. Accordingly, the SET7/9 motif
shows a higher specificity (4 amino acids) at this position when compared to other SET
domain lysine methyltransferases (Figure 5.1). Equivalent positions of each
methyltransferase recognition motif are thus stabilized by unique mechanisms in each

methyltransferase, independently of the conservation of the SET domain.

Comparison of crystal structures and motifs shows that the conformation of the lysine
side chains within the methyl-transfer channel and a bias for positively charged residues
are conserved across the SET-domain protein. However, the differences in binding
conformations and recognition motifs suggest that SET-domain families have evolved
divergent recognition mechanisms allowing them to recognize unique substrates. The
SMYD2 recognition motif is thus representative of SET-domain methyltransferases as it
shares the same amino acid bias but also presents unique amino acid combinations
enabling the enzyme to methylate unique targets. However, in contrast with other post-
translational modifying enzymes (462), SMYD2 lacks a stringent specificity, which

strongly suggest that other factors can direct its methyltransferase activity (Chapter 3).
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Figure 5.1: SET-domain methyltransferases recognition motifs

Comparison of all reported substrate recognition motifs for the SET-domain
methyltransferases G9a, SETD6, SET7/9, SET8 and NSD1. Green, black, blue and red
represent hydrophobic, polar, positively charged and negatively charged residues,

respectively. The methylated lysine residue is indicated with an asterisk.
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Figure 5.2: SET domain — bound substrate peptides

Crystal structures of the p53 (yellow), TAF10 (purple), DNMT3 (green) and histone H4
(blue) peptides in complex with their respective methyltransferase SMYD2, SET7/9, G9a
and SET8 (PDB ID 3S7F, 3M53, 3SW9, 1ZKK). The methylated lysine is indicated by
an asterisk and positions within the methyltransferases are numbered relative to the

central lysine, from the N-terminal (-X) to the C-terminal (+X) termini.
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5.4 Regulation of SMYD2 methyltransferase activity

In addition to SMYD2 expression levels and recognition motif, several observations
suggest that its activity is regulated by other factors. Methylation of pRB K810 increases
following cell-cycle re-entry but the relative fraction of methylated pRb remains constant
during myogenic differentiation (154) despite the decrease in SMYD2 expression
(Chapter 4). Moreover, expression of SMYD2 in the breast cancer cell line model MCF7
is higher in the cytoplasm but methylation of ERa is detected mostly in the nuclear
fraction (350). The activity of SMYD2 toward its substrates can thus be promoted or

prevented by additional mechanisms.

Our biochemical characterization of SMYD?2 provides several lines of evidence regarding
those mechanisms. Demethylation by LSD1 limits the apparent levels of methylation of
the SMYD2 substrates HSP90 (Chapter 2), p53 (137) and ERa (350); (Table 5.1). The
inhibition or activation of LSD1 activity and expression could then regulate the

methylation levels of SMYD2 substrates independently of SMYD?2 itself.

The inclusion of SMYD2 substrates in protein complexes can also regulate their
methylation, as in the inhibition of HSP90 methylation by its co-chaperone HOP
(Chapter 2). Moreover, the stimulation of HSP90 K209 methylation in presence of
histone H3 shows that the presence of other proteins can also enable methylation by
SMYD?2. Future studies of SMYD2, its substrates and their interactors might reveal
activators and inhibitors of SMYD?2 activity and illustrate the recruitment of SMYD2 to

protein complexes.
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In addition, the observations that pH can direct the activity of SMYD2 toward different
substrates (Chapter 2) and that SMYD2 appears to recognize additional sequences
(Chapter 3) suggest that its biochemical context (e.g. subcellular localization and protein
interactors) could also direct SMYD2 activity toward alternate targets. Our results
highlight that the broad specificity of SMYD2 is balanced by numerous factors directing
its activity toward subsets of substrates depending on the biological context. New peptide
arrays based on the HSP90 and pRb sequences, together with structural biology efforts
toward the resolution of the structure of SMYD2 with either substrate would likely
provide evidence of the determinants of SMYD2 specificity toward these substrates.
Moreover, MSD simulations of these sequences with the recognition space of these
conformations would provide a more complete assessment of the set of motifs recognized
by SMYD2. It may be that SMYD?2 inhibitors could be designed that would prevent the

methylation of specific sets of under distinct conditions.

5.5 SMYD2 methyltransferase activity and myogenic differentiation

The methylation of numerous substrates by SMYD2 in vivo is evidenced by the impact
on transcription following SMYD2 knock-down in myoblasts. | showed that SMYD?2
methyltransferase activity negatively regulates myogenic differentiation by repressing a
subset of muscle-specific genes in proliferating myoblasts. These genes however are not
under the control of a specific muscle transcriptional network. This suggests that either
SMYD2 methylates transcription factors such as SIX1, SIX2, SIN3B, pRB or ERa and
modulates their transcriptional activity on a limited number of target genes or that

SMYD2 modifies other proteins regulating myogenic differentiation.
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It is also possible that methylation of HSP90, although mainly cytoplasmic (163),
regulates indirectly the expression of myogenic genes. For example, deacetylation of
HSP90 promotes the activation of glucocorticoid receptor signalling and downstream
gene activation of its client genes (463, 464). By analogy, methylation of HSP90 could
either activate or inhibit the function of client proteins playing a transcriptional function
during myogenic differentiation. For instance, association to the HSP90/CDC37 complex
regulates the activity of the c-Jun N-terminal and Akt kinases in a myoblast model and
regulates myogenic differentiation (465, 466). Future research might determine whether
SMYD2 affects the recruitment of HSP90 client proteins within the context of myogenic

differentiation.

The identification of SMYD2 substrates in myoblasts remains however limited by the
challenges associated with the discovery of lysine methylation. Characterization of
histone methylation marks at the genes of interest would also bear little relevant
information in this context, as it would remain ambiguous whether the changes observed
derive directly from SMYD?2 activity or a downstream consequence of other pathways
controlled by SMYD?2. The regulation of myogenic differentiation by SMYD2 whether it
depends on substrates previously reported or yet to be identified most likely occurs

through multiple targets.

5.6 SMYD proteins and muscle regulation
The role of SMYD2 in myoblasts demonstrates the importance of the SMYD family of

lysine methyltransferases in muscle development. SMYDL1 is essential for cardiac
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morphogenesis by the regulation of Hand2 expression - a positive regulator of myogenic
differentiation (284) - and promotes correct myofibril organization by association with
HSP90 and UNC45b at the sarcomeric M-line (438). Moreover, knock-down of SMYD3
causes the overexpression of late differentiation cardiac and myogenic differentiation
markers in embryos (420) and causes the downregulation of myostatin both in
proliferating and differentiating myoblasts (421). Muscle-specific knock-down of
SMYD4 Drosophila homolog CG14122 in fly larvae leads to eclosion failure, indicative
of muscle defects (422). While other SET-domain methyltransferases regulate muscle
development (467-472), SMYD proteins in skeletal and cardiac muscle development

suggest an evolutionary conserved function of this family.

The mechanisms enabling the regulation of muscle development by SMYD proteins are
still elusive. Myofibril defects caused by the repression of SMYD1 during embryonic
development can be rescued by a catalytically inactive protein (438). However, muscle
defects resulting from the alteration of gene transcription can only be rescued by a
catalytically active SMYD1 (271). Thus far, only the methylation of histone H3 by
SMYD1 has been demonstrated (271) and no direct association has been made between
the regulation of muscle development and the deposition of a histone mark by SMYD1.
Also, it remains to be determined whether substrates reported for SMYD3 are important
for the transcriptional regulation of cardiac and myogenic markers or the regulation of
myostatin expression. Considering the high degree of sequence and structural homology
between SMYD1, SMYD2 and SMYD3, it is likely that SMYD1 and SMYD3 also
methylate a wide range of substrates which may underlie their functions during muscle

development.
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Our results indicate that SMYD2 methyltransferase activity regulates both the apoptotic
potential in cardiomyocytes (429) and the differentiation of myoblasts. However, as for
SMYD1 and SMYD3, the targets of SMYD2 methyltransferase activity in skeletal
muscle remain unknown. This illustrates the challenges associated with the discovery of
lysine methylation and makes the role of SMYD proteins during muscle development -
more specifically the role of SMYD2 - a model of choice for the characterization of the
cellular processes regulated by lysine methylation. A better understanding of SMYD
substrates would also likely lead to the identification of numerous therapeutic targets for
the treatment of SMYD-associated pathologies. Moreover, the identification of SMYD?2
interacting proteins in myoblasts would provide potential mechanisms and substrates to
explain its activity in vivo. These studies would also be facilitated by the recent
developments in immunological, chemical and bio-orthogonal enrichment of methylated
proteins (473-475). These techniques would enable us to catalogue SMYD?2 substrates in
the context of myogenic differentiation and assess the incorrect methylation state of these

substrates in tumours overexpressing SMYD?2.

190



an|q u1 pajuasaidal aJe 3Jom siy) ul pariodal suorouny pue

Sajeligns 810N

dg.1 (5T0Z) enenoue] uoirenuaJaiip d1usboAw Jo uonenbal aAnebaN ¢ ¢
ainpnAs (¥10z) Asneq % snenoueT] Inow uoniubodsl ZQAINS 8ur UGN GISM  STXHA
aimonus (¥102) Asneq 7% snsnoue INOUW UoNIUuB038T ZAAINS 8UT UIGIIAN ¥eSM  9ENIS
ainpnis (¥10zZ) Asneq % snenoueT] Inouw uoniubodsl ¢ AINS 8yl UGN 1 XIS
aimonais (¥10zZ) Asneq 7% snsnouer INOUW UoNTuB0d8T ZAAINS 8UT UIGIIAN TS XIS
vag (€102) :
[PAIS0A A0 % SaU29 (2107) UNUoa o reS >M Wmm_wﬁwg%m_m:g IS somonon e s ooy T
‘ONGr (TT0Z) edyed nqy %@ apenoue] . . : S 06dSH
eH B
ONEr (TT0Z) elyed NQy 79 snenouen SR T sl e T T T AJIANJE 8sed 1 UO 199)18 ON 6021
_ Jnow uoniubodal No»_\,_w aUl UIYHIM 00d Aq Awanoe
SVNd (€102) Bueyz ‘TAs14q uﬁm_\fum&m@ ‘uone|nwns usboase eUondLIOSUEL PYT 40 LONBALOR S952819(] 992M 0Yg
01 asuodsal Ul sasealoa Y3 Jeajonu 0} pauwi]
eisejdoaN (#T0z) oeld $S8.11S aAIRPIX0 Bulinp sasealou| Buijreubis abewrep YNQ seaueyul 825  Tddvd
o4r (012) d1ppes sbewep YNQ gyd 01 TILgINET HNIoal ueD 0981
; 01 asuodal ul pue S| aAeJa)Ijoid Ul Sasealou] ; qud
eisejdoaN (2102) 04D otssaibo.d 3fofo 018
: [199 sajowoid ‘uonejAioydsoyd TT8/.08S Sasealou|
vag (y1oz) pelles J1I0W UOnUb0JaI ZQAINS 9yl UIUHMA ‘TAST Ainlur seipsed Bunnp sisoydode Jo uonuanald d
ainieN (9002) buenH Aq payelAyrawiaq ‘uonelAylew 0L€X Ag panaiyul uoneAnoe ggd suqiyul 0LEM €5
130ueD "JoINl (9002) Umolg ¢ ¢ 9eM e
OWAr (TT02) elyed nqy _ .
%9 aaNoUET ‘dOIN (6002) BIYe4-nqy 6< HAI® [eWnao ¢ v UOsH
ERVEYETEN] uole|nbay uoloun4 911S  91eaIqgsns

AlAnoe aseaajsueayjf1sw ZAAINS 10 $910Y T°G 9|ge.L

191



5.7 Promotion of cell homeostasis by SMYD2

SMYD2 methyltransferase activity regulates myogenic differentiation by repressing the
premature transcription of muscle genes. This may be analogous to the role of SMYD?2 in
mesoderm formation in embryonic stem cells not by directly promoting mesoderm-
specific genes but rather by repressing the expression of ectoderm genes within the nodal
pathway (346). In both cases, SMYD?2 controls the transcriptional balance of a cell state
by limiting the expression of genes perturbating this state rather than by promoting the
progression of development. This is consistent with the prevention of a premature change
of state — apoptosis - by the methylation of p53 by SMYD2 during cardiomyocyte injury
(429). Similarly, the expression of SMYD2 in leukemic stem cells promotes the
maintenance of their self-renewal (347, 348). In all these cases, SMYD2 activity
promotes homeostasis of developmental stages in tissues in which it is expressed
(mesoderm, myotome, cardiac and skeletal muscle, liver, bladder, etc.) by limiting the
expression of destabilizing genes. Other groups have established a correlation between
the recruitment of HSP90 to the sarcomere and its methylation by SMYD2, although a
clear causal link remains to be demonstrated. It is tempting to speculate that the
methylation could also affect the homeostatic functions of HSP90 (272). The promotion
of homeostasis by SMYD2 suggests that it may have evolved as a buffering factor of

vertebrate development.

5.8 Significance
This work presents evidence that SMYD2 methylates the five proteins HSP90, SIX1,

S1X2, SIN3B and DHX15 within its interaction network in vitro. | have also shown that
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SMYD2 recognizes a significant subset of substrates, including SI1X1, SIX2, SIN3B,
DHX15, p53, and ERa, through the motif [LFM]-,-K*-[AFYMSHRK]+;-[LYK]+,. This
motif provides an important tool for future investigations of SMYD?2 targets in vivo and
for the design of SMYD2 inhibitors. Moreover, this recognition motif, together with
other regulatory mechanisms | identified — e.g. demethylation by LSD1 and a pH
specificity-switch — can explain the regulation of SMYD2 activity in vivo. My work also
shows the importance of this activity as a negative regulator of skeletal myogenic
differentiation. This role of SMYD2 in myoblasts demonstrates the extensive regulation
of muscle development by SMYD proteins and provides a model for future studies of

SMYD2 targets in vivo.
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APPENDIX 1

This work was published as supplementary information in:

Sylvain Lanouette, Vanessa Mongeon, Daniel Figeys and Jean-Francois Couture: The functional

diversity of protein lysine methylation. Molecular Systems Biology 8: 724, 2014.

Permission to reprint for academic use was obtained from Wiley & Sons through Creative

Commons Attribution License

This table presents all lysine methylation side identified in the available literature. The protein
substrate common name and Uniprot ID are listed, along with the substrate lysine, methylation
state (mono, di or tri-methylated; 1/2/3Me), organism in which it was observed, the method of
identification*, the biological context and effects observed and the associated publication. The
information has been updated since the initial publication.

*Evidence code: viv: in vivo, vit: in vitro; AB: specific antibody, AB* pan-methyllysine
anitbody, MS: mass spectrometry, MS*: high-throughput mass spectometry, ED: Edman
degradation, RD, radioactive assay
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