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Proteins are regulated by an incredible array of posttranslational modifications (PTMs).
Methylation of lysine residues on histone proteins is a PTM with well-established roles in
regulating chromatin and epigenetic processes. The recent discovery that hundreds and likely
thousands of nonhistone proteins are also methylated at lysine has opened a tremendous new
area of research. Major cellular pathways involved in cancer, such as growth signaling and
the DNA damage response, are regulated by lysine methylation. Although the field has
developed quickly in recent years many fundamental questions remain to be addressed.
We review the history and molecular functions of lysine methylation. We then discuss the
enzymes that catalyze methylation of lysine residues, the enzymes that remove lysine meth-
ylation, and the cancer pathways known to be regulated by lysine methylation. The rest of the
article focuses on two open questions that we suggest as a roadmap for future research. First is
understanding the large number of candidate methyltransferase and demethylation enzymes
whose enzymatic activity is not yet defined and which are potentially associated with cancer
through genetic studies. Second is investigating the biological processes and cancer mech-
anisms potentially regulated by the multitude of lysine methylation sites that have been
recently discovered.

ysine methylation is the addition of one, two,

or three methyl groups to the e-nitrogen of
a lysine sidechain (Fig. 1). Methylation is gen-
erated by lysine methyltransferase enzymes
(KMTs) and removed by lysine demethylases
(KDMs). Lysine methylation was first described
in 1959 by R.P Ambler and M.W. Rees on a Sal-
monella typhimurium flagellar protein (Ambler
and Rees 1959). Lysine methylation in mammals
was first reported 5 years later when Kenneth
Murray (1964) found methylated lysine on bo-
vine histone proteins. Over the next few years
lysine methylation was found on a variety of

other proteins (Paik et al. 2007). The biological
purpose of lysine methylation remained enig-
matic for several decades and it was only in the
first decade of this century that an understand-
ing began to emerge of how lysine methylation
contributes to regulation of processes, including
epigenetics, chromatin function, and cellular
signaling.

Most research on lysine methylation has fo-
cused on histone methylation because of its ear-
ly discovery and clear importance in chromatin
biology and gene regulation. Thomas Jenuwein
and colleagues found that the human enzyme
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Figure 1. Lysine residues can be modified by the addition of up to three methyl groups at the e-nitrogen. Lysine
methylation is catalyzed by lysine methyltransferase enzymes (KMTs) and removed by lysine demethylase
enzymes (KDMs). Methylation states of lysine are recognized by protein “reader domains” that bind to specific

methyl or nonmethyl states of their target proteins.

SUV39HI1 is able to methylate histone H3 at
lysine 9 (H3K9) (Rea et al. 2000). The next
year the groups of Thomas Jenuwein and Tony
Kouzarides independently discovered that the
chromodomain of HP1 is a methyllysine “reader
domain” able to suppress transcription by selec-
tively binding to methylated H3K9 (Bannister
et al. 2001; Lachner et al. 2001). The first lysine
demethylase enzyme was discovered in 2004
by the group of Yang Shi (Shi et al. 2004). The
combination of enzymes to “write” and “erase”
methylation with proteins that can “read” meth-
ylation of their interacting partners established
lysine methylation as a dynamic signaling pro-
cess similar in principle to phosphorylation.
Many KMTs, KDMs, and reader domains
have now been identified that act on or recog-
nize histone proteins (Black et al. 2012). A
smaller number of enzymes have been identified
with the ability to methylate lysine on nonhis-
tone proteins, although lysine methylation has
been established as an important player in cel-
lular signaling processes (see Biggar and Li 2015
for a detailed history). Similar to its role on his-
tones, the primary function of nonhistone lysine
methylation is to regulate protein—protein in-
teractions. Such interactions control a wide
range of downstream processes such as protein
stability, subcellular localization, and DNA
binding (Hamamoto et al. 2015). It is not yet

known whether the same protein domain fam-
ilies that recognize histone lysine methylation
are also responsible for reading nonhistone ly-
sine methylation events, or whether there are yet
to be discovered families that recognize nonhis-
tone lysine methylation.

Until recently, research into nonhistone
lysine methylation was limited because there
were no strategies to identify lysine methylation
across the entire proteome. Starting in 2013, we
and several other groups developed techniques
to identify methylated proteins across the entire
proteome. We recently reviewed these tech-
niques (Carlson and Gozani 2014) and they
will be discussed in more detail later in the
text. These proteomic studies have identified
many hundreds of new methylated proteins
and methylated lysine residues, but there is little
known about the functional relevance of these
modifications, the enzymes responsible for gen-
erating these methylation events, and the poten-
tial roles for nonhistone lysine methylation in
cancer or other diseases. However, a striking
number of methylated proteins have been dis-
covered in pathways related to oncogenesis and
cancer progression. We will discuss one example
of nonhistone lysine methylation regulating
growth pathways central to cancer and examine
some of the other cancer pathways potentially
regulated by lysine methylation.
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Herein we will review the nonhistone KMT
and KDM enzymes associated with cancer, and
we will discuss what is currently known about
the molecular mechanisms underlying these
associations. In the rest of the article, we will
focus on areas of ongoing and future research.
In particular, we will highlight cancer-associat-
ed KMTs and KDMs that lack known enzymat-
ic functions and lysine methylation in cancer
pathways where the possibility of a regulatory
function has not yet been investigated.

SET DOMAIN ENZYMES IN CANCER

There are two proteins families known to meth-
ylate lysine: SET domain family and the seven
B-strand enzymes (7@-strand enzymes). Most
research has focused on the SET domain family,
which includes about 55 human proteins
(named for three Drosophila proteins originally
recognized to contain the domain: Su(var)3-9,
enhancer of zeste, trithorax) (Petrossian and
Clarke 2011). The human genome encodes ap-
proximately 125 members of the 7@3-strand
family (Petrossian and Clarke 2011). Different
members of the 7B3-strand family are able to
methylate a wide range of substrates, including
lysine, arginine, other amino acid side chains,
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DNA, RNA, metabolites, and arsenic (Schubert
et al. 2003). The 7B-strand family is discussed
later in the chapter.

Most research into SET domain proteins has
focused on their role in methylating histones.
This seems to be the primary activity for about a
third of the family. A smaller number target
both histones and nonhistone proteins, and a
few characterized enzymes are likely to act pri-
marily on nonhistone substrates (Fig. 2). Close
to half of the SET domain proteins have no
known substrates and it is not clear whether
they have enzymatic activity at all.

Experimental evidence for the activity of
many SET domain proteins is incomplete, mak-
ing it difficult to sort them by activity on his-
tones or nonhistone substrates. One challenge
comes from nonspecific activity when these en-
zymes are expressed as isolated proteins and
probed for activity on candidate substrates.
Many enzymes will methylate recombinant
substrates in vitro, which are not substrates in
a natural context. This is especially true of his-
tone proteins because their tail regions contain
many lysine residues that are excellent substrates
for some of the commonly characterized KMTs.
Thus, some SET domain proteins will methylate
free histones but have little or no activity on
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Figure 2. SET domain proteins categorized by their established substrate specificity for (1) histone proteins, (2)
nonhistone proteins, or (3) orphan enzymes with no well-established enzymatic activity. Note that there are
enzymes that are primarily histone lysine methyltransferase enzymes (KMTs) but also have reported nonhistone
substrates. In addition, there are proteins that are primarily nonhistone KMTs, with reports of histone meth-
ylation activity. We note that several PRDMs (e.g., 1, 2, 3, and 16) have been reported to have activity on H3K9
and more work is needed to understand the catalytic activities of these enyzmes.
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histones packaged into nucleosomes that con-
tain a full histone octomer wrapped with DNA
(the physiologic context in which histones com-
monly exist) (Levy et al. 2011; Carlson et al.
2015). Other enzymes methylate many sites on
free histones but become specific for a single
residue when presented with nucleosome sub-
strates (our unpublished observations). We an-
ticipate that an in vitro activity seen only on
free histones but not nucleosomes needs to be
carefully interpreted and rigorously evaluated
in cell culture to conclude that it is physiologic.
Similarly, many SET domain enzymes have non-
specific activity on nonhistone substrates in vi-
tro so candidate nonhistone substrates need to
be supported by extensive characterization in
cell culture.

A second challenge is overinterpretation of
data from Western blotting with methyl-specific
antibodies. These antibodies are often incom-
pletely characterized or else bind nonspecifical-
ly to other methylated residues, methylation on
other proteins, other methylation states (e.g.,
trimethyl instead of dimethyl), or other post-
translational modifications of lysine (Fuchs et
al. 2011). This is especially true when candidate
KMT substrates contain multiple methylated
residues, or when the methylation state being
probed is much less abundant than other meth-
yl marks, a frequent issue when analyzing his-
tone modifications.

To frame the discussion of nonhistone
KMTs in cancer, we have consolidated evidence
from literature reports as well as unpublished
experiments in our own laboratory to sort the
SET domain enzymes into enzymes that are
well established to act (1) on histones, (2) on
nonhistone substrates, or else (3) are “orphans,”
which have no activity that has been widely ob-
served—we note that there are some enzymes
that are present in both the first and second
groups (Fig. 2). With regard to the orphan
SET domains, they may not be enzymatic, may
only be active in the presence of other uniden-
tified factors, or may target substrates that have
not been identified. In some cases there are in-
dividual reports of enzymatic activity that await
independent corroboration and for the sake of
caution we have included them as orphans.

These and other orphan KMTs are discussed
later in the text. The literature is too extensive
on the topic to cite it thoroughly here; in lieu we
refer to excellent reviews of SET domain activ-
ities (Dillon et al. 2005; Herz et al. 2013).

MOLECULAR MECHANISMS OF SET
DOMAIN NONHISTONE METHYLATION
IN CANCER

It is beyond the scope of this article to discuss all
the nonhistone KMTs that touch on pathways
involved in cancer. Comprehensive reviews of
nonhistone lysine methylation have recently
been provided by Nakamura and colleagues
(Hamamoto et al. 2015) and Biggar and Li
(2015). Here we will focus on establishing a
framework to understand KMTs and their role
in cancer. With this in mind, we will discuss two
examples of nonhistone KMTs with clear roles
in cancer. First is SMYD3, a primarily cytoplas-
mic enzyme that cooperates with active onco-
genic K-Ras to regulate growth signaling in lung
and pancreatic carcinomas and likely other
types of cancer. Second is the pair of enzymes
GY9a and GLP, closely related KMTs that are
strongly associated with cancer progression and
metastasis. These enzymes methylate both his-
tone and nonhistone substrates, which raises
important questions about how to discern the
biological and pathologic role of these activities.
Other nonhistone KMTs that affect cancer
pathways will be discussed briefly and we will
finish the section by reviewing the orphan SET
domain proteins that are strongly associated
with cancer.

SMYD3: A Cytoplasmic KMT that Promotes
Ras-Driven Cancer Pathways

SMYD3 was first identified based on an ex-
pressed sequence tag that was overexpressed in
colorectal and hepatocellular carcinomas (Ha-
mamoto et al. 2004). It was grouped into the
SMYD family based on its combination of its
split SET and zf-MYND domains. Its cancer
relevance was quickly established based on its
ability to enhance growth of NIH3T3 fibro-
blasts. Since the initial report, overexpression
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of SMYD3 has been found in many other types
of cancer, especially those carrying mutations in
K-Ras that lead to constitutively active growth
signaling (Hamamoto et al. 2004; Gaedcke et al.
2010; Watanabe et al. 2011). The link to K-Ras is
clinically important because mutations in the
K-Ras gene occur in more than half of all hu-
man cancers (Forrester et al. 1987; Prior et al.
2012). K-Ras itself has been the target of exten-
sive efforts to develop targeted inhibitors but
the protein itself remains difficult to target di-
rectly with pharmacological treatments (Mc-
Cormick 2015).

SMYD3 was initially described as an enzyme
that generates trimethylation of histone H3 at
lysine 4 (H3K4me3), a hallmark of active tran-
scription (Hamamoto et al. 2004). However,
subsequent work has shown that SMYD3 has
no detectable activity on H3K4 (Van Aller et
al. 2012; Mazuretal. 2014). SMYD3 does meth-
ylate histones, specifically histone H4 at lysine
5 (H4K5) in vitro, and SMYD3 knockdown
reduced H4K5 methylation in cell culture, al-
though H4K5me is a very lowly abundant spe-
cies of histone modification (Van Aller et al.
2012). Indeed, SMYD3 largely resides in the cy-
toplasm and the first evidence that SMYD3 acts
on nonhistone proteins was reported by Furu-
kawa and colleagues in 2007 (Kunizaki et al.
2007). They found that SMYD3 methylates
vascular endothelial growth factor receptor 1
(VEGFRI1) both in vitro and when the proteins
are overexpressed in cell culture. VEGFR1 meth-
ylation increased its kinase activity, although the
molecular mechanism for this is not known. In
addition, whether this methylation event is
linked to cell growth or cancer progression has
yet to be determined.

SMYD3 was recently shown to trimethylate
the kinase MAP3K2 (Mazur et al. 2014).
MAP3K2 is one of several kinases within the
K-Ras-regulated mitogen-activated protein ki-
nase-signaling cascade (MAPK pathway) that
regulates cell growth. MAPK pathways are com-
posed of a three-kinase signaling cascade, where
each kinase in the pathway becomes activated,
then phosphorylates and activates the next ki-
nase down. The pathway is deactivated when
these kinases are dephosphorylated by a phos-
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phatase. One mechanism by which oncogenic
mutations in K-Ras and other Ras genes pro-
mote cancer is through activation of a MAPK
pathway leading to activation of the kinases
ERK1 and ERK2. Activated ERK1 and ERK2
phosphorylate a wide range of effector proteins,
and especially transcription factors, that con-
tribute to proliferation, cell survival, and metas-
tasis (Plotnikov et al. 2011).

The methylation of MAP3K2 by SMYD3
was shown to promote activation of ERK1/2
in mouse models of Ras-driven pancreatic and
lung adenocarcinoma. The methylation event
does not intrinsically affect the kinase activity
of MAP3K2 and rather prevents the protein
phosphatase 2A complex (PP2A) from binding
to MAP3K2. PP2A regulates the MAPK cascade
by dephosphorylating and inactivating kinases
in the cascade. The interaction with PP2A ex-
plains how SMYD3 cooperates with mutant K-
Ras to promote cancer. In this model SMYD3
relieves repression by PP2A and increases mu-
tant K-Ras signaling to drive inappropriate
growth signals through the MAPK cascade.
Chemical inhibition of PP2A phenocopies over-
expression of SMYD3 in lung and pancreatic
cancer cell and xenograft models, suggesting
that this is important mechanism by which
SMYD3 promotes these cancers.

MAP3K2 is not highly expressed in all types
of cancers, all cancers that carry K-Ras muta-
tions, or even all cancers that overexpress
SMYD3. It is, therefore, likely that SMYD3
acts through different mechanisms depending
on the cellular context and it will be important
to elucidate the relevant substrates in other can-
cers regulated by SMYD3. Establishing how
SMYD3 contributes to other types of cancer is
an important area for future study.

G9a and GLP: Coassociated Mixed Histone/
Nonhistone KMTs that Promote Cancer

G9a (also called EHMT?2) was discovered in
2001 as a “hyperactive” methyltransferase en-
zyme able to mono- and dimethylate lysines 9
and 27 of histone H3 (Tachibana et al. 2001).
GY9a and the closely related enzyme G9a-like
protein (GLP) are responsible for the bulk of
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H3K9 dimethylation (H3K9me2) in human
cells (Tachibana et al. 2002, 2005). These en-
zymes are crucial for early development and
high G9a expression is associated with aggres-
sive cancer, metastasis, and poor prognosis in
cancers of the breast, lung, head and neck,
brain, and ovaries among others (Casciello
et al. 2015).

The potential importance of G9a in so many
types of cancer led in part to development of
the inhibitor BIX-01294 (Kubicek et al. 2007).
Treatment with this inhibitor blocked epitheli-
al-to-mesenchymal transition in cell culture and
in in vivo models of breast cancer (Dong et al.
2012), and reduced proliferation rates of some
leukemia cell lines (Savickiene et al. 2014). BIX-
01294 causes significant cellular toxicity sepa-
rate from its function inhibiting G9a and GLP,
limiting its usefulness in preclinical research.
Improved inhibitors UNC0638, BRD4770,
UNC0642, and A-366 have now achieved cellu-
lar toxicity, target specificity, and pharmacoki-
netics that are suitable for animal studies (Ve-
dadietal.2011; Yuanetal. 2012; Liu etal. 2013a;
Sweis et al. 2014).

In cells G9a and GLP are responsible for a
large fraction of all the H3K9mel and
H3K9me2. H3K9me2 can be bound by a num-
ber of reader domain-containing proteins that
are linked to transcriptional repression, such as
the HP1 proteins, G9a and GLP themselves, and
others (Yun et al. 2011). Transcriptional repres-
sion through H3K9me?2 is certainly an impor-
tant function of G9a and GLP but these en-
zymes are also able to methylate a variety of
nonhistone proteins.

The first example of G9a acting as a nonhis-
tone KM Twas shown by the group of Alexander
Tarakhovsky in 2007 (Sampath et al. 2007).
They reported an automethylation site on
G9a, which, like H3K9me2, is bound by HP1
and potentially contributes to silencing chro-
matin. In 2008 Jeltsch and colleagues used pep-
tide arrays to identify additional candidate non-
histone substrates for G9a, and verified that
several of these can be methylated by G9a in cells
(CDYL1, WIZ, ACINUS, and confirmed G9a
itself) (Rathert et al. 2008). Since then, many
additional nonhistone substrate for G9a have

been reported, suggesting that it has important
functions modifying both histone and nonhis-
tone proteins, although the biological role of
nonhistone substrates is not well understood
(Shinkai and Tachibana 2011). These enzymes
are extremely promiscuous in vitro and overex-
pressed enzymes may not be properly targeted
in cell culture, making it difficult to determine
which substrates contribute to their physiolog-
ical effects. Further research using G9a inhibi-
tors, genetic perturbations, or cell-based chem-
ical biology will be important to identify
or validate physiological targets for these and
other enzymes (we recently reviewed these ap-
proaches in detail (Carlson and Gozani 2014)).

One nonhistone G9a substrate clearly linked
to cancer is the tumor suppressor p53. G9a and
GLP methylate p53 at lysine 373 (Huang et al.
2010). The function of this methylation site is
not known but methylation appears to be re-
duced during repair of DNA damage, suggest-
ing that it may limit p53 activity. Indeed, the
first example of a histone KMT with dual activ-
ity was shown by Reinberg and colleagues, who
showed that SETD7 monomethylates p53 at
K372 to positively regulate p53 protein stability
(Chuikov et al. 2004). The methyltransferase
enzymes SMYD2 and SETDS8 also target p53
at other lysine residues (Huang et al. 2006; Shi
et al. 2007). With many KMTs targeting p53, it
is clear that lysine methylation has an important
role in coordinating the tightly regulated re-
sponse of p53 to genotoxic stress. Our under-
standing of methylation events on p53 has been
reviewed in detail elsewhere (Huang and Berger
2008; West and Gozani 2011).

G9a and GLP have another feature that
shows the role of reader domains in methylation
signal transduction. Both proteins include an
ankyrin repeat domain that binds specifically
to mono- and dimethylated lysine (Collins
et al. 2008). A major target for this activity is
histone H3K9me2. There are several proposed
functions for G9a/GLP binding to their own
enzymatic product. It may serve to protect the
modification from conversion to trimethylation
or from demethylation (Collins and Cheng
2010). Alternatively, recent evidence indicates
that H3K9 methylation promotes similar meth-
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ylation at adjacent nucleosomes (Liu et al.
2015). This would establish positive feedback
allowing H3K9me2 to “spread” along a chro-
matin until it encounters opposing regulatory
processes that establish a boundary between
regulatory regions. Finally, this binding event
can help maintain chromatin regions contain-
ing H3K9me2 on DNA replication (Margueron
and Reinberg 2010).

In addition to recognizing histones, the
ankryin repeats are able to bind to methylated
nonhistone proteins. Specifically, the NF-«kB
transcription factor RelA is methylated by
SETD6, which creates a docking site recognized
by the ankryin repeats of GLP (Levy et al. 2011).
This brings GLP to NF-kB target genes where it
represses gene activity by methylating H3KO.
Understanding the roles of histone and nonhis-
tone binding for these and other methyllysine
reader domains is a crucial and exciting area for
ongoing research.

Other SET Domain Enzymes Affecting Cancer
Pathways

There are several enzymes with intriguing links
to cancer or cancer cell phenotypes in which
specific enzyme/substrate relationships in this
disease have yet to be elucidated. For example,
the enzyme SMYD?2 is overexpressed in several
types of cancer and associated with poor clinical
prognoses (Komatsu et al. 2009; Sakamoto et al.
2014). SMYD2 is a promiscuous enzyme in vi-
tro and it is often referred to as a histone KMT
based on its robust in vitro activity on recom-
binant histone substrates. The enzyme has
many reported nonhistone substrates that have
been validated in cell culture and could be rel-
evant in cancer, including the tumor suppres-
sors p53, Rb and PTEN, protein-folding chap-
erone HSP90, and estrogen receptor o (Huang
et al. 2006; Abu-Farha et al. 2011; Cho et al.
2012; Zhang et al. 2013; Nakakido et al. 2015).

SETD6, SETD7, SETDS, and SETMAR are
all SET domain enzymes that do not appear to
act directly as oncogenes or tumor suppressors
but which methylate proteins involved in cancer
pathways. SETD6 targets the RelA subunit of the
transcription factor NF-kB to regulate inflam-
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mation (Levy et al. 2011); SETD7 has many
cancer-associated substrates, including p53,
the DNA methyltransferase DNMT1, the phos-
phatase PPP1R12A, which regulates cell cycle
through Rb, and many others (Pradhan et al.
2009); SETD8 methylates histone H4 as well
as p53 and proliferating cell nuclear antigen
(PCNA) (Nishioka et al. 2002; Shi et al. 2007;
Takawa et al. 2012); SETMAR is involved in
repairing DNA damage and methylates the
splicing factor snRNP70 (Fnu et al. 2011; Carl-
son et al. 2015).

Orphan SET Domain Proteins Associated
with Cancer

Many other SET domain proteins do not have
known molecular catalytic activity but are still
associated with cancer through genome or
exome sequencing, experiments in cell culture,
or experiments in animal models. Table 1 lists
these proteins and selected major associations
with cancer. It may be that these proteins are
pseudoenzymes and instead work through non-
enzymatic mechanisms, such as binding DNA
or by protein interactions. There are clear exam-
ples of KMT proteins with nonenzymatic func-
tions, including KMTs expressed as isoforms
lacking their catalytic domain or else truncated
by chromosomal rearrangement. For example,
acute myeloid leukemia is frequently driven
by translations involving the MLL gene truncat-
ed so that it lacks the catalytic SET domain
(McCabe et al. 1992; Meyer et al. 2013). Simi-
larly, an isoform of NSD3 that lacks the SET
domain has recently been shown to act by bridg-
ing a protein interaction between histones and
other chromatin-associated proteins (Shen et al.
2015). With all of the hundreds of lysine meth-
ylation sites recently discovered across the pro-
teome, we expect that many of these enzymes
have still unknown activity as nonhistone KMTs
and we simply have not developed the right
tools and methods to characterize many of these
orphan enzymes.

The PRDM subfamily deserves to be high-
lighted as a major area for future research. These
17 human proteins contain an amino-terminal
SET domain and a variable number of carboxy-
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Table 1. Examples of selected “orphan” SET domain proteins associated with cancer

Enzyme Selected cancer associations Enzyme Selected cancer associations
SMYD4 Deleted/silenced in medulloblastoma PRDM5 Silenced in gastric cancer
(Northcott et al. 2009) (Watanabe et al. 2007)
PRDM1 Deleted in diffuse large B-cell lymphoma PRDMI11  Deleted or silenced in diffuse
(Pasqualucci et al. 2006) large B-cell lymphoma (Fog
et al. 2015)
PRDM2 Silenced in diverse solid tumors (Du et al. PRDM14  Overexpressed in breast cancer
(RIZ1) 2001) (Hu et al. 2005; Nishikawa
et al. 2007)
PRDM3 Chromosomal rearrangement in
(MECOM, myelodysplastic syndrome and myeloid
MDS1/EVI1) leukemia (Morishita et al. 1992)

terminal zinc fingers (Fog et al. 2012). The SET
domain is often called a PR or PR/SET domain
because it diverges significantly from the other
SET domain proteins. So far, only PRDM9 is
clearly shown to have enzymatic activity, having
the greatest activity on H3K4 and lower activity
on H3K9 and H3K36 in vitro (Hayashi et al.
2005). The H3K4me3 activity is thought to
mark meiotic hotspots and be critical for speci-
ation (Baudat et al. 2010; Myers et al. 2010; Par-
vanov et al. 2010); whether H3K9 and H3K36
methylation also play a role in these meiosis-
specific functions remains to be determined.

Many of the PRDM family proteins have
important functions in cellular differentiation
and development, and many are frequently de-
leted, mutated, or overexpressed in cancer (Fog
et al. 2012). For example, PRDMI is a master
regulator of terminal B-cell differentiation, and
loss of PRDM1 expression has been found in a
majority of activated B-cell-like diffuse large
B-cell lymphomas (Pasqualucci et al. 2006).
Loss of PRDM1 promotes reactivation of the
cell cycle in terminally differentiated B cells.
Similarly, overexpression of a specific splicing
isoform of PRDM2 called RIZ1 acts as a tumor
suppressor in cancers of the breast, liver, and
colon (Du et al. 2001).

With such central roles in development and
disease, identifying methylation substrates or
other molecular functions for the PRDM family
is a crucial area for future research. There have
been reports of histone methylation activity by
several PRDM proteins in addition to PRDM9

(Derunes et al. 2005; Eom et al. 2009; Pinheiro
et al. 2012); however, structural studies have
suggested that these PR/SET domains lack res-
idues necessary for binding to S-adenosyl me-
thionine (Wu et al. 2013), the cofactor that do-
nates methyl groups for KM T activity. Extensive
research by several groups, including our own,
has failed to establish enzymatic activity for
these enzymes. Several groups have found that
PRDM proteins are involved in recruitment of
other chromatin-modifying factors, suggest-
ing that their function may be independent of
any enzymatic activity (Hohenauer and Moore
2012). Except for PRDMY it is not yet clear
whether enzymatic activities attributed to the
PRDM family are intrinsic to proteins them-
selves or if they belong to copurifying enzymes.
Another possibility is that PRDM proteins are
responsible for methylation of nonhistone sub-
strates that have yet to be identified. Given their
involvement in cancer and other diseases it will
be important to determine if some or all of the
PRDM proteins have intrinsic enzymatic activ-
ity, or whether noncatalyic biological functions
exist for these PR/SET domains.

7B-STRAND ENZYMES: A LARGE
AND ENIGMATIC FAMILY ASSOCIATED
WITH CANCER

Members of the 7B-strand methyltransferase
family are the second group of enzymes able to
methylate lysine. The best studied of these en-
zymes, which act onlysine in humans,is DOT1L,
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which methylates histone H3 at lysine 79 strictly
in a nucleosome context (Ng et al. 2002). Al-
though DOTIL is the only 7@3-strand enzyme
known to methylate a lysine residue on histones,
other members of this family are linked to lysine
methylation of nonhistone proteins, arginine
residues on histone and nonhistone proteins,
and nucleic acids (Schubert et al. 2003).

In 2010 Robert Houtz and colleagues dis-
covered that human calmodulin is methylated
by a 7B-strand enzyme now named calmodu-
lin-lysine N-methyltransferase (CAMKMT)
(Magnani et al. 2010). Soon after, the group of
Pal Falnes found that the 7B-strand enzyme
METTL21D (renamed VCPKMT) methylates
VCP, an ATPase enzyme (Kernstock et al.
2012). Several groups have since identified
additional 7B-strand enzymes that methylate
lysine residues of nonhistone substrates. Al-
though research into 7@-strand KMTs is pro-
gressing quickly, there is still very little about
their role in biology or human disease (Cloutier
et al. 2013, 2014; Jakobsson et al. 2013; Davy-
dova et al. 2014; Matecki et al. 2015). Dozens of
human 7@3-strand enzymes are still entirely un-
characterized and we expect that more of them
will turn out to be KMTs.

To understand the potential scope of KMT
enzymes in cancer, we reviewed data from The
Cancer Genome Atlas (TCGA) to find candi-
date KMTs that are associated with cancer (Ce-
rami et al. 2012; Gao et al. 2013). We included
only enzymes that methylate lysine on nonhis-
tone proteins or else have no known function.
Table 2 lists the candidate 73-strand KMTs that
are most strongly associated with cancer in the
TCGA dataset or in studies indexed by the
TCGA. This list is subjective and only meant
to serve as a guide for future work. Hypothe-
sis-driven research will be needed to determine
if any of these enzymes contribute to cancer or
present any therapeutic opportunity.

THELSD1LYSINE DEMETHYLASE IN CANCER

The first lysine demethylase (KDM), lysine-spe-
cific demethylase 1A (LSD1) was discovered
2004 by Yang Shi and colleagues (Shi et al.
2004). It belongs to the family of FAD-depen-

Nonhistone Lysine Methylation in Cancer

dent monoamine oxidases. LSD1 removes
mono- and dimethylation from histone H3K4,
and under specific circumstances from H3K9
(Metzger et al. 2005; Laurent et al. 2015). In
2007, the group of Shelley Berger found that
LSD1 regulates p53 by removing dimethylation
from lysine 370, providing the first evidence of
reversible lysine methylation on human nonhis-
tone proteins (Huang et al. 2007). Other non-
histone substrates of LSD1 have since been dis-
covered, including E2F1, DNMT1, and MYPT1
(Zheng et al. 2015). Many of these targets be-
long to pathways that contribute to oncogenesis
or tumor suppression, although their individu-
al roles in cancer progression have not been es-
tablished. LSD2 is another member of the FAD-
dependent monoamine oxidases, which can
demethylate histones, but it has not been re-
ported to remove methylation from nonhistone
proteins (Black et al. 2012).

LSD1 is frequently overexpressed in cancer,
especially of the prostate, bladder, lung, and co-
lon (Shi 2007; Hayami et al. 2011). High LSD1
expression is generally associated with invasive
disease and a poor prognosis, and knockdown
or inhibition of LSD1 reduces invasive pheno-
types in several cell culture systems (Wang et al.
2011). These roles in cancer make LSD1 a prom-
ising target for new therapeutics and there has
been extensive work on developing small mole-
cule inhibitors of LSD1 (Zheng et al. 2015). In
particular, LSD1 inhibition has been shown to
sensitize acute myeloid leukemia to treatment
with all-frans retinoic acid (Schenk et al.
2012), and phase I clinical trials were initiated
in 2014 to exploit this effects (clinicaltrials.gov,
identifiers NCT02273102 and NCT02261779).
GlaxoSmithKline has also begun phase I clinical
trials to test the effect of the LSD1 inhibitor
GSK2879552 in small-cell lung cancer and acute
myeloid leukemia (clinicaltrials.gov, identifiers
NCT02177812 and NCT02034123).

The second family of KDM is the Jumonji C
domain (JmjC)-containing enzymes. The first
member of this family was JHDM1, discovered
by the group of Yi Zhang in 2006 (Tsukada et al.
2006). Several of these enzymes have well-char-
acterized activity on histones both in vitro and
in cells (Black et al. 2012). Demethylation of
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Table 2. Selected uncharacterized 7B-strand methyltransferase proteins frequently deleted or amplified cancer

in datasets from The Cancer Genome Atlas (TCGA)

Enzyme Selected cancer associations Enzyme Selected cancer associations
FAMS86B1 Deletion: METTL11B Amplification:
Uterine carcinosarcoma Bladder urothelial carcinoma
Prostate adenocarcinoma Invasive breast carcinoma
Bladder urothelial carcinoma Liver hepatocellular carcinoma
FAMS86B2 Deletion: METTL13 Amplification:
Uterine carcinosarcoma Bladder urothelial carcinoma
Prostate adenocarcinoma Liver hepatocellular carcinoma
Bladder urothelial carcinoma Pancreatic cancer
Lung adenocarcinoma
FAM173B Amplification: METTL18 Amplification:
Lung squamous cell carcinoma Bladder urothelial carcinoma
Lung adenocarcinoma Liver hepatocellular carcinoma
Bladder urothelial carcinoma Breast invasive carcinoma
Lung adenocarcinoma
FTSJ2 Amplification: METTL21B Amplification:
Pancreatic cancer Sarcoma
Stomach adenocarcinoma Glioblastoma
Lung adenocarcinoma
FTSJ3 Amplification: METTL24 Deletion:
Breast invasive carcinoma Diffuse large B-cell lymphoma
Prostate adenocarcinoma
KIAA1456 Deletion: TGS1 Amplification:
Uterine sarcoma Metastatic prostate adenocarcinoma
Prostate adenocarcinoma Uveal melanoma
Bladder urothelial carcinoma Breast invasive carcinoma
METTL7A Deletion: THUMPD3 Amplification:
Adenoid cystic carcinoma Bladder urothelial carcinoma
METTL7B Deletion:

Adenoid cystic carcinoma

nonhistone proteins by the JmjC-family of en-
zymes has not been well characterized. With
hundreds of methylated proteins discovered in
recent years, we believe it likely that more non-
histone KDMs will soon be discovered.

CONCLUDING REMARKS:
UNDERSTANDING LYSINE METHYLATION
ACROSS CANCER PATHWAYS

Proteomic techniques allow many posttransla-
tional modifications to be routinely identified
and measured across hundreds or thousands of
proteins. In these approaches, modified pro-
teins or peptides are captured using chemical
affinity or immunoprecipitation. Enriched pro-
teins or peptides are then identified using mass

spectrometry. Early attempts to analyze the
posttranslational “lysine methylome” were lim-
ited by the antibodies available to immunopre-
cipitate methylated lysine (Ong et al. 2004; Ong
and Mann 2006).

In 2013, the authors and the group of Shawn
Li independently used methyllysine reader do-
mains to enrich and identify methylated pro-
teins (Liu et al. 2013b; Moore et al. 2013).
Soon after the group of Ben Garcia and the com-
pany Cell Signaling Technologies, each used
antimethyl antibodies with broad sequence spe-
cificity to perform proteomic studies that iden-
tified lysine methylation at hundreds of new
sites (Cao et al. 2013; Guo et al. 2014). There
are currently 1324 proteins with lysine methyl-
ation appearing the PhosphoSitePlus database
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(www.phosphosite.org) (Hornbeck et al. 2012).
It is important to be aware that of factors that
cause high-throughput identification of meth-
ylated residues to be subject to a higher rate
of false positives than other posttranslational
modifications (Hart-Smith et al. 2015). This is
largely because of the fact that several pairs of
amino acid substitutions introduce the same 14
Da mass shift as methylation (for example, gly-
cine to alanine). It is also common for samples
treated with methanol to be chemically methyl-
ated at acidic residues. These potential artifacts
can only be eliminated by careful evaluation of
peptide fragmentation spectra. We recommend
that researchers investigating a methylation site
identified by high-throughput proteomics pu-
rify the protein from their particular biological
system. LC-MS/MS can then be used to con-
firm that the modification exists and to measure
the stoichiometry of mono-, di- and trimethy-
lated forms.

To visualize cancer pathways that may be
regulated by lysine methylation we mapped
the list of methylated proteins onto cancer path-
ways annotated in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) (Kanehisa et al.
2015). Many core pathways are shared among
these cancer pathways so we have visualized only
the “prostate cancer” pathway (Fig. 3). Earlier
we discussed how the MAPK pathway is regu-
lated by methylation of MAP3K2. Methylation
also occurs on core members of the pathway
including growth factor receptors, SOS and
Ras proteins, as well as in the androgen receptor
pathway, the NF-kB pathway, on proteins that
control cell cycle, and on p53.

With over 1000 methylated lysine residues
reported so far, there is clearly a tremendous
opportunity for future research. Techniques to
identify these sites have existed for less than 3
years so many more methylated residues likely
remain to be identified. Many of the nonhistone
methylation sites studied in detail so far have
revealed important new regulatory processes,
and especially processes affecting cancer-related
pathways. It will be of great scientific and clin-
ical importance to understand the roles of non-
histone lysine methylation in normal physiolo-
gy, to discover which sites and whether they act

in cancer, and to map the pathways that they
regulate.
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