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Protein methylation is one of the important post-translational modifications.
Although its biological and physiological functions were unknown for a long
time, we and others have characterized a number of protein methyltransferases,
which have unveiled the critical functions of protein methylation in various cellu-
lar processes, in particular, in epigenetic regulation. In addition, it had been
believed that protein methylation is an irreversible phenomenon, but through
identification of a variety of protein demethylases, protein methylation is now
considered to be dynamically regulated similar to protein phosphorylation. A
large amount of evidence indicated that protein methylation has a pivotal role in
post-translational modification of histone proteins as well as non-histone pro-
teins and is involved in various processes of cancer development and progres-
sion. As dysregulation of this modification has been observed frequently in
various types of cancer, small-molecule inhibitors targeting protein methyltrans-
ferases and demethylases have been actively developed as anticancer drugs; clini-
cal trials for some of these drugs have already begun. In this review, we discuss
the biological and physiological importance of protein methylation in human can-
cer, especially focusing on the significance of protein methyltransferases as

emerging targets for anticancer therapy.

P rotein methylation is a prevalent post-translational modifi-
cation, which is principally observed in lysine and arginine
residues. Although the first e-N-methyl-lysine in the flagella
protein of Salmonella typhimurium was reported in 1959,V
biological and physiological functions of protein methylation
remained unknown for a long time. In the 21st century, we
and other researchers characterized a number of protein
methyltransferases and elucidated their functions, in particular
focusing on their epigenetic regulation through histone methy-
lation."» The accumulated knowledge clearly indicates that
histone methylation plays a pivotal role in transcriptional regu-
lation; for instance, methylation of histone H3K9 is associated
with silenced chromatin (heterochromatin), whereas methyla-
tion of histone H3K4 is an important mark of actively tran-
scribed genes.

To date, lysine and arginine are considered to be target
amino acids for methyltransferase reaction. Regarding lysine
methylation, there are three different forms, which are mono-
methyl-, dimethyl- and trimethyl—lysines.(l) Each form of
lysine methylation is sophisticatedly produced by certain speci-
fic protein lysine methyltransferases; for example, histone
H4K20 monomethylation and di/trimethylation are generated
by SETD8 and SUV420H1/SUV420H2, respectively. There
are also three primary methylated forms of an arginine residue:
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monomethyl-arginine, asymmetric dimethyl-arginine, and sym-
metric dimethyl-arginine. Protein arginine methyltransferases
are classified into type I or type II according to modification
types. Although all PRMTs catalyze the formation of an mono-
methyl-arginine intermediate, type I PRMTs (PRMT1, 2, 3, 4,
5, and 8) can catalyze the production of asymmetric dimethyl-
arginine, and type II PRMTs (PRMTS5 and 7) are able to cat-
alyze the production of symmetric dimethyl—arginine.(4)
Previously, methyl groups were believed to turn over more
slowly than many other post-translational modifications. Fur-
thermore, protein methylation had been thought to be irre-
versible until the first protein lysine demethylase LSD1/KDM1
was reported in 2004.° Since then, JmjC-domain containing
protein family members have been reported to have protein
lysine demethylase activity,® suggesting that lysine methyla-
tion is dynamically regulated by protein lysine methyltrans-
ferases and demethylases. Moreover, most of the studies
regarding protein methylation initially highlighted its impor-
tance of epigenetic regulation through histone methylation,
but dozens of reports recently described the significance of
non-histone substrates, which shows that a variety of biologi-
cal processes including cell cycle regulation, DNA repair,
and apoptosis are regulated by protein methylation.("‘” Hence,
now methylation is widely recognized as a fundamental
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post-translational modification of protein, as important as
phosphorylation.

Dysregulation of protein methylation is involved in many
disease conditions including cancer and, indeed, there are a
large number of reports describing abnormal states of protein
methyltransferases and demethylases such as aberrant expres-
sion and somatic mutations in human cancer."*” Further-
more, small molecular inhibitors targeting  protein
methyltransferases and demethylases have been actively devel-
oped as anticancer drugs, and clinical trials have already been
started.!’ In this review article, we summarize the biological
significance of protein methylation and discuss the importance
of protein methyltransferases as targets for development of
anticancer drugs.

Functions of protein methylation

Epigenetic regulation through histone methylation. Epigenetic
regulation by protein methyltransferases and demethylases
through histone methylation has been well characterized. His-
tone methylation is now widely known to play a crucial role
in the regulation of chromatin functions, mainly transcriptional
regulation (Fig. 1). Among the core histones, most of the
methylation sites reported so far were observed in histone H3
and H4 (Fig. 2), and each histone mark occurring at each
methylation site is indicated to have a unique function.

Among various histone lysine methylations, methylation of
H3K4 is described as a transcriptional active mark and
monomethylation of H3K4 (H3K4mel) is enriched at the
enhancer regions.(w) Histone H3K4 dimethylation (H3K4me2)
is found at both enhancer regions and promoter regions as well
as in bodies of actively transcribed genes.'" Histone H3K4
trimethylation (H3K4me3) is known as a prominent feature in
the promoter regions of actively transcribed genes.'? In con-
trast, the methylation of nucleosomal histone H3K9 is required
for the assembly of constitutive heterochromatin. Dimethyla-
tion and trimethylation of histone H3K9 (H3K9me2/me3) pro-
vides binding sites for the heterochromatin protein HP1, which
recruits additional silencing factors and locks in the repressed
state. In addition to H3K9 methylation, dimethylation and

Regulation of various cellular processes including
cell cycle regulation, DNA repair and apoptosis
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Fig. 2. Identified methylation sites (Me) on histones H3 and H4. Each
histone mark occurred at each methylation site is indicated to have a
unique function.

trimethylation of H3K27 (H3K27me2/me3), associated with
transcriptional repression, are characteristically observed in
Polycomb group target genes.'* Moreover, trimethylation of
H4K20 (H4K20me3) is a hallmark of silenced heterochromatic
regions, whereas monomethylation and dimethylation of
H4K20 (H4K20mel/me2) are involved in DNA replication
and DNA damage repair."¥ On the contrary, trimethylation of
H3K36 (H3K36me3) was enriched through coding regions,
peaking near the 3’-ends of transcription units, which is
thought to be associated with transcriptional elongation.'> In
addition, the histone lysine methyltransferase SETD2-depen-
dent H3K36 trimethylation is considered to play an important
role in homologous recombination repair and genome stabil-
ity."®  Dimethylation and trimethylation of H3K79
(H3K79me2/me3) are associated with the proximal transcribed
region of active genes, and there are several similarities
between pattering of H3K4 methylation and that of H3K79 in
mammalian chromatin."'”

As for histone arginine methylation, asymmetric dimethyla-
tion of H3R2 by PRMT6 counteracts the trimethylation of
H3K4, which results in transcriptional repression."'® Symmet-
ric dimethylation of H3R8 by PRMTS is linked to transcrip-
tional repression and is tightly associated with symmetric
dimethylation of H4R3, which is also a transcriptional repres-
sion mark and generated by PRMT5."” Asymmetric dimethy-
lation of both H3R17 and H3R26 is methylated bg) CARMI,

considered as a transcriptional activation mark.""” Interest-
Promoter
binding
affinity

Fig. 1. Protein methyltransferases and

demethylases  principally regulate  biological

processes in two ways. One is regulation of

transcription for target downstream genes through
methylation (Me) of histone proteins. The other is
non-histone methylation as one of the post-
translational modifications.
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ingly, although symmetric dimethylation of H4R3 is a tran-
scriptional repression mark, asymmetric dimethylation of
H4R3 is a transcriptional activation mark,"'® implying that
symmetric dimethylation and asymmetric dimethylation are
functionally different.

Taken together, the aforementioned knowledge suggests that
the position and modification status (the number of methyl
group, or which isomer) defines the functions of histone
methylation.

Regulation of various pathways through non-histone methyla-
tion. The accumulated evidence indicates that methylation of
non-histone proteins also plays a critical role in the regulation
of various signaling pathways. For instance, the functions of
p53 and RBI, two important tumor suppressor proteins, are
sophisticatedly regulated by lysine methylation.""” As the
detailed molecular mechanisms of non-histone methylation
were described in another review article,"’ we here comment
on several key points relevant to methylation of non-histone
proteins. There are at least five principal functions of methyla-
tion on non-histone proteins as follows: (i) it affects other
types of modifications such as phosphorylation on substrates;
(i1) it influences protein—protein interactions; (iii) it regulates
stability of substrate proteins; (iv) it defines subcellular local-
ization of substrates; and (v) it affects the promoter binding
affinity of substrate proteins (Fig. 1). On the basis of these
characteristics, methylation of non-histone proteins is involved
in various biological processes in the cell.

Dysregulation of protein lysine methyltransferases in
human cancer

It has been reported that a number of protein lysine methyl-
transferases are involved in human cancers as shown in
Table 1. We selected several pivotal enzymes as targets for
anticancer therapy developed, and detail their characteristics
below.

SET and MYND domain-containing proteins. We previously
reported that SMYD?3 is overexpressed in colorectal cancer,
hepatocellular carcinoma, and breast cancer, and possesses his-
tone lysine methyltransferase activity.*2*" Since then, multi-
ple reports have shown that dysreggulation of SMYD3 is
involved in many types of cancer."” Reduction of SMYD3
expression leads to suzpzpression of cancer cell growth and
induction of apoptosis.**” Hence, SMYD3 is now considered
as one of the important targets for anticancer therapy. In addi-
tion to histone proteins, vascular endothelial growth factor
receptor 1 and MAP3K2 were reported as substrates of
SMYD3.%%* Two specific inhibitors targeting enzyme activ-
ity of SMYD3 were reported recently; one is BCI-121, which
could suppress the growth of various types of cancer cells
overexpressing SMYD3.?® The other is EPZ031686, which
showed good bioavailability following oral dosing in mice.*

We also reported that SMYD2, a family member of SMYD
methyltransferases, is overexpressed in various types of can-
cer.?® Given that knockdown of SMYD2 induces suppression
of cancer cell growth,(26’27) it is also considered a critical tar-
get for anticancer therapy. We and others have reported a vari-
ety of substrates of SMYD2 including histone H3, p53, RB1,
heat shock protein 90AB1, poly (ADP-ribose) polymerase 1,
and phosphatase and tensin homolog.""**>? In particular, as
SMYD?2 was reported to inactivate functions of tumor suppres-
sor proteins p53 and RBI1 through lysine methylation, it
appears to serve as an oncogenic protein. Therefore, inhibitors
targeting SMYD2 enzyme activity have been actively devel-
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oped. AZ-505, the first reported SMYD2 specific inhibitor,
showed an ICsy value of 120 nM (enzyme inhibition); in this
development process, p53 peptide was used as a substrate."
Later, Nguyen er al.®? reported that LLY-507 worked as a
specific inhibitor of SMYD2, which showed an ICsy of
<15 nM (enzyme inhibition). LLY-507 also inhibited SMYD2-
mediated p53 methylation in U20S cells with an ICs, of
0.6 uM, implying that LLY-507 is a selective and cell-active
small molecule inhibitor of SMYD2. Sweis e al.®*¥ recently
reported that A-893, a benzoxazinone derivative, specifically
inhibits SMYD2 enzyme activity (ICso, 2.8 nM). This inhibitor
clearly suppressed p53K370 methylation mediated by SMYD2
in lung carcinoma A549 cells.

Because both SMYD2 and SMYD3 are principally localized
in the cytoplasm, cytoplasmic proteins should serve as sub-
strates of these enzymes. For the better understanding of func-
tions of these two proteins and for effective drug development,
their localization must be considered.

Polycomb complex. EZH2, a protein lysine methyltransferase
and a component of the Polycomb repressive complex 2, plays
an essential role in the epigenetic maintenance of the repres-
sive chromatin mark, H3K27me3. We previously reported dys-
regulation of EZH2 in many types of malignancies.** EZH2
also methylates histone H2BK120 and this methylation inhibits
ubiquitination of H2B.“> Anticancer drugs targeting mutant-
type or wild-type of EZH2 have been actively developed;'"
for example, McCabe er al.®® showed that GSK126, a small
molecular inhibitor of EZH2 methyltransferase activity, inhi-
bits the proliferation of several EZH2 mutant lymphoma cells.
Additionally, a phase I/II clinical trial of EPZ-6438, which is
a specific inhibitor against EZH2, is currently ongoing for
patients with relapsed or refractory B-cell non-Hodgkin’s lym-
phoma or advanced solid tumors.

Nuclear receptor-binding SET-domain proteins. The NSD pro-
tein lysine methyltransferase family is comprised of three
members, NSD1, WHSC1 (NSD2/MMSET), and WHSCIL1
(NSD3), which methylate histone H3K36. We and others
reported frequent dysregulation of NSD family enzymes in
various types of cancer. Among them, it is important that chro-
mosome translocations involving this family member are often
observed; the cryptic t(5;11)(q35;p15.5) translocation creating
a fusion gene of NUP98 and NSDI is mainly identified in
pediatric AML. The expression of the NUP98-NSD1 fusion
protein is strongly associated with a poor prognosis in this dis-
ease.®” The translocation t(4; 14)(p16; q32), one of the most
commonly observed translocations in multiple myeloma,
accounts for 15% of patients, and is associated with very poor
prognosis.®® The t(4; 14) translocation leads to the simultane-
ous overexpression of two genes, WHSCI and FGFR3.
Although overexpression of WHSC! isoforms is a universal
feature of t(4; 14) of cases, approximately 30% of t(4; 14)
patients do not express FGFR3.°” Additionally, the poor
prognosis of t(4; 14) persists irrespective of FGFR3 expres-
sion.*? These data imply WHSCI to have oncogenic activity.
Moreover, the NUP9S-WHSCILI fusion gene, which was
identified in AML or therapy-related myelodysplastic syn-
drome, is considered to be related to leukemogenesis,*" and
to be required for the blockade of differentiation as well as the
persistent proliferation of NUT midline carcinoma cells.*?
Furthermore, elevated expression of WHSC1 and WHSCIL1 is
often observed in many types of human cancers, and these
enzymes are essential for the growth of cancer cells.** %

Suppressor of variegation 3-9 homolog. SUV39H1 and
SUV39H2 were reported as histone methyltransferases, which
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Table 2. Protein arginine methyltransferases dysregulated in cancer
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Enzyme name

Substrate
(type)

Family name

Changes in
cancer

Cancer type Specific inhibitors

PRMT family
(protein arginine
methyltransferase
family)

PRMT1 (type I)  Histone H4, MRE11,
53BP1, SAM68S,

INCENP

PRMT4, CARM1
(type 1)
PRMTS (type II)

Histone H3, AIB1, p300,
CBP, RNA PII CTD
Histone H3, histone H4,
E2F1, p53, CRAF,
SmD3

Histone H2A, histone
H3, p21CDKN‘IA

PRMT® (type I)

Overexpression

Overexpression

Overexpression

Overexpression

Bladder cancer, breast cancer,
CRC, esophageal cancer,
gastric cancer, lymphoma,
NSCLC, pancreatic cancer,
testicular cancer, SCLC

Breast cancer, CRC, prostate
cancer

CRC, gastric cancer, leukemia,
lung cancer, MCL

DCLX069 (preclinical)
DCLX078 (preclinical)

TBBD (preclinical)

EPZ015666 (preclinical)

Bladder cancer, breast cancer,
cervical cancer, CML, CRC,
esophageal cancer, gastric
cancer, lymphoma, NSCLC,
osteosarcoma, prostate
cancer, SCLC

EPZ020411 (preclinical)

CBP, CREB binding protein; CML, chronic myelogenous leukemia; CRAF, C-Raf Proto-Oncogene; CRC, colorectal cancer; CTD, carboxy terminal
domain; INCENP, inner centromere protein; MCL, mantle cell lymphoma; MRE11, meiotic recombination 11; NSCLC, non-small-cell lung carci-
noma; SAMG68, Src-associated substrate in mitosis of 68 kDa; SCLC, small-cell lung carcinoma.

PRMT4/CARMI1. We recently reported that PRMT1 methy-
lates INCENP at Arg 887 within an AURKB-binding site.
PRMT1-mediated INCENP methylation plays a critical role in
the chromosomal passenger complex function and appropriate
chromosomal alignment and segregation in cancer cells.®”
Moreover, other non-histone substrates for PRMT1, including
MREL11, 53BP1, and SAMG6S8, have also been reported by
others. Xie er al.®® reported identification of DCLX069 and
DCLX078 as PRMT1-specific inhibitors through the combina-
tion of virtual screening and bioassays. These inhibitors effec-
tively blocked proliferation of breast cancer, liver cancer, and
AML cells.®?

PRMT5. PRMTS is a type II arginine methyltransferase and
upregulated in several human malignancies, including lym-
phomas, lung cancer, breast cancer, colorectal cancer, and
MCL.“? " Chan-Penebre et al. recently reported that
EPZ015666 is an orally available inhibitor of PRMTS with an
ICs¢ of 22 nM (enzyme inhibition).®” Treatment of MCL cell
lines with EPZ01566 resulted in repressing methylation of
SmD3, a substrate of PRMTS, and inducing cell death with
ICsy values in the nanomolar range.(57) Furthermore, oral
administration of EPZ015666 showed dose-dependent growth-
suppressive effects in multiple MCL xenograft models,”
implying the importance of PRMTS5 inhibition for treatment of
MCL.

PRMT6. We also reported that PRMT6 with type I enzymatic
activity was dysregulated in various types of cancer.®¥
PRMT6 is the prevalent protein arginine methyltransferase
responsible for the methylation of histone H3R2, which antag-
onizes the MLL complex-mediated methylation of histone
H3K4. PRMT6 localizes mainly in the nucleus, and appears to
methylate glycine- and arginine-rich sequences in proteins.
Interestingly, we and others showed that PRMT6 regulates
expression and subcellular localization of p21CD NIA “a potent
inhibitor of CDK, through histone methylation and direct
methylation of p21P*N'* at arginine 156.%°°® In addition,
the PRMT6-specific inhibitor EPZ020411, which is a novel
aryl pyrazole, was reported recently.(sg) The ICsy of
EPZ020411 for PRMT6 enzyme inhibition is 10 nM, and treat-

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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ment with EPZ020411 resulted in a dose-dependent decrease
in H3R2 methylation in A375 human melanoma cells exoge-
nously overexpressing PRMT6.°%

Conclusion

In the 21st century, discoveries of protein methyltransferases
have accelerate research in this field, which has elucidated a
variety of functions regulated by protein methylation. Mean-
while, the history of research relevant to protein methylation is
relatively short compared to that of protein phosphorylation,
whose functions have been actively investigated since the
1970s. Therefore, there are still several unelucidated issues we
need to clarify to better understand the roles of protein methy-
lation. For example, although we principally focused on SET-
domain proteins as protein lysine methyltransferases so far,
non-SET protein lysine methyltransferases such as METTLI10
and METTL21A have also been reported to possess lysine
methyltransferase activity.""” This implies that our genome
may possess additional uncharacterized proteins with lysine
methyltransferase activity. In addition, to date, histone proteins
have mainly been investigated as substrates of protein methyl-
transferases, but numerous non-histone substrates may still
remain to be elucidated.”’ For the development of effective
anticancer drugs, it is essential to clarify the biological and
physiological significance of methylation on unidentified non-
histone substrates in cancer. Furthermore, current advancement
in next-generation sequencing technology discovered a large
number of somatic mutations in protein methyltransferases,
some of which are considered to significantly affect methyl-
transferase activity.” However, the biological functions and
clinical relevance of most mutations have not been analyzed
yet. For the development of personalized medicine using anti-
cancer drugs targeting protein methyltransferases, further bio-
logical analysis of individual mutations should be undertaken.
In summary, protein methyltransferases are currently attract-
ing considerable attention as new targets for development of
anticancer therapy. Due to the fact that protein methyltrans-
ferases are surely a key target class for next-generation
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targeted cancer therapy, further detailed molecular analysis
may explore the biological diversity of protein methylation
and accelerate development of anticancer drugs targeting pro-
tein methyltransferases.
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