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p53, NFxB, STAT3, and several other transcription factors are reversibly methylated on lysine residues by en-
zymes that also modify histones. The methylations of NFkB and STAT3 take place when they are bound to promot-
ers, suggesting a more general model in which the binding of inducible transcription factors to DNA helps to recruit
chromatin-modification machinery, which then may modify not only histones but also the bound transcription fac-
tors. Mutations of some histone-lysine methyltransferases and demethylases are linked to cancer, and these mutations
may alter the methylation not only of histones but also of transcription factors, and thus may be tumorigenic through

more than one mechanism.

Keywords: posttranslational modification; histones; transcription factors
Cell Research (2011) 21:375-380. doi:10.1038/cr.2010.174; published online 14 December 2010

In recent years, much attention has been focused on
posttranslational modification of chromatin because of
its critical role in regulating gene expression [1]. The
N-terminal tails of histones, as well as positions in the
globular domains, carry methylations, acetylations,
phosphorylations, ADP ribosylations, ubiquitinations,
sumoylations, and other modifications [2]. Many differ-
ent amino acid residues of each of the four core histones
have been identified as modification sites [3] and some
lysine side chains can be methylated or acetylated al-
ternatively. These modifications provide entry sites for
accessory proteins that help to determine higher order
chromatin organization, leading to the activation or inac-
tivation of specific genes. The lysine g-amino groups can
receive one, two, or three methyl groups and the extent
of lysine methylation at a single lysine residue can be
read differently by different effector proteins [4]. H3K4
methylation is associated with an early-elongating form
of RNA polymerase II at actively transcribed genes,
H3K9 and H3K27 methylation are linked to heterochro-
matin formation, while H3K36 methylation provides a
stable molecular mechanism for establishing chromatin
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context throughout the genome by distinguishing poten-
tial regulatory regions from transcribed chromatin [5].
Moreover, increasing evidence indicates that nonhistone
proteins are subject to reversible acetylation or methy-
lation by histone-modifying enzymes. Among these
nonhistone targets are transcription factors, hormone
receptors, signal transducers, chaperones, and proteins
of the cytoskeleton [6-12]. Although the acetylation of
nonhistone proteins has been appreciated for some time
[9, 13, 14], their methylation has been recognized only
more recently. Here, we provide a summary of recent
work showing lysine methylation of transcription factors
that have well-recognized roles in tumorigenesis and of
the effects of mutations of lysine methyltransferases and
demethylases in cancer, and we cite evidence that at least
some modifications take place only on promoter-bound
transcription factors.

Lysine methylation of nonhistone proteins

Reversible modification of histones by methyla-
tion and demethylation, which occur at both lysine and
arginine residues, plays an important role in many bio-
logical processes, including transcriptional regulation,
heterochromatin formation, X-inactivation, and genomic
imprinting [15-17]. Recent work shows that p53, NFkB,
STAT3, and other nonhistone proteins (see below) are
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also methylated reversibly on lysine residues through
the actions of enzymes previously known to modify only
histones. For p53, as summarized in a recent review
[18], the reactions occur on K370, K372, and K382, with
consequences for function that depend on the site and
the degree of methylation. K370 is monomethylated by
the H3K4 methylase SMYD2, leading to repression of
transcription [19], and is dimethylated at this site by an
unknown methylase. Dimethylation of K370 provides
a binding site for the coactivator 53BP1 and thus is
strongly activated. K370me and K370me?2 are both dem-
ethylated by the H3K4 demethylase LSD1 [20]. K372
is methylated by the H3K4 methylase SET7/9, which
enhances subsequent acetylation of this residue, in turn
stabilizing p53 [21]. Shi et al. [22] reported that SETS
monomethylates p53 on K382, with suppression of activ-
ity on some target genes but little effect on others. Simi-
lar gene-specific effects of dimethylating STAT3 have
been noted by Yang et al. [8].

Our laboratory has found that, in response to an acti-
vating signal such as treatment with IL-1, the p65 sub-
unit of NFkB is inducibly methylated and demethylated
on two specific lysine residues by chromatin-remodeling
enzymes in ways that profoundly affect its function [7].
The activating monomethylation of K218 and dimethyla-
tion of K221 are both catalyzed by an H3K36 methylase,
nuclear receptor-binding SET domain-containing protein
1 (NSD1); and these methyl groups are removed by an
H3K36 demethylase, F-box leucine repeat rich protein
11 (FBXL11), leading to inactivation of NFkB. Remark-
ably, the expression of the FBXLII gene is induced in
response to NFiB activation, forming a novel negative
feedback loop similar to the one that involves the well-
known negative regulator IxkB [23]. Yang et al. [24] re-
ported that K314 and K315 of p65 are monomethylated
by SET7/9 in response to NFkB activation, an inhibitory
modification that stimulates proteosome-mediated degra-
dation of promoter-associated p65. Ea et al. [25] reported
that SET7/9 specifically methylates p65 at K37, and this
methylation is restricted to the nucleus and regulates the
promoter binding of p65. The methylation of p65 at K37
affects the stability of DNA-p65 complexes, which in
turn regulates the recruitment of p65 to the promoter and
the induction of a subset of NFikB-regulated genes. Levy
et al. [26] showed that SETD6 monomethylates p65 on
K310, leading to the induction of a repressed state at
NF«B target genes through the binding of G9a-like pro-
tein (GLP). Phosphorylation of S311 blocks GLP bind-
ing, and thus drives target gene expression. Correlations
between serine phosphorylation and lysine acetylation
were reported by Chen et al. [27], who found that muta-
tion of S276 or S536 of p65 sharply inhibited the acety-
lation of K310.

In response to IL-6, the methylation of K140 of
STAT3 is catalyzed by the H3K4 methylase SET7/9,
and the methyl groups are removed by the H3K4 dem-
ethylase LSD1 [8]. As is also true for NFkB, the asso-
ciation of STAT3 with the modifying enzymes is signal
dependent. Methylation blocks the binding of STAT3 to
a DNA probe and prevention of methylation by K140A
or K140R mutation greatly enhances the induction of a
subset of genes that respond to 1L-6.

Several additional examples of transcription factors
and chromatin regulatory proteins that are methylated by
histone-modifying enzymes have come to light recently.
Many of these proteins are methylated by SET7/9.
TAF10, a subunit of the basal eukaryotic transcription
factor TFIID, is monomethylated by SET7/9 at K189
[28], increasing its affinity for RNA polymerase II and
specific target gene expression. TAF7, another subunit of
TFIID, is also monomethylated by SET7/9 at K5 [29].
The estrogen receptor o, a member of a large conserved
super-family of steroid hormone nuclear receptors that
regulates many physiological pathways by acting as a
ligand-dependent transcription factor, is monomethylated
by SET7/9 at K302, resulting in receptor accumulation
and stabilization in the nucleus and target gene expres-
sion [30]. Another nuclear hormone receptor, the andro-
gen receptor (AR), is methylated on K632 by SET7/9
[31]. This methylation is necessary for enhancing the
transcriptional activity of AR by facilitating both inter-
domain communication between the N- and C-termini
and recruitment to androgen-target genes. Recently,
Kontaki et al. [32] demonstrated that SET7/9 methylated
E2F1 at K185, which prevented E2F1 accumulation
during DNA damage and activation of its pro-apoptotic
target gene p73. Similar to STAT3, the methyl group of
K185-methylated E2F1 can be removed by LSD1, which
is required for E2F1 stabilization and apoptotic function.
In addition, methylation of E2F1 at K185 inhibits its
acetylation and phosphorylation at distant positions and,
in parallel, stimulates ubiquitination and degradation of
the protein [32]. The P300/CBP-associated factor (PCAF)
is an acetyltransferase that has been implicated in many
cellular processes. Recently, PCAF was found to be
methylated at K78 and K89 by SET7/9 [33]. This phe-
nomenon suggests that a histone modifying enzyme can
also be modified by lysine methylation. The retinoblas-
toma tumor suppressor protein (Rb) is monomethylated
at K873 by SET7/9, which is required for Rb-dependent
cell cycle arrest, transcriptional repression, and Rb-
dependent differentiation as well as interaction with the
heterochromatin protein HP1 [10]. The Rb protein is also
shown to be methylated at K860 by SMYD2, the same
histone H3K4 methyltransferase that methylates p53 [19,
34]. Methylation of K860 of Rb provides a direct bind-
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ing site for the methyl-binding domain of the transcrip-
tional repressor L3MBTLI1 [1(3)mbt-like 1], which helps
to regulate the biological function of Rb in mammalian
cells.

G9a, another histone-lysine methyltransferase, cata-
lyzes mono-, di-, and tri- methylation of histone H3K9
[35, 36]. Knockout of G9a results in a decrease in global
H3K9me and H3K9me2 levels in vivo [36]. In vitro,
G9a catalyzes the formation of H3K9me and H3K9me2,
as well as H3K9me3 after a long incubation [36]. Ad-
ditionally, G9a also methylates H3K27 in vitro [36].
Several nonhistone proteins can be methylated by G9a.
The CCAAT/enhancer-binding protein-f§ (C/EBPp) is
methylated at K39, which may create a binding site for
a repressive protein complex or enhance interaction with
C/EBP by “reading” methylated K39 [12]. Lee et al.
[37] reported that reptin, a chromatin-remodeling factor,
is methylated at K67 under hypoxic conditions by G9a.
Methylated reptin binds to the promoters of a subset of
hypoxia-responsive genes and downregulates transcrip-
tion of genes involved in metabolism and tumor devel-
opment, to modulating cellular responses to hypoxia.
Other nonhistone proteins methylated by G9a include
chromodomain Y-like protein, widely interspaced zinc
finger motifs protein, and Cockayne syndrome group B
protein [38]. Interestingly, G9a is auto-methylated at its
N-terminus [38, 39]. The methylation events of these
nonhistone targets catalyzed by G9a create binding sites
for heterochromatin binding protein HP1, which is likely
to have further downstream impact on their cellular
functions [39]. Additionally, some nonhistone proteins
are methylated by unknown enzymes. For example, the
retinoic acid receptor oo (RARa) can be monomethy-
lated at K109 and K171 and tri-methylated at K347 in
response to retinoic acid [35, 36]. However, the methy-
lases have not yet been identified. Methylation of RARq.
plays diverse functions: K-to-R mutations of K109 in the
DNA-binding domain results in insensitivity to activa-
tion by retinoic acid and impairment of RXR/RAR het-
erodimer-dependent target gene induction; trimethylation
of K347 in the RARq ligand-binding domain facilities
RARq activation and target gene induction by retinoic
acid. With the rapidly increasing number of examples of
lysine methylation of nonhistone proteins and the diverse
roles that methylation plays, one can appreciate the im-
portance of this modification, both in normal physiology
and in the etiology of disease.

Methylation of NFkB and STAT3 takes place after
they bind to DNA

Where are the transcription factors when they are
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modified? Three studies of NFkB and one of STAT3
showed that methylations of these transcription factors
take place on promoters in the context of chromatin. Our
study of NFkB methylation showed that the p65 subunit
is not associated with histone-modifying enzymes until it
is activated [7], suggesting that this event only happens
after NFkB is released from IkB. Furthermore, the work
of Yang et al. [24] provided important evidence that the
methylation of NFkB occurs only when it is in the nu-
cleus and can bind to DNA, as a DNA binding-deficient
mutant of p65 was no longer a substrate for methylation
by SET7/9. Levy et al. [26] showed that methylation of
p65 by SETDG6 occurs on the chromatin-associated pro-
tein. The result of Yang et al. 8], obtained by using mu-
tants of STAT3, showed that this protein must enter the
nucleus and bind to DNA to be methylated. Consistently,
STAT3 K140me2 is observed solely in the nucleus, even
after lengthy exposure of cells to IL-6. In addition, the
well-known IL-6-induced phosphorylation of STAT3
on S727, which lies in the transactivation domain and
is required for function, occurs only when the tyrosine-
phosphorylated protein can enter the nucleus and bind to
DNA [8]. This finding is similar to the previous observa-
tions [40] that the recruitment of STAT1 to chromatin is
required for interferon-induced phosphorylation of the
S727 transactivation domain. Furthermore, the methyla-
tion of STAT3 K140 is prevented by the S727A mutation,
suggesting that phosphorylation precedes methylation [8].

In most of the studies cited above, the levels of the
methylases and demethylases have been increased or
decreased exogenously, with effects on the in vivo func-
tions of the target transcription factors that are consistent
with the effects of the methylations. The endogenous
levels of some methylases and demethylases are also
subject to change, for example, the gene encoding the
demethylase FBXL11 is activated by NFxB [7] and the
genes encoding the demethylases JMJD1A and JMJD2B
are induced by HIF-1a in response to hypoxia [41]. The
latter example and the work of Li et al. [42] exemplify
studies in which the levels of histone methylases and
demethylases are changed, with biological consequences
that have been interpreted in terms of altered histone
modification. In the future, it will be important to also
consider the biological effects of manipulating the levels
of these enzymes in terms of their effects on transcription
factors, and perhaps also on other proteins important for
gene expression.

Histone-lysine methyltransferases and demethy-
lases in cancer

Lysine methylation of histones and nonhistone pro-
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teins leads to transcriptional activation or repression, de-
pending on which residues are modified and the degree
of methylation. In cancer, alterations in the methylation
patterns of histone H3K9, H3K20, and H3K27 are as-
sociated with aberrant gene silencing, whereas methyla-
tions of H3K4, H3K36, and H3K79 are associated with
transcriptional activation. A comprehensive recent re-
view summarizes the roles of histone methyltransferases
in cancer [43]. Here, we add new information to the
examples presented by Albert and Helin [43]. Analyses
based on the use of high-resolution single-nucleotide
polymorphism arrays have provided new perspectives.
EZH2 (Enhancer of zeste homolog 2), a well-known
histone-lysine methyltransferase strongly linked to
cancer, is amplified or overexpressed in human breast,
prostate, and melanocytic tumors, and therefore has been
proposed to be a strong predictor of tumor progression
and metastasis [44-46]. Recently, somatic EZH2 muta-
tions have been identified in myelodysplastic syndrome
(MDS), myeloproliferative neoplasms (MPN) and MDS/
MPN overlap disorders [47, 48]. ASXL1 (additional
sex comb-like 1), a putative polycomb group protein,
is a poorly understood tumor suppressor. However, its
mutation seems to play a vital role in the pathogenesis
of myeloid disorder [49, 50]. On the other hand, ASXL1
suppresses the RAR pathway by modulating the activ-
ity of LSD1 [51]. Gene identification by inhibition of
nonsense-mediated mRNA decay revealed inactivation
of the histone-lysine methyltransferase gene SETD2 as a
common event in clear cell renal carcinoma [52]. SETD2
is non-redundantly responsible for the trimethylation of
histone H3K36, and missense mutations of SETD2 result
in loss or decrease of H3K36me3 in the development of
these tumors. UTX (ubiquitously transcribed X chromo-
some tetratricopeptide repeat protein), a histone-lysine
demethylase, is encoded by one of a limited number of
genes on the X chromosome that escapes inactivation
in females [53]. Inactivating somatic mutations of UTX

result in deregulation of histone H3-lysine methylation in
multiple tumor types, and introduction of wild-type UTX
into cancer cells with pre-existing inactivating UTX
mutations results in slowing proliferation and marked
transcriptional changes [54]. UTX can also remove
H3K27me3 to enable Rb-dependent cell cycle arrest
[55]. The histone H3K36-lysine methyltransferase NSD1
has been linked to tumorigenesis in prostate cancer and
childhood acute myeloid leukemia [43]. Our discovery
that NSDI is capable of activating NFkB by methylat-
ing K218 and K221 of its p65 subunit [7] provides a
potential mechanism for how NSD1 might contribute to
tumor formation, as constitutive activation of NFxB is a
hallmark of most cancers. Alterations in the methylation
status of p53 and STAT3 through mutation of modifying
enzymes would also be expected to be relevant to tum-
origenesis as p53 is a major tumor suppressor and STAT3
is activated in several different cancers. We speculate
that as yet unknown mutations of additional histone-
modifying enzymes will also be discovered to facilitate
tumorigenesis, not only through their effects on post-
translational modifications of histones but also through
changes in the modifications of transcription factors.

Perspectives and hypothesis

Taken together, these observations lead to an inter-
related set of hypotheses (Figure 1 and [56]). First, some
modifications of inducible transcription factors may oc-
cur, in concert with histone modifications, only when
these factors are bound to specific promoters, where the
local chromatin remodeling machinery is active. Second,
these modifications profoundly affect the functions of the
transcription factors at these promoters, altering their sta-
bility, transactivation potency, and affinity for DNA, and
thus affecting the strength and duration of inducible gene
expression. Third, the modifications are gene-specific,
leading to differential effects on individual genes that

JJ._ TF binding site
4

L. TE binding site

Figure 1 A model for the kinetics of methylation of
chromatin-bound transcription factors by histone-
modifying lysine methyltransferases. (A) The tran-
scription factor (TF) and the methyltransferases are
free from DNA. (B) The TF binds to its site. (C) The
methyltransferases are recruited. (D) The methyl-

e

transferases are activated and catalyze methyla-
tions of both histones and the TF. Alternatively,
some methyltransferases may be pre-associated
with some promoters before the TF arrives. Trim-
ethylation of TFs is uncommon, in contrast to the
frequent trimethylation of histones. This figure is
adapted from Lu and Stark [56].
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give plasticity to the dependent biological responses. The
ability to methylate a specific transcription factor at each
different promoter allows the strength and duration of the
induced transcriptional response to be regulated individu-
ally, rather than having the plasticity of the response con-
strained by requiring all promoters to respond similarly.
A single-modified species of an activated transcription
factor can affect specific sub-classes of promoters differ-
entially, but it may also be true that a single-transcription
factor may be modified differently in response to dif-
ferent signals. As a likely example, the well-described
differential phosphorylation of serine and threonine resi-
dues of NFkB in response to different signals [57] may
constitute a “bar code” that determines differential acti-
vation of promoters. Although a variety of mechanisms
are surely required for the cell-type specificity of gene
activation, the ability to modify transcription factors dif-
ferently at specific promoters in different types of cells
may contribute importantly. Finally, we think it is highly
likely that histone-modifying lysine methyltransferases,
and perhaps kinases and acetyl transferases as well, will
be found to modify as yet unidentified promoter-bound
proteins, catalyzing signal-induced posttranslational
modifications that remain to be discovered.
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