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Gene activity is regulated by tran-
scriptional and epigenetic mechan-

isms. A paper in 2005 by Zhang et al.1

showed that STAT3 binds to the DNA
methyl transferase, DNMT1 and their
data indicated that STAT3 may cause
epigenetic gene silencing by targeting
DNMT1 to the PTPN6 promoter.
Now, a paper by Lee et al.2 has fleshed
out the mechanism. They provide evid-
ence that acetylation of STAT3 regulates
the binding of DNMT1, CpG DNA
methylation and regulation of several
genes, including that encoding the estro-
gen receptor a (ESR1) in breast cancer
cells.

The methylation of mammalian DNA in
somatic cells occurs predominantly at
cytosines in CpG motifs.3 The mam-
malian genome, statistically CpG-defi-
cient, contains CpG “islands” (CGI),
which are CpG-rich sequences some
1,000 base pairs in length.4 The majority
(70%) of protein-encoding genes are
associated with such islands5 and half of
CGIs contain transcriptional start sites.6 A
class of orphan CGIs are also located in
intragenic regions of the genome and
about 40% may also have roles in
transcription from alternative promoters.6,7

Only 3% of CGIs at gene promoters are
methylated, whereas up to 34% of in-
tragenic CGIs are methylated.6,7 Methy-
lation of CpGs in CGIs is associated with
transcriptional silencing (for a review, see
ref. 8), although this does not occur in all
cases.9 CGI methylation at specific gene
loci occurs normally during embryonic
development10 and aberrantly in cancers
(for a review, see ref. 11). That DNA
methylation at specific CpGs can initiate

transcriptional silencing of the neighbor-
ing gene was shown by targeting a DNA
methyl transferase (DNMT) to a specific
site in the genome, containing a reporter
construct. Such targeted methylation
caused subsequent histone modifications
and heritable silencing of the reporter
gene.12 However, there is also evidence
that DNA methylation follows chromatin
modifications in X-chromosome inactiva-
tion and other cases and may act to
cement an epigeneticically silenced state
(for a review, see refs. 13 and 14).

Only some CpGs in the genome become
methylated and it is likely that this is
controlled in part by a balance between de-
methylation, initiated by TET-proteins15

and methylation, mediated by DNMTs.
DNMT1 is the methylase that maintains
CpG methylation during DNA replication,
whereas de novo methylation is mediated
by DNMT3a, DNMT3b and their partner,
DNMT3L (for a review, see ref. 16). Also
pertinent is that CGIs near active promo-
ters tend to be hypo-methylated and
correlate with transcription factor binding.
A seminal study showed that Sp1 sites in
the mouse Aprt promoter (but not Sp1
itself) are required to maintain an unmethy-
lated state,17,18 which could involve other
factors such as VEZF1.19 Similarly, binding
YY1 and Nrf1 protect CGIs from methyla-
tion20 and the binding of RNA polymerase
II predicts the DNA methylation state.21

Therefore, active transcription may serve to
prevent CGI methylation.

The signal transduction and activation
of transcription, STAT proteins were
discovered by the Stark, Kerr and
Darnell laboratories in the early 1990s
(for a historical perspective, see ref. 22). By
1995 all six STAT proteins had been
identified, including STAT3.23-25 Soon
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after, STAT3 activation was shown to be
regulated by tyrosine and serine phosphor-
ylation26 and we now know that this
protein is also post-translationally modi-
fied by di-methylation at K14027 and
acetylation at K68528 and other sites (for
a review of STAT acetylation, see ref. 29).
In contrast to other STAT proteins,
STAT3 is required for early development
and STAT3−/− mice die between E6.5 and
E7.5.30 Analyses of conditional STAT3
knockouts showed that STAT3 regulates a
number of important processes, including
mammary gland involution, IL-6-driven T
cell proliferation, apoptosis and cell mot-
ility (for a review, see ref. 31). In humans,
inborn errors in STAT3 are found in a
form of hyper-IgE syndrome (HIES) and
certain T cell subsets are affected in these
patients.32 STAT3 is activated by a
number of different stimuli, including
type I and II interferons, IL-10, IL-12,
IL-23 and receptor tyrosine kinases (for a
review, see refs. 22, 32 and 33). Each of
these stimuli results in regulation of gene
expression programs and the specificity of
the transcriptional programs activated is
likely to be due to DNA binding of other
transcriptional regulators, including
STAT5,34 the interaction of STAT3 with
other proteins and the epigenetic state of
the chromatin. For example, STAT3 binds
to the NFkB proteins RelA/p65 and p50
and STAT3 and NFkB bind some
promoters in common (for a review, see
ref. 33). STAT3 can also partner with
other transcriptional regulators, such as c-
Jun, C/EBP, β-catenin and also STAT1
and STAT6 (for a review, see ref. 35).
STAT3 also binds to DNMT1 and this
may cause epigenetic gene silencing by
targeting DNMT1 to promoters, such as
that of the PTPN6 gene (encodes the
phosphatase, SHP-1).1

The article by Lee et al.2 in the
Proceedings of the National Academy of
Sciences, “Acetylated STAT3 is crucial for
methylation of tumor-suppressor gene pro-
moters and inhibition by resveratrol results
in demethylation,” investigated the mech-
anism by which STAT3 binds DNMT1
and the consequences of such binding for
CGI methylation. The authors first noticed
that STAT3 K685 acetylation occurs in
tissues from patients with melanoma, colon
cancer and triple-negative breast cancer

(TNBC), but less so in normal tissues. To
investigate the role played by acetylation at
this site, they expressed a STAT3 K685R
mutant in the melanoma cell line, A2058.
Tumors resulting from injection of the
STAT3 (K685R) cells into a mouse
xenograft model grew more slowly and
the expression of two tumor suppressor
genes suppressed by STAT3, TP53
(encodes p53) and PTPN6 were increased.
In MEFs, expression of the same STAT3
mutant increased the expression of PTPN6
and CDKN2A (encodes the Cdk4/6 inhib-
itor, p16INK4A). They then used methyla-
tion-dependent immunoprecipitation
(MeDIP) and promoter-specific PCR to
determine whether CGI methylation was
altered in the promoters of these genes, as
well as in SOCS3. The data indicate that
meC at these promoters is reduced when
the STAT3 acetylation mutant is expressed.
To investigate this further, the authors
mutated the endogenous STAT3 gene to
express STAT3 K685R in the colon cancer
cell line, HCT116. Several genes known to
be hypermethylated and silenced in this cell
line were re-expressed. These included
CDKN2A, DLEC1 and STAT1 and cyto-
sine methylation of their promoters was
reduced. Supplementary data shows that
the epigenetic changes caused by the
mutated STAT3 are not due to a secondary
effect on phosphorylation at Y705. Since
STAT3 had been shown to bind DNMT1
and recruit it to the PTPN6 promoter,1 the
authors used a chromatin immunoprecipi-
tation (ChIP) assay to determine whether
DNMT1 and STAT3 also bind to the
CDKN2A, STAT1 and DLEC1 promoters.
The data shows that both proteins are
recruited to these promoters, but not when
K685 is mutated. Therefore, this study
shows that STAT3 and DNMT1 bind
other promoters containing STAT-binding
sites, in addition to that of PTPN6.

To determine whether acetylation
affects the binding of STAT3 to
DNMT1, STAT3 or STAT3 K685R were
overexpressed and co-immunoprecipita-
tion experiments failed to detect the
mutant in a DNMT1 complex.
Expression of the p300 acetyltransferase
increases STAT3 acetylation at K685 and
its interaction with DNMT1. The histone
deacetylase (HDAC) inhibitor, trichostatin
has a similar effect. DNMT1 also

co-immunoprecipitates with STAT3 from
extracts of A2058 melanoma xenograft
tumors, but not when the K685R mutant
is expressed. Resveratol (found in red
wine36) is a HDAC activator known to
inhibit STAT3 acetylation and treating
these mice with the drug inhibits the
growth of the tumors, ablates the STAT3-
DNMT1 interaction and reduces the
methylation of the PTPN6, CDKN2A
and SOCS3 promoters. These data are
consistent with the model whereby acet-
ylation of STAT3 enables it to interact
with DNMT1 and targets it to methylate
gene promoters (Fig. 1).

The remaining experiments in the study
investigate whether resveratol can be used
to re-activate the ESR1 (ERa) gene in
TNBC and melanoma cells. ERa expres-
sion is re-activated in TNBC and mela-
noma cell lines treated with resveratol and
this correlates with a decrease in ESR1
promoter methylation. Furthermore,
resveratol plus tamoxifen significantly
reduces tumor formation by the TNBC
cell line in the mouse xenograft model.

This is a tantalizing study, which brings
out the role of STAT3 K685 acetylation in
mediating its interaction with DNMT1
and the potential role of STAT3-directed
DNA methylation causing an increase in
promoter methylation and transcriptional
repression of specific genes. STAT3 can
undergo a number of different post-
translational modifications, potentially cre-
ating many forms of the protein with
different activities and able to interact with
other proteins. It would be of interest to
determine to what extent the mechanisms
reported in this paper are dependent on
tyrosine or serine phosphorylation, methy-
lation or acetylation of STAT3 at other
sites. Also, whether the association of
acetylated STAT3 with DNMT1 requires
other accessory factors. It should be noted
that STAT3 has also been shown to
activate DNMT1 transcription in lym-
phoma cells.37 The balance between
DNMT1 promoter activation and
DNMT1 binding by STAT3 and the
precise regulation of STAT3 to control
both these processes require further study.

The study uses MeDIP-PCR analyses to
investigate the methylation state of specific
CGIs and further, more detailed bisulfite
sequencing data of at least the same CGIs
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are now required to ascertain which CpGs
are demethylated as a consequence of
expressing STAT3 K685R and the spread
of demethylation in successive cell cycles.
Also, we need to know where STAT3 and

DNMT1 co-localize in the genome.
ChIP-seq experiments would determine
whether they co-localize at all or only a
sub-set of STAT3-binding sites. It would
also be intriguing to determine whether

some of the intragenic and intronic CGIs
are potentially targeted by this mech-
anism, in addition to known 5' gene
promoters. The studies were performed
with cell lines and further studies are
needed to investigate whether these
mechanisms also occur in primary cells,
in which cellular mechanisms are normal.

In the context of cancer, the authors
show that acetylated STAT3 is highly
expressed in samples from melanoma
patients who do not express ERa.
However, much more extensive studies
now need to be done on a larger number
of samples from TNBC as well as
melanoma patients to determine whether
the correlation holds true in all cases.
Resveratol is in early clinical trials,38

which have yet to evaluate its efficacy as
a single agent. Combination therapies are
becoming increasingly important and the
efficacy of a resveratol and tamoxifen
combination clearly requires further
validation.

Overall, is the study by Zhang et al.
definitive? No, but it sheds light onto a
path worth following.
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