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Following its tyrosine phosphorylation, STAT3 is methylated on
K140 by the histone methyl transferase SET9 and demethylated by
LSD1 when itis bound to a subset of the promoters that it activates.
Methylation of K140 is a negative regulatory event, because its
blockade greatly increases the steady-state amount of activated
STAT3 and the expression of many (i.e., SOCS3) but not all (i.e.,
CD14) STAT3 target genes. Biological relevance is shown by the
observation that overexpression of SOCS3 when K140 cannot be
methylated blocks the ability of cells to activate STAT3 in response
to IL-6. K140 methylation does not occur with mutants of STAT3 that
do not enter nuclei or bind to DNA. Following treatment with IL-6,
events at the SOCS3 promoter occur in an ordered sequence, as
shown by chromatin immunoprecipitations. Y705-phosphoryl-
STAT3 binds first and S727 is then phosphorylated, followed by
the coincident binding of SET9 and dimethylation of K140, and lastly
by the binding of LSD1. We conclude that the lysine methylation of
promoter-bound STAT3 leads to biologically important down-regu-
lation of the dependent responses and that SET9, which is known to
help provide an activating methylation mark to H3K4, is recruited to
the newly activated SOCS3 promoter by STAT3.

gene regulation | signal transduction | gene regulation | posttranslational
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Covalent modifications of histones and nonhistone chromatin
proteins are essential for control of gene expression. The
N-terminal tails of histones, as well as positions in the globular
domains, carry posttranslational modifications, such as methyl-
ation, acetylation, phosphorylation, ADP ribosylation, and ubiq-
uitination (1). Multiple residues of each of the four core histones
have been identified as modification sites (2) and some of the
same lysine side chains can be either methylated or acetylated.
These modifications alter chromatin structure, often by pro-
viding entry sites for proteins that determine higher-order chro-
matin organization, leading to the activation or inactivation of
specific genes. In addition, methylation and demethylation of
p53 and NFkB are carried out by enzymes previously known to
modify only histones. For p53, the reactions occur on K370,
K372, and K382 (3). For NFxB, K37 is methylated by SET9 (4),
and K218 and K221 are methylated by NSD1 and demethylated
by FBXL11 (5).

STATS3 is phosphorylated on tyrosine and serine residues in
response to many different cytokines and growth factors, leading
to the formation of dimers through reciprocal phosphotyrosine—
SH2 interactions (6). Activated STAT3 dimers bind to and ac-
tivate the promoters of target genes. In addition to phosphory-
lation, STAT3 was reported to be acetylated at K685 following
cytokine stimulation, and the K685R mutation blocked its acti-
vation (7), but these observations have been disputed (8). Ray
et al. (9) reported that K49 and K87 of STAT3 are acetylated by
p300 and that the K-R mutations resulted in a STAT3 protein
that is able to translocate into nuclei, but unable to bind to p300.
Here, we show that, in response to IL-6, STAT3 is methylated on
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K140 by the H3K4 methyl transferase SET9 and demethylated
by the H3K4 demethylase LSD1 (lysine-specific demethylase 1,
also named BHC110). Prevention of methylation by mutation of
K140 greatly enhances the induction of one group of genes in
response to IL-6, but has little effect on a second group, and
inhibits the activation of a third group. Several lines of evidence
indicate that methylation takes place as STAT3 is bound to
promoters in the first but not the second group of genes.

Results

MS Indicates that STAT3 Is Dimethylated on K140. To purify STAT3
for analysis, we generated the STAT3-null human cell line A4 by
homologous recombination and expressed Flag-tagged STAT3 at
a level comparable to that in parental DLD1 cells. In A4-STAT3
cells, the tagged STAT3 responded to IL-6 normally (Fig. S14).
STAT3 was purified from untreated or IL-6—treated A4-STAT3
cells (Fig. S14). The samples were analyzed by MS. Mass shifts
of +14 and +28 were observed for a STAT3 peptide from
treated cells only (Fig. S1 B-D), signifying both mono- and di-
methyl modifications. However, the amount of monomethyl
STAT3 was far less than that of dimethyl STAT3. The methyl-
ations were in a peptide that includes residues 115 to 140, and
tandem MS analysis localized the site to residues 131 to 140.
Because K140 is the most logical residue in this peptide for
modification, we generated antibodies against STAT3 peptides
with K140mel and K140me2. The specificity of each antibody
was confirmed by ELISA and Western analyses (Fig. S2 4 and
B). Using these antibodies, there was a strong signal for STAT3-
K140me2 and no signal for STAT3-K140mel in IL-6-treated
parental DLD1 cells and A4-STATS3 cells (Fig. 14, third panel).

Mutation of K140 of STAT3 Prolongs Its Transcriptional Activity in
Response to IL-6. STAT3 proteins with K140R or K140A mutations
were expressed stably at normal levels in A4 cells (Fig. 14, first
panel). As expected, cells expressing the mutant proteins did not
show methylation of K140 in response to IL-6 (Fig. 14, third
panel). In addition, cells containing the mutant proteins showed
much more phosphorylation of Y705 in response to IL-6 than did
cells expressing similar levels of wild-type STAT3 (Fig. 14, second
panel). To determine how gene expression might be affected by
K140 mutations, we measured the effect on SOCS3, an important
direct target of STAT3 that encodes a potent negative regulator of
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Fig. 1. K140A or K140R mutation of STAT3 increases its tyrosine phosphorylation and transcriptional activity in response to IL-6. (A) Western analyses for
STAT3 and Y705-phosphoryl-STAT3. STAT3-null A4 cells were infected with retroviral constructs and stable pools of cells were selected with G418. DLD1,
parental colon cancer cells; A4, STAT3-null cells; WT, A4 cells expressing a normal level of wild-type STAT3; K140A, A4 cells expressing a normal level of K140A
STAT3; K140R, A4 cells expressing a normal level of K140R STAT3. The cells were treated with IL-6 for 4 h and total cell lysates were analyzed by Western blot.
(B) Northern analysis of gene expression. Cells were treated with IL-6 for 4 h and total RNA was analyzed for GAPDH and SOCS3 mRNAs. (C) EMSAs. Whole-cell
extracts were made from DLD1 cells, A4 cells, or A4 cells expressing wild-type, Y705F, K140A, or K140R STAT3, treated with IL-6 for 4 h. A GAS (STAT3 binding)
element derived from the SOCS3 promoter was used as the probe. (D) SOCS3 reporter gene induction. Luciferase constructs containing ~1 kb of the human
SOCS3 promoter (from —1 to about —1,000) were cotransfected with a pCH110 control plasmid. Cells stimulated with IL-6 for 4 h or untreated cells were
washed with serum-free medium and cultured in complete medium for 12 h more. Cell lysates were analyzed for luciferase activity, which was normalized to
the level of p-galactosidase activity from pCH110 control cells in the same extract. Values are means of triplicate determinations and the bars show one SEM.
(E) A4 cells expressing wild-type or K140R STAT3 were treated with IL-6 for 4 h. The cells were washed with serum-free medium twice and cultured in
complete medium without IL-6. Whole-cell lysates were analyzed by Western blot for total STAT3 and Y705-phosphoryl-STAT3. (F) A4 cells expressing wild-
type or K140R STAT3 were treated with IL-6 for 4 h. The cells were washed with serum-free medium twice and cultured in complete medium without IL-6.
After 32 h, the above cells were retreated with IL-6 for 4 h, and then washed with serum-free medium twice and cultured in complete medium, again without
IL-6. Whole-cell lysates were analyzed by Western blot for total STAT3 and Y705-phosphoryl-STAT3. (G) A4 cells expressing wild-type or K140R-STAT3 were
treated with IL-6 for 4 h. The cells were washed with serum-free medium twice and cultured in complete medium without IL-6. Total RNA was analyzed for
GAPDH and SOCS3 mRNAs. (H) A4 cells expressing wild-type or K140R STAT3 were treated with IL-6 for 4 h. The cells were washed with serum-free medium
twice and cultured in complete medium without IL-6. After 32 h, the cells were retreated with IL-6 for 4 h, washed with serum-free medium twice and

cultured in complete medium without IL-6. Total RNA was analyzed for GAPDH and SOCS3 mRNAs.

STAT3 activation. In response to IL-6, the level of SOCS3 mRNA
increased dramatically in cells expressing the K140R or K140A
mutants (Fig. 1B). EMSAs showed that both mutations enhanced
the ability of STAT3 to bind to the GAS element of the SOCS3
promoter (Fig. 1C). SOCS3 promoter-driven luciferase activity
was substantially higher in cells expressing the K140R or K140A
mutant proteins than in cells expressing wild-type STAT3 (Fig.
1D). The enhanced binding of STAT3 to DNA (Fig. 1C) and lu-
ciferase reporter activation (Fig. 1D) are a result of enhanced
activation of the K140R mutant protein. The mechanistic con-
nection between lysine methylation and the degree of phosphor-
ylation of tyrosine 705 is not yet clear.

An assay for the stability of Y705 phosphorylation was per-
formed by treating cells with IL-6 for 4 h, followed by the re-
moval of IL-6. The phosphorylation of Y705 of STAT3 was
sustained for much longer in cells expressing the K140R (Fig.
1E) mutant protein than in cells expressing wild-type STAT3. To
test the physiological significance of the dimethylation of K140,
A4 cells expressing wild-type or K140R STAT3 were treated with
IL-6 for 4 h, kept without IL-6 for 32 h, and then treated again
with IL-6. The cells expressing wild-type STAT3 responded to
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the second IL-6 treatment normally, by phosphorylating Y705
(Fig. 1F, first panel). However, the cells expressing K140R
STAT3 failed to respond to the second treatment with IL-6 (Fig.
1F, third panel). The SOCS3 gene responds to the first IL-6
treatment in cells with either wild-type or K140R STAT3 (Fig.
1G) but to the second IL-6 treatment only in cells with wild-type
STAT3 (Fig. 1H). These results show that the dimethylation of
STATS3 is required to maintain normal cellular responsiveness to
cytokines, at least in part by reducing the duration and extent of
expression of the potent negative-regulator SOCS3. In addition,
the dimethylation of STAT3 is induced by a variety of stimuli
(Fig. S3) (i.e., oncostatin M, EGF in human breast epithelial
hTERT-HMEI1 cells, or by IFN in cells that lack STAT1) (10).
Therefore, activation of STAT3 by several different means
induces the formation of STAT3-K140me?2 similarly.

Nuclear Import and DNA Binding Are Required for IL-6-induced $S727
Phosphorylation and K140 Dimethylation of STAT3. To determine
whether nuclear translocation or DNA binding is necessary for
the dimethylation of K140, we disrupted these properties by
using the STAT3 R214/215A and R414/417A mutants (11),
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expressing them stably in A4 cells at levels comparable to the
level of STAT3 in parental DLD1 cells. When STAT3 DNA
binding was disrupted by the R414/417A mutation, the level of
phosphorylation of STAT3 on S727 was dramatically decreased
and little or no STAT3-K140me2 was observed (Fig. 24), dem-
onstrating that STAT3 DNA binding is required for both the
phosphorylation of S727 and for the dimethylation of K140.
Similar results were found when STAT3 nuclear translocation
was disrupted through the R214/215A mutation (Fig. 24). Both
S727-phosphoryl-STAT3 and STAT3-K140me2 were detected
only in nuclei and not in the cytoplasm when these subcellular
fractions were examined by Western analysis (Fig. 2B). Finally,
when S727 phosphorylation was blocked by the S727A mutation,
K140 dimethylation was dramatically decreased (Fig. 24). From
these data we conclude that nuclear entry and DNA binding are
necessary for S727 phosphorylation and that both DNA binding
and S727 phosphorylation are necessary for K140 dimethylation.
Our conclusion that the phosphorylation of STAT3 on S727 can
only take place after it is bound to DNA mirrors the similar
conclusion of Sadzak et al. (12) for the phosphorylation of
STAT1 on S727 in response to IFN.

In cells treated with IL-6 for various times, S727-phosphoryl-
STAT3 was present primarily in the nucleus and was detected at
only a very low level in the cytoplasm, whereas STAT3-K140me?2
was detected only in the nucleus at all times (Fig. 2B). The maxi-
mum levels of Y705-phosphoryl-STAT3 and S727-phosphoryl-
STAT3 were observed between 1 and 4 h, whereas the highest level
of STAT3-K140me2 were seen somewhat later, between 2 and 4 h
(Fig. 2B, nucleus), suggesting that methylation occurs after STAT3
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has been phosphorylated on Y705. Analysis by immunofluores-
cence confirmed that, in untreated cells, STAT3 was distributed
similarly between cytoplasm and nuclei, although in IL-6-treated
cells STAT3 was seen mainly in nuclei (Fig. 2C, Upper). As
expected, no signal for S727-phosphoryl-STAT3 was detected in
untreated cells, but in IL-6-treated cells, a strong nuclear signal
was present (Fig. 2C). STAT3-K140me2 was not detected in un-
treated cells, whereas in IL-6-treated cells a strong signal was
present, but only in nuclei (Fig. 2C, Lower). Finally, SOCS3 ex-
pression induced by IL-6 was higher in cells expressing the K140A
or K140R mutants than in cells expressing wild-type STAT3,
whereas S727A-, R214/215A-, and R414/417A-STAT3 all failed to
induce SOCS3 in response to IL-6 (Fig. 2D).

STAT3 Is Methylated by SET9 and Demethylated by LSD1. To screen
for the enzymes that methylate and demethylate STAT3, flag-
tagged human STAT3 was expressed in Escherichia coli, purified
by affinity chromatography, and incubated with the purified
histone methylases SET9, SMYD2, SETS, G9a, GLP, and
SETDBI, and a methyl donor (13). Of the enzymes tested, only
SET9 was capable of methylating STAT3 (Fig. S44). However,
only truncated forms of STAT3 and not the full-length protein
were methylated in this assay. An explanation is provided by an
additional experiment in which STAT3 was purified from A4-
STATS3 cells, with or without treatment with IL-6, followed by
incubation with SET9 in vitro. Full-length STAT3 from un-
treated cells was not methylated, but truncated forms generated
during the in vitro incubation were modified (Fig. S4B). How-
ever, the full-length STAT3 generated following IL-6 treatment,
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Fig. 2. Nuclear import and DNA binding are required for IL-6-induced S727 phosphorylation and K140 dimethylation of STAT3. (A) Western analyses for
STAT3, S727-phosphoryl-STAT3, and STAT3-K140me2. STAT3-null A4 cells were infected with retroviral constructs and stable pools were selected with G418.
A4, STAT3-null cells; WT, YF, S727A, K140A, K140R, R214/215A and R414/417A, A4 cells expressing normal levels of wild-type or mutant STAT3 proteins. Total
lysates prepared from cells treated with IL-6 for 4 h were analyzed by Western blot. (B) A4 cells expressing wild-type STAT3 were treated with IL-6. Cyto-
plasmic and nuclear fractions representing equal numbers of cells were separated by electrophoresis and analyzed by Western blot. (C) A4 cells expressing
wild-type STAT3 were grown on coverslips to 20 to 30% confluence, then treated with IL-6 for 4 h, followed by staining with primary antibodies directed
against STAT3, S727-phosphoryl-STAT3 and STAT3-K140me2. Following staining with DAPI (blue nuclear stain) and fluorescent secondary antibodies against
STAT3 (green), S727-phosphoryl-STAT3 (red) or STAT3-K140me2 (red), the cells were examined by confocal microscopy. The yellow/pink pixels in the com-
posite image demonstrate the close association of the two proteins. (D) Northern analysis of gene expression. Cells were treated with IL-6 as above for 4 h and
total RNAs were analyzed for GAPDH and SOCS3.
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analyzed by Western blot. A4, STAT3-nullcells; WT, K140A and K140R, A4 cells

WT, K140A, and K140R, A4 cells expressing normal levels of STAT3 proteins. Th

analyzed for SET9 and LSD1 expression by Western blot.

which leads to phosphorylation of Y705, could be methylated
readily in vitro, revealing that the K140 methylation site is
masked in full-length unphosphorylated STAT3 but becomes
accessible to SET9-catalyzed dimethylation following the major
conformational change that accompanies STAT3 tyrosine phos-
phorylation (14, 15).

We transfected a construct encoding SETY9 into A4 cells
expressing wild-type, K140A, or K140R STAT3 (Fig. 34, Upper).
Increased levels of SET9 increased the dimethylation of K140 in
response to IL-6 (Fig. 34, Lower). Consistently, there was a de-
crease in the expression of SOCS3 in cells expressing wild-type
STAT3 (Fig. 3B). As expected, the levels of SOCS3 were not
affected by increased levels of SETY in cells expressing STAT3
K140A or K140R (Fig. 3B). Coimmunoprecipitation experi-
ments showed that SET9 binds to STAT3, but only following
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STAT3 is methylated by SET9 and demethylated by LSD1. (A) Cells were transfected transiently with pcDNA3.1-SET9. After 48 h, the cells were treated
with IL-6 for 4 h and total cell lysates were analyzed by Western blot. A4, STAT3-null cells; WT, K140A and K140R, A4 cells expressing normal levels of STAT3
proteins. (B) Cells were transfected transiently with pcDNA3.1-SET9. After 48 h, the cells were treated with IL-6 for 4 h and total RNAs were analyzed by
Northern blot. (C) Cells were transfected transiently with pcDNA3.1-LSD1. After 48 h, the cells were treated with IL-6 for 4 h and total cell lysates were

expressing normal levels of STAT3 proteins. (D) Cells were transfected tran-

siently with pcDNA3.1-LSD1. After 48 h, the cells were treated with IL-6 as above for 4 h and total RNAs were analyzed by Northern blot. (E) Western analyses
for SET9 and LSD1. A4 cells were infected with retroviral constructs and stable pools of cells were selected with G418. DLD1, parental cells; A4, STAT3-null cells;

e cells were treated with IL-6 for 4 h and total cell lysates were analyzed by

Western blot. (F) STAT3 was immunoprecipitated from whole-cell extracts of the above cells by using anti-Flag M2 beads. Western analyses were performed
to detect SET9 and LSD1. (G) A4 cells expressing wild-type STAT3 were transfected transiently with siRNAs directed against SET9 or LSD1 and, 24 h later, the
cells were transfected again with the same siRNAs. After an additional 24 h, some of the cells were transfected with siRNA-resistant SET9 or LSD1 cDNAs. After
another 24 h, some of the cells were treated with IL-6 for 4 h more and analyzed for SOCS3 expression by Northern blot and some were left untreated and

treatment of cells with IL-6 (Fig. 3 E and F). Furthermore,
knocking the expression of SET9 down with siRNA significantly
increased SOCS3 expression (Fig. 3G, Left). We conclude that
SET9, which also modifies H3K4, NFxB, and p53 (13), is re-
quired for the dimethylation of K140 of STAT3 in response to
IL-6. LSD1 demethylates H3K4 and H3K9 (16, 17), p53 (18),
and DNMT1 (19). We transfected an expression construct for
LSD1 transiently into A4 cells expressing wild-type, K140A, or
K140R STATS3 (Fig. 3C, Upper) and found a significant decrease
in the level of STAT3-K140me2 (Fig. 3C, Lower). Consistently,
demethylation of K140me2 STAT3 increases SOCS3 expression
in response to IL-6 (Fig. 3D) and LSD1 knock-down decreases
SOCS3 expression in response to IL-6 (Fig. 3G, Right). The re-
sults of coimmunoprecipitation experiments showed that LSD1
binds to STAT3, but only following treatment of the cells with
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extracted for Northern analysis. (D) LSD1 siRNA was used as
described in Fig. 3G. After an additional 48 h, the cells were
treated with IL-6 for 4 or 24 h. Total RNA was extracted for
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IL-6 (Fig. 3 E and F). In addition, LSD1 was able to reverse the
methylation of STAT3 K140 in vitro (Fig. S3B). To prove the
specificity of the siRNAs complementary to SET9 and LSDI, we
showed that they did not cause degradation of SET9 and LSDI
mRNAs in which the target sequence was changed but the
protein sequence was not (Fig. 3G).

Comparison of Genes Induced by IL-6 in Wild-Type Cells and in A4
Cells Expressing K140R STAT3. Cells expressing wild-type or K140R
STAT3 were treated with IL-6 for 4 h. Among 128 IL-6—
responsive mRNAs whose levels differed by twofold or more in
the treated versus untreated samples, the expression of 97
changed by twofold or more in the treated K140R samples; 63
were increased and 34 were decreased (Fig. 44 and Table S1).
SOCS3, FGF21, IRF8, and IRF9 represent mRNAs whose ex-
pression is increased in K140R STATS3 cells, HSFI and CDCAI
represent mRNAs with decreased expression, and CD14 repre-
sents mRNAs induced similarly in both cells. Northern data for
these mRNAs (Fig. 4B) confirm the array results, revealing three
classes of genes that respond differently to disruption of STAT3
methylation at K140. To be sure that these expression patterns
are specific for STAT3, the levels of SET9 and LSDI mRNAs
were knocked down with siRNAs. As shown in Fig. 4C, reduced
expression of SET9 increased the expression of the mRNAs that
are down-regulated by the dimethylation of K140 (i.e., SOCS3,
IRF8, and IRF9), and reduced expression of LSD1 decreased the
expression of these mRNAs (Fig. 4D). However, the expression
of mRNAs that were not affected by STAT3 dimethylation (i.e.,
HSFI and CDI4) also were unaffected by changes in the ex-
pression of SET9 or LSD1 (Figs. 4 C and D).

STAT3-K140me2 Binds to the SOCS3 Promoter Selectively. To test the
promoter occupancy of different forms of STAT3, ChIP
experiments were performed with IL-6-treated cells (Fig. 5).
Total STAT3 and S727-phosphoryl-STAT3 are detected on
examples of all three classes of promoters (SOCS3, CDCAI, and
CD14), whereas K140me2 STAT3 is detected on the SOCS3
promoter but not on the CDCAI or CDI4 promoters. The
SOCS3 promoter was then analyzed to determine the sequence
of events. The data shown in Fig. 64, obtained by qPCR analysis,
represent quantitatively the kinetics of appearance of each spe-
cies on the SOCS3 promoter. Interestingly, in response to IL-6,
the binding of Y705-phosphoryl-STAT3 to the promoter can be
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Fig.5. STAT3-K140me2 bindsto the SOCS3 promoter selectively. A ChIP assay
was performed with chromatin from IL-6-treated or untreated A4 cells
expressing wild-type STAT3, using antibodies against total STAT3, S727-
phosphoryl-STAT3, or STAT3-K140me2. The immunoprecipitated DNA was
amplified by qPCR, using primers specific for SOCS3, CDCA1, and CD14. Values
(percent of the inputs) are the mean + SD of triplicates performed on three
separate chromatin preparations. Data were analyzed using origin75 soft-
ware and compared by using the unpaired Student’s t test. All of the values
obtained with each antibody were corrected for background by subtracting
the value for untreated cells, which was about 0.1% of the input in each case.
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Fig. 6. The sequence of events that follows the binding of STAT3 homo-
dimers to the SOCS3 promoter. (A) CHIP assays. Quantitative ChIP assays
were performed with chromatin from IL-6-treated or untreated A4 cells
expressing wild-type STAT3, using antibodies against total STAT3, Y705-
phosphoryl-STAT3, S727-phosphoryl-STAT3, STAT3-K140me2, SET9, and
LSD1. The immunoprecipitated DNA was amplified by qPCR, using primers
specific for SOCS3. Values (percent of the inputs) are the mean + SD of
triplicates performed on three separate chromatin preparations. Data were
analyzed using origin75 software and compared by using the unpaired
Student’s t test. All of the values obtained with each antibody were cor-
rected for background by subtracting the value for untreated cells, which
was about 0.1% of the input in each case. Note that the data shown are
averages, representing mixed populations of cells. We expect that each in-
dividual promoter will not be able to bind both the methyltransferase and
the demethylase simultaneously. (B) A model for the sequence of events that
follows the binding of STAT3 homodimers to the SOCS3 promoter. Events
following the binding of LSD1 and demethylation of STAT3 are not repre-
sented because they are not well understood at present.

detected by 2 min. S727-phosphoryl-STAT3 is barely detectable
at 2 min and increases at later times. STAT3-K140me2 and
SET9 are observed on the promoter at the same times, later than
Y705- and S727-phosphoryl-STAT3, and LSD1 binds last. These
results are pictured in Fig. 6B, except that the events including
and following the binding of LSD1 are not represented because
we do not yet understand the connection between the methyla-
tion of STAT3 and the dephosphorylation of Y705 well enough
to represent it in a model.

Discussion

Enzymatic modification of histones by methylation, acetylation,
and phosphorylation helps to change chromatin structure in re-
sponse to the binding of transcriptional activators and repressors
(20, 21). We now present the unique observation that a transcrip-
tion factor can be modified when it is bound to specific promoters,
by the same enzymes that modify histones, with major functional
consequences. This observation is important for interpreting ex-
periments in which histone-modifying enzymes have been ma-
nipulated or have been mutated, as the modification of not only
histones but also of other promoter-bound proteins may be af-
fected. In addition to STAT3, p53 is modified on three different
lysine residues by histone methyl transferases and demethylases (3,
18, 22), and there is recent evidence for similar modifications, also
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catalyzed by histone methyl transferases and demethylases, of at
least three lysine residues of NFxB. K37 of the p65 subunit is
monomethylated by SET9 (4), and K218 and K221 are mono-
methylated and dimethylated, respectively, by NSD1 and deme-
thylated by FBXL11 (5). All these modifications activate NFxB
function. For p53, the reactions occur on K370, K372, and K382,
with consequences for function that depend on the site and the
degree of methylation (3, 18, 22-24). K370 is monomethylated by
the H3K4 methyl transferase SMYD?2, repressing transcription,
and is dimethylated at the same site by an unknown methyl trans-
ferase. Dimethylation activates p53 by providing a binding site for
the coactivator 53BP1. Because the phosphorylation of S727 of
STAT3 seems to be a prerequisite for the dimethylation of K140, it
is possible that phosphoryl-S727 helps to provide a binding site for
the lysine methyltransferase SET9. We do not know how dime-
thylation of K140 inhibits the binding of STAT3 to promoters.
However, by analogy with the above examples, a possibility is that
the binding of an accessory protein to this dimethyllysine residue of
STATS3 facilitates its dissociation. Although SET9 is necessary for
the dimethylation of K140 of STAT3 in cells, it is possible that it
may not be sufficient, because its ability to transfer a second methyl
group is controversial. However, some reports do show that SET9
is capable of dimethylating substrates (22, 25-27), and our own
data show that it can dimethylate K140 of STAT3 in vitro (Fig. S4).

Our data provide strong support for the conclusion that
STAT3 is methylated in the nucleus and not in the cytosol. All
reported lysine methylations and demethylations of transcription
factors, including STATS3, are carried out by histone-modifying
enzymes, which are chromatin-bound nuclear proteins. STAT3 is
not methylated if mutations prevent it from being transported into
the nucleus or binding to DNA, even though the corresponding
STAT3 phosphotyrosine dimers are formed (Fig. 24). STAT3-
K140me?2 is found only in the nucleus (Fig. 2B). Additional data
show that STAT3 methylation takes place on chromatin and not in
the nucleoplasm. Kinetic ChIP experiments reveal the sequence
of events on the STAT3-regulated SOCS3 promoter (Fig. 64).
The sequential binding of tyrosine-phosphorylated STAT3 dim-
ers, followed by serine 727 phosphorylation, binding of the meth-
ylase and lysine methylation, and binding of the demethylase, is
very hard to reconcile with a model in which the various forms
of STAT3 come off the promoter to be modified in the nucleo-
plasm and then rebind. Further strong evidence comes from the
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independent finding that the phosphorylation of S727 of STAT3 is
a prerequisite for the methylation of lysine 140 (Fig. 24), consis-
tent with the kinetics that show serine phosphorylation somewhat
earlier than lysine methylation (Fig. 64). Finally, selective meth-
ylation of STAT3 only on a subset of STAT3-induced promoters
(Figs. 4 and 5) again argues against a model in which modification
in the nucleoplasm precedes the binding of STAT3 to promoters.
Major findings of this work are that STAT3 is reversibly dime-
thylated on K140 by histone-modifying enzymes only when it is
part of a promoter-bound complex and that this modification
affects only subsets of STAT3-activated genes. The ability to
control the methylation of a transcription factor in a promoter-
specific manner provides a way to modulate the time of residence
of the transcription factor independently on each promoter (by
modulating affinity) and the strength of the transactivating signal.
Thus, a single modified species of an activated transcription factor
can regulate the expression of separate subclasses of promoters
differentially. The H3K4 methyl transferase SET9 is recruited to
the SOCS3 promoter only after STAT3, providing a potential
mechanism for signal-dependent induction of an activating his-
tone mark. Modifications of promoter-bound transcription factors
are likely to provide docking sites for proteins that carry out im-
portant functions. Enzymes that modify histones and transcription
factors may also modify other promoter-bound proteins and, thus,
additional substrates of histone lysine methyl transferases and
demethylases may be revealed by future experiments.

Methods

Antibodies against STAT3K140me2 were produced at Lanzhou University by
immunizing rabbits. Antibodies were purified by affinity chromatography,
and negative screening strategies were applied to remove antibodies that
cross-reacted with wild-type STAT3. STAT3-null human colon cancer A4 cells
were generated by a homologous recombination knockout strategy at Case
Western Reserve University. For all other details concerning cells, reagents,
and experimental procedures, see SI Methods.
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