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STAT3-driven transcription depends upon the
dimethylation of K49 by EZH2
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Several transcription factors, including p53, NF-xB, and STAT3, are
modified by the same enzymes that also modify histones, with
important functional consequences. We have identified a previ-
ously unrecognized dimethylation of K49 of STAT3 that is crucial
for the expression of many IL-6-dependent genes, catalyzed by
the histone-modifying enzyme enhancer of zeste homolog 2
(EZH2). Loss of EZH2 is protumorigenic in leukemias, but its overex-
pression is protumorigenic in solid cancers. Connecting EZH2 to
a functionally important methylation of STAT3, which is consti-
tutively activated in many tumors, may help reveal the basis of the
opposing roles of EZH2 in liquid and solid tumors and also may
identify novel therapeutic opportunities.

posttranslational modification | histone methyltransferase |
gene expression

TATS3 is activated in 70% of all solid and hematological
tumors (1, 2), where it stimulates proliferation, survival, an-
giogenesis, invasion, and tumor-promoting inflammation. Re-
cently, STAT3 also was found to have an important role in
maintaining cancer stem cells, both in vitro and in mouse tumor
models, indicating that it is integrally involved in tumor initia-
tion, progression, and maintenance (3). IL-6-induced constitu-
tive activation of STAT3 was observed in neoplastic gastric tissue
and is positively correlated with tumor progression (4), and the
expression of tyrosine-phosphorylated STAT3 is associated with
poor prognosis in colorectal cancer, independent of the mutation
status of MSI, CIMP, BRAF, or KRAS (5). The STAT3 gene is
rarely mutated in cancer but rather is activated by members of
the IL-6 family of cytokines, receptor tyrosine kinases, mutated
JAKSs, or oncogenic cellular tyrosine kinases, such as SRC (6).
Because STAT3 is constitutively activated during disease pro-
gression and metastasis, it is a promising therapeutic target. Even
though transcription factors are difficult drug targets, accumu-
lating evidence for the crucial roles of posttranslational modifications
of transcription factors in mediating target gene expression
provides an opportunity to develop drugs against the modifying
enzymes rather than against the transcription factors themselves.
STAT3 is activated primarily by phosphorylation of Y705 (7)
and secondarily by phosphorylation of S727 (8). The acetylation
of STAT3 at K685 (9, 10) has been shown recently to have little
or no effect on IL-6-dependent gene expression (11). Ray et al.
(12) reported that IL-6—induced gene expression requires p300-
mediated acetylation of K49 and K87 and that monoubiquitination
at K97 is a key mediator of BRD4-dependent gene expression (13).
Like NF-xB and p53, STAT3 is reversibly methylated on lysine
residues by histone-modifying enzymes, with important functional
consequences (14). Furthermore, STAT3 is known to be di- or
trimethylated on K140 or K180 by the histone methyltransferase
SET9 (SET domain containing lysine methyltransferase 9) or
EZH2 (enhancer of zeste homolog 2), respectively (15, 16). Here
we show that IL-6-dependent, previously unidentified, dime-
thylation on K49 is necessary for the expression of a major
fraction of STAT3 target genes. Furthermore, the histone
methyltransferase EZH2, which is highly expressed in several
cancers, catalyzes this modification in response to IL-6.

www.pnas.org/cgi/doi/10.1073/pnas.1503152112

Results

STAT3 Is Dimethylated on K49. Flag-tagged WT STAT3 (WT-STAT3)
was introduced into the STAT3-null human cell line A4 at a level
comparable to that in parental DLD1 cells (Fig. 14). Flag-tagged
WT-STAT?3, which responds normally to IL-6 (Fig. 1B), was puri-
fied from untreated or IL-6-treated cells and was analyzed by MS.
In a survey MS experiment, a tryptic peptide containing K49 was
observed, mostly in its unmodified form. A targeted liquid chro-
matography (LC)/MS analysis of the QFLAPWIESQODWAYAASK
peptide was performed to look more critically for K49 modification
(Fig. 1C). There were several sequence-specific ions in the spectra,
including the abundant y14 ion, which confirms the addition of 28
Da of mass to the peptide, and the b17 ion, which is consistent with
the unmodified QFLAPWIESQDWAYAAS portion of the pep-
tide. The results indicate the addition of 28 mass units to K49,
consistent with dimethylation, and reveal that the relative abun-
dance of the modified peptide is increased in the IL-6-treated
sample (Fig. 1D). The previously reported acetylation (12) of
STAT3 at K49 was not detected in our samples by MS analysis.

Mutation of K49 Impairs STAT3 Activation in Response to IL-6. To
determine the role of K49 dimethylation of STAT3 on gene
expression in response to IL-6, we stably expressed the K49R
mutant in A4 cells at a level comparable to that of WT-STAT3
(Fig. 24). To compare the differential effect of K49 methylation
of STAT3 with other previously reported STAT3 post-
translational modifications that affect IL-6-dependent gene ex-
pression, we included the K140R, K685R, and S727A mutations
(8-11, 15) in the same experiment (Fig. 24). A4 cells expressing
WT-STAT3 or each of the four mutant proteins were treated with
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STAT3 is dimethylated on K49. (A) STAT3-null A4 cells were infected with a retroviral construct expressing WT-STAT3, and stable pools of cells were

selected with G418. The level of STAT3 expression, analyzed by the Western method, corresponds to that in the DLD1 parental cells. (B) A4-WT-STAT3 cells
were treated with IL-6 (50 ng/mL) and soluble IL-6 receptor (sIL-6R) (62.5 ng/mL) for 1 h, and total cell lysates were analyzed for Y705 phosphorylation. (C) MS
analysis of tryptic peptides of STAT3 indicates that K49 is dimethylated. Flag-tagged WT-STAT3 was immunoprecipitated from untreated or IL-6-treated
A4-WT-STAT3 cells. The tryptic K49 peptide QFLAPWIESQDWAYAASK was included in the targeted analysis. A peptide consistent with a 28-Da mass modi-
fication of K49 was identified. (D) The relative abundance of the modified form of the K49 peptide was greater in the IL-6-treated samples. The levels of the
modified forms of the peptides containing Y705, K49, and S727 were analyzed.

IL-6 for 4 h. Western analysis revealed that none of the mutations
inhibit the phosphorylation of Y705 (Fig. 2B). A microarray
analysis then was performed to identify genes whose expression
was increased in response to treatment with IL-6. Of the 47,321
probes on the array, 62 (representing 59 genes) were up-regulated
by WT-STAT?3 in response IL-6. The expression of 33 of these 59
genes was impaired twofold or more by the K49R mutation, and
the S727A, K140R, and K685R mutations reduced the expression
of 23, 19, and 18 genes, respectively (Fig. 2C and Table S1). The
inhibitory effect of the K49R mutation on the IL-6-induced ex-
pression of the BCL3, SERPINAI, GADD45G, and SOCS3
mRNAs was confirmed by real-time PCR (Fig. 2D). We con-
clude that the K49R mutation impairs the expression of a major
subset of IL-6—induced STAT3-dependent genes.

Y705 Phosphorylation Is Required for Dimethylation of STAT3. A rabbit
polyclonal antibody raised against a STAT3 peptide carrying di-
methyl K49 was used to detect K49 dimethylation in response to
IL-6. The specificity of the generated polyclonal antibody is con-
firmed as shown in Fig. S1. Although a basal level of dimethylation
was seen in untreated cells (also seen in the MS analysis of
Fig. 1C), the level was increased substantially in response to IL-6
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(Fig. 34). As expected, cells expressing the K49R mutant failed to
show IL-6-dependent dimethylation of K49 (Fig. 3B). More-
over, Fig. 3C shows that Y705 phosphorylation is necessary for
the IL-6-induced increase in K49 dimethylation. To explore
the dependence of K49 dimethylation in another cell line and
in response to a different STAT3-activating ligand, we treated the
nontumorigenic human mammary epithelial cell line " TERT-
HMEI1 with oncostatin M (OSM) or IL-6. Y705 was phosphory-
lated and K49 was dimethylated in response to either IL-6 or
OSM (Fig. 3D).

STAT3 Is Methylated at K49 by the Histone Methyltransferase EZH2.
Several histone methyltransferases have been shown to modify
transcription factors and thereby significantly affect their ability
to induce gene expression. We investigated the possible involvement
of two enzymes that previously have been shown to methylate dif-
ferent residues of STAT3, namely SET9, which methylates K140
(15), and EZH2, which methylates K180 (16), in K49 dimethylation.
A comparison of histone target sequences for EZH2 revealed ho-
mology with the STAT3 sequence surrounding K49, in which five of
nine residues are identical with the EZH?2 site on histone 3, but no
such homology was seen for SET9 (Fig. 44). When we knocked
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Fig. 2. K49 mutation of STAT3 impairs its transcriptional activity in response to IL-6. (A) A4 cells were infected with retroviral constructs expressing WT-STAT3
or the STAT3 mutants K49R, K140R, K685R, or S727A, at levels comparable to the level of WT-STAT3 in DLD1 parental cells. Stable pools of cells were selected
with G418. Western analyses of total cell lysates are shown. (B) Ad-vector control (A4-V), A4-WT, A4-K49R, A4-K140R, A4-K685R, and A4-S727A cells were
treated with IL-6 (50 ng/mL) and sIL-6R (62.5 ng/mL) for 4 h, and total cell lysates were analyzed for Y705 phosphorylation. (C) A microarray analysis was
performed to identify genes induced in WT-STAT3 and the mutant STAT3 cells upon IL-6 treatment. The heat map shows the induced expression of 59 genes
(the full list is given in Table S1). We include only signals that changed by twofold or more, with differential P < 0.05, in IL-6-treated WT-STAT3 cells compared
with IL-6-treated vector control cells and untreated WT-STAT3 cells and with average signals >30 in WT cells treated with IL-6. (D) WT-STAT3 cells and A4 cells
carrying each of the mutant proteins were treated with IL-6 (50 ng/mL) and sIL-6R (62.5 ng/mL) for 4 h, and the relative expression of the BCL3, SERPINAT,
GADD45G, and SOCS3 genes, compared with the untreated cells, was determined by quantitative PCR (QRCR). Values are shown as means, with SDs, from

triplicate experiments.

down the expression of EZH2 in A4 cells expressing WT-STAT3,
there was no effect on the tyrosine phosphorylation of STAT3 in
response to IL-6 (Fig. 44), but EZH2 knockdown prevented the
dimethylation of K49 of STAT3 in response to IL-6 (Fig. 4B).
Similarly, it is evident from a kinetic analysis (Fig. 4C) that K49
mutation does not affect Y705 phosphorylation of STAT3 fol-
lowing IL-6 treatment. The biphasic pattern of Y705 phosphory-
lation of STAT3 in Fig. 4C is in accord with our previous
observations (17). The IL-6—induced expression of three genes
whose expression is inhibited by the K49R mutation, SERPINAI,
SOCS3, and GADD45G, also was inhibited when EZH2 was
knocked down (compare Fig. 2D and Fig. 4D). Kim et al. (16)

Of the 34,694 genes on the arrays, 97 were up-regulated in
response to IL-6 in cells expressing WT-STAT3 (Fig. 5C and
Table S3). The expression of 57, 56, or 48 of these 97 genes was
impaired by twofold or more for the K49R, K49A, or K49Q
mutations, respectively (Fig. S2). Furthermore, the expression of
58 of the 97 genes induced by WT-STAT3 on IL-6 treatment was
inhibited twofold or more when EZH2 was knocked down in
these WT-STAT3 cells (Fig. S3). The expression of more than
half of the 58 genes impaired in WT-STAT3 EZH2 knockdown

reported that EZH?2 is required for the trimethylation of K180 of A B %

STAT3 in glioblastoma stem cells, and they also showed that Ad-Wi RN S

mutation of K180 strongly inhibited the phosphorylation of Y705. L6 - + =+ -6 - + . + - +
th__4h

However, in the colon tumor A4 cells that we have studied, MS
analysis did not reveal any methylation of K180, and, as shown in
Fig. 4B, EZH2 knockdown did not inhibit Y705 phosphorylation
following treatment with IL-6. We attribute these different results
to differences in the cells analyzed. To confirm the involvement of
EZH2 in K49 dimethylation in a nontumorigenic cell line, we
knocked down its expression in hTERT-HMEI1 cells, treated the
cells with IL-6, and assayed the induction of two STAT3-dependent
genes. In this experiment, EZH2 knockdown impaired both the
dimethylation of K49 in response to IL-6 (Fig. 4E) and the induced
expression of SOCS3 and BCL3 (Fig. 4F). In summary, we dem-
onstrate that EZH?2 is responsible for the IL-6—dependent di-
methylation of K49 of STAT3 and that the loss of EZH2 greatly
impairs IL-6-dependent STAT3-mediated gene expression.

The Effects on IL-6-Induced Gene Expression of Mutating K49 of STAT3
or of Knocking Down EZH2 Are Similar. In addition to the K49R
mutant, the K49A and K49Q mutants of STAT3 were analyzed to
minimize mutation-specific effects. Arginine is similar in size to
lysine and has the same charge, whereas alanine is small and
uncharged, and glutamine is similar in size to lysine and also is
uncharged. The relative expression of all three mutant proteins in
A4 cells was very similar (Fig. 54), and the phosphorylation of
Y705 following IL-6 treatment was virtually the same (Fig. 5B).
The results of the array analysis are represented schematically in
Table S2 and are illustrated in Figs. S2-S5.
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Fig. 3. STAT3 Y705 phosphorylation is required for K49 dimethylation
of STAT3. (A) WT-STAT3 cells were treated with IL-6 (50 ng/mL) and sIL-6R
(62.5 ng/mL) for 1 or 4 h, respectively, and total cell lysates were analyzed for
K49 dimethylation by using an antibody that recognizes this specific modi-
fication. (B) A4 cells expressing WT or K49R STAT3 were treated with IL-6
(50 ng/mL) and sIL-6R (62.5 ng/mL) for 1 h, and total cell lysates were ana-
lyzed for K49 dimethylation. (C) A4 cells expressing WT or Y705F STAT3 were
treated with IL-6 (50 ng/mL) and sIL-6R (62.5 ng/mL) for 1 h, and total cell
lysates were analyzed for K49 dimethylation and Y705 phosphorylation.
(D) hTERT-HME1 cells were treated with OSM (100 ng/mL) or IL-6 (50 ng/mL)
and sIL-6R (62.5 ng/mL) for 1 h, and total cell lysates were analyzed for K49
dimethylation, Y705 phosphorylation, and total STAT3.
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SOCS3 and BCL3 genes was determined by qPCR. Values are shown as the means, with SDs, from triplicate experiments.

cells also was impaired by the mutation of STAT3 K49 to arginine,
alanine, or glutamine (Fig. S4). Pairwise comparisons of genes
affected by each of the mutations are shown in Fig. S5. Impor-
tantly, the expression of 15 of the 20 genes whose expression was
impaired by all three K49 mutants also was inhibited when EZH2
was knocked down.

STAT3 Binds to EZH2. Kim et al. (16) showed that that EZH2 binds
to STAT3 in glioblastoma cells. A coimmunoprecipitation ex-
periment (Fig. 64) demonstrates that WT-STAT3 also binds to
EZH2 in A4 cells and that this interaction is increased sub-
stantially following treatment with IL-6. Furthermore, a kinetic
analysis (Fig. 6B) shows that the binding of EZH2 to STAT3
increases by 1 h, is sustained at 2 h, but decreases to basal levels
4 h after treatment. We did not observe IL-6—-induced binding of
EZH?2 to any of the K49 mutant proteins (Fig. 6C).

Knockdown of EZH2 Has Little Effect on the Binding of STAT3 to the
50Cs3 Promoter. Stark et al. (14, 15) show that gene-specific in-
ducible modifications of transcription factors occur at promoters,
where the local chromatin machinery is active, and that these

3988 | www.pnas.org/cgi/doi/10.1073/pnas.1503152112

modifications can modulate the local functions of the tran-
scription factors by altering their stability, transactivation po-
tency, and affinity for DNA, in turn affecting the strength and
duration of inducible gene expression. Therefore we tested whether
EZH2, the enzyme responsible for K49 dimethylation of STATS3,
inhibits STAT3 binding to the SOCS3 promoter. A ChIP analysis
was performed with anti-STAT3 in IL-6-treated A4-WT-STAT3/
shControl and A4-WT-STAT3/shEZH2 cells. The data in Fig. 7
show that, although about 2.5 times more STAT3 was bound to the
SOCS3 promoter in the presence of EZH2 than in its absence,
there still was substantial binding without EZH2. Because STAT3
occupancy of the SOCS3 promoter following treatment with IL-6 is
impaired only slightly in the absence of EZH2, we hypothesize that
the stimulatory effect of EZH2 on STAT3-dependent gene ex-
pression at susceptible promoters may be caused by events that
follow STAT3 binding, for example, the recruitment of positively
acting accessory factors.

Discussion

Two previous studies, including one from our laboratory, indicate
that STAT3 can be methylated by histone methyltransferases. K140

Dasgupta et al.
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compared with IL-6-treated vector control cells and untreated WT-STAT3
cells and with average signals >30 in IL-6-treated WT-STAT3 cells.

is dimethylated by SET9 and is demethylated by LSD1 (15), and
K180 is trimethylated by phosphorylated EZH2 (16). Our MS
results (Fig. 14) and Western data (Fig. 3 A and B) reveal a third
site of methylation. In response to IL-6, K49 of STAT3 is dime-
thylated by EZH2. The amino acid sequences surrounding the K49
methylation site of STAT3 and the K27 EZH2-dependent meth-
ylation site of histone H3 are quite similar (Fig. 44). Y705 phos-
phorylation of STAT3 following ligand stimulation precedes K49
dimethylation (Fig. 3 C and D), and EZH2 is bound preferentially
to tyrosine-phosphorylated STAT3 (Fig. 6 A and B). We also find
that none of the K49 mutants tested binds to EZH2 (Fig. 6C). The
affinity of tyrosine-phosphorylated STAT3 dimers for EZH2 may
be greater than that of unphosphorylated STAT3. Alternatively, or
in addition, EZH2 may bind to promoter-bound STAT3 phos-
phorylated dimers rather than to STAT3 dimers that are not as-
sociated with promoters.

Analysis of IL-6-stimulated gene expression reveals that the
expression of more than half of the genes induced by WT-STAT3
is impaired when K49 is mutated (Fig. 2). When we knocked
down EZH2 expression, IL-6—dependent K49 dimethylation was
abrogated (Fig. 4 B and E). IL-6—dependent gene expression also
was severely impaired in cells in which EZH2 was knocked down
(Fig. 4 D and F), but Y705 phosphorylation was not (Fig. 4C).
EZH2 knockdown and three different mutations of K49 im-
paired the expression of similar sets of dependent genes. Pre-
viously, Kim et al. (16) showed that EZH2 binds to STAT3 in
glioblastoma stem cells. In addition, the ChIP data of Fig. 7 show
that EZH2 has only a minor effect on IL-6—dependent STAT3
binding to the SOCS3 promoter. Our results show that knock-
down of EZH2 reduces but does not eliminate SOCS3 expres-
sion (unlike mutation of K49), perhaps because the knockdown
was incomplete. Because, for IL-6-mediated STAT3-dependent
gene expression, the reductions in gene expression and in chro-
matin association detected by ChIP are not completely different
(fivefold versus 2.5-fold), STAT3 K49 methylation may affect
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both chromatin association and cofactor recruitment. In the fu-
ture, it will be of interest to compare STAT3 association at ad-
ditional target promoters (for both methylation-sensitive and
methylation-resistant genes) and to expand the correlation be-
tween sensitivity to the methylation mark and chromatin recruitment.

In summary, we identify K49 as a previously unidentified
dimethylation site on STAT3 and show that this modification has
a substantial effect on IL-6-dependent STAT3-mediated gene
expression. As reviewed by Stark et al. (14), the lysine methyl-
ation of several different transcription factors, including STAT3,
has been shown to occur after they have bound to specific pro-
moters. In each case, the methylation affects the expression of
some genes but not others. The modifications might alter the
affinity of the transcription factor for some promoter sequences
but not others, or specific proteins might be recruited to the
modified residues (as has been amply observed for methylated
lysine residues of histones), with functional consequences for
some promoters but not others.

EZH?2, the catalytic subunit of polycomb repressive complex 2,
methylates K27 of histone H3, leading to chromatin condensa-
tion and suppression of gene expression (18-22). EZH2 is
overexpressed in a wide range of cancers, including those of
breast, prostate, and bladder (23, 24). However, in contrast,
Ntziachristos et al. (25) and Simon et al. (26) showed that EZH2
disruption is sufficient to cause T-cell acute lymphoblastic leu-
kemia in mice and that its disruption also favors the development
of human T-cell acute lymphocytic leukemia. Furthermore, the
ability of EZH2 to function as a crucial modifier of several sig-
naling pathways, independent of its histone methyltransferase
activity, adds to the complexity of EZH?2 biology. A study by Shi
et al. (27) showed that EZH2 can serve as an adaptor protein,
linking estrogen receptor to p-catenin to enhance their tran-
scriptional activities, and recent findings by Lee et al. (28)
demonstrated that EZH2 enhances NF-kB activity by promoting
NF-kB binding to a set of target promoters through direct
physical interaction with RelA and RelB in basal-like breast
cancer cells. In addition to these roles, EZH2 recently has been
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Fig. 6. EZH2 binding to STAT3 is enhanced by IL-6 treatment in a time-
dependent manner. (A) WT-STAT3 cells were treated with IL-6 (50 ng/mL)
and sIL-6R (62.5 ng/mL) for 1 h, followed by immunoprecipitation of STAT3
from whole-cell extracts with anti-FLAG M2 beads. Western analyses were
performed to detect EZH2. (B) WT-STAT3 cells were treated with IL-6 (50 ng/mL)
and sIL-6R (62.5 ng/mL) for the indicated times, followed by immunopre-
cipitation of STAT3 from whole-cell extracts with anti-FLAG M2 beads.
Western analyses were performed to detect the time dependence of EZH2
binding. (C) A4 cells expressing WT-STAT3 or one of the three K49 mutants
were treated with IL-6 (50 ng/mL) and sIL-6R (62.5 ng/mL) for 1 h, followed
by immunoprecipitation of STAT3 from whole-cell extracts with anti-FLAG
M2 beads. Western analyses were performed to detect EZH2 binding.
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Fig. 7. Knockdown of EZH2 has little effect on the binding of STAT3 to the
SOCS3 promoter. A4-WT-STAT3/shControl (NTshRNA) and A4-WT-STAT3/
shEZH2 (shEXH2) cells were treated with IL-6 (50 ng/mL) and sIL-6R (62.5 ng/mL)
for 30 min or were untreated. A ChIP assay then was performed, using an an-
tibody against total STAT3. The immunoprecipitated DNA was amplified by
gPCR, using primers specific for STAT3-binding sites on the SOCS3 promoter.
Values represent means + SD of fold enrichments of the IL-6-treated versus
untreated samples following analysis by qPCR.

implicated in the modification of several transcription factors
through its methyltransferase activity, independent of its ability
to modify histones. RORa, an orphan nuclear receptor that is
involved in several signaling pathways and that inhibits cancer
progression in a context-dependent manner, is monomethylated
by EZH2 and thus is marked for ubiquitin-mediated degradation
(29). EZH2 has been reported to methylate the transcription
factor GATAA4, thereby repressing its activity (30).

Deregulated expression of 1L-6 assists tumorigenesis by inhib-
iting apoptosis, stimulating angiogenesis, and increasing drug re-
sistance (31). Lysine methylation by histone-modifying enzymes
activates several different transcription factors, including STAT3,
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p53, and NF-«B, that have well-recognized roles in tumorigenesis.
Therefore, mutations, amplifications, or deletions of histone lysine
methyltransferases and demethylases that also modify transcrip-
tion factors may affect cancer development and progression sig-
nificantly (14). For this reason, these enzymes are promising
targets for antitumor drugs. Both STAT3 and EZH?2 have been
found to be hyperactive in numerous cancers (22, 32). Our
present data indicate that EZH?2 has an important role in IL-6—
mediated, STAT3-dependent gene expression, and therefore EZH2
inhibitors are promising therapeutic targets for solid tumors.
However, the loss of EZH?2 expression is characteristic of myelo-
dysplastic syndrome, myeloproliferative disorders, and acute
myeloid leukemia (32, 33), supporting the need to identify al-
ternative targets in different tumor types. However, it is worth-
while considering the use of established EZH2 inhibitors to
down-regulate STAT3-dependent gene expression in cancers in
which EZH2 is overexpressed.

Materials and Methods

STAT3-null A4 cells were derived from human DLD1 colon cancer cells by
homologous recombination (15). Both DLD1 and the STAT3-null A4 cells
were grown in McCoy’'s 5A medium with L-glutamine (HyClone), supple-
mented with 5% (volivol) FBS, penicillin, and streptomycin (100 pg/mL)
(Gibco-BRL). Immortalized hTERT-HME1 cells were grown in mammary epi-
thelial growth medium supplemented with bovine pituitary extract, genta-
mycin, hydrocortisone, insulin, and human epidermal growth factor (bullet
kit), all from Lonza.

Additional details and experimental procedures are provided in S/
Materials and Methods.
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