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Inappropriate activation of the transcription factors STAT3 and STAT5 has been shown to drive cancer pathogenesis through
dysregulation of genes involved in cell survival, growth, and differentiation. Although STAT3 and STAT5 are structurally related, they can have opposite effects on key genes, including BCL6. BCL6, a transcriptional repressor, has been shown to be oncogenic in diffuse large B cell lymphoma. BCL6 also plays an important role in breast cancer pathogenesis, a disease in which
STAT3 and STAT5 can be activated individually or concomitantly. To determine the mechanism by which these oncogenic transcription factors regulate BCL6 transcription, we analyzed their effects at the levels of chromatin and gene expression. We found
that STAT3 increases expression of BCL6 and enhances recruitment of RNA polymerase II phosphorylated at a site associated
with transcriptional initiation. STAT5, in contrast, represses BCL6 expression below basal levels and decreases the association of
RNA polymerase II at the gene. Furthermore, the repression mediated by STAT5 is dominant over STAT3-mediated induction.
STAT5 exerts this effect by displacing STAT3 from one of the two regulatory regions to which it binds. These findings may underlie the divergent biology of breast cancers containing activated STAT3 alone or in conjunction with activated STAT5.

S

ignal transducers and activators of transcription (STATs) are
latent transcription factors that become activated following
tyrosine phosphorylation by receptor and nonreceptor tyrosine
kinases. Once phosphorylated, they dimerize into their active
forms, translocate to the nucleus, and bind to cognate STAT DNA
binding sites, where they modulate transcription of key target
genes involved in a variety of cellular processes, such as proliferation, survival, differentiation, and apoptosis. While STATs are often thought of as activators of transcription, we and others have
shown that STATs can also repress the expression of some key
target genes (1–3). Interestingly, it has been shown that most of
the seven STATs bind preferentially to TTCNNNGAA sequences
and regulate some of the same genes; however, they are not just
redundant transcription factors, as they often regulate many distinct target genes.
Given their regulation of key genes involved in proliferation
and protection against apoptosis, it is not surprising that STATs
are often found to be aberrantly active in cancer. In fact, both
STAT5, which refers to the nearly identical proteins STAT5a and
STAT5b, and STAT3 are commonly activated constitutively in
breast cancer, as opposed to the transient activation that occurs
physiologically. STAT3 is activated in !70% of breast tumors and
is often associated with aggressive tumors (4, 5). In addition, it has
recently been shown that STAT3 activation is associated with
CD44" stem cell-like triple-negative breast tumors (6). Overexpression studies have shown that STAT5 can promote breast tumor formation in mice (7). In addition, increased levels of prolactin, the cytokine that activates STAT5 in breast cells, are associated
with increased risk of breast cancer in postmenopausal women,
though the tumors are often estrogen receptor (ER)/progesterone
receptor (PR)-positive differentiated tumors (8). Furthermore,
STAT5 and STAT3 can both be activated in the same tumor,
which results in distinct consequences. Tumors that have activation of both STATs are more likely to be ER/PR positive and low
grade than tumors that have activation of STAT3 alone (5). Therefore, this suggests that STAT5 may counterbalance the effects of
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STAT3 in these cells. In fact, it was shown that STAT5 affects the
expression of some STAT3 target genes, one of which is BCL6.
The transcriptional repressor BCL6 prevents terminal differentiation of B cells and has been shown to be oncogenic in diffuse
large B cell lymphoma. In addition, BCL6 has been shown to prevent terminal breast differentiation in mammary cells and prevents the expression of the STAT5 beta-casein target gene (9). In
addition, BCL6 is expressed in high-grade ductal carcinomas (10).
Given our emerging understanding of the important role of BCL6
in breast cancer pathogenesis and the distinct effects of the related
transcription factors STAT3 and STAT5 in its regulation, we examined the molecular mechanism for these divergent effects.
MATERIALS AND METHODS
Cell lines and stimulations. SKBR3 cells, kindly provided by Lyndsay
Harris (Dana-Farber Cancer Institute), were maintained in RPMI containing 10% fetal calf serum. MDA-MB-468 cells, kindly provided by
Myles Brown (Dana-Farber Cancer Institute), and the paired MDA-MB468 sublines (5) were maintained in 10% Dulbecco’s modified Eagle’s
medium (DMEM). The cells were stimulated with 100 ng/ml prolactin
(R&D Systems, Minneapolis, MN, USA) and/or 10 ng/ml leukemia inhibitory factor (LIF) (Calbiochem, Temecula, CA, USA) for 15 min for immunoprecipitations, 90 min for mRNA expression, and 30 min for chromatin immunoprecipitation (ChIP), unless otherwise indicated. Cells
were pretreated with depsipeptide (Fujisawa Pharmaceutical Co., Osaka,
Japan) or trichostatin A (TSA) (Sigma, St. Louis, MO, USA) for 2 h prior
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to stimulation with cytokine for mRNA expression and ChIP. Cells were
pretreated with 10 #M 3-aminobenzamide (3-aba) (Calbiochem) for 4 h
prior to stimulation with cytokine.
Immunoprecipitations, immunoblotting, and nuclear-cytoplasmic
fractionation. Immunoprecipitations and immunoblotting were performed as described previously (11). Cleared lysates were immunoprecipitated with 1 #g anti-STAT5 (sc-835) or 1 #g anti-STAT3 (sc-482)
from Santa Cruz Biotechnology (Santa Cruz, CA). Nuclear and cytoplasmic fractionation was performed according to the manufacture’s protocol
(Active Motif, Carlsbad, CA). Antibodies used for immunoblots included
phosphospecific STAT5 (9351 and 9359), phosphospecific STAT3 (9131),
and poly(ADP-ribose) polymerase (PARP) (9542) from Cell Signaling;
tubulin (T-5168) from Sigma; and BCL6 (sc-858), STAT3 (sc-482), and
total STAT5 (sc-835) from Santa Cruz Biotechnology.
mRNA analysis. RNA was harvested using an RNeasy Minikit from
Qiagen (Valencia, CA). cDNA was generated using a TaqMan reverse
transcription kit (Applied Biosystems, Foster City, CA). Quantitative PCR
(qPCR) was performed in triplicate using SYBR green master mix (Applied Biosystems) on a 7300 or 7500 real-time PCR system (Applied Biosystems). Data are expressed as mean fold change and standard error of
the mean (SEM). Primers included BCL6 (CTGCAGATGGAGCATG
TTGT and TCTTCACGAGGAGGCTTGAT), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (AATCCCATCACCATCTTCCA and
TGGACTCCACGACGTACTCA), and SOCS3 (TCAAGACCTTCAGCT
CCAAG and TGACGCTGAGCGTGAAGAAG).
Reporter gene assays. SK-BR-3 cells were transfected with A-Luc or
TBR-Luc (see below) luciferase reporter plasmid (2) or the STAT3-responsive reporter M67-Luc (kindly provided by J. Bromberg, Memorial
Sloan Kettering, New York, NY). Twenty-four hours after transfection,
the cells were stimulated for 6 or 24 h with the indicated cytokines and
analyzed as described previously (2).
Chromatin immunoprecipitation. ChIP was performed essentially as
described previously (1). Briefly, cells were fixed in 1% formaldehyde for
10 min, sonicated 5 times for 15 s each time using a Fisher Scientific sonic
dismembrator model 500 PDQ on setting 13, and lysates were immunoprecipitated overnight with the indicated antibody: normal rabbit IgG
from Caltag (Burlingame, CA); STAT5 (sc-835), STAT3 (sc-482 and sc7179), RNA polymerase (Pol) II (sc-9001), STAT5a (sc-1081), BCL6 (sc858 and sc-368), Brca1 (sc-646), Brca2 (sc-8326), CtBP (sc-11390), MTA3
(sc-48799), TGIF1 (sc-9084), p300 (sc-585), STAT1 (sc-346), histone
deacetylase 1 (HDAC1) (sc-7872), FoxA1 (sc-9186), and C/EBP$ (sc150) from Santa Cruz Biotechnology; acetyl-histone 4 (Lys8) (2594) and
PARP (9542) from Cell Signaling Technology; phospho-Pol II 5 (ab5131)
and phospho-Pol II 2 (ab5095) from abCam (Cambridge, MA); and
STAT5b (71-2500) from Zymed/Invitrogen (Carlsbad, CA). Quantitative
PCR was performed using primers for region B (CGGCAGCAACAGCA
ATAATC and GGAGAGCTGACACCAAGTCC), region A (TTCCTGTT
ACGCCGTCAATG and CGGCAGCTTCCTGGAAAGTT), the control
region (CACAGGGACAGGAAGATGGT and GGATGGCATACAACCT
CCAA), or rhodopsin (TGGGTGGTGTCATCTGGTAA and GGATGGA
ATGGATCAGATGG). The results were normalized to the input and expressed relative to binding to the rhodopsin-negative binding region.
RNA interference. Cells (5 % 105) were reverse transfected using Lipofectamine RNAiMax (Invitrogen) with 10 nM small interfering RNA
(siRNA) C/EBP$ (sc-29229), FoxA1 (sc-37930) from Santa Cruz, or control siRNA 3 (D-001210-03; Dharmacon). Seventy-two hours after transfection, the cells were stimulated as described above. For ChIP performed
with siRNA targeting FoxA1 (siFoxA1), 7.5 % 106 cells were plated in each
20-cm dish. Reverse transfection was performed for 72 h, after which the
cells were stimulated with LIF and ChIP was performed.
Transfections. SK-BR-3 cells (5 % 104) were transfected with 0.4 #g
(1%) or 0.2 #g (0.5%) plncx2, plncx2-STAT5a1*6, and/or plncx2STAT3C for 30 h. mRNA was isolated, and gene expression was analyzed
as described above.
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Statistical analyses. Data are expressed as means and standard deviations or standard errors of the means, as indicated in the figure legends.
Paired two-tailed Student t tests were performed for all binary analyses.

RESULTS

STAT3 and STAT5 have opposite effects on BCL6 expression.
Although STAT5 and STAT3 are highly homologous and bind to
overlapping cognate sequences, they play distinct roles in mammary gland biology. To determine the mechanism by which
STAT5 and STAT3 exert these disparate effects, we focused on
BCL6, which is oppositely regulated by STAT5 and STAT3 in
breast cancer cells (5). The SK-BR-3 breast cancer cell line was
chosen to analyze BCL6 regulation because neither STAT5 nor
STAT3 is constitutively activated in these cells; however, each can
be specifically activated by a physiologically relevant cytokine:
prolactin activates STAT5 phosphorylation, while LIF activates
STAT3 phosphorylation (Fig. 1A). As we had reported previously
(5), prolactin stimulation led to a prominent decrease in BCL6
mRNA expression, while LIF stimulation resulted in upregulation
of BCL6 mRNA (Fig. 1B). Within 4 h of prolactin stimulation,
BCL6 levels in the nucleus decreased by 40%, and this decrease
was sustained for 24 h (Fig. 1C). These data confirm that STAT5
and STAT3 oppositely regulate BCL6 expression in SK-BR-3 cells.
STAT3 and STAT5 show distinct binding to BCL6 regulatory
regions. We previously identified two potential STAT binding
sites within the BCL6 gene, region A and region B, and demonstrated that in hematopoietic cells, STAT5 binds to region B,
which is located within the first exon of the BCL6 gene (2). Given
the opposite biological and transcriptional roles of STAT3 and
STAT5, we first wanted to determine their binding preferences in
breast cancer cells for these two regulatory regions of BCL6. SKBR-3 cells were left untreated or were stimulated with prolactin or
LIF, and then ChIP was performed with antibodies directed toward STAT5 or STAT3. The ChIP product was analyzed for STAT
binding to region A, region B, and a control region located between the two regions that does not contain any putative STAT
binding sites. Upon prolactin stimulation, STAT5 bound to region B but not to either the control region or region A (Fig. 1D).
Both STAT5a and STAT5b inducibly bound to this site, although
the magnitude of STAT5b binding was somewhat greater (see Fig.
S1 in the supplemental material). As expected, LIF, which does not
lead to STAT5 activation, had no effect on STAT5 binding to these
sites. In contrast, following LIF stimulation, STAT3 bound to both
region A and region B but not to the control region. These data
demonstrate that in the BCL6 gene, STAT5 and STAT3 share a
binding site, region B, while STAT3 also has a distinct binding site,
region A.
To determine whether similar findings have been observed independently, we analyzed publicly available ChIP-sequencing
(ChIP-seq) data sets. These demonstrated that in human cells,
STAT5 typically binds to region B (see Fig. S2 in the supplemental
material). STAT3 binds to both region A and region B in about
half of the human data sets analyzed and to only region B in the
other sets (see Fig. S2). Interestingly, in mouse cells, STAT5a
bound only to region B in 5 of the 6 data sets analyzed, whereas
STAT5b was found only at region B in lymph nodes but at a number of locations, including regions A and B, in mouse liver cells
(see Fig. S3 in the supplemental material). Finally, STAT3 typically
bound only to region B in the mouse cells analyzed (see Fig S3).
Molecular and Cellular Biology
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FIG 1 STAT5 and STAT3 oppositely regulate BCL6 expression. (A) Lysates from SK-BR-3 cells that were untreated (&) or stimulated with prolactin (Prl) or LIF
were immunoprecipitated (IP) for STAT5 or STAT3 and analyzed by immunoblotting for the phosphorylated form of each STAT. (B) RNA from SK-BR-3 cells
stimulated with prolactin or LIF for 90 min was analyzed by quantitative reverse transcription (qRT)-PCR for BCL6 expression normalized to GAPDH (n ' 3;
*, P ( 0.05). (C) Nuclear extracts from SK-BR-3 cells treated with prolactin for the indicated times were analyzed by immunoblotting for BCL6 expression. (D)
(Top) Schematic map of the first two exons of the BCL6 gene and the locations of the regions (and primer pairs) analyzed in ChIP experiments. (Bottom)
SK-BR-3 cells were stimulated with prolactin or LIF, and ChIP was performed using the indicated antibodies. Binding to the indicated sites was analyzed by qPCR
relative to a negative-control binding region in the rhodopsin gene (n ' 3; *, P ( 0.05; **, P ( 0.01). untx, untreated. The error bars indicate standard deviations.

These data suggest that region B is the major site of regulation for
STATs and region A may function in only a subset of cell types.
The gene-regulatory effects of STAT3 and STAT5 can be recapitulated in reporter constructs. We next focused on determining the functional effects of STAT5 and STAT3 binding to
these regions. We first analyzed the regulation of a luciferase reporter under the control of each of these two regions. Activation of
STAT5 by prolactin resulted in downregulation of luciferase when
regulated by region B (TBR-Luc), though it had no effect on luciferase regulated by region A (A-Luc) (see Fig. S4 in the supplemental material). In contrast, activation of STAT3 by LIF resulted
in upregulation of luciferase when regulated by either region A or
region B. Therefore, in these chimeric reporter constructs, STAT3
and STAT5 exert effects that reflect their binding preferences and
functional effects on the endogenous BCL6 gene.
STAT3 and STAT5 have distinct effects on recruitment of
RNA polymerase II to BCL6. We next focused on the mechanism
by which STAT3 and STAT5 mediate these opposite functions.
August 2013 Volume 33 Number 15

Using ChIP, we first determined the effect of STAT5 binding on
recruitment of RNA Pol II. Following prolactin-induced STAT5
binding to region B, RNA Pol II binding was decreased by 40%,
suggesting that STAT5 represses BCL6 expression by reducing
RNA Pol II recruitment (see Fig. S5 in the supplemental material).
To better understand the effects of STAT5 on RNA Pol II recruitment, we performed ChIP using antibodies directed to specific
phosphorylated forms of RNA polymerase II. RNA polymerase II
is phosphorylated on the 5 position of the carboxy-terminal domain (CTD) repeat (P-Pol5) during the initiation phase, while
RNA polymerase II is phosphorylated on the 2 position of the
CTD repeat (P-Pol2) during the early stages of elongation. Analysis using antibodies specific to these sites demonstrated that there
was a reduction of P-Pol5 upon prolactin stimulation, coincident
with STAT5 binding to region B (Fig. 2A); however, prolactin had
no effect on P-Pol2 in region B. Therefore, STAT5 binding to
region B is coincident with a reduction of RNA polymerase II in
the initiation phase.
mcb.asm.org 2881

Walker et al.

FIG 2 STAT5 and STAT3 oppositely modulate RNA Pol II initiation. (A) SK-BR-3 cells stimulated with prolactin or LIF were analyzed by ChIP-qPCR using the
indicated antibodies. Binding to the indicated sites was analyzed by qPCR relative to a negative-control binding region in the rhodopsin gene. (B) SK-BR-3 cells
were stimulated with prolactin or LIF, and binding of BCL6 was analyzed by ChIP. (C) SK-BR-3 cells were stimulated with prolactin at the indicated time points,
and BCL6, STAT5, and P-Pol 5 binding was analyzed by ChIP. The error bars indicate standard errors of the means.

In contrast, LIF stimulation induced recruitment of both PPol5 and P-Pol2 in both regions B and A (Fig. 2A), consistent with
STAT3 promoting upregulation of BCL6 expression. In addition,
LIF stimulation promoted enhanced binding of both P-Pol5 and
P-Pol2 in the intervening control region, suggesting that RNA
polymerase II tracks from regions B to A to promote gene expression.
STAT5 can displace BCL6 from region B. BCL6 has been
shown to repress its own expression by binding to a region that is
located within region B. This BCL6 binding site is distinct from
the major STAT5 binding site within this region, although they are
in close proximity to each other (2, 12). Therefore, we considered
the hypothesis that STAT5 binding altered BCL6 binding to region B. To test this, ChIP was performed using antibodies to
BCL6. Upon prolactin-induced STAT5 activation, BCL6 binding
was lost at region B (Fig. 2B). Additionally, activation of STAT3 by
LIF resulted in a slight reduction of binding of BCL6, but to a
much lesser extent than that induced by STAT5 binding (Fig. 2B).
This indicated that STAT3 and BCL6 do not appear to be competing for binding to region B. Importantly, BCL6 binding is lost in a
time-dependent manner, inversely related to STAT5 binding to
region B (Fig. 2C), suggesting that BCL6 and STAT5 compete for
binding in this region.
We considered the possibility that the epitope on BCL6 recognized by the antibody is no longer be accessible following STAT5
binding, raising the possibility that BCL6 remains bound to region
B. To distinguish these possibilities, we performed ChIP using
antibodies to the C terminus of BCL6, whereas our initial ChIPs
utilized an antibody directed to the N terminus of BCL6. Similar
results were obtained with both antibodies (see Fig. S6 in the sup2882
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plemental material), suggesting that BCL6 is in fact lost from region B upon STAT5 binding and that this finding does not reflect
epitope masking. Furthermore, this loss of BCL6 binding is not
due to decreased amounts of BCL6 in the nucleus, since the levels
of nuclear BCL6 at this time point (30 min of prolactin stimulation) are similar to that of cells prior to prolactin stimulation (Fig.
1C). Taken together, these data demonstrate that BCL6 itself is not
involved in STAT5-mediated repression of BCL6 mRNA expression.
STAT5 binding does not alter histone acetylation. Given that
histone acetylation is a known epigenetic mechanism of gene regulation, we analyzed acetylation of histones 3 and 4 in the regulatory regions of BCL6 upon prolactin and LIF stimulation. In region B, prolactin stimulation had no effect on acetylation of
histone 4 (Fig. 3A) or histone 3 (data not shown). In contrast, LIF
stimulation promoted histone acetylation in both regions B and A,
as well as the intervening control region. This demonstrates that
histone deacetylation in region B is not necessary for STAT5-mediated repression of BCL6, though increased histone acetylation is
correlated with BCL6 upregulation. Consistent with this, HDAC1
is not recruited to region B upon prolactin stimulation (data not
shown).
Since many transcription factors and other proteins can also be
acetylated, we hypothesized that acetylation or deacetylation of
these factors may be important for BCL6 gene regulation mediated by STATs. Therefore, we utilized two pharmacologic inhibitors of HDACs to test this hypothesis. We pretreated cells with
TSA or depsipeptide, stimulated them with prolactin, and then
analyzed BCL6 mRNA expression. Both TSA and depsipeptide
resulted in upregulation of BCL6 expression, but neither treatMolecular and Cellular Biology
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FIG 3 Histone acetylation and PARP are not involved in STAT5-mediated repression of BCL6. (A) SK-BR-3 cells stimulated with prolactin or LIF were analyzed
by ChIP using antibodies directed toward acetylated histone 4 (A-H4). (B) SK-BR-3 cells were pretreated with TSA or depsipeptide for 2 h and stimulated with
prolactin for 90 min. BCL6 mRNA expression was analyzed by qRT-PCR relative to GAPDH. (C) SK-BR-3 cells were treated for 4 h with the PARP inhibitor 3-aba
prior to prolactin stimulation. BCL6 mRNA expression was analyzed by qPCR relative to GAPDH (n ' 2; *, P ( 0.05). The error bars indicate standard errors
of the means.

ment prevented the downregulation of BCL6 expression induced
by prolactin (Fig. 3B). ChIP analysis demonstrated that depsipeptide treatment had no effect on the binding of STAT5 or BCL6 to
region B. Depsipeptide by itself promoted transcriptional initiation in region B, as indicated by increased initiation of phosphorylation of RNA polymerase II at this site. This is consistent with
the increased BCL6 expression seen with depsipeptide alone.
However, STAT5 was still able to repress BCL6 expression, even in
the presence of depsipeptide (see Fig. S7 in the supplemental material), providing further evidence that STAT5 does not require
deacetylase activity for repression of BCL6 expression.
PARP has been reported to be involved in repression of BCL6
expression (13). Using a specific inhibitor of PARP function (3aba), we determined that inhibiting PARP activity resulted in upregulation of BCL6 expression. However, STAT5 still repressed
expression of BCL6 in the presence of 3-aba (Fig. 3C). In addition,
PARP recruitment to region B was not seen upon prolactin stimulation (data not shown). Therefore, this suggests that PARP is
not involved in STAT5-mediated repression of BCL6 expression.
It has recently been demonstrated that BCL6 is downregulated
in B cells upon NF-)B activation via upregulation of IRF-4 (14).
Therefore, we analyzed IRF-4 binding to regions A and B upon
prolactin or LIF stimulation; however, we did not detect any IRF-4
binding to either region (data not shown), suggesting that IRF-4 is
not involved in STAT-mediated regulation of BCL6.
Taking an alternative approach, we wanted to identify cofactors that were recruited by STAT3 but not by STAT5. Therefore,
we analyzed SRC-1 and the related proteins AIB1 and GRIP1,
since these cofactors are expressed in breast cancer cells and SRC-1
has been shown to interact with STAT3 (15); however, we did not
find significant binding upon stimulation with prolactin or LIF,
demonstrating that these cofactors are not involved in prolactinor LIF-mediated modulation of BCL6 in region A or B (data not
August 2013 Volume 33 Number 15

shown). Therefore, the specific cofactors recruited by STAT3 to
promote upregulation of BCL6 remain unknown.
C/EBP$ is a transcription factor involved in mammary gland
development. Since STAT5, STAT3, and BCL6 are all involved in
mammary gland development, this raises the possibility that
C/EBP$ is involved in STAT-mediated regulation of BCL6 expression. ChIP analysis demonstrated that C/EBP$ is bound to
region B and that stimulation with either prolactin or LIF resulted
in enhanced binding (Fig. 4A). Reducing the levels of C/EBP$ by
siRNA resulted in decreased overall expression of BCL6, slightly
enhanced repression by STAT5, and reduced upregulation by LIF
(Fig. 4B). This suggests that C/EBP$ is involved in regulation of
BCL6; however, C/EBP$ is not the factor that promotes differential regulation by STAT3 and STAT5.
FoxA1 is a pioneer factor for estrogen receptor-mediated gene
regulation (16). Therefore, we wanted to determine if FoxA1 was
involved in STAT-mediated regulation of BCL6. ChIP analysis
demonstrated that FoxA1 is present in region B in untreated cells.
FoxA1 binding is reduced in cells treated with prolactin and enhanced in cells treated with LIF (Fig. 4C). This suggests that FoxA1
may play an important role in STAT-mediated regulation of BCL6
expression. However, reducing the levels of FoxA1 by siRNA resulted in decreased BCL6 expression, little to no additional effect
of prolactin, and enhanced STAT3-mediated gene expression by
LIF (Fig. 4D), suggesting that while FoxA1 is important for BCL6
gene expression, it is not the factor involved in differential regulation by STATs. Furthermore, ChIP analysis after reducing
FoxA1 by siRNA showed no effect on STAT3 binding (see Fig. S8
in the supplemental material). This is distinct from the functional
role of FoxA1 in ER binding (16), confirming that FoxA1 is not the
factor that drives the differential effects of STAT3 and STAT5.
STAT5-mediated repression of BCL6 is dominant over
STAT3-mediated induction. We have determined that STAT5
mcb.asm.org 2883
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FIG 4 C/EBP$ is coordinately recruited by STAT5 and STAT3 to regulate BCL6 expression, whereas FoxA1 is oppositely recruited. (A) SK-BR-3 cells stimulated
with prolactin or LIF were analyzed by ChIP using antibodies directed toward C/EBP$ (n ' 2; **, P ( 0.01). (B) SK-BR-3 cells were transfected with siC/EBP$,
and STAT phosphorylation (top) and BCL6 mRNA expression (bottom) were analyzed (n ' 2). (C) SK-BR-3 cells stimulated with prolactin or LIF were analyzed
by ChIP for FoxA1 binding to the indicated regions (n ' 2; *, P ( 0.05; **, P ( 0.01). (D) SK-BR-3 cells transfected with siFoxA1 were analyzed by
immunoblotting for the indicated proteins (left) or by qRT-PCR for BCL6 mRNA expression (right) (n ' 2). The error bars indicate standard deviations.

and STAT3 differentially modulate RNA polymerase II recruitment, as well as having different effects on histone acetylation and
BCL6 binding in the BCL6 regulatory regions. Having gained an
understanding of the differences mediated individually by STAT5
and STAT3 on BCL6, we next determined the effects of concomitant activation of STAT3 and STAT5, as can occur in breast cancer cells. The presence of STAT5 activation supersedes the effects
of STAT3 activation in the prognosis of breast cancers, the growth
and sensitivity to chemotherapy in breast cancer cell lines, and the
regulation of BCL6 expression (5). Therefore, we wanted to determine the mechanism by which STAT5 affects STAT3-mediated
regulation of BCL6 expression. Prolactin-induced activation of
STAT5 resulted in repression of BCL6 expression to less than 50%
of baseline levels as early as 1 h after treatment, and this effect
persisted for at least 3 h. LIF-induced activation of STAT3 led to
prominent induction of BCL6 mRNA at 1 h, which returned to
basal levels by 3 h after stimulation (Fig. 5A). When both STAT5
and STAT3 were activated simultaneously, there was no increase
in BCL6 mRNA, and the levels gradually declined to the level
induced by prolactin alone (approximately 20% of baseline) by 3
h. This provides further evidence that STAT5 is dominant over
STAT3, since STAT5 can repress BCL6 expression even in the
presence of activated STAT3.
We considered the possibility that the dominant effect of
STAT5 was due to competition with STAT3 for nuclear transport
when both are activated. To test this hypothesis, nuclear and cytoplasmic fractions were isolated following prolactin and LIF
stimulation. STAT5 and STAT3 entered the nucleus upon prolactin or LIF stimulation, respectively, and simultaneous activation
2884
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of both pathways has no effect on nuclear accumulation of either
STAT (Fig. 5B). Serine phosphorylation of STAT3 has been found
to be induced by prolactin in other cell types (17), and STAT3
serine phosphorylation may affect STAT3 both positively and
negatively (18, 19). To determine whether this might be a mechanism by which prolactin modulated STAT3 function, we analyzed the phosphorylation of STAT3 on serine 727 upon treatment with prolactin alone or with LIF. Transcriptionally active
nuclear STAT3 shows increased serine phosphorylation upon LIF
treatment; however, prolactin alone has no effect on serine-phosphorylated STAT3 (Fig. 5B). In addition, simultaneous prolactin
and LIF treatment resulted in no measureable difference from LIF
treatment alone. This suggests that prolactin does not directly
modulate STAT3 via serine-phosphorylated STAT3. To further
assess this mechanism, we analyzed the effects of prolactin treatment on the LIF-induced upregulation of a STAT3-dependent
promoter, m67, which is independent of STAT5. Prolactin treatment had no effect on LIF induction of luciferase activity, providing further evidence that prolactin does not inhibit global STAT3
function (see Fig. S9 in the supplemental material).
We next evaluated whether simultaneous activation of STAT5
and STAT3 altered their relative functions in the regulatory regions of BCL6. First, we analyzed luciferase reporter constructs
regulated by either region A or region B. Coactivation of STAT5
and STAT3 led to repression of luciferase regulated by region B. In
contrast, STAT5 had no effect on STAT3-mediated induction of
luciferase activity regulated by region A (Fig. 5C). We next performed ChIP analysis to determine the relative binding of STAT3
and STAT5 at the endogenous BCL6 sites. Similar to the results
Molecular and Cellular Biology
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FIG 5 STAT5 inhibits STAT3 binding to region B. (A) SK-BR-3 cells were stimulated with prolactin, LIF, or the combination for the indicated times, and BCL6
mRNA expression was analyzed. The error bars indicate standard errors of the means. (B) SK-BR-3 cells were stimulated as described above, and the nuclear and
cytoplasmic locations of the indicated proteins were analyzed by immunoblotting. (C) SK-BR-3 cells were transfected with the STAT5/STAT3-responsive region
B luciferase construct (TBR-Luc) or with the STAT3-responsive region A luciferase construct (A-Luc) and were then stimulated with prolactin, LIF, or the
combination for 24 h and analyzed for luciferase activity (n ' 2; *, P ( 0.05). (D) Cells stimulated with prolactin, LIF, or the combination were analyzed for
STAT5 and STAT3 binding to the indicated regions by ChIP. The error bars (C and D) indicate standard deviations.

with the luciferase reporter constructs, STAT5 activation had no
effect on STAT3 binding in region A. Furthermore, activation of
STAT3 had little effect on STAT5 binding to region B; however,
activation of STAT5 reduced STAT3 binding to region B almost
back to basal levels (Fig. 5D). To rule out the possibility that coactivation of STAT5 sterically inhibits the ability of the C-terminal
antibody to bind to STAT3, ChIP was repeated with an antibody
directed to the N terminus of STAT3 (see Fig. S10 in the supplemental material). ChIP performed with this antibody displayed
results similar to ChIP data obtained with the C-terminal antibody (Fig. 5D). Taken together, these findings suggest that STAT5
binding to region B prevents STAT3 from binding to this site,
August 2013 Volume 33 Number 15

thereby allowing STAT5 to have a dominant effect over STAT3 in
regulating BCL6 expression.
We next determined the effects of coactivation of STAT5 and
STAT3 on RNA polymerase II activity. Activation of STAT3 alone
resulted in recruitment of RNA polymerase II phosphorylated on
the 5 and 2 positions in regions B and A and the control region of
BCL6 (Fig. 6). However, when STAT5 was activated simultaneously with STAT3, recruitment of RNA polymerase II phosphorylated on either site was inhibited in all three regions. This suggests
that STAT5 inhibits recruitment of RNA polymerase II to region
B, as well as its tracking from region B to region A, thereby preventing BCL6 transcription. It is notable that binding of RNA
mcb.asm.org 2885
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FIG 6 STAT5 inhibits the effects of STAT3 on regulation of BCL6. SK-BR-3 cells stimulated with prolactin, LIF, or the combination were analyzed by ChIP using
the indicated antibodies for binding to regions B and A and the intervening control region. The error bars indicate standard errors of the means.

polymerase II phosphorylated at the 5 position, reflecting transcriptional initiation, is decreased below basal levels when both
STATs are activated. This is consistent with STAT5 repressing
BCL6 transcription even when STAT3 is activated by preventing
the initial binding of RNA polymerase II in region B.
In contrast to these changes, the binding of a number of other
factors is unchanged when both STATs are activated. STAT5 activation alone or in the context of STAT3 activation had no effect
on acetylation of histone H4 (Fig. 6). This further suggests that
alteration in histone acetylation in region B is not necessary for
STAT5-induced repression of BCL6 expression.
Graded activation of STAT5 displaces STAT3 from region B.
To determine the mechanism by which STAT5 affects STAT3
binding to the BCL6 regulatory regions, we modulated the level of
STAT5 activation using increasing doses of prolactin while keeping the level of STAT3 activation constant at the maximally induced level (achieved with 10 ng/ml LIF). Treatment with 1 ng/ml
of prolactin resulted in weak induction of STAT5 phosphorylation. Increasing dosing of prolactin resulted in a gradated induction of STAT5 phosphorylation, with 100 ng/ml being maximal
(Fig. 7A). A threshold level of STAT5 activation (induced by between 1 and 10 ng/ml of prolactin) was necessary to begin to
inhibit STAT3-mediated BCL6 induction (Fig. 7B). As expected at
maximal activation, STAT5 repressed BCL6 expression below
even basal levels. We then considered the hypothesis that STAT5
could compete with STAT3 for binding at a key regulatory site.
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mcb.asm.org

Using ChIP, we analyzed STAT3 and STAT5 binding to region B
with increasing STAT5 activation. We found that STAT5 was able
to bind to region B, and reduce STAT3 binding to the site, in a
graded manner roughly paralleling the inhibition of BCL6 mRNA
at each level of STAT5 activation (Fig. 7C). This was not a nonspecific effect on STAT3 DNA binding, as STAT3 binding to region A (to which STAT5 does not bind in these cells) was unaffected by prolactin. Taken together, these findings demonstrate
that STAT5 outcompetes STAT3 for binding to region B to regulate BCL6 gene expression.
Constitutively active STAT5 is dominant over constitutively
active STAT3 in regulating BCL6 expression. To determine if the
primacy of STAT5 could also be seen in cells that were not stimulated with cytokines, we transfected SK-BR-3 cells with equal
concentrations of plasmids expressing the constitutively active
forms of STAT5 (STAT5a1*6) and STAT3 (STAT3C) alone and
together. As expected, constitutively active STAT5 repressed
BCL6 expression, while constitutively active STAT3 upregulated
BCL6 expression. Importantly, transfection of equal amounts of
each plasmid resulted in repression of BCL6, confirming that the
inhibitory effect of STAT5 is dominant over that of STAT3 in
regulating BCL6 expression in the absence of cytokine stimulation (see Fig. S11 in the supplemental material). Furthermore, even when only half of the STAT5 plasmid was transfected relative to the constitutively active STAT3 plasmid,
BCL6 was maximally repressed, providing further evidence
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FIG 7 STAT5 inhibition is dominant over STAT3 activation of BCL6. (A to C) SK-BR-3 cells were stimulated with LIF and increasing doses of prolactin. (A)
Phosphorylation of STAT3 and STAT5 was measured by immunoblotting. (B) BCL6 mRNA expression was measured by qRT-PCR (n ' 2; *, P ( 0.05). (C)
STAT5 and STAT3 binding was measured by ChIP. STAT3 binding with LIF only and STAT5 binding with prolactin only in region B were normalized to 100 (n '
2; *, P ( 0.05). (D) ChIP was performed for binding of the indicated proteins to region B in MDA-MB-468 cells stimulated with prolactin (top) or the paired
MDA-MB-468 sublines stably transfected with constitutively active STAT5a1*6 or empty vector (bottom). The error bars indicate standard deviations.

that STAT5 is dominant over STAT3 in regulating BCL6 expression. This was not a global effect, however, as induction of
the STAT3 target SOCS3 gene was unaffected by cotransfection
with the constitutively active STAT5 plasmid.
STAT5 outcompetes constitutively activated STAT3 in region B. We have found that in primary human breast cancers,
tumors with coactivation of STAT5 and STAT3 have significantly
different clinical characteristics than tumors with constitutively
activated STAT3 alone. Therefore, we next wanted to determine if
STAT5 could exert a repressive effect on BCL6 expression even
when STAT3 is constitutively activated in a cell. We utilized
MDA-MB-468 breast cancer cells, which contain constitutive activation of STAT3 and in which STAT5 can be activated by proAugust 2013 Volume 33 Number 15

lactin (5). Prolactin stimulation of MDA-MB-468 cells results in
downregulation of BCL6 expression (5). Following prolactin
stimulation, ChIP analysis demonstrated that STAT5 bound to
region B, and STAT3 binding to this site was reduced by 25% (Fig.
7D). In addition, concomitant with STAT5 activation, BCL6
binding was reduced and the initiation of phosphorylation of
RNA polymerase II at the site (P-Pol 5) was inhibited, as was seen
with the SK-BR-3 cells (Fig. 7D).
To further elucidate the mechanism of regulation of BCL6 in
breast cancer, we next evaluated binding when both STAT5 and
STAT3 are constitutively activated. While STAT5 activation occurs commonly in breast tumors, alone and in combination with
STAT3 activation (5), we have been unable to identify a breast
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cancer cell line in which STAT5 is constitutively activated (6).
Therefore, we engineered paired MDA-MB-468 sublines in which
STAT3 is activated in conjunction with STAT5 (having been stably transfected with the constitutively activated STAT5 mutant
STAT5a1*6) or in which STAT3 is activated in isolation (having
been stably transfected with the corresponding empty vector) (5).
In these paired lines, BCL6 expression is downregulated when
both STATs are activated compared to STAT3 activation alone
(5). ChIP in these paired lines demonstrated that when both
STATs are constitutively activated, STAT5 bound preferentially to
region B and reduced the initiation of phosphorylation of RNA
polymerase II at the site (Fig. 7D). Taken together, these findings
demonstrate that the dominant repressive effects of STAT5 over
STAT3 on BCL6 expression occur over the full range of physiological activation states of these transcription factors.
DISCUSSION

We have found that STAT5 and STAT3 oppositely regulate BCL6
expression by binding to the same regulatory site, region B, and
promoting opposite effects on RNA polymerase II initiation. It
was recently demonstrated independently that STAT5 bound to
region B in breast cancer cells (20), which is consistent with our
data in both hematopoietic and breast cells. In addition, we have
found that these STATs compete for binding to this site, and
STAT5 can outcompete STAT3, thereby preventing BCL6 gene
expression. We have ruled out many plausible mediators, including histone deacetylation, PARP, and Brca1/2. We also showed
that other potential cofactors, including C/EBP$ and the pioneer
factor FoxA1, do not drive the differential regulation of BCL6 by
STAT3 and STAT5. However, the full mechanism by which
STAT5 represses BCL6 activity remains unknown.
STAT5-mediated repression of BCL6 has also been demonstrated in mouse liver cells (21, 22); however, the mechanism of
repression by STAT5 is currently unknown. It was found that
STAT5 bound to region B in both male and female mouse livers
when growth hormone was present. Interestingly, STAT5 bound
to region A in male livers with low growth hormone levels, but
STAT5 binding to region A was not detected in female livers (22).
Consistent with the female mouse livers, STAT5 binding was not
detected in region A in female breast cancer cell lines when activated by prolactin (Fig. 1 and data not shown). We have also
determined that STAT5 does not regulate region A when isolated
in a reporter construct and stimulated with prolactin (see Fig. S4
in the supplemental material). In addition, we previously reported
that STAT5 does not bind to region A in a variety of hematopoietic
cell lines (2). While STAT5 has been shown to bind to region A in
other systems (see Fig. S3 in the supplemental material), the role
of region A in regulation of BCL6 by STAT5 is currently unknown.
However, in the breast cancer cells analyzed, region A does not
play a role in STAT5-mediated regulation of BCL6 expression or
in the dominance over STAT3, since STAT5 does not affect STAT3
binding to this region. The role of region A in the sex differences
seen in mouse livers (22) suggests that region A may play an important role in liver cells. Further analysis of STAT binding to
region A in additional cell types may help elucidate the role of
region A in regulating BCL6 expression.
Repression of BCL6 by STAT5 has also been demonstrated in
TH1 cells after interleukin 2 (IL-2) treatment (23), which is consistent with our previous work demonstrating that IL-2 activation
of STAT5 in NK cells represses BCL6 expression (2). It was found
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that STAT3 binding to the BCL6 gene is reduced and STAT5 binding is increased upon IL-2 stimulation (23). This supports our
data in breast cancer cells showing that STAT5 outcompetes
STAT3 for binding to the BCL6 gene to regulate BCL6. Interestingly, the authors did not analyze binding to region B but to a site
approximately 0.4 kb upstream of region B (23). There is a weak
site corresponding roughly to that region that is detected in some
of the other human ChIP-seq data (see Fig. S2 in the supplemental
material). This may be an additional site that STATs utilize to
regulate BCL6 in some cell types. Interestingly, in contrast to TH1
cells, which are regulated by IL-2 and STAT5, follicular helper T
cells (TfH cells) are regulated by IL-6 and IL-21, cytokines that
activate STAT3. BCL6 has been shown to be upregulated by IL-6
and IL-21 to promote differentiation along the TfH lineage (24). It
has also recently been reported that STAT5 negatively regulates
TfH cell generation (25). In addition, BCL6 expression is low in
these cells when STAT5 is activated (25). The authors suggest that
STAT5 promotes upregulation of Blimp-1, which then represses
BCL6 expression, though they do not directly show that STAT5
regulates Blimp-1 expression. BCL6 and Blimp-1 reciprocally repress each other; therefore, it is possible that STAT5 represses
BCL6 expression, which allows Blimp-1 to be upregulated,
thereby preventing TfH generation. This suggests that STAT5 and
STAT3 modulation of BCL6 expression may affect helper T cell
lineages based upon BCL6 regulation and further supports a role
for STAT5 and STAT3 competing to regulate BCL6 expression.
BCL6 and STATs also compete to regulate some of the same
genes (20, 21, 26). In liver cells, there are sex-biased genes regulated by STAT5 that affect many cellular processes (22). Interestingly, in male liver cells, BCL6 bound to STAT5 targets that were
female biased and thus not expressed in male liver cells (21). This
suggests that BCL6 may help to modulate STAT target genes. We
have found that STAT5 competes with BCL6 for binding to region
B to regulate BCL6 expression (Fig. 2B). BCL6 has been shown to
partially repress its own expression (27), leading to a stable equilibrium of expression. However, we demonstrate that STATs do
not utilize BCL6 to modulate its expression, since BCL6 binding is
reduced when STATs bind (Fig. 2). Importantly, reduction of
BCL6 binding to region B upon STAT5 binding is concomitant
with decreased RNA polymerase II binding and activity (Fig. 2 and
6; see Fig. S5 in the supplemental material), demonstrating that
STAT5 binding promotes greater inhibition of transcription than
BCL6 does on its own. As further evidence that STAT binding at
this site supersedes the effect of BCL6, STAT3 binding does not
greatly reduce BCL6 binding to region B; however, RNA polymerase II is recruited and is activated when STAT3 binds, and transcription of BCL6 increases markedly. Potentially, STAT3 upregulation of BCL6 might be enhanced even further if BCL6 is not
bound to region B.
Recent work has found that, like BCL6, IL-17 is oppositely
regulated by STAT5 and STAT3 (28). STAT5-mediated repression
of IL-17 is associated with recruitment of the transcriptional repressor NCoR2 and a loss of permissive modifications of histone
H3 at this locus. This is distinct from the mechanism by which
BCL6 is regulated, since histone acetylation is not involved in
STAT5-mediated repression of the gene. It was further demonstrated that approximately 300 additional genes in T cells are oppositely regulated by STAT3 and STAT5, though whether this is
true in breast cells remains to be seen.
Analysis of STAT target genes in mammary epithelial cells usMolecular and Cellular Biology
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ing gene expression microarrays identified the prosaposin gene
(Psap) as being upregulated by STAT5 and repressed by STAT3
(29). This provides further evidence that STAT3 and STAT5 can
oppositely regulate specific genes and shows that either STAT can
mediate upregulation or downregulation in this setting. The
mechanism by which Psap is oppositely regulated by these STATs
is currently unknown. Further analysis in breast cancer cells by
RNA expression studies and ChIP-seq may identify other genes
that are oppositely regulated by these STATs, and this may provide
insights into the mechanism by which this occurs, as well as its
biological significance.
Our work and that of others clearly demonstrates that STAT5
and STAT3 are not redundant transcription factors and in fact can
oppositely regulate certain genes. This is important in our understanding of transcriptional regulation, as both of these highly homologous transcription factors are ubiquitously expressed, have
similar DNA binding specificities, and are generally thought of
only as transcriptional activators. This finding also has implications for the therapeutic use of STAT inhibitors in cancers in
which both STATs are activated (30, 31). In the case of breast
cancer, STAT5 has been shown to modulate the effects of STAT3,
allowing reduced growth and increased sensitivity to cancer therapy (5). Therefore, in this setting, STAT5 inhibitors may not be a
useful therapy, since genes that are normally repressed by STAT5,
including BCL6, would be upregulated by STAT3, promoting a
potentially more aggressive tumor. Both STAT3 and STAT5 can
also be activated in leukemias (32, 33), and these STATs have
similar opposite effects on the regulation of BCL6 expression in
hematopoietic cells (data not shown), though the relative contributions of STAT5 and STAT3 to the biology of these cells are
unclear. Understanding the patterns of activation of these STATs
in malignant cells, and their effects alone and in combination on
gene expression, may have important implications for targeted
cancer therapy.
In conclusion, we have demonstrated that STAT5 and STAT3
compete for binding to region B of the BCL6 gene and lead to
opposite effects on gene transcription. Taken together with previously published data, it is clear that STAT5 and STAT3 can regulate distinct sets of genes or regulate the same group of genes in
either a coordinated or opposing manner. These findings highlight the importance of the genomic context in the intricacies by
which transcription factors regulate gene expression.
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