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Abstract

Breast cancer is often associated with inappropriate
activation of transcription factors involved in normal
mammary development. Two related transcription factors,
signal transducer and activator of transcription (STAT) 5
and STATS3, play important and distinct roles in mammary
development and both can be activated in breast cancer.
However, the relative contribution of these STATs to
mammary tumorigenesis is unknown. We have found that
primary human breast tumors displaying activation of both
STATs are more differentiated than those with STAT3
activation alone and display more favorable prognostic
characteristics. To understand this difference, we have
analyzed the effect of these STATs on gene regulation

and phenotype of mammary carcinoma cells. STAT5 and
STAT3 mediate opposing effects on several key target
genes, with STAT5 exerting a dominant role. Using a
model system of paired breast cancer cell lines, we

found that coactivation of STAT5 and STATS3 leads to
decreased proliferation and increased sensitivity to the
chemotherapeutic drugs paclitaxel and vinorelbine
compared with cells that have only STAT3 activation.
Thus, STAT5 can modify the effects of STAT3 from the
level of gene expression to cellular phenotype and analysis
of the activation state of both STAT5 and STAT3 may provide
important diagnostic and prognostic information in breast
cancer. (Mol Cancer Res 2009;7(6):966—76)

Introduction

Mammary development occurs through precise activation
of a variety of transcription factors. Inappropriate or constitu-
tive activation of many of these transcription factors is found
in breast cancer and may contribute directly to its pathogenesis
(1). In particular, signal transducers and activators of transcrip-
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tion (STAT), a family of transcription factors that play impor-
tant roles in many cellular functions, are often activated
inappropriately in cancer (2). STATs are latent transcription
factors that reside in the cytoplasm. Upon activation by tyro-
sine phosphorylation, STATs dimerize, translocate to the nu-
cleus, bind to DNA, and modulate transcription, thereby
regulating cellular functions such as survival, proliferation,
and differentiation (3). Two closely related STAT family mem-
bers, STAT5 and STAT3, play distinct roles in mammary
development and both have been found to be activated in
breast cancer (4).

STATS, which encompasses two highly homologous pro-
teins, STATS5a and STATSb, is activated late in pregnancy by
prolactin to promote terminal differentiation and milk produc-
tion (5-8). STATS has also been found to be constitutively
activated in a subset of breast cancers, generally in well-differ-
entiated tumors (9, 10). In addition, the level of circulating
prolactin, which signals principally through STATS, correlates
with risk of breast cancer in both premenopausal and postmen-
opausal women (11). Murine models have also supported a role
for STATS in mammary tumorigenesis. Mice that express a
constitutively activated form of STATS develop mammary car-
cinomas, whereas mice that lack STAT5a are protected against
mammary tumors induced by transforming growth factor a
(6, 12, 13). Taken together, these data implicate STATS as
playing a central role in both normal and neoplastic mammary
function.

STAT3 also plays a critical role in mammary development,
although one that is distinct from STATS. Once lactation has
ceased, leukemia inhibitory factor (LIF) activates STAT3 to
promote involution of the mammary gland, allowing remodel-
ing to a prepregnancy-like state (14-18). STAT3 is often consti-
tutively activated in breast cancer, but unlike STATS, it is often
activated in invasive and metastatic tumors (19). Reduction of
STAT3 expression by RNA interference in breast cancer cell
lines inhibits tumor formation in mice, further supporting the
importance of STAT3 in breast cancer pathogenesis (20).
Therefore, both STATS and STAT3 play important roles in
mammary development and breast cancer.

Not only do STATS and STAT3 have distinct roles in mam-
mary tissue, but there is evidence that they can exert opposing
effects. In murine models, constitutive activation of STATS pre-
vents STAT3 activation and delays involution (6). Furthermore,
STATS activation reduces LIF-induced apoptosis of mammary
epithelial cells (21). In addition, although either STATS or
STAT3 can be activated in breast cancer, this usually occurs
in distinct histologic and biological subtypes (9, 10, 19, 22).
Taken together, these findings suggest that STATS and STAT3
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may have opposing roles in mammary function and breast can-
cer biology.

To define the roles of STAT5 and STAT3 in breast cancer,
we analyzed the characteristics of primary human breast can-
cers displaying activation of one or both of these proteins,
determined the consequence of activation of these STATs on
the biology of breast cancer cell lines, and defined the effects
of these STATSs on regulating gene expression.

Results

Primary Human Breast Cancers with Activation of STAT5
and STAT3 Are More Differentiated than Those with
STAT3 Activation Alone

Given that STATS and STAT3 have each been reported to be
activated in breast tumors and have distinct roles in normal
mammary function, we wanted to determine the characteristics
of tumors displaying activation of these proteins alone or in
conjunction. Staining tissue microarrays for phosphorylated
STAT3 has been shown to have high specificity and reproduc-
ibility (22). To test the specificity of the phospho-STAT5—spe-
cific antibody in immunohistochemistry, T-47D cells were
either untreated or stimulated with prolactin, then fixed
and stained. Untreated cells showed no staining, whereas the
prolactin-treated cells showed nearly 100% nuclear staining
(Fig. 1A). This confirmed that the phospho-STATS antibody
could detect phosphorylated STATS with high specificity
and reproducibility in immunohistochemistry. We then stained
breast cancer tissue microarrays with antibodies specific for
phosphorylated STATS (Fig. 1B) or phosphorylated STAT3
(22) and analyzed for nuclear staining. Of the tissues stained,
68 tumors had interpretable data for both phosphorylated
STATS and phosphorylated STAT3. Of these, STATS and
STAT3 were both activated in 29% of the breast tumors,
STAT3 was solely activated in 40%, and STATS5 was solely
activated in 7% (Fig. 1C). Because a high proportion of tu-
mors had activation of both STATs, we wanted to determine
the differences in phenotype between tumors with activation
of both STATs and those with activation of only STAT3.
Compared with tumors in which STAT3 was activated alone,
tumors displaying activation of both STATS and STAT3 were
more likely to be low grade (Fig. 1D). Furthermore, cancers
with activation of both STATS and STAT3 were more likely
to be estrogen receptor (ER)-positive HER2-negative tumors
and less likely to overexpress HER2 or be negative for both
ER and HER?2 (i.e., basal-like) than tumors containing STAT3
activation alone (Fig. 1D). In addition, tumors with activation
of STATS and STAT3 were more likely to be lymph node
negative than tumors with only STAT3 activation (Fig. 1D).
The small number of tumors displaying STATS activation
alone precluded statistically meaningful comparisons with this
population. However, these findings suggest that activation of
STAT5 may moderate the effect of activated STAT3 in human
breast cancers.

We thus considered the possibility that STAT5 activation
modulated gene expression in these human tumors. Using
microarray analysis, we compared the expression of genes
in tumors displaying activation of both STATS and STAT3
with tumors having activated STAT3 alone. We controlled
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for potentially confounding effects of estrogen receptor ex-
pression, HER2 amplification, and tumor grade by restricting
our analysis to the 24 ER-positive HER2-negative tumors of
low or intermediate grade. This consisted of 10 tumors with
STAT3 activation alone and 14 tumors with activation of
both STAT3 and STATS5. Comparison of mean gene expres-
sion levels between the two groups using ¢ statistics identi-
fied 153 genes with at least 1.2-fold differential expression
(P < 0.05), composed of 114 genes that showed increased
expression with STATS activation and 39 genes that showed
decreased expression (Supplementary Tables S1 and S2, and
representative genes, Fig. 1E). Hierarchical clustering of all
68 tumors using this list of 153 differentially expressed genes
was able to accurately group tumors according to the activa-
tion state of STATS (P = 0.0001) and the combination of
activated STATS and STAT3 (P = 0.000016; Fig. 1F). This
shows that STATS activation is associated with a distinct
gene expression pattern in human breast tumors containing
activated STAT3.

STAT5 Does Not Globally Inhibit STAT3 Function
Because tumors with activation of both STATS and STAT3
were more differentiated and displayed more favorable prog-
nostic characteristics than tumors with activation of STAT3
alone, we hypothesized that STATS was inhibiting STAT3 sig-
naling. To test this, we used T-47D cells, which are ER positive
and resemble the tumor type that most often contains STATS
and STAT3 activation. T-47D cells were stimulated with prolac-
tin to activate STATS or oncostatin M (OSM) to activate
STAT3, separately or simultaneously, and STATS and STAT3
phosphorylation was then analyzed by immunoblot. Prolactin,
which only activated STATS5, had no effect on the magnitude of
STAT3 phosphorylation induced by OSM; similarly, oncostatin
MOSM had no effect on the magnitude of STATS phosphory-
lation induced by prolactin (Fig. 2A). Because STAT activation
also occurred in tumors that were HER2 positive, albeit less
often than ER-positive tumors, we also analyzed SK-BR-3
cells, which are HER2 positive. As with the T-47D cells, pro-
lactin activated only STATS and OSM activated only STAT3;
neither cytokine affected the other pathway (Fig. 2A). This ef-
fect is not unique to OSM, as treatment with LIF yielded com-
parable results (Fig. 2A). Therefore, the activation of STATS
does not directly affect STAT3 activation. We next considered
the possibility that STATS was broadly inhibiting STAT3-de-
pendent gene activation. To assess this, T-47D cells were trans-
fected with a STAT3-responsive luciferase reporter plasmid.
Following transfection, STATS and STAT3 were activated
separately or simultaneously with prolactin to activate STATS
and OSM to activate STAT3. Cells in which STAT3 was
activated with OSM showed a prominent induction of lucifer-
ase expression, whereas the activation of STATS with prolactin
showed no effect. When STATS and STAT3 were activated
simultaneously, luciferase expression was comparable with that
seen in cells in which STAT3 was activated alone (Fig. 2B).
This finding suggests that STAT5 does not generally affect
STAT3-mediated gene regulation. To further dissect the effect
of STAT5 on STAT3-mediated gene expression, we examined
the well-characterized STAT3 target gene SOCS3. SOCS3
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showed enhanced expression with activation of either STATS STAT5 and STAT3 Oppositely Regulate BCL6 in Breast
or STAT3 (Fig. 2C); however, STATS activation did not inhibit Cancer Cells

the induction mediated by STAT3. These data show that STATS Because STATS activation does not alter global STAT3
does not globally affect STAT3 signaling. function, we considered the possibility that the differences in
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FIGURE 2. STATS5 does not globally inhibit STAT3 signaling. A. T-47D cells or SK-BR-3 cells were stimulated for 15 min with the indicated cytokines alone
or in combination, and analyzed by immunoblot with the indicated antibodies. B. T-47D cells were transfected with a STAT3-dependent luciferase reporter,
and then stimulated for 6 h with prolactin, OSM, or the combination of prolactin and OSM, after which luciferase activity was quantitated. Values were nor-
malized to untreated cells. C. T-47D cells were stimulated as in B for 2 h, after which RNA was harvested. SOCS3 mRNA was analyzed by quantitative
reverse transcription-PCR (qPCR) and normalized to glyceraldehyde-3-phosphate dehydrogenase.

tumor phenotype reflected opposite regulation of specific target of certain target genes and simultaneous repression of BCL6,
genes. One candidate is BCLG6, a transcriptional repressor that as has been previously reported in hematopoietic cell lines
blocks mammary differentiation and shows increased expres- (25). Similar results were seen with SK-BR-3 cells in which
sion in some types of breast cancer (23, 24) and has also been STATS activation was induced by treatment with prolactin or
shown to be regulated by STATs (22, 25). To determine whe- epidermal growth factor (Supplementary Fig. S1A and B). This
ther STATS and STAT3 oppositely regulate BCL6 expression in suggested that STATS down-regulates BCL6 expression in
breast cancer, T-47D cells were treated with prolactin, which breast cancer cells.

induces tyrosine phosphorylation of STATS (Fig. 3A). Prolactin Given the contrasting roles played by STATS and STAT3 in
treatment resulted in prominent induction of the well-character- mammary epithelium, we next determined the effect of STAT3
ized STATS target gene CIS (Fig. 3A). By contrast, prolactin on BCL6 expression in breast cancer cells. T-47D cells were
led to a significant repression of BCL6 mRNA (Fig. 3A). stimulated with OSM, which resulted in prominent phosphory-
Therefore, STATS activation can promote increased expression lation of STAT3 (Fig. 3B) but not STATS. In contrast to stimuli

FIGURE 1. Activation of both STAT5 and STAT3 in breast cancer is associated with a distinct phenotype compared with tumors with activation of only
STAT3. A. T-47D cells were untreated or treated with prolactin and stained with an antibody to phosphorylated STAT5 antibody (brown) and counterstained
with hematoxylin (blue). B. Human breast tumors were stained with a phospho-STAT5 antibody and scored for the presence or absence of nuclear phos-
phorylated STAT5. C. Distribution of phosphorylation status of STAT3 and STATS5 in primary breast tumors. D. Distribution of tumor grade, tumor type, and
lymph node status based on the phosphorylation status of STAT5 and STAT3. *, P < 0.025; **, P < 0.01. E. Gene expression patterns are distinct in tumors
with activation of both STAT5 and STAT3 from those with STAT3 activation alone. A subset of differentially expressed genes (fold change >1.2, P < 0.05) were
grouped from tumors containing phosphorylated STAT3 only and tumors with concomitant phosphorylation of STAT3 and STAT5. To minimize extraneous
differences, all tumors were ER positive and low grade (1 and 2). Relative gene expression is shown by a color scale: red, higher expression; blue, lower
expression. Columns, tumors; rows, specific genes. F. Hierarchical clustering of tumors based on expression of differentially regulated genes (Supplementary
Tables S1 and S2) can accurately group tumors according to the activation state of STAT5 alone or in conjunction with STAT3. STAT activation status of each
tumor is shown at the top of the heat map.
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that activate STATS5, OSM treatment resulted in increased
BCL6 mRNA expression (Fig. 3B). Similar results were seen
with SK-BR-3 cells stimulated with LIF or OSM to induce
STAT3 activation (Supplementary Fig. S1C and D).

Because these cytokines may mediate changes in gene ex-
pression through non-STAT pathways, we next used RNA inter-
ference to determine whether STATS and STAT3 were necessary
for these changes in BCL6 expression. Reducing STATS levels
nearly completely abrogated the ability of prolactin to repress
BCL6 expression (Supplementary Fig. S2A). Similarly, reducing
STATS3 levels almost completely abolished LIF-mediated induc-
tion of BCL6 (Supplementary Fig. S2B), demonstrating that
these STATs are necessary for this response. To determine if
STATS is sufficient to repress BCL6 expression, a constitutively
active mutant of STATS5, STAT5al*6, was introduced into SK-
BR-3 cells. Reflecting the physiologic function of STATS5al*6,
expression of the STATS-responsive gene CIS showed increased
expression. By contrast, BCL6 expression was repressed by near-
ly 80% (Fig. 3C). Conversely, introduction of a constitutively
active form of STAT3, STAT3C, resulted in up-regulation of
BCL6 mRNA expression (Fig. 3D). Thus, STATS is sufficient
to down-regulate BCL6 expression, whereas STAT3 is sufficient
to up-regulate BCL6 expression. Taken together, these data sug-
gest that, consistent with their distinct effects in mammary biol-
ogy, STATS and STAT3 exert opposite effects on expression of a
key gene in breast cancer cell lines.
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STAT5 Opposes STAT3 Function on BCL6E

Having shown that STATS and STAT3 oppositely regulate
BCL6 expression, we next determined the effects of concomi-
tant activation of these proteins on BCL6 expression. STATS
and STAT3 were activated simultaneously in SK-BR-3 cells
by stimulation with prolactin and LIF. BCL6 expression was
down-regulated upon simultaneous activation of STATS and
STAT3 (Fig. 4A). Similar results were obtained when SK-
BR-3 cells (Fig. 4A) and T-47D cells (Fig. 4B) were stimulated
with prolactin and OSM. This showed that STATS activation
not only inhibited the STAT3-induced up-regulation of BCL6,
but STATS was also dominant over STAT3 because BCL6 ex-
pression was down-regulated even when STAT3 was activated.

Transiently Activated STATS |s Dominant Over
Constitutively Active STAT3

We have shown that STATS is dominant over STAT3 on
BCLG6 expression when both are transiently activated; however,
STAT3 is often constitutively activated in tumors. Therefore,
we wanted to determine if STATS was dominant over constitu-
tively active STAT3. MDA-MB-468 cells, which contain high
levels of tyrosine phosphorylated STAT3 (Fig. 5A), were left
untreated or treated with prolactin. This resulted in STATS
phosphorylation (Fig. 5A) and down-regulation of BCL6 ex-
pression (Fig. 5B), demonstrating that STATS is dominant over
STAT3 at the level of gene expression, even in cells containing
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constitutive STAT3 activation. To determine if further activa-
tion of STAT3 can overcome the repressive effects of STATS,
MDA-MB-468 cells were treated with prolactin and OSM (or
LIF) separately and simultaneously. Stimulation with OSM
(Fig. 5C) or LIF (Supplementary Fig. S3A) resulted in en-
hanced phosphorylation of STAT3; however, this did not pre-
vent STATS5 from promoting down-regulation of BCL6
(Fig. 5D; Supplementary Fig. S3B), suggesting that STATS is
dominant over both constitutively active and stimulated STAT3
on BCL6 expression.

Constitutive STAT5 Activation Is Dominant Over
Constitutively Active STAT3

To more closely mimic the conditions in a tumor in which
both STATSs are activated constitutively, we wished to generate
cells that chronically expressed an activated form of both
STAT3 and STATS. To achieve this, we used MDA-MB-468
cells, which display constitutive STAT3 activation. These cells
are ER, PR, and HER2 negative and resemble basal-like tu-
mors, a tumor type most likely to display STAT3 activation
alone (Fig. 1D). In fact, we have not identified breast cancer cell
lines that are ER/PR positive and which display constitutively
active STAT3 (data not shown). We introduced STATSal*6 into
MDA-MB-468 cells and selected cells stably expressing this
activated form of STATS. Analysis of three different pools
showed that chronic STATS activation resulted in modest
reduction of STAT3 phosphorylation and total STAT3 expres-
sion (Fig. 6A and data not shown). This may reflect the fact that
chronic activation of STATS results in the up-regulation of
SOCS3, which may inhibit STAT3 activation, thereby establish-
ing a new equilibrium (Supplementary Fig. S4).

Constitutive expression of activated STATS resulted in up-
regulation of the validated STATS target gene CIS (Fig. 6B).

Mol Cancer Res 2009;7(6). June 2009

Importantly, chronic STATS activation significantly reduced
the expression of BCL6 (Fig. 6B), demonstrating that STATS
is dominant over STAT3 on BCL6 expression when both are
chronically activated. Taken together with the previous find-
ings, these data show that both transient and chronic STATS
activation are dominant over STAT3 function on expression
of BCL6.

Chronic STAT5 Activation Alters the Biology of Breast
Cancer Cells Containing Constitutively Activated STAT3
To validate that this MDA-MB-468 model of STAT acti-
vation reflected the biology of the primary breast cancers, we
analyzed mRNA levels for a subset of genes that were differ-
entially expressed between tumors containing activation of both
STATS and STAT3 and tumors with STAT3 activation alone.
Of the nine chosen genes identified as being up-regulated in
tumors displaying activation of both STATs (Fig. 1E), all but
two (SAMD9 and TSPAN15) were also up-regulated to varying
levels in MDA-MB-468 cells in which STATS was activated
(Fig. 7A, left and data not shown). Of the five chosen genes
that showed lower expression in tumors with concomitant
activation of STAT3 and STATS (Fig. 1E), all five showed de-
creased expression in the MDA-MB-468 cells displaying acti-
vation of STATS as well as STAT3 (Fig. 7A, right). This
indicated that at the level of gene expression, this model system
closely mirrored the findings in primary breast cancers.
Because tumors containing activation of both STATs have
better prognostic features than tumors that contain activation
of only STAT3, we hypothesized that activation of STATS
in breast cancer cell lines containing activated STAT3 would
modulate the phenotype of these cells. To address this, we first
analyzed proliferation. MDA-MB-468 cells containing consti-
tutively activated STATS5al*6 (in addition to activated STAT3)
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grew slower than cells infected with the vector control (Fig. 7B).
This shows that STATS can modulate an important phenotype
of breast cancer cells containing activated STAT3.

STAT3 activation can also lead to resistance to chemother-
apy and radiation, likely due to the up-regulation of prosurvival
genes such as survivin (26, 27). Specifically, STAT3 has been
shown to promote resistance to paclitaxel in ovarian cancer
cells (28). Thus, we next determined if activated STAT5 could
affect the response of breast cancer cells containing constitu-

A Pool A Pool B

tively active STAT3 to chemotherapeutic agents. Stable pools
of MDA-MB-468 cells expressing STAT5al*6 or empty vector
were treated with increasing doses of paclitaxel, a microtubule
stabilizer, vinorelbine, a microtubule destabilizer, and doxoru-
bicin, a topoisomerase II inhibitor. Whereas paclitaxel and vi-
norelbine treatment reduced the viability of both control and
STATSal*6-expressing MDA-MB-468 cells, the cells with ac-
tivated STAT5 were approximately twice as sensitive to the in-
hibitory effects of paclitaxel and vinorelbine at low micromolar
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o 5 < on BCL6 expression. A. MDA-
<Z( 4 Z 0.6 4 MB-468 cells stably expressing
71 x vector alone (V) or constitutively
€ 34 € 044 active STAT5a1*6 (5a1*6) were
Q 24 g 02 analyzed by immunoblot with
= il the indicated antibodies. B.
© -
EJ 0 ._- . . - . &J 0 r r r -_‘ MDA-MB-468 cells stably expres-
vector STAT5a1*6 vector STAT5a1*6 vector STAT5a1*6 vector STAT5at*s  SiNg STAT5al'6 were analyzed
for CIS and BCL6 expression by
Pool A Pool B Pool A Pool B gPCR.
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gPCR from MDA-MB-468 cells stably expressing STAT5a1*6 (containing activated STAT3 and STATS5) or vector alone (containing activated STAT3 only) for a
subset of genes identified as being differentially expressed in breast tumors. B. Cell growth analysis was done on stable pools of MDA-MB-468 cells expres-
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each vehicle-treated control.

concentrations (Supplementary Fig. S5). Both cell lines were
equally sensitive to doxorubicin (data not shown). Consistent
with this enhanced sensitivity to paclitaxel and vinorelbine,
both of these drugs promoted increased apoptosis, as measured
by caspase activation, in cells with activation of both STATS
and STAT3 (Fig. 7C). Taken together, these data show that
breast cancer cells with chronic activation of both STATS and
STAT3 have less aggressive features than cells containing acti-
vated STAT3 alone.

Discussion

‘We have shown that STAT5 and STAT3 have opposing roles
in breast cancer on three levels. First, STATS and STAT3 oppo-
sitely regulate a subset of target genes, in which the repression
of gene expression mediated by STATS is dominant over the
increased expression mediated by STAT3. Second, chronic ac-
tivation of STATS affects the phenotype of breast cancer cells
containing constitutively active STAT3 such that coexpression
of activated STATS leads to a decrease in proliferation and in-
creased sensitivity to the chemotherapeutic agents paclitaxel
and vinorelbine. Finally, human breast tumors displaying acti-
vation of both STATs are more differentiated than tumors that
contain only STAT3 activation.

Although STATS and STAT3 are highly homologous, they
mediate distinct effects in mammary physiology. Many genes
are regulated in a parallel fashion by both transcription factors,
such as bcl-xl, mcl-1, and cyclin D1 (29). However, STATS and
STAT3 also modulate distinct subsets of genes (21). Although
STATs were identified as activators of transcription, it is be-
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coming increasingly clear that at least a subset of genes can
be repressed by STATs. One gene showing reciprocal regula-
tion by STATS and STAT3 is BCL6, a transcriptional repressor.
BCL6 can block cellular differentiation in both hematopoietic
and epithelial cells (23, 30). Reflecting this function, increased
expression of BCL6 has been found in high-grade ductal carci-
nomas and invasive breast cancers (23, 24). Thus, the regula-
tion of expression of this gene may be a critical factor in
mammary tumorigenesis.

The fact that STATS mediates the repression of BCL6 ex-
pression is not surprising given the fact that STATS is a key
mediator of the effects of prolactin, a hormone necessary for
the differentiation of mammary epithelium, ultimately leading
to lactation (31, 32). Many of the target genes of STATS, which
was initially defined as “mammary gland factor” for its critical
role in this process, are milk proteins such as -casein and
whey acidic protein (33, 34). Thus, the ability to down-regulate
an inhibitor of differentiation such as BCL6 is consistent with
this function of STATS. However, prolactin can also increase
proliferation and survival of mammary epithelial cells so that
constitutive activation of STATS could be associated with the
promotion of neoplastic cell growth as well. In fact, in murine
models, STATS has been shown to promote mammary tumors
and loss of STATS delays tumor formation (6, 12, 13). In ad-
dition, serum prolactin levels show a positive correlation with
the risk of developing breast cancer in both premenopausal and
postmenopausal women (11). However, this effect is strongest
for tumors that express the estrogen receptor and/or the proges-
terone receptor, which are generally more differentiated. This
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mirrors the finding in the present study that STATS activation
generally occurs in more differentiated tumors that express the
estrogen receptor (Fig. 1). Thus, because prolactin can promote
proliferation, survival, and differentiation, it is not surprising
that STATS activation is a component of mammary tumorigen-
esis, but may be associated with tumors that are more differen-
tiated and less aggressive.

The role of STAT3 in the mammary gland is multifaceted as
well. STAT3 target genes, including BCL6, have been implicat-
ed in promoting pluripotency and maintaining cells in an undif-
ferentiated state. For example, the pluripotency of murine
embryonal stem cells can be maintained by LIF-induced STAT3
activation (35, 36). In addition, STAT3 target genes promote
cell cycle proliferation, survival, migration, and angiogenesis
(37). Thus, the observation reported in multiple studies that
STATS3 is activated in primary breast cancers, particularly high-
grade tumors, is consistent with this role of STAT3 (19, 22).
However, in the normal development of the mammary gland,
STATS3 is necessary for the cell death that occurs during the
involution and remodeling process after lactation ceases
(14, 15). Thus, it is clear that STAT3 is a key regulator in both
normal mammary epithelium and in breast cancer.

The dominant effect of STATS over STAT3 is not restricted
to modulating gene expression but also extends to other aspects
of the biology of breast cancer cells in which both transcription
factors are activated. In addition to the decreased proliferation
and increased sensitivity to paclitaxel and vinorelbine seen
in vitro (Fig. 7), primary breast cancers with activation of both
STATs are lower grade and more likely to be ER positive and
HER?2 negative than those displaying activated STAT3 alone
(Fig. 1). The presence or absence of STATS activation may ex-
plain the diversity of phenotypes of breast cancers displaying
activation of STAT3, with tumors containing activated STAT3
alone being more likely to be high grade and those with acti-
vation of both STATs being low grade.

Although distinct cells of origin may explain some compo-
nent of breast cancer heterogeneity, it is unlikely to be the sole
explanation for the differences between tumors containing
activated STATS and STAT3 versus those containing activated
STAT3 alone. Using a model system in which STAT3 is either
activated alone or in conjunction with STATS in an identical
genetic background, we identified similar changes in gene ex-
pression as seen in primary human tumors displaying activation
of one or both of these transcription factors (Fig. 7A). This
shows that the differential gene expression is not entirely due
to different tumor cell types and that STATS activation directly
affects the transcriptional profile of breast tumors that contain
STAT3 activation.

Interestingly, BCL6 was not a gene that showed significant
differential regulation between the tumors with activation of
STATS and STAT3 versus those displaying activation of STAT3
(Supplementary Table S3). This may reflect the limited size of
this data set as well as the fact that a number of other transcrip-
tion factors known to play an important role in breast cancer
pathogenesis, including p53, progesterone receptor, and
NF-kB, can also regulate BCL6 expression (38-40). This may
have attenuated the ability to detect the effects of STAT3 and
STATS in these samples. However, BCL6 clearly plays a role in
differentiation of mammary tumors and remains a good model

for the reciprocal effects of STATS and STAT3 on gene expres-
sion. Similarly, negative regulators of STAT signaling, such as
CIS or SOCS3, may be inactivated by methylation or deletion
in cancers and this may also attenuate STAT-dependent differ-
ences in expression detected in tissue microarrays (Supplemen-
tary Table S3).

The reciprocal effects of STATS5 and STAT3 on breast cancer
cells also provide an opportunity for therapeutic intervention.
A number of approaches have been used recently to inhibit
STATS3 function for therapeutic purposes (41-43). There is also
evidence that small molecules can specifically enhance the
function of STAT family members (44). Therefore, given
the potentially beneficial role of STATS activity in opposing
STAT3 function and possibly promoting differentiation, activa-
tion of STATS5 may be a useful strategy to treat aggressive
tumors alone or in combination with STAT3 inhibitors. Thus,
pharmacologic STAT modulators, perhaps in conjunction with
chemotherapeutic agents, may be a rational molecular strategy
for treating these forms of breast cancer.

In this work, we have shown that two highly related tran-
scription factors oppositely regulate a subset of target genes.
This may explain, at least in part, how STATS and STAT3 pro-
mote distinct effects in normal mammary function. In addition,
we have shown that whereas both STATs can be activated in
breast cancer, they are associated with distinct phenotypes.
Furthermore, STATS5 exerts a dominant effect over STAT3 in
terms of gene expression, cellular phenotype, and breast cancer
tumor type. Therefore, analysis of the activation status of both
STATS and STAT3 in breast tumors may be important in under-
standing breast cancer pathogenesis, may aid in diagnosis and
prognosis, and may be useful in identifying targeted therapeutic
approaches for the treatment of breast cancer.

Materials and Methods
Immunohistochemistry

T-47D cells were washed in PBS, scraped, and centrifuged.
Cell pellets were fixed in 10% formalin and embedded in par-
affin. Human breast tumor cohorts were described previously
(22, 45, 46). Tissue microarrays contained two representative
0.6-mm cores of each breast tumor and several cores of repre-
sentative normal breast tissue. STATS phosphorylation was
determined by immunohistochemistry using an antibody specif-
ic for tyrosine phosphorylated STATS (Cell Signaling). This
antibody has been validated independently as being specific
to phosphorylated STATS in immunohistochemistry on breast
tumors (9). For phospho-STATS immunohistochemistry, only
nuclear reactivity was considered positive; the proportion of
tumor cells staining positive for phospho-STATS ranged from
only a few cells to most of the tumor cells. Results for phospho-
STAT3 immunohistochemistry on these tumors was reported
previously (22). P values were determined using the x> test.

Gene Expression Array Analysis

Expression array data determined using Affymetrix
U133p2.0 microarrays were available for each of the tumors
in the tissue microarray. This represented a subset of previously
published array data (ref. 47; GEO accession no. GSE3744).
Comparisons were made between tumors in which both STAT3
and STATS were activated versus tumors displaying activation
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of STAT3 alone as determined by immunohistochemical stain-
ing. One hundred fifty-three nonredundant RefSeq validated
genes were identified that differed by >1.2-fold between the
two groups with lower 90% confidence bound and a P value
of <0.05 for testing the alternative hypothesis that there is no
difference in expression of these genes between the two groups.
Gene filtering, group comparisons, and clustering analyses
were done using the dCHIP software (48).

Cell Lines and Stimulations

T-47D (American Type Culture Collection), MDA-MB-468
(kindly provided by Myles Brown, Dana-Farber Cancer Insti-
tute), and 293 cells were maintained in DMEM containing 10%
FCS. SK-BR-3 cells (kindly provided by Lyndsay Harris,
Dana-Farber Cancer Institute) were maintained in RPMI 1640
with 10% FCS. Cells were stimulated with 100 ng/mL prolac-
tin, 10 ng/mL OSM (R&D Systems), 10 ng/mL LIF (Chemi-
con), or 50 ng/mL epidermal growth factor (Sigma).

Immunoblots

Immunoblots and immunoprecipitations were done as de-
scribed (49) using antibodies toward phospho-STAT5 and
phospho-STAT3 from Cell Signaling; STAT5a, STATS, and
STAT3 from Santa Cruz Biotechnology; STAT5b (Zymed);
and tubulin and actin from Sigma.

Reporter Gene Assays

T-47D cells (5 x 10%) were transfected in duplicate with
1 pg of the STAT3-dependent reporter m67-luc (kindly provided
by J. Bromberg, Memorial Sloan-Kettering) and 0.1 pg phRL-tk
(Promega) as a transfection control, using Lipofectamine 2000
(Invitrogen). Sixteen hours after transfection, cells were stimu-
lated for 6 h. Luciferase activity was measured as described (25).

Reverse Transcription-PCR

RNA was harvested using the RNeasy Mini kit from Qiagen.
cDNA was generated using the TagMan first strand kit from
Applied Biosystems. Quantitative reverse transcription-PCR
was done as described (25), using the indicated primers (Sup-
plementary Table S4). For experiments analyzing CIS expres-
sion, DNase treatment (Qiagen) was carried out according to
the manufacturer’s protocol. This was done to remove any ge-
nomic DNA contaminants, because the intron spanned by the
primers is relatively small.

Short Interfering RNA

Cells (5 x 10°) were transfected with short interfering RNA
from Dharmacon, Inc. Cells were transfected with 50 nmol/L
siSTATSa and 50 nmol/L siSTATSb or 100 nmol/L siControl
using Lipofectamine 2000 according to the manufacturer’s pro-
tocol. Medium was added 5 h after transfection and exchanged
24 h after transfection. Forty-eight hours after transfection, cells
were harvested for mRNA analysis or immunoblotting.

Viral Production and Infections

Cells (293) were transfected with VSV-G and gag-pol—
expressing vectors using Lipofectamine 2000. Six hours after
transfection, the medium was exchanged. Twenty-four hours
after transfection, the supernatant was collected. A 1:1 ratio
of viral supernatant was added to cells with 8 pg/mL polybrene
and incubated for 16 h, after which the medium was replaced.
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For transient infections, RNA and protein were isolated 24 h
after medium replacement. For stable integration, selection
was begun 24 h after medium replacement. For plncx2 and
plncx2-STAT5al*6 vectors, MDA-MB-468 cells were selected
in 1 mg/mL G418 for 14 d. Three pools were generated by
infecting cells at distinct times. For introduction of RNA inter-
ference vectors, SK-BR-3 cells were infected with retrovirus
containing pRetroSuper (pRS) or pRetroSuper-STAT3i (22)
and selected in 750 ng/mL puromycin. Cells remained under
selection for all experiments.

Viability Assays

MDA-MB-468 cells (3 x 10%) containing plncx2 (vector) or
plncx2-STAT5al*6 (STATSal*6) were plated in quadruplicate.
Twenty-four hours after plating, cells were left untreated or
were treated with vehicle, paclitaxel, vinorelbine, or doxorubi-
cin (NovaPlus, Dana-Farber Cancer Institute Pharmacy). ATP
was measured daily for proliferation assays or 48 h after drug
treatment using Celltiter-Glo (Promega) and quantitated on a
Luminoskan luminometer. Proliferation assays were normal-
ized to values on day 1 and cytotoxicity assays were normal-
ized to cells treated with vehicle. Data are representative of at
least two different experiments in multiple different pools.

Caspase Activation Assays

MDA-MB-468 cells (3 x 10*) containing plncx2 (vector) or
plncx2-STAT5al*6 (STATSal*6) were plated in duplicate.
Twenty-four hours after plating, cells were left untreated or
were treated with vehicle, paclitaxel, vinorelbine, or doxorubi-
cin. Twenty-four hours later, caspase activity was measured us-
ing CaspaseGlo (Promega) and quantitated on a Luminoskan
luminometer. Data are representative of all three pools.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

References
1. Visvader JE, Lindeman GJ. Transcriptional regulators in mammary gland de-
velopment and cancer. Int J Biochem Cell Biol 2003;35:1034-51.

2. Frank DA. STAT signaling in the pathogenesis and treatment of cancer. Mol
Med 1999;5:432-56.

3. Darnell JE, Jr. STATs and gene regulation. Science 1997;277:1630-5.

4. Bromberg J. Signal transducers and activators of transcription as regulators of
growth, apoptosis and breast development. Breast Cancer Res 2000;2:86-90.

5. Cui Y, Riedlinger G, Miyoshi K, et al. Inactivation of Stat5 in mouse mam-
mary epithelium during pregnancy reveals distinct functions in cell proliferation,
survival, and differentiation. Mol Cell Biol 2004;24:8037—-47.

6. lavnilovitch E, Groner B, Barash 1. Overexpression and forced activation of
Stat5 in mammary gland of transgenic mice promotes cellular proliferation, en-
hances differentiation, and delays postlactational apoptosis. Mol Cancer Res
2002;1:32-47.

7. Teglund S, McKay C, Schuetz E, et al. StatSa and Stat5b proteins have essen-
tial and nonessential, or redundant, roles in cytokine responses. Cell 1998;93:
841-50.

8. Liu X, Robinson GW, Gouilleux F, Groner B, Hennighausen L. Cloning and
expression of stat5 and an additional homologue (statSb) involved in prolactin
signal transduction in mouse mammary tissue. Proc Natl Acad Sci U S A
1995;92:8831-5.

9. Cotarla I, Ren S, Zhang Y, Gehan E, Singh B, Furth PA. Stat5a is tyrosine
phosphorylated and nuclear localized in a high proportion of human breast can-
cers. Int J Cancer 2004;108:665-71.

10. Nevalainen MT, Xie J, Torhorst J, et al. Signal transducer and activator of
transcription-5 activation and breast cancer prognosis. J Clin Oncol 2004;22:
2053-60.

Downloaded from mcr.aacrjournals.org on November 29, 2020. © 2009 American Association for Cancer
Research.

975


http://mcr.aacrjournals.org/

976

Published OnlineFirst June 2, 2009; DOI: 10.1158/1541-7786.MCR-08-0238

Walker et al.

11. Tworoger SS, Sluss P, Hankinson SE. Association between plasma prolactin
concentrations and risk of breast cancer among predominately premenopausal
women. Cancer Res 2006;66:2476—82.

12. Ren S, Cai HR, Li M, Furth PA. Loss of Stat5a delays mammary cancer
progression in a mouse model. Oncogene 2002;21:4335-9.

13. lavnilovitch E, Cardiff RD, Groner B, Barash I. Deregulation of Stat5 ex-
pression and activation causes mammary tumors in transgenic mice. Int J Cancer
2004;112:607-19.

14. Chapman RS, Lourenco P, Tonner E, et al. The role of Stat3 in apoptosis and
mammary gland involution. Conditional deletion of Stat3. Adv Exp Med Biol
2000;480:129-38.

15. Chapman RS, Lourenco PC, Tonner E, et al. Suppression of epithelial apo-
ptosis and delayed mammary gland involution in mice with a conditional knock-
out of Stat3. Genes Dev 1999;13:2604—16.

16. Humphreys RC, Bierie B, Zhao L, Raz R, Levy D, Hennighausen L. Dele-
tion of Stat3 blocks mammary gland involution and extends functional compe-
tence of the secretory epithelium in the absence of lactogenic stimuli.
Endocrinology 2002;143:3641-50.

17. Kritikou EA, Sharkey A, Abell K, et al. A dual, non-redundant, role for LIF
as a regulator of development and STAT3-mediated cell death in mammary gland.
Development 2003;130:3459—-68.

18. Schere-Levy C, Buggiano V, Quaglino A, et al. Leukemia inhibitory factor
induces apoptosis of the mammary epithelial cells and participates in mouse
mammary gland involution. Exp Cell Res 2003;282:35-47.

19. Hsieh FC, Cheng G, Lin J. Evaluation of potential Stat3-regulated genes in
human breast cancer. Biochem Biophys Res Commun 2005;335:292-9.

20. Ling X, Arlinghaus RB. Knockdown of STAT3 expression by RNA interfer-
ence inhibits the induction of breast tumors in immunocompetent mice. Cancer
Res 2005;65:2532—6.

21. Clarkson RWE, Boland MP, Kritikou EA, et al. The genes induced by signal
transducer and activators of transcription (STAT)3 and STATS in mammary epi-
thelial cells define the roles of these STATs in mammary development. Mol En-
docrinol 2006;20:675-85.

22. Alvarez JV, Febbo PG, Ramaswamy S, Loda M, Richardson A, Frank DA.
Identification of a genetic signature of activated signal transducer and activator of
transcription 3 in human tumors. Cancer Res 2005;65:5054—62.

23. Logarajah S, Hunter P, Kraman M, et al. BCL-6 is expressed in breast cancer
and prevents mammary epithelial differentiation. Oncogene 2003;22:5572-8.

24. Bos R, van Diest PJ, van der Groep P, et al. Protein expression of B-cell
lymphoma gene 6 (BCL-6) in invasive breast cancer is associated with cyclin
D1 and hypoxia-inducible factor-la (HIF-1a). Oncogene 2003;22:8948-51.

25. Walker SR, Nelson EA, Frank DA. STATS represses BCL6 expression by
binding to a regulatory region frequently mutated in lymphomas. Oncogene
2007;26:224-33.

26. Gritsko T, Williams A, Turkson J, et al. Persistent activation of stat3 signal-
ing induces survivin gene expression and confers resistance to apoptosis in hu-
man breast cancer cells. Clin Cancer Res 2006;12:11-9.

27. Ivanov VN, Bhoumik A, Krasilnikov M, et al. Cooperation between STAT3
and c-jun suppresses Fas transcription. Mol Cell 2001;7:517-28.

28. Duan Z, Foster R, Bell DA, et al. Signal transducers and activators of tran-
scription 3 pathway activation in drug-resistant ovarian cancer. Clin Cancer Res
2006;12:5055-63.

29. Desrivieres S, Kunz C, Barash I, Vafaizadeh V, Borghouts C, Groner B. The
biological functions of the versatile transcription factors STAT3 and STATS and

new strategies for their targeted inhibition. ] Mammary Gland Biol Neoplasia
2006;11:75-87.

30. Fukuda T, Yoshida T, Okada S, et al. Disruption of the Bcl6 gene results in
an impaired germinal center formation. J Exp Med 1997;186:439-48.

31. Liu X, Robinson GW, Hennighausen L. Activation of StatSa and StatSb by
tyrosine phosphorylation is tightly linked to mammary gland differentiation. Mol
Endocrinol 1996;10:1496—506.

32. Gouilleux F, Wakao H, Mundt M, Groner B. Prolactin induces phosphoryla-
tion of Tyr694 of Stat5 (MGF), a prerequisite for DNA binding and induction of
transcription. EMBO J 1994;13:4361-9.

33. Happ B, Groner B. The activated mammary gland specific nuclear factor
(MGF) enhances in vitro transcription of the B-casein gene promoter. J Steroid
Biochem Mol Biol 1993;47:21-30.

34. Li S, Rosen JM. Nuclear factor I and mammary gland factor (STATS) play a
critical role in regulating rat whey acidic protein gene expression in transgenic
mice. Mol Cell Biol 1995;15:2063-70.

35. Matsuda T, Nakamura T, Nakao K, et al. STAT3 activation is sufficient to
maintain an undifferentiated state of mouse embryonic stem cells. EMBO J 1999;
18:4261-69.

36. Niwa H, Burdon T, Chambers I, Smith A. Self-renewal of pluripotent embry-
onic stem cells is mediated via activation of STAT3. Genes Dev 1998;12:2048—60.

37. Frank DA. STAT3 as a central mediator of neoplastic cellular transformation.
Cancer Lett 2007;251:199-210.

38. Richer JK, Lange CA, Wierman AM, et al. Progesterone receptor variants
found in breast cells repress transcription by wild-type receptors. Breast Cancer
Res Treat 1998;48:231-41.

39. Margalit O, Amram H, Amariglio N, et al. BCL6 is regulated by p53 through
a response element frequently disrupted in B-cell non-Hodgkin lymphoma. Blood
2006;107:1599—-607.

40. Saito M, Gao J, Basso K, et al. A signaling pathway mediating downregula-
tion of BCL6 in germinal center B cells is blocked by BCL6 gene alterations in B
cell lymphoma. Cancer Cell 2007;12:280-92.

41. Nelson EA, Walker SR, Kepich A, et al. Nifuroxazide inhibits survival of
multiple myeloma cells by directly inhibiting STAT3. Blood 2008;112:5095—102.
42. Song H, Wang R, Wang S, Lin J. A low-molecular-weight compound dis-
covered through virtual database screening inhibits Stat3 function in breast cancer
cells. Proc Natl Acad Sci U S A 2005;102:4700-5.

43. Turkson J, Kim JS, Zhang S, et al. Novel peptidomimetic inhibitors of signal
transducer and activator of transcription 3 dimerization and biological activity.
Mol Cancer Ther 2004;3:261-9.

44. Lynch RA, Etchin J, Battle TE, Frank DA. A small molecule enhancer of
STAT!1 transcriptional activity accentuates the anti-proliferative effects of interfer-
on-g in human cancer cells. Cancer Res 2007;67:1254-61.

45. Matros E, Wang ZC, Lodeiro G, Miron A, Iglehart JDLRA. BRCA1 promot-
er methylation in sporadic breast tumors: relationship to gene expression profiles.
Breast Cancer Res Treat 2005;91:179-86.

46. Richardson AL, Wang ZC, De Nicolo A, et al. X-chromosome abnormalities
in basal-like human breast cancer. Cancer Cell 2006;9:1-12.

47. Lu X, Lu X, Wang ZC, Iglehart JD, Zhang X, Richardson AL. Predicting
features of breast cancer with gene expression patterns. Breast Cancer Res Treat
2007; Published online May 22.

48. Li C, Wong WH. DNA-Chip Analyzer (dChip). New York: Springer; 2003.

49. Battle TE, Frank DA. STAT1 mediates differentiation of chronic lymphocytic
leukemia cells in response to bryostatin 1. Blood 2003;102:3016—-24.

Mol Cancer Res 2009;7(6). June 2009

Downloaded from mcr.aacrjournals.org on November 29, 2020. © 2009 American Association for Cancer
Research.


http://mcr.aacrjournals.org/

Published OnlineFirst June 2, 2009; DOI: 10.1158/1541-7786.MCR-08-0238

PAAGCR s fesocaton
Molecular Cancer Research

Reciprocal Effects of STAT5 and STAT3 in Breast Cancer

Sarah R. Walker, Erik A. Nelson, Lihua Zou, et al.
Mol Cancer Res 2009;7:966-976. Published OnlineFirst June 2, 2009.

Updated version  Access the most recent version of this article at:
doi:10.1158/1541-7786.MCR-08-0238

Supplementary  Access the most recent supplemental material at:
Material http://mcr.aacrjournals.org/content/suppl/2009/06/07/1541-7786.MCR-08-0238.DC1

Cited articles  This article cites 47 articles, 22 of which you can access for free at:
http://mcr.aacrjournals.org/content/7/6/966.full#ref-list-1

Citing articles  This article has been cited by 13 HighWire-hosted articles. Access the articles at:
http://mcr.aacrjournals.org/content/7/6/966.full#related-urls

E-mail alerts Sign up to receive free email-alerts related to this article or journal.

Reprints and  To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Subscriptions Department at pubs@aacr.org.

Permissions  To request permission to re-use all or part of this article, use this link
http://mcr.aacrjournals.org/content/7/6/966.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(Cco)
Rightslink site.

Downloaded from mcr.aacrjournals.org on November 29, 2020. © 2009 American Association for Cancer
Research.


http://mcr.aacrjournals.org/lookup/doi/10.1158/1541-7786.MCR-08-0238
http://mcr.aacrjournals.org/content/suppl/2009/06/07/1541-7786.MCR-08-0238.DC1
http://mcr.aacrjournals.org/content/7/6/966.full#ref-list-1
http://mcr.aacrjournals.org/content/7/6/966.full#related-urls
http://mcr.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://mcr.aacrjournals.org/content/7/6/966
http://mcr.aacrjournals.org/

