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Many tumors contain heterogeneous populations of cells, only
some of which exhibit increased tumorigenicity and resistance to
anticancer therapies. Evidence suggests that these aggressive
cancer cells, often termed “cancer stem cells” or “cancer stem-like
cells” (CSCs), rely upon developmental signaling pathways that are
important for survival and expansion of normal stem cells. Here
we report that, in analogy to embryonic mammary epithelial bi-
ology, estrogen signaling expands the pool of functional breast
CSCs through a paracrine FGF/FGFR/Tbx3 signaling pathway. Es-
trogen or FGF9 pretreatment induced CSC properties of breast
cancer cell lines and freshly isolated breast cancer cells, whereas
cotreatment of cells with tamoxifen or a small molecule inhibitor
of FGFR signaling was sufficient to prevent the estrogen-induced
expansion of CSCs. Furthermore, reduction of FGFR or Tbx3 gene
expression was able to abrogate tumorsphere formation, whereas
ectopic Tbx3 expression increased tumor seeding potential by 100-
fold. These findings demonstrate that breast CSCs are stimulated
by estrogen through a signaling pathway that similarly controls
normal mammary epithelial stem cell biology.

More than 70% of breast cancers express high levels of the
estrogen receptor (ERα), and many of these tumors re-

quire estrogen for sustained growth and progression. In recent
years, multiple reports have shown that subpopulations of so-
called cancer stem cells (CSCs; also called stem-like cells or
tumor-initiating cells) are also required for sustained tumor
growth and progression, and may be responsible for cancer re-
currence and metastasis (1). Whether such CSCs in ERα+ breast
cancers are sensitive to estrogen is currently unknown.
Breast CSCs, which are operationally defined based on the

number of self-renewing cells required to initiate a tumor and
drive long-term tumor growth when transplanted into mice, can
be isolated from primary tumor tissue or cultured cells lines (2–7).
In human breast cancers, CSCs appear to be enriched within cell
subpopulations with a CD44+/CD24−/low/ESA+ surface marker
profile, are better able to form colonies, or “tumorspheres,” under
low-adherence conditions, and display increased resistance to
chemotherapeutic compounds (2–7).
Themolecularmechanisms that regulate breast CSC frequency,

localization, and maintenance remain poorly understood. How-
ever, a fair amount is known about the spatio-temporal signaling
dynamics that govern the specification andmaintenance of normal
mammary gland stem cells. Embryonic development of the mouse
mammary gland begins when Wnt and FGF signaling proteins,
which are secreted by the underlyingmesenchyme, induce placode
formation and localize mammary epithelial fate specification (8).
FGF ligands, acting through cognate receptors, activate the Tbx3
transcription factor in both the mesenchymal and mammary
placodes. Tbx3, in a positive-feedback loop, activates additional
FGF secretion and also Wnt signaling (9–12).
During puberty, estrogen is responsible for maturation of the

mammary gland by mediating ductal elongation (9–13). In-
terestingly, there is significant evidence to suggest that estrogen
signaling does not act directly on adult mammary epithelial stem

cells but, rather, activates their proliferation through paracrine
signaling (14, 15). These data imply a two-component mammary
stem cell niche in which estrogen signaling in the ERα+ non-
stem cell compartment stimulates the proliferation of cells within
the ERα− stem cell compartment.
In breast cancer, it is unclear whether stem-like cells are also

regulated by specific hormone-growth factor paracrine signal-
ing pathways. In this study, we discovered that estrogen regulates
breast CSC numbers through the FGF/Tbx3 signaling path-
way, which happens also to regulate normal embryonic breast
stem cells.

Results
Estrogen Stimulation Induces Expansion of Breast Cancer Stem-Like
Cell Subpopulations. To study the signaling pathways that regulate
breast CSC expansion and maintenance, we needed an experi-
mental system that allowed for consistent modulation of breast
CSC numbers through defined signaling perturbations. Tumor
initiation by the MCF7 cell line appears to rely on estrogen
signaling; these cells are very poor at forming tumors in ovar-
iectomzed mice (16). However, we and others have found that
MCF7 cells can proliferate in vitro in the absence of estrogen
(E2) if serum (even charcoal-stripped serum) is supplemented in
high enough concentrations (Fig S1A). MCF7 cells grown under
these conditions maintain a low percentage of CSCs as gauged
by flow cytometry (Fig. S1B) and are likewise poor at forming
tumors in ovariectomized mice. Yet, intact ovaries or estrogen
supplementation allows even an estrogen-deprived MCF7 line to
form tumors, suggesting that estrogen induces the survival or
expansion of MCF7 CSCs.
To determine whether estrogen could indeed induce CSC ex-

pansion, we treatedMCF7 cells as well as other estrogen receptor-
positive (ER+) cell lines (T47D, HCC1428) with 1 nM 17-β-
estradiol or ethanol (vehicle control) for 6 d, and evaluated the
proportion of stem-like cells by flow cytometry and sphere for-
mation assays. We found that after estrogen stimulation, the
proportion of CD44+/CD24−/ESA+ stem-like cells was nearly
eightfold higher in ERα+ cultures, whereas no significant change
in the proportion of CD44+/CD24−/ESA+ cells was observed
when the same culture conditions were imposed on cells that
lacked ER expression (Fig. 1A and Fig. S1C).When we challenged
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these MCF7 cultures to form tumorspheres, we found that the es-
trogen pretreated cultures formed sevenfold more tumorspheres
than the ethanol-pretreated cultures (Fig. 1B). Moreover, we
observed that the addition of the potent estrogen antagonist, 4-
hydroxy tamoxifen (4OHT), could prevent the 17-β-estradiol
induced expansion of CD44+/CD24−/ESA+ cells and sphere for-
mation, indicating that these changes in marker expression and
sphere formation were mediated through ER signaling.
We next evaluated the ability of estrogen-pretreated MCF7

cultures to form tumors by injecting cells pretreated with estrogen
in vitro for 6 d into the mammary glands of ovariectomized NOD/
SCID mice in dilution series. Estrogen-pretreated cells were able
to form tumors in mice 100-fold more efficiently when compared
with the vehicle (EtOH+DMSO) treated cells (P = 0.001, Fig.
1C). Histological examination of tissue sections revealed that
MCF7 cells pretreated in vitro with estrogen formed invasive
ductal carcinomas (Fig. 1D). We also examined the injection sites
of MCF7 cells pretreated with ethanol that had not formed
tumors and observed viable cells within the mammary glands that
formed only benign epithelial structures, suggesting that lack of
tumor growth was not due to immune clearance of cells or in-
creased cell death. These results indicate that estrogen-induced
expansion of cancer stem-like cells in vitro leads to a functional
increase in breast CSCs and tumorigenic phenotypes in vivo.

Estrogen Expands Breast CSCs via Paracrine-Acting Protein Factors.
Because ER activity appeared necessary for the expansion of
breast CSCs in response to estrogen, we next examined the levels
of ERα expression in the CD44+/CD24−/ESA+ stem-like MCF7
subpopulation. Using both immunofluorescence on freshly sor-
ted cytospun cells and four-color flow cytometry, we found that
≥70% of the cells in the bulk fraction (CD44+/CD24+/ESA+)
were strongly ERα+, whereas only 20–25% of the CD44+/
CD24−/ESA+ stem-like cells had detectable nuclear ERα stain-
ing (Fig. 2 A and B and Fig. S2A). We also observed that ERα+
cells in the CD44+/CD24−/ESA+ population had much lower

levels of staining than ERα+ cells from the bulk fraction (Fig.
2B, histogram).
Given these results, we hypothesized that in analogy to the

normal mammary gland, paracrine factors released by the ERα+
cells in response to estrogen stimulation might induce the ex-
pansion of CD44+/CD24−/ESA+ stem-like cells. To evaluate this
hypothesis, we harvested conditioned media from MCF7 cells
that were pretreated with either vehicle (EtOH) or 1 nM 17-
β-estradiol. We observed that MCF7 cultures fed estrogen-
conditioned media for 6 d contained 20-fold more CD44+/
CD24−/ESA+ cells than matched cultures fed vehicle conditioned
media (Fig. S2B, P < 0.002). In addition, expansion of this sub-
population was significantly attenuated if the conditioned me-
dium was boiled before treatment of recipient lines (P < 0.05),
indicating that the factors promoting stem-like cell expansion
were heat labile and thus likely to be secreted proteins.
We tested whether conditioned media from estrogen-treated

MCF7 cells could increase CSC numbers in three ERα− breast
cancer lines, SUM149, SUM159, and BT-20. We observed that
exposure to conditioned media from estrogen-treatedMCF7 cells
induced a statistically significant expansion of the CD44+/CD24−/
ESA+ stem-like cells in all three cell lines, yielding cultures that
were more efficient at forming tumorspheres (Fig. 2 C and D). In
sum, these data suggest that estrogen acts to induce secretion of
paracrine acting proteins, which in turn increase percentages of
CD44+/CD24−/ESA+ populations and corresponding cancer
stem-like cell properties in many breast cancer cell lines.

Estrogen Induces FGF9/FGFR3 Signaling to Increase Cancer Stem-Like
Numbers. To identify the secreted proteins mediating breast
cancer stem-like cell expansion following estrogen treatment, we
examined the conditioned media from either 17-β-estradiol–
treated or vehicle-treated MCF7 cells and quantitatively assayed
for 164 secreted growth factors and cytokines using an antibody-
based protein array. In addition to known estrogen-induced
factors, we observed that the secretion of every assayed FGF
family member (FGF2/bFGF, FGF4, FGF6, FGF7, and FGF9)
was increased at least twofold upon estrogen treatment com-
pared with ethanol-treated controls (Fig. S2C). Notably, FGF9,
which is induced by estrogen in endometriosis and during em-
bryonic mammary placode formation (17), was increased 14-fold
following estrogen treatment of MCF7 cells.
We next tested whether FGF signaling was necessary for the

estrogen-induced expansion of the breast CSC-enriched sub-
population. Accordingly, we treated MCF7 cells with a chemical
inhibitor of FGFR signaling, PD173074, together with either es-
trogen or conditioned medium from estrogen-pretreated cells. By
flow cytometry, we observed that inhibition of FGF signaling
prevented either estrogen or conditioned medium from estrogen-
pretreated cells to elicit an increase in CD44+/CD24−/ESA+ cells
(Fig. 3A). In contrast, the addition of recombinant FGF9 to serum-
free cultures was sufficient to increase the CD44+/CD24−/ESA+

subpopulation (Fig. S2D) and to promote tumorsphere formation
to levels comparable to those in estrogen-treated sphere cultures
(Fig. 3B). FGF9 and estrogen appeared to have a synergistic effect
on increasing MCF7 CSCs (Fig. 3A). When we tested two other
ligands from the FGF family, FGF2 and FGF10, we saw that al-
though these factors did not increase the basal levels of CD44+/
CD24−/ESA+ cells in the cell line, they were able to slightly in-
crease the effect of estrogen (Fig. S2E). In contrast, feeding can-
didate growth factors, including EGF, HRG, IGFII, BMP6, and
SDF1β, failed to increase the proportion of CSCs in the presence
or absence of estrogen supplementation (Fig. S2E).
There are four FGF receptors, and MCF7 cells express high

levels of FGFR3 (Fig. S3A), which binds with high affinity to
FGF9 (17). To rule out a nonspecific effect of the PD173074
compound, we examined whether the knockdown of FGFR3 in
MCF7 cells might also abolish estrogen-induced expansion of
the breast cancer stem-like cell populations. Accordingly, we
inhibited FGFR3 expression using lentiviral infection with tar-
geted shRNAs. We observed a 76% reduction in FGFR3 protein
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Fig. 1. Estrogen increases cancer stem cells in ERα+ cell lines. (A) Average
percentage of CD44+/CD24−/ESA+ cells in the ERα+ cell line MCF7 following 6-
d treatment with either 1 nM 17-β-estradiol (E2) or vehicle (EtOH); n = 5 bi-
ological replicates. Data are mean ± SEM. (B) MCF7 tumorsphere formation
presented as the average number of spheres per 1,000 cells plated ± SEM; n =
3 biological replicates. Representative phase contrast micrographs of MCF7
spheres are shown. (C) Tumor formation of MCF7 cells pretreated with EtOH
and DMSO (vehicles), E2, or E2 and PD173074 injected in limiting dilution
into ovariectomized mice. *Nonparametric χ2 statistic was used to test the ex-
pected vs. observed frequencies of tumor formation at limiting dilution with
a level of 0.001 (critical value, 10.83). (D) Representative H&E-stained sections
of mammary glands injected with EtOH-pretreated or 1 nM estrogen (E2)-
pretreated MCF7 cells are shown.
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expression in MCF7 cultures transduced with shFGFR3 (Fig.
S3B). Similar to treatment with PD173074, inhibition of FGFR3
expression in MCF7 cells led to a fourfold reduction in the
proportion of CD44+/CD24−/ESA+ cells and a twofold re-
duction in sphere formation in response to estrogen treatment
(Fig. S3C and Fig. 3C) without reducing estrogen-induced pro-
liferation in adherent cultures (Fig. S3D).
To functionally assesswhether inhibition ofFGF signaling in the

presence of estrogen affected tumor formation, MCF7 cells were
pretreated for 6 d in vitro with estrogen in the presence of
PD173074 and injected into mice. Tumor-initiating potential
conferred by 17-β-estradiol pretreatment alone was abolished in
the presence of FGFR-inhibition (Fig. 1C, P= 0.001). These data
indicate that estrogen expands breast cancer stem cell numbers at
least in part through the FGF/FGFR signaling pathway.
To determine whether the FGF signaling pathway also regu-

lates stem-like cell populations in ERα− breast cancer cell lines,
we added either recombinant FGF9 or PD173074 to SUM149,
SUM159, and BT-20 cultures. Treatment with FGF9 induced an
average 2.5-fold expansion of the stem-like cells and enhanced
tumorsphere formation, whereas inhibition of FGFR signaling
with PD173074 decreased the proportion of CD44+/CD24−/
ESA+ stem-like cells by eightfold and reduced sphere formation
(Fig. 3D and Fig. S3E). In addition, SUM159 cells pretreated in
vitro with PD173074 or FGF9 were injected orthotopically into
immunocompromised mice to evaluate tumor initiation. Indeed,
PD173074 pretreatment significantly inhibited SUM159-derived
tumor growth in vivo (P < 0.02, Fig. 3E).
We also isolated patient-derived breast carcinoma cells, and

treated these cells with either FGF9 or PD173074 in sphere
culture. We observed a modest 1.2-fold increase in tumorsphere
formation in response to treatment with FGF9 but a statistically
significant twofold reduction in sphere formation in the presence
of PD173074 (P < 0.01, Fig. 3F). Similarly, when we dissociated
freshly isolated tumors from human-in-mouse tumor generated
tissues (SI Materials and Methods), we found that these cells grew
significantly fewer sphere colonies in the presence of PD173074
than in the presence of FGF9 (Fig. S3F). Collectively, these data
demonstrate that FGF/FGFR signaling is an important regulator
of breast cancer stem-like cells.

Estrogen and FGF Signaling Induce Tbx3 Expression. The Tbx3
transcription factor has been reported to activate FGF signaling
but also act downstream of FGF signaling, where it is required
for propagation of FGF and Wnt signals in the rudimentary
mammary epithelium (8–10). Therefore, we wanted to determine
whether levels of Tbx3 correlated with estrogen or FGF signal-

ing. Accordingly, we examined Tbx3 expression in MCF7 cul-
tures treated with combinations of estrogen, tamoxifen, FGF9,
or PD173074. Indeed, Tbx3 mRNA and protein expression were
increased in MCF7 cells treated with estrogen and further in-
creased by FGF9 stimulation (Fig. 4 A and B). This induction
was effectively inhibited by 4OHT or PD173074. Tbx3 protein
was also visualized by immuno-fluorescence, revealing nuclear
localization for the Tbx3 transcription factor in 60% of the
MCF7 culture following estrogen treatment (Fig. 4C).
We also examined the FGF-Tbx3 signaling axis in ERα−

SUM149, SUM159, and BT-20 breast cancer cells treated with
recombinant FGF9 or PD173074. Consistent with the findings in
MCF7 cells, Tbx3 mRNA and protein expression was induced in
response to FGF9 treatment (Fig. 4 D and E). Although treat-
ment of the cultures with PD173074 did not affect the basal Tbx3
mRNA levels, protein levels appeared to be modestly decreased.
Taken together, these data indicate that: (i) estrogen stimulates
expansion of tumorigenic breast cancer cells in part through
FGF signaling, (ii) inhibition of FGF/FGFR signaling decreases
tumorigenic breast stem-like cells, and (iii) estrogen causes in-
duction of Tbx3 expression breast cancer cells and is a likely
mechanism through which FGF signaling is perpetuated.

Tbx3 Expression Is Sufficient for Breast CSC Expansion. Because Tbx3
is known to be necessary for the specification and expansion of
normal mammary stem cells, we next examined whether Tbx3
might also be necessary for the expansion of breast cancer stem-
like cells. Using an RNAi knock-down approach in three different
breast cancer cell lines (MCF7, SUM149, and SUM159), we were
able to reduce endogenous Tbx3 mRNA and protein levels 60–
85% (Fig. S4A andB). It is known that theDUSP6 phosphatase is
activated following FGF signaling, and that the spatiotemporal
expression pattern of DUSP6 in the developing mammary gland is
similar to that of Tbx3 (10). Therefore, we also assayed expression
of DUSP6 and found that DUSP6mRNA expression was reduced
an average of 2.4-fold in the shTbx3 transduced cultures. These
results are analogous to observations in embryonic mammary
epithelial cells showing that FGFsignaling is required forTbx3 and
DUSP6 expression and that Tbx3 expression is important for
further FGF production and signal propagation (8–10).
To assess the role of Tbx3 in breast CSC maintenance, we

performed flow cytometry and tumorsphere assays on cells
exhibiting the greatest inhibition of Tbx3 expression. We found
no significant difference in the proliferation rates of SUM149,
SUM159, or MCF7 breast cancer cells upon Tbx3 knockdown
(Fig. S4 C and D). However, the ability of MCF7 cells transduced
with shTbx3 to increase the proportion of CD44+/CD24−/ESA+
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sponse to estrogen expand ERα− breast
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cells or increase sphere formation following estrogen was sig-
nificantly attenuated (Fig. 5 A and B). Likewise, a 20–50%
reduction in cancer stem-like cells and tumorsphere formation
was observed in shTbx3 transduced SUM149 and SUM159 lines
(Fig. 5 A and B). Furthermore, Tbx3 was inhibited using two
different hairpins in patient-derived cancer cells and also resul-
ted in a significant reduction in sphere formation (Fig. 5C).
Notably, we were unable to maintain efficient knockdown of

Tbx3 in any cell line for more than two passages following se-
lection; therefore, we could not assess in vivo tumor seeding
ability of shTbx3 cells. Consequently, we took an alternative
approach and ectopically overexpressed Tbx3 in normal human
mammary epithelial cells (HMECs) and MCF7 cancer cells to
determine whether Tbx3 expression would suffice to promote
stem-like cell behavior. Indeed, expression of Tbx3 resulted in a
∼twofold increase in the number of spheres formed by HMEC
cells and increased the proportion CD44+/CD24−/ESA+ cancer
stem-like cells in MCF7 cells by ninefold (Fig. 5D and Fig. S4E).
Furthermore, overexpression of Tbx3 inMCF7 cells led to a robust
twofold increase in tumorsphere formation (Fig. 5D). Consistent
with the expansion of cancer stem-like cells, overexpression of
Tbx3 in MCF7 cells resulted in a 100-fold increase in tumor-

initiation compared with control cells (Fig. 5E, P = 0.001).
Collectively, these findings indicate that Tbx3 is sufficient to pro-
mote normal and cancer stem-like cell phenotypes.

Expression of FGFR3 and Tbx3 in Human Breast Cancers. Our results
suggest that paracrine FGF signaling mediated through Tbx3 is
important in regulating the proportion of CSCs within cultured
breast cancer populations. To determine whether this mechanism
might also operate within the context of primary human breast
cancers, we queried a gene expression database that encompasses
more than 18,000 human cancer gene expression microarrays (18,
19) for FGFR3 and TBX3 expression. We found that TBX3 was
highly expressed in many subtypes of breast cancer when com-
paredwith normal tissue, and that Tbx3 expression correlated with
ER-positive tumors. Furthermore, Tbx3 expression was highly
correlated with metastatic recurrence at both 3 and 5 y, whereas
Stage III tumors had a high correlationwith genomic amplification
of the Tbx3 locus (Figs. S5 and S6 A and B). These data are con-
sistent with and support other recent findings that TBX3 is up-
regulated in human breast cancers (16). In addition, we found that
breast tumors that responded to chemotherapy expressed signifi-
cantly lower levels of Tbx3 than nonresponders, and that cell lines
that are sensitive to chemotherapies likewise have much lower
Tbx3 expression relative to chemotherapy-resistant cell lines (Fig.
S6 C and D). Furthermore, ERα expression levels were strongly
correlated with FGFR3 expression in a majority of primary tumor
samples (P = 0.001, Fig. S5). These data are compatible with the
notion that the E2/FGF/Tbx3 signaling axis is activated in many
primary breast cancers.

Discussion
Here, we identify the estrogen/FGF/Tbx3 signaling axis as an
important modulator of CSC properties both in vitro and in vivo.
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Fig. 3. FGFR signaling is necessary for estrogen CSC expansion. (A) Average
percentage of CD44+/CD24−/ESA+ cells inMCF7 cultures treated with 1 nM 17-
β-estradiol (E2) or E2-conditioned medium in the presence of the FGFR in-
hibitor PD173074. n = 6 Biological replicates for freshmedia, *P< 0.0001; n = 4
biological replicates for conditionedmedia, **P<0.005,Dataaremean± SEM.
(B) MCF7 cells pretreated E2, FGF9 (100 ng/mL), or E2 and PD173074 were
seeded for tumorspheres and resulting spheres, Data are mean ± SEM, n = 4
biological replicates. *P=0.01 either E2or FGF9 vs. EtOH. (C) Sphere formation
of estrogen-pretreated MCF7 cultures transduced with indicated small hair-
pins. (D) Flow-cytometric analysis of CD44+/CD24−/ESA+ cells in ERα− SUM149,
SUM159, BT20 cultures following treatment with either recombinant human
FGF9 or the FGFR inhibitor, PD173074.MCF7 cells treatedwith E2 are shown as
reference. Data aremean± SEM;n= 4biological replicates. *P< 0.004 FGF9 vs.
vehicle; **P < 0.0005 PD vs. vehicle. (E) Tumor formation of 104 SUM159 cells
pretreated with DMSO, FGF9, or PD173074 injected orthotopically into mice;
n = 12 for each treatment. *P < 0.02 DMSO vs. PD. Data are mean ± SEM. (F)
Tumorsphere formation of breast cancer cells isolated from a primary human
breast cancer (TUM177) treated with FGF9 or the FGFR inhibitor PD173074,
*P = 0.01 DMSO vs. PD. Data are mean ± SEM.
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Fig. 4. FGF/Tbx3 signaling is intact human breast cancer cells. (A)Western blot
ofTbx3 inMCF7cultures treatedwithvehicle (EtOH+DMSO),1nME2,100ng/mL
FGF9, 100nM4OHT,orFGFR inhibitor 10μMPD173074. (B)QuantitativeRT- PCR
of Tbx3 expression in the sameMCF7 cells assayed inA.Data are represented as
average delta (deltaCt) ± SEM; n = 4 experiments. (C) Immunofluorescence of
MCF7cells treatedwith1nME2orEtOHvehicle; ESA/EpCAM(green),Tbx3 (red),
and DAPI (blue) show nuclear localization of Tbx3. Quantification is shown
below. (D) Quantitative RT-PCR analysis of DUSP6 and Tbx3 expression in
SUM149, SUM159, andBT-20 cultures treatedwithFGF9or PD173074 relative to
expression in cultures treated with DMSO. Data are represented as average
delta (deltaCt) ± SEM; n = 4 biological replicates. (E) Western blot analysis of
Tbx3 expression in SUM149 and SUM159 cells described in D.
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While much of our data were collected using the experimental
system of the ERα+ MCF7 cell line, we were able to observe up-
regulation of Tbx3 in many different primary human tumor
datasets, suggesting the relevance of this pathway in primary
tumor samples. In addition, we observed conservation of the
FGF/FGFR3/Tbx3 signaling pathway in basal-type ERα− cell
lines, as well in freshly dissociated patient tissue, indicating that
this pathway may be important for growth of many subtypes of
breast cancers other than the common ERα+ subtype.
The experiments described here also demonstrate that the

regulation of breast CSCs are influenced by the same regulatory
pathways that control stem cells in the developing mammary
gland. Although the underlying basis for this connection is un-
clear, several other groups have observed a conservation or re-
expression of developmental signaling programs in cancers and
cancer stem cells (20–22). Based on the results described here,
we propose a model in which Tbx3 expressing cancer cells pro-
mote the expansion of CSCs through paracrine FGF signaling
(Fig. S7). In ERα+ breast cancer cell lines, estrogen (E2) binds
to the estrogen receptor to induce FGF9 secretion and Tbx3
expression in the non-CSC compartment. Expression of Tbx3
leads to further expression of Wnts and FGFs to perpetuate
signaling, which ultimately leads to expansion of the CSC pool.
In breast cancers that do not express ERα, Tbx3 expression
stabilizes paracrine FGF and Wnt signaling to regulate cancer
stem cell (CSC) subpopulations. This model is consistent with
prior work showing thatWnt signaling is necessary formaintenance
of subpopulations with stem-like properties in normal mammary
tissues and breast cancer (23). Clearly, further studies will be re-
quired to determine whether Tbx3 expression is induced by Wnt
signaling in cancer and whether inhibition of this pathway will have
a clinical impact.
The experiments described here demonstrate that estrogen can

also influence the representation of breast CSCs within cancer cell
populations, in part through its effects on the extracellular sig-
naling milieu. Similar observations have been made in the normal
mouse mammary gland, in which epithelial stem cell function is
controlled in part through RANKL andWnt4, which are secreted
in response to both estrogen and progesterone (24, 25).

The experiments described here as well as in other studies
have demonstrated that normal and cancer breast stem cell pools
lack abundant ERα expression (24–26, 12). This suggests that the
successes of tamoxifen and aromatase inhibitors, such as letro-
zole, for the treatment estrogen-sensitive breast tumors may be
attributed to the inhibition of paracrine factors released by
ERα+ breast cancer cells but not to the eradication of ER-
negative CSCs. Indeed, residual breast cancer cells in tumor
tissues treated with letrozole exhibited a pronounced enrichment
of cells exhibiting CSC phenotypes (27). This observation,
combined with our findings, suggests that resistance to anties-
trogen therapies and recurrence of ERα+ breast cancers could
arise from genetic or epigenetic alterations that allow for the
acquisition of FGF/Tbx3 activity in the absence of continued
estrogen stimulation. In support of this notion, tamoxifen re-
sistance by breast cancer cells is accompanied by increases in
DUSP6 expression (28), as well as mesenchymal transdifferen-
tiation (29). Furthermore, studies have shown that overexpression
of FGF ligands subverts the requirement for estrogen to drive
tumor formation (30–32).
Although our experiments focused on breast cancer CSC ex-

pansion stimulated by FGF9, we found that other FGF ligands
are also capable of influencing CSC numbers. We did not ad-
dress here whether other FGFRs in addition to FGFR3 can
contribute to breast CSC expansion. Nevertheless, an important
prediction of our model is that the acquisition of resistance to
anti-hormone therapies might be accompanied by an increase in
FGF/FGFR/Tbx3 signaling and a concomitant increase in the
proportion of CSCs. Therefore, targeting the FGF/FGFR/Tbx3
pathway may be a useful therapeutic strategy for hormone-
therapy refractory luminal (ERα+) breast cancers.

Materials and Methods
Detailed methods are described in SI Materials and Methods.

Cells and Tissue Culture. Cell line procurement and culture is described in
SI Materials and Methods.

All human breast tissue was obtained in compliance with the laws and
institutional guidelines, as approved by the institutional institutional review
board committee from Tufts University School of Medicine. An ER+, Her2−

tumor was obtained from discarded material, and noncancerous breast tissue
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Fig. 5. Tbx3 is necessary and sufficient for breast CSC expan-
sion. (A) (Left) Average percentage of CD44+/CD24−/ESA+ cells
in MCF7 cultures transduced with lentiviruses encoding short
hairpins targeting a scrambled sequence (Cntrl), GFP, or Tbx3
and treated with 1 nM 17-β-estradiol (E2) or vehicle (EtOH).
*P < 0.0015. (Right) Average percentage of CD44+/CD24−/ESA+

cells in SUM149 and SUM159 cultures transduced with lentivi-
ruses encoding short hairpins targeting Tbx3 and treated with
recombinant FGF9. Data are mean ± SEM; n = 4 biological
replicates. *P < 0.003; **P < 0.007. (B) Normalized tumor-
sphere-forming potential of SUM159, SUM149, or MCF7 cul-
tures transduced with hairpins targeting a scramble sequence
(Cntrl) or Tbx3. Data as mean ± SEM; n = 4 experiments. *P <
0.001; **P < 0.005; ***P < 0.02. (C) Normalized tumorsphere
formation of breast cancer cells isolated from a primary human
breast cancer (TUM177) transduced with lentiviruses contain-
ing two different short hairpin sequences targeting Tbx3. *P <
0.002; **P < 0.0008. (D) Normalized sphere-forming ability of
immortalized human mammary epithelia cells (HMEC) or MCF7
cells ectopically overexpressing human Tbx3; n = 4 experi-
ments, 2 biological replicates. *P = 0.002; **P = 0.003. (E) Tu-
mor formation of MCF7 cells overexpressing Tbx3 or empty
vector (EV) injected in limiting dilution into NOD/SCID mice.
*Nonparametric χ2 statistic was used as described in Fig. 1.
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was obtained from patients undergoing elective reduction mammoplasty
at Tufts Medical Center. Cells were manipulated as described in SI Materials
and Methods.

Flow Cytometry. Antibodies used are EpCAM (ESA)-FITC (clone VU-ID9, AbD
Serotec), CD24-PE (cloneML5, BD Pharmingen), and CD44-APC (clone G44-26,
BD Pharmingen). When staining for ERα-FITC (clone SP1, Abcam) cells were
stained sequentially with EpCAM (clone VU- ID9, Abcam), rat–anti-mouse
PerCP (BD Pharmingen) and CD24-PE/CD44-APC (BD Pharmingen) before
cells were fixed in 4% paraformaldehyde and 0.1% Saponin and incubated
with ERα-FITC.

Tumorsphere Assays. Cells were trypsinized and mechanically separated and,
when necessary, passed through 40-μm filters to obtain single cell suspensions
that were plated at less than 10,000 cells per mL in super–low-attachment
plates in normal growth media (with supplements where indicated). Quanti-
fication of mammosphere and tumorsphere numbers was accomplished using
a Multisizer 3 Coulter Counter (Beckman-Coulter) that provided number and
size distributions of particles between 40 μm and 336 μm.

Conditioned Medium Experiments. Subconfluent MCF7 cultures grown in
standard phenol red containing DMEM with 10% FBS were washed and
switched to phenol-red–free DMEM + 10% charcoal-dextran stripped FBS
supplemented with 1 nM 17-β-estradiol or EtOH for 6 d. Cultures were then
washed five times with PBS and incubated with fresh serum-free phenol-
red–free DMEM. Conditioned medium (CM) was harvested 72 h later, passed
through a 0.2-μm filter, and frozen at −80°C. For each experiment, at least
three distinct batches of CM were combined and supplemented with 2 mM

L-glutamine and 10% charcoal-dextran–stripped FBS and fed to naive cells
for a total of 6 d, with media changed every 2 d, after boiling for 5 min
where specified.

Western Blot and Immunofluorescence. Antibodies used for IF were ERα-FITC
(clone SP1, Abcam), EpCAM (clone B29.1, Abcam), and Tbx3 (rabbit, Aviva).
Antibodies used for Western blotting were Tbx3 (mouse, Abcam), FGFR3
(rabbit, Sigma), and β-actin (clone mAbcam 8226, Abcam).

Isolation of RNA, Microarray, and Quantitative RT-PCR. Cells were harvested by
trypsinization of fluorescence-activated cell sorting and pelleted by centri-
fugation, and RNA isolationwas performed using the RNAeasy kit (Qiagen) in
accordance with the manufacturer’s protocol. The RNA samples were then
reverse transcribed using the iScript cDNA kit (Bio-Rad), and quantitative
PCR was performed with Sybr green (Bio-Rad) on a Bio- Rad iCycler. Primers
are listed in SI Materials and Methods.
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