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Breast cancer is one of the most common cancers in humans.
However, our understanding of the cellular and molecular mecha-
nismsunderlying tumorigenesis in breast tissues is limited.Here,we
identified amolecular mechanism that controls the ability of breast
cancer cells to form multicellular spheroids (mammospheres). We
found that heregulin (HRG), a ligand for ErbB3, induced mammo-
sphere formation of a breast cancer stem cell (BCSC)–enriched
population as well as in breast cancer cell lines. HRG-induced mam-
mosphere formation was reduced by treatment with inhibitors for
phosphatidyl inositol 3-kinase (PI3K) or NF-κB and by expression of
IκBα-Super Repressor (IκBαSR), a dominant-negative inhibitor for
NF-κB.Moreover, theoverexpressionof IκBαSR inbreast cancer cells
inhibited tumorigenesis in NOD/SCID mice. Furthermore, we found
that the expression of IL8, a regulator of self-renewal in BCSC-
enriched populations, was induced by HRG through the activation
of the PI3K/NF-κB pathway. These findings illustrate that HRG/
ErbB3 signaling appears to maintain mammosphere formation
through a PI3K/NF-κB pathway in human breast cancer.
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Cancer stem cells (CSCs), which make up only a small pro-
portion of heterogeneous tumor cells, may possess a greater

ability to maintain tumorigenesis than other tumor cell types (1,
2). CSCs can self-renew and simultaneously produce differenti-
ated daughter cells; thus they can strongly proliferate until they
reach their final differentiated state. With improvements in the
isolation of CSCs, there is now a growing body of evidence that, in
some cases of hematologic and solid tumors, a cancer stem cell
population can be enriched based on phenotype (3–10). In human
breast cancers, breast cancer stem cells (BCSCs) are enriched
in the CD44high/CD24low cell population, whereas the CD44low/
CD24high cells represent a more differentiated phenotype with
limited stem cell–like potential (3). Because BCSCs withstand
anoikis in culture, they expand under anchorage-independent
conditions, giving rise to clonal spheroids (mammospheres),
which can be serially passaged in vitro (11, 12). These processes
can in part recapitulate the breast tumorigenesis process (13–16).
To develop more effective cancer therapies, it would be reason-
able to target molecules that have a critical role in the mainte-
nance of mammospheres. However, the molecular mechanism by
which mammospheres are maintained is still largely obscure.
NF-κB is a transcription factor complex that is typically

a heterodimer of p50, p52, p65 (RelA), RelB, and c-Rel. It is
usually inactive and bound to IκB, an inhibitory protein, in the
cytoplasm. The primary mechanism of regulation of NF-κB ac-
tivity is through activation of the IKK complex, including het-
erodimers of IKKα and IKKβ, as a result of various signaling
pathways. The serine–threonine kinase Akt is one of the acti-
vators of IKKβ (17), and the activated IKK complex phos-

phorylates the IκBα protein, resulting in its ubiquitination, pro-
teasome-mediated degradation, and subsequent release of NF-
κB for nuclear translocation. Released NF-κB translocates to the
nucleus and binds to the κB sequence, where it promotes the
transcription of various genes, including inflammatory chemo-
kines. Recently, we found activation of inflammatory signaling
pathways in association with an increase in NF-κB activity in
BCSC-enriched populations (18, 19). However, the role of NF-
κB and the molecular mechanisms by which NF-κB is activated
during mammosphere formation remain unknown.
Heregulin (HRG, also called neuregulin) is a ligand for

ErbB3, which is one of the four members of the EGF receptor
ErbB family (20). Expression of HRG in the mammary gland
induces adenocarcinomas in animal models (21) and favors
metastatic spread of breast cancer cells (22). HRG is expressed
in 30% of human breast cancer patients (23) and correlates with
poor histological grade (24). Recently, it was reported that
ErbB2 overexpression increases the stem/progenitor cell pop-
ulation of both normal and malignant mammary cells (25);
however the role of HRG and ErbB3 in regulating the properties
of BCSC-enriched populations remains largely unknown.
In the present study, we showed that HRG induced mam-

mosphere formation of cancer cells from a BCSC-enriched
population. Moreover, our findings suggest that the activity of
phosphatidyl inositol 3-kinase (PI3K)/NF-κB is essential for the
HRG-induced mammosphere formation.

Results
HRG Induces Mammosphere Formation of a BCSC-Enriched Popu-
lation. To test the mammosphere-forming ability of a BCSC-
enriched population, we initially isolated CD44high/CD24low/
lineage− BCSC-enriched population and CD44low/CD24high/lin-
eage− nonstem cells from human breast cancer tissue. When
these cells were cultured with conventional mammosphere cul-
ture media containing EGF, bFGF, and B27 supplement (13,
26), the CD44high/CD24low/lineage− BCSC-enriched population
generated mammospheres, whereas the CD44low/CD24high/line-
age− nonstem cells did not form mammospheres (Fig. 1 A and
B). These observations suggest that cells with the capacity to
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form mammospheres are enriched in CD44high/CD24low/lineage−

cells, confirming that mammospheres can be derived from
BCSC-enriched populations as described previously (26, 27).
To examine the effects of HRG on the mammosphere for-

mation, we cultured these cells with HRG in the absence of
EGF, bFGF, or B27 supplement and then counted the number
of mammospheres that formed. CD44high/CD24low/lineage−

BCSC-enriched population cultured with HRG generated
mammospheres at similar frequencies as those cultured with
EGF/bFGF/B27, whereas CD44low/CD24high/lineage− nonstem
cells did not generate mammospheres (Fig. 1 A and B). These
findings suggest that HRG has the ability to induce mammo-
sphere formation of BCSC-enriched population.
To further investigate the effect of HRG, we examined mammo-

sphere formation in five breast cancer cell lines treated with HRG.
Similar to the effects of HRG on primary human breast cancer cells,
HRG increased mammosphere formation in four of the five breast
cancer cell lines (Fig. 1 C and D) with an efficiency comparable
to that of EGF. The HRG-induced mammospheres expressed the
stem cell marker Nanog, comparable to mammospheres cultured

with EGF/bFGF/B27 (Fig. 1E). Together, these results suggest that
HRG plays an important role in enhancing the mammosphere for-
mation of BCSC-enriched populations.

HRG Up-Regulates NF-κB Through PI3K/Akt Activation. To examine
whether HRG treatment activates the ErbB2/ErbB3 pathway, we
investigated the effect of HRG on the phosphorylation levels of
ErbB2, ErbB3, ERK, and Akt in three breast cancer cell lines.
HRG markedly induced the phosphorylation of ErbB2, ErbB3,
ERK, and Akt (Fig. 2A) in all three cell lines, suggesting that
HRG strongly activates ErbB2 and ErbB3, which leads to the
activation of ERK and the PI3K/Akt pathway. To confirm that
HRG promotes the interaction between ErbB2 and ErbB3, we
performed an immunoprecipitation analysis after treatment with
HRG. The analysis revealed that treatment with HRG led to
increased interactions between ErbB3 and ErbB2 (Fig. 2B).
Because NF-κB is a downstream target of Akt, we investigated

whether the NF-κB signaling pathway was also altered by HRG
treatment. IKKα/β are the upstream kinases involved in the
phosphorylation of IκBα, which leads to the nuclear trans-
location of NF-κB. Treatment with HRG markedly induced the
phosphorylation of Akt and IKKα/β within 10 min and the
phosphorylation of IκBα and the NF-κB subunit RELA after 30
min (Fig. 2C). To examine the DNA-binding activity of RELA
after HRG stimulation, we quantified the intensity of the RELA/
DNA complex by ELISA at various time intervals. Treatment
with HRG induced a marked increase in the binding activity of
RELA after 1 h, and then this activation gradually decreased
until 4 h (Fig. 2D). To test whether the activation of RELA by
HRG was dependent on the PI3K/Akt pathway, we pretreated
cells with LY294002, an inhibitor of PI3K before the addition
of HRG. As anticipated, the HRG-induced activation of NF-κB
was completely inhibited by LY294002 in a manner similar to
the inhibition after treatment with DHMEQ, a specific inhibitor
of NF-κB (28) (Fig. 2E and Fig. S1). These results showed
that NF-κB was activated by HRG through the PI3K/Akt path-
way. Because our previous observations suggested that the
NF-κB pathway is enriched in BCSCs (19), we speculated that
the HRG/PI3K/Akt/NF-κB axis may have a role in regulating
mammosphere formation.

HRG/PI3K/NF-κB Axis Controls Mammosphere Formation. To eluci-
date whether NF-κB or PI3K influences HRG-induced mam-
mosphere formation, we treated MCF7 cells with HRG,
together with DHMEQ or LY294002. Treatment with DHMEQ
or LY294002 decreased the frequency of mammosphere for-
mation in a dose-dependent manner (Fig. 3A); however, the
sizes of the mammospheres were not significantly changed,
suggesting that the activities of NF-κB or PI3K affect mammo-
sphere initiation but do not primarily influence cell proliferation
during mammosphere growth. To test secondary mammosphere
formation, primary mammospheres generated in the presence of
DHMEQ or LY294002 were dissociated into single cells and
incubated with HRG in the absence of the inhibitors (Fig. 3B).
We found that the cells derived from primary mammospheres
formed in the presence of DHMEQ or LY294002 did not form
secondary mammospheres as efficiently as cells from untreated
mammospheres (Fig. 3 C and D). These findings suggest that the
activities of NF-κB and PI3K are required to maintain mam-
mosphere cells with the ability to initiate HRG-induced mam-
mosphere formation. In agreement with these findings, we found
that lapatinib, an inhibitor of EGF receptor and ErbB2 tyrosine
kinases, decreased NF-κB activity and mammosphere formation
(Fig. S2 and SI Results). To determine whether DHMEQ or
LY294002 induces apoptosis, we stained mammosphere cells
with propidium iodide (PI) following inhibitor treatments and
then analyzed the cell-cycle status by flow cytometry (Fig. S3).
There was no apparent sub-G1 cell population, indicating that
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Fig. 1. Effect of HRG on mammosphere formation of a BCSC-enriched
population. (A) Representative images of primary cultures of mammo-
spheres formed from the sorted CD44high/CD24low/lineage− BCSC-enriched
population (Left) and the CD44low/CD24high/lineage− nonstem cell pop-
ulation (Right) obtained from a specimen of invasive ductal carcinoma (IDC1,
Table S1). The cells from IDC1 were incubated with EGF/bFGF/B27 (Top) or
with 20 ng/mL HRG (Bottom). Scale bar = 100 μm. (B) The spheres were
counted and the percentage of mammosphere-forming cells were de-
termined in each group (data are mean ± SD; n = 4). (C) Mammosphere assay
in MCF7, T47D, BT20, HCC1954, and HCC1143 breast cancer cell lines treated
with 20 ng/mL EGF or 20 ng/mL HRG (data are mean ± SD; n = 4, **P < 0.01,
*P < 0.05, relative to the values in the respective untreated controls). (D)
Images showing mammosphere formation in MCF7 cells treated as indicated
in (C). Scale bar = 100 μm. (E) Nanog protein expression levels in the parental
cells growing in 2D adherent (Ad) culture, sphere cells cultured with 20 ng/
mL HRG (H) and sphere cells cultured with EGF/bFGF/B27 (E/F).

Hinohara et al. PNAS | April 24, 2012 | vol. 109 | no. 17 | 6585

CE
LL

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113271109/-/DCSupplemental/pnas.201113271SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113271109/-/DCSupplemental/pnas.201113271SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113271109/-/DCSupplemental/pnas.201113271SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113271109/-/DCSupplemental/pnas.201113271SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1113271109/-/DCSupplemental/pnas.201113271SI.pdf?targetid=nameddest=ST1


the inhibitors did not induce apoptosis at the effective concen-
trations for mammosphere formation.

NF-κB Is Required to Maintain Mammosphere-Forming Ability and
Tumorigenic Potential of MCF7 Breast Cancer Cells. To further vali-
date these findings, we overexpressed mutant IκBα (IκBαSR),
a dominant-negative inhibitor of NF-κB, in MCF7 cells with a
lentiviral vector. Overexpression of mutant IκBα resulted in
a decrease in the number of HRG-induced mammospheres
compared with the vector-transduced cells (Fig. 3E). We also
attempted to determine whether NF-κB regulates the mammo-
sphere-forming ability in culture containing EGF/bFGF/B27,
and found that NF-κB activity was required for mammosphere
formation in such a culture condition. These results suggest that
NF-κB is a mediator of mammosphere-forming capacity in both
HRG- and EGF/bFGF/B27-containing media (Figs. S4 and S5
and SI Results).
To test whether the down-regulation of NF-κB signaling alters

the tumor-initiating ability in vivo, we injected 1 × 105 MCF7
cells constitutively expressing mutant IκBα into the mammary fat
pads of NOD/SCID mice. There were no significant morpho-
logical differences between these cells and control cells in culture
(Fig. S6, Upper). All eight mice injected with control cells de-
veloped tumors within 6 wk, whereas tumor formation was in-
efficient in the mice injected with cells expressing mutant IκBα
(four of eight mice) (Fig. 3F). Histological analysis showed that
tumors derived from the vector-transduced cells or IκBαSR-
transduced cells had a similar morphology (Fig. S6, Lower).
Therefore, it is unlikely that the reduced incidence of tumor
formation by expression of IκBαSR is due to cell differentiation;
rather, it appears that NF-κB activity is required for tumor ini-
tiation of MCF7 cells in vivo.
By extension, we speculated that an NF-κB-negative sub-

population could not generate mammospheres. To isolate living
cells based on NF-κB activity, we used an NF-κB reporter

lentiviral vector expressing d2Venus (a yellow fluorescent pro-
tein) driven by four copies of the NF-κB response element lo-
cated upstream of the minimal TATA promoter. We isolated
MCF7 cells expressing d2Venus at high (NFkB+) or low
(NFkB−) levels (Fig. 3G); the activity of NF-κB is thought to be
higher in the former cells than in the latter cells. As expected, the
NF-κB–negative subpopulation showed significantly decreased
mammosphere formation capacity compared with the NF-κB–
positive subpopulation (Fig. 3H). Taken together, these in vitro
and in vivo results showed that NF-κB is required for mammo-
sphere formation and tumor initiation of MCF7 cells.

HRG Elicits PI3K/NF-κB–Dependent Up-Regulation of IL8 mRNA
Expression. IL8 signaling has been shown to play a role in BCSC
self-renewal (29, 30). Because the expression of IL8 is regulated
by NF-κB activity (31), we investigated whether HRG induces the
expression of IL8. We also examined the expression of repre-
sentative immediate early genes, c-Fos and c-Myc. Treatment with
HRG resulted in a dramatic increase of IL8 expression (up to
a 100-fold increase) after 2 h (Fig. 4 A and B). The expression
levels of c-Fos and c-Myc were also increased (10-fold and five-
fold, respectively) (Fig. 4 A and B). The levels of these mRNAs
were decreased rapidly after 4 h. To determine whether the ac-
tivity of NF-κB or PI3K is involved in the induction of IL8 ex-
pression by HRG, cells were stimulated with HRG in the
presence of DHMEQ or LY294002. We found that the levels of
IL8 induction by HRG were decreased by treatment with inhib-
itors, although the induction levels of c-Fos or c-Myc were not
significantly changed (Fig. 4 A and B). These results suggest that
the expression of IL8 is induced by the HRG/PI3K/NF-κB axis.

HRG/PI3K/NF-κB Axis Controls Mammosphere Formation of Primary
Tumor Cells Derived from Breast Cancer Patients. We extended
our analyses to primary tumor cells isolated directly from human
breast cancer tissues (Table S1). To assess the effect of HRG,
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PI3K, and NF-κB on mammosphere formation, primary tumor
cells were treated with HRG, together with DHMEQ or
LY294002. Treatment with HRG induced mammosphere for-
mation in all tumor samples, and the effect of HRG was blocked
when DHMEQ or LY294002 was added with HRG (Fig. 5A and
B). We confirmed that both ErbB2 and ErbB3 were expressed in
these cells and that the phosphorylation of Akt and IκBα was
induced in response to HRG (Fig. 5C). When we treated primary
tumor cells with HRG, together with LY294002, the phosphor-
ylation levels of Akt and IκBα were decreased, suggesting that
NF-κB was activated by HRG through the PI3K/Akt pathway in
primary tumor cells. (Fig. S1). Furthermore, overexpression of
mutant IκBα in primary tumors cells with a lentiviral vector led
to a decreased frequency of mammosphere formation compared
with the control vector–transduced cells (Fig. 5D). Similar results
were obtained in mammospheres cultured with EGF/bFGF/B27
(Fig. 5D and Fig. S7 A and B). These results suggest that the
mammosphere formation of primary tumor cells derived from
breast cancer patients is regulated by the HRG/PI3K/NF-κB
pathway, which is consistent with the results obtained from the
analysis performed with breast cancer cell lines.

Discussion
Accumulating evidence indicates that BCSCs are responsible for
the initiation, propagation, recurrence, and radioresistance of breast
cancers (1, 15, 32); hence, BCSCs are considered to be critical
therapeutic targets (30, 33, 34). Recent studies have indicated
that BCSC-enriched populations give rise to mammospheres in

anchorage-independent conditions (11, 12). An understanding of
the molecular mechanisms involved in the regulation of mammo-
sphere formation is important for the design of efficient thera-
peutic strategies and improvements in conventional anticancer
treatments. Recently, several inflammatory chemokines have been
found to play a role in regulating the mammosphere-forming
ability of breast cancer cells (18). However, the molecular path-
ways linking inflammation to mammosphere-forming ability are
still largely unknown. In the present study, we describe one such
molecular pathway that involvesHRG,PI3K/Akt,NF-κB, and IL8.
HRG is widely expressed in numerous tissues, including breast,

brain, heart, skeletal muscle, liver, and lung, and it is implicated in
the regulation of a variety of biological processes, including cell
proliferation, apoptosis and differentiation (35). We have identi-
fied yet another role of HRG in human breast cancer: induction of
the mammosphere-forming capacity of BCSC-enriched pop-
ulations. We demonstrated that the effects of HRG on mammo-
sphere formation are mediated through a PI3K/NF-κB pathway
in breast cancer cell lines and primary tumor cells derived from
surgically resected breast cancer tissues. The first step of HRG
stimulation is activation of PI3K, followed by the phosphoryla-
tion of Akt, which occurs within 10 min after treatment with
HRG. Activated Akt phosphorylates IKKα/β and then leads to
phosphorylation of IκBα, resulting in NF-κB activation. Once the
signal has been activated, production of IL8 is induced at high
levels. IL8 increases the self-renewal capacity of BCSC-enriched
populations through nuclear translocation of β-catenin (36), in-
dicating that the HRG/NF-κB pathway-mediated initiation of
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Fig. 3. Role of the HRG/PI3K/NF-κB axis on mammosphere formation. (A) MCF7 cells were incubated with 20 ng/mL HRG and/or the indicated concentrations
of DHMEQ and LY294002. The number of formed mammospheres was counted, and the percentage of mammosphere-forming cells was determined [data are
mean ± SD; n = 3, **P < 0.01, *P < 0.05, relative to the values in the HRG(+)]. (B) Experimental strategies for evaluating the effect of initial treatment with
inhibitors on secondary mammosphere formation. (C and D) Effects of DHMEQ and LY294002 on primary and secondary mammosphere formation. MCF7 cells
were incubated with 20 ng/mL HRG and/or the indicated concentrations of DHMEQ and LY294002. The formed primary mammospheres were dissociated into
single cells and grown as secondary mammospheres without treatment with inhibitors. The mammospheres were counted, and the percentage of mam-
mosphere-forming cells was determined (data are mean ± SD; n = 3, **P < 0.01, *P < 0.05, relative to the values in the respective controls). (E) MCF7 cells
expressing the indicated lentiviral vectors were incubated with 20 ng/mL HRG, and the percentage of mammosphere-forming cells was determined (data are
mean ± SD; n = 4, **P < 0.01). (F) NOD/SCID mice were injected in the mammary fat pad with 1 × 105 of vector- or IκBαSR-transduced MCF7 cells. Tumor
formation was indicated by tumors/injections at 6 wk after injection. (G) NF-κB reporter activity of mammospheres derived from MCF7 cells. (H) NF-κB+ cells
and NF-κB− cells (Fig. 3G) were sorted by FACS and cultured with 20 ng/mL HRG. The percentage of mammosphere-forming cells was determined (data are
mean ± SD; n = 4, **P < 0.01).
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mammosphere formation is regulated by this pathway, at least in
part. Together, these observations suggest a tight link between
the HRG-induced mammosphere formation and the NF-κB–
dependent inflammatory signaling pathway.
NF-κB is a central regulator of inflammatory gene expression

(37). The findings presented here describe an important role of
NF-κB in regulating mammosphere formation. NF-κB was acti-
vated by HRG stimulation as well as by culture with EGF/bFGF/
B27, and it regulated the mammosphere formation under each
culture condition. Down-regulation of NF-κB led to a decreased
frequency of tumor initiation of MCF7 cells and mammosphere
formation, and the cells that had low NF-κB activity showed
a decreased frequency of mammosphere formation. These
observations suggest that NF-κB activity is required to maintain
the mammosphere-forming ability of breast cancer cells.
ErbB3 is the only ErbB family member that directly binds to

PI3K (38). As ErbB3 has six direct binding sites for p85, a sub-
unit of PI3K, the signaling output of ErbB3 is dominated by
activation of the PI3K cascade, leading to activation of Akt.
Although ErbB3 lacks intrinsic kinase activity, it is well known
that ErbB family members homodimerize or heterodimerize to
activate signaling pathways. Among the various combinations of
family members, the ErbB2/ErbB3 heterodimer is considered
the most potent ErbB pair with respect to the strength of in-
teraction, ligand-induced tyrosine phosphorylation, and down-
stream signaling (39). Because there is no ligand for ErbB2,
HRG is among the most efficient ligands to activate ErbB2/
ErbB3 heterodimers. This could be the reason why HRG stim-
ulates strong activation of the PI3K/NF-κB pathway for the
mammosphere formation of breast cancer cells.
Trastuzumab (Herceptin, Genentech), a humanized mono-

clonal antibody directed at the ErbB2 ectodomain, is effective
in the treatment of some human breast cancers that overexpress
ErbB2 (40). In this study, we showed that the HRG signaling
pathway plays important roles for mammosphere formation in
primary tumor cells derived from human breast cancer tissues
in which ErbB2 was expressed at moderate levels (Table S1) as
well as in breast cancer cell lines in which ErbB2 was expressed
at various levels. This raises the intriguing possibility that

trastuzumab effectively targets BCSCs in the breast cancer tis-
sues in which HRG is overexpressed even if ErbB2 is expressed
at moderate levels. Indeed, it was recently reported that trastu-
zumab sensitizes HRG-overexpressing breast cancer cells to
chemotherapy (23).
In conclusion, our results suggest that HRG/ErbB/PI3K/NF-

κB signaling regulates the mammosphere formation of human
breast cancer cells. Hence, in the future it will be important to
develop compounds or antibodies targeted at the signaling
molecules involved in this pathway to improve the prognosis of
breast cancer patients.

Materials and Methods
Cell Lines and Primary Cell Culture. Breast cancer cell lines MCF7, T47D, BT20
HCC1954, and HCC1143 were purchased from the American Type Culture Col-
lection (ATCC). Cells were cultured in RPMI1640with 10% (vol/vol) FBS. Primary
cultures of tumor cells and mammospheres were generated as described pre-
viously (12–14). Briefly, tumor samples were processed within 1 h after surgical
resection. Minced pieces of human breast tumor samples were digested with 2
mg/mL collagenase A (Roche), 1 mM CaCl2, and DNaseI (Roche) in RPMI1640
with 10% FBS. Tumors were digested for 1.5–2.5 h at 37 °C with shaking and
pipetting every 30min formechanical dissociation.Once tumorsweredigested,
the resulting single-cell suspension was filtered through a 100-μm and 40-μm
cell strainer (BD Falcon) and washed with PBS. After isolation of lineage-neg-
ative (Lin−) breast cancercells, cellswere cultured inhumanmammaryepithelial
cell growth medium (HuMEC, GIBCO) or in mammosphere culture medium,
which consisted of serum-free Dulbecco’s modified Eagle’s Medium:Nutrient
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Mixture F-12 (DMEM/F-12) medium (GIBCO) supplemented with 20 ng/mL EGF
(Millipore), 20 ng/mL bFGF (PeproTech), B27 (GIBCO), and heparin (Stem Cell
Technologies). B27 supplement has been shown to support the growth of
mammospheres from human breast tissue (41). Alternatively, mammospheres
weregrown inDMEM/F12mediumsupplementedwith20ng/mLHRG-β1 (R&D).

Human breast carcinoma specimens were obtained from the University of
Tokyo Hospital and Showa General Hospital. This study was approved by the
institutional review boards of the Institute of Medical Science, University of
Tokyo, and Showa General Hospital.

Cell Isolation. To isolate Lin− breast cancer cells, cells obtained from breast
tumor specimens were incubated with a mixture of biotin-conjugated anti-
bodies against Lin+ cells. The mixture of antibodies included a MACS lineage
depletion kit for hematopoietic and erythrocyte precursor cells (CD2, CD3,
CD11b, CD14, CD15, CD16, CD19, CD56, CD123, and CD235a, Miltenyi Biotec),
CD31 (for endothelial cells, eBioscience) and CD140b (for stromal cells, Bio-
legend) antibody. After incubation, cells were separated using the MACS
magnetic cell separation system according to the manufacturer’s instructions
(Miltenyi Biotec). To isolate putative stem cells, Lin− breast cancer cells were
then sorted after staining with CD24-FITC or CD44-PE antibody (BD Pharmin-
gen) using a FACSAria Cell Sorter (BD Bioscience). Dead cells were excluded by
propidium iodide (PI, Sigma) staining. Datawere analyzed by FlowJo software.

Mammosphere Assay. Cells were plated as single cells in ultralow attachment
plates at a low density (5,000 cells/mL) and were grown in mammosphere
culture medium with or without NF-κB inhibitor DHMEQ (28), PI3K inhibitor
LY294002 (Cell Signaling), lapatinib (Selleck Chemicals), gefitinib (AstraZeneca),

dasatinib (Selleck Chemicals), or sunitinib (Sigma-Aldrich) at the indicated
concentrations for 4–7 d. To test whether the low-density conditions, such as
5,000 cells/mL, represented clonal expansion rather than aggregation, as
previously reported (11), we performed mammosphere assays using primary
tumor cells from patients under the condition of 50 cells/well in 96-well plates
(SI Materials and Methods). We found a comparable frequency of mammo-
sphere formation irrespective of cell-plating density, strongly suggesting that
mammospheres are not formed by simple cell aggregation but by clonal
expansion of single cells. To culture secondary mammospheres, primary
mammospheres were collected by gentle centrifugation (400 × g), and cells
were dissociated enzymatically and mechanically into a single-cell suspen-
sion. The single-cell suspension was replated as described above.

Statistical Analysis. All data were presented as mean ± SD. The unpaired
Student t test was used for the statistical analysis. P values less than 0.05
were considered statistically significant.
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