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In breast cancer, stromal cells surrounding cancer epithelial
cells can influence phenotype by producing paracrine factors.
Among many mediators of epithelial–stromal interactions, aro-
matase activity is perhaps one of the best studied. Clinical data
suggest that estrogen-independent signaling leads to increased
proliferation even during therapy with aromatase inhibitors
(AIs). Molecular mechanism of crosstalk between the estrogen
receptor (ER) and the epidermal growth factor receptor (HER)
family have been implicated in resistance to endocrine therapy,
but this interaction is unclear. The ability of aromatase to
induce estradiol biosynthesis provides a molecular rationale to
combine agents that target aromatase activity and the HER
pathway. We targeted stromal–epithelial interactions using for-
mestane, which exerts antiaromatase activity, combined with
the monoclonal anti-HER2 antibody herceptin, in a subpopula-
tion of CD44+/CD24low cells sorted from epithelial-mesenchy-
mal co-cultures of breast cancer tissues. The growth inhibition
was respectively 16% (P < 0.01) in the response to herceptin,
25% to formestane (P < 0.01), and 50% (P < 0.001) with the
combination of the two drugs, suggesting that herceptin coop-
erates with formestane-induced inhibition of aromatase and
this effect could be mediated through HER family receptors. In
cells which expressed ERa, formestane/herceptin combination
suppressed the mRNA expression of aromatase and HER2 and
decreased cyclin D1 expression. These results show that combi-
nation therapies involving AIs and anti-HER2 can be efficacious
for the treatment of cancer in experimental models and sug-
gest that subtyping breast tumors gives useful information
about response to treatment. (Cancer Sci 2010; 101: 1661–1669)

T umor phenotype is influenced by genetic and epigenetic
alterations, tumor stroma, and the systemic environment,

which lead to a complex mixture of factors that represent the
tumor microenvironment.(1) Estrogens play a critical role in the
development of breast cancer. Six enzymes catalyze the conver-
sion of cholesterol to biologically active 17-b-estradiol (E2).
The aromatase enzyme catalyzes the final and key step of estro-
gen biosynthesis, that is the conversion of C19 steroids to estro-
gens. In premenopausal women, most plasma estrogen is
synthesized in the ovaries and a small proportion (<10%)
derives from peripheral synthesis by aromatase, which is present
in subcutaneous fat. As a woman ages, the breast’s epithelial tis-
sue is gradually replaced by adipocytes. In postmenopausal
women, estrogens are synthesized by peripheral aromatization
from androgens and peripheral aromatase activity increases with
age.(2) Most patients with breast cancer are postmenopausal
women and 75% of them have estrogen-dependent tumors
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defined by estrogen receptor (ER) positivity.(3,4) As estrogens
synthesized locally or peripherally by aromatase are able to
induce mitogenic signals, the ER has long represented the target
for endocrine therapies that aim to block the action of estrogen
on tumor cells.(5–7) In addition to ER positivity, common fea-
tures of breast cancers are androgen receptor (AR) positivity(8,9)

and elevated expression of HER1/HER2.(10) The levels of ERs
and of HER1/HER2 in breast tissue distinguish luminal A and B
tumors from basal-like tumors, and are predictive of response to
endocrine treatment.(11) Cells purified from breast tissues are
categorized according to the cell surface expression of CD44
and CD24, which distinguishes CD24+/CD44) cells (luminal
epithelial cells) from CD24)/44+ cells (basal cells),(12) although
a considerable heterogeneity in CD44 and CD24 expression was
seen both between and within breast tumors.(13) The CD44 cell-
surface antigen identifies tumor-initiating ability in breast cancer
cells, it supports anchorage-independent growth in vitro and
tumor growth in animal models.(14) The tumor-promoting ability
of CD44 results from its association with HER1/
HER2.(15) HER2 is overexpressed in 25–30% of breast cancers
and stimulates the growth of breast cancer cells.(10,16) CD24
expression is known to be lowest in ERa-positive tumors(17) and
CD44 expression is up-regulated by E2.(18) To examine whether
aromatase activity affected HER1/HER2 expression, we sorted
and characterized a sub-population of CD44+/CD24low cells
from human breast cancer tissue and evaluated their response to
treatment. Our results suggest that sub-populations of undiffer-
entiated cells could influence the tumor microenvironment and
modify the levels of hormones and growth factor receptors
in tumor tissue, thereby affecting the expression of prognostic
factors and the response to targeted therapy.

Materials and Methods

Materials and control cells. MCF-7 and MDA-MB231 were
from the American Type Culture Collection (Manassas, VA,
USA); human skin fibroblasts (Fibro) are described else-
where.(19) Fetal bovine serum (FBS) was purchased from Gibco
(Invitrogen, Milan, Italy). The final concentrations of the hor-
mones were: estradiol (E2) 10 ng/mL (E2758) and testosterone,
100 nM (T1500), both from Sigma-Aldrich (Milan, Italy). Trast-
uzumab (Herceptin) from Genentech (San Francisco, CA, USA),
estradiol, and testosterone were dissolved in 70% ethanol. For-
mestane (Sigma, St. Louis, MO, USA) was dissolved in chloro-
form at 50 mg/mL. The monoclonal anti-pancytokeratin and
anti-vimentin antibodies were purchased from Sigma-Aldrich.
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Rabbit polyclonal antibodies ERa (HC-20), cyclin D1 (C-20),
p-Neu/HER2 (Tyr1248), and mouse monoclonal anti-actin
(sc-8432) antibody were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA).

Tumor samples. After informed consent was obtained, breast
cancer tissues were obtained from patients undergoing surgery
for early breast cancer at the University Hospital ‘‘Federico II’’
(Naples, Italy). The institute’s ethics committee approved the
study. Patients did not receive neoadjuvant or adjuvant endo-
crine therapy. Immediately after surgery, proteins were extracted
from fragmented aliquots of fresh specimens, and cytokeratins
and vimentin were identified by western blot analysis.

Isolation of cells from breast specimens. Tumor specimens
were processed as previously described.(19) Briefly, primary cul-
tures were seeded overnight in 24 wells in minimal essential
Dulbecco/Ham F12 (1:1) (DMEM/F12 medium) (Sigma-
Aldrich) without phenol red, supplemented with 2 mM gluta-
mine (Sigma-Aldrich), P+S, 15 mM HEPES (Sigma-Aldrich),
and 5% FBS. Then, the medium was substituted with 0.5% FCS.
Cells were cultured at 37�C in a humidified atmosphere of
5% CO2. The medium was renewed twice weekly. Within
3–4 weeks of culture, we obtained sphere-like aggregates of
growing cells. The cells did not form an epithelial-like flat
monolayer, but domes surmounted by aggregates of cells. When
the medium was changed to 5% FBS, cells adhered to the dish
and reached confluence. We dissociated these cells enzymati-
cally to obtain secondary spheres, leading to amplification of
cell numbers. After a gentle trypsinization (2 min at 37�C), we
collected only the floating aggregates (300 cells/sphere) to pro-
pagate spheres. These were transferred diluted in 0.5% FBS into
96-well plates. On-going floating spheres that formed were then
transferred to six-well plates for long-term experiments. This
cell propagating procedure reduced doubling time and generated
long-term cultures (18 months, more than 50 passages). From
the co-cultures, we obtained five different samples of human
breast cancer aggregates of cells. All the samples derived from
breast tumors classified ‘‘luminal A’’ were histologically classi-
fied ‘‘ductal’’ (either invasive or in situ) and all were HER2
negative. HER2 scoring was carried out according to the stan-
dard procedure (Dako, Carpintera, CA, USA): HER2-nega-
tive = 0, <10% of the tumor cells stained. Pre-sorting co-
cultured cells, analysed by western blot for protein expression of
phosphorylated-HER2, were also negative, as previously
reported.(19) The experiments reported herein were all performed
on sample #2; parallel experiments were carried out on the other
samples, and similar results were obtained. For experiments with
drugs, the cells were plated, allowed to attach for 48 h, washed
with PBS, and incubated without serum for a further 24 h in
DMEM/F12. Cells were then treated, as indicated, with testos-
terone at 100 nM as a substrate for aromatase, the submaximal
dose of 70 nM formestane, and 0.7 lg/mL herceptin in 0.5%
FCS for 7 days.

Flow cytometry and sorting. Sample and control cells, har-
vested in 100-mm dishes, were dissociated by trypsin-EDTA,
counted in a hemocytometer chamber, and 2.5 · 105 cells/sam-
ple were incubated for 5 min at RT with 50 lL of FBS. Four
separate experiments were performed per sample. All cells were
incubated in the dark for 30 min on ice with specific mAb FITC
and phycoerythrin (PE) conjugates directed against CD44 and
CD24 cell surface antigens. All conjugated antibodies were pur-
chased from Pharmingen (BD Biosciences, Franklin Lakes, NJ,
USA). After washing twice with 0.5% PBS–BSA, the suspen-
sion was centrifuged and the pellet suspended in 300 lL of
0.5% PBS–BSA. This suspension was filtered with 50-micron
filters to split the cells. Cell analysis and sorting were performed
on a triple-laser cell sorter (MoFlo; DakoCytomation, Fort Col-
lins, CO, USA). FACS analysis was performed using Summit
software from DakoCytomation.
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Proliferation assay. Growth curves in triplicate were con-
ducted in six-well plates using 2.5 · 104 cells/well. The number
of cells to be plated was the result of preliminary experiments of
plating efficiency (data not shown). At the time indicated,
after trypsinization, cells were counted in a hemocytometer
chamber.

Sphere formation assay and growth in soft agar. To test the
ability to form sphere, cells were dissociated and seeded, by
serial dilution, in 96-well plates in DMEM/F12 + 0.5% FCS
medium. The final cell dilutions ranged from 1 to 1000 cells/
well. The medium was renewed twice weekly. For colony
growth in soft agar, spheres were trypsinized, counted, and 104

cells/well were plated in 60-mm triplicate dishes with 0.3% agar
on a 0.5% agar (Type I; Sigma) underlayer DMEM/F12 + 0.5%
FBS. The top layer of the corresponding liquid medium was
renewed twice weekly. Colonies were counted after 56 days.

Western blot analysis. Western blots were performed on tis-
sue, primary cultures, and cell extracts as indicated in the fig-
ures. MCF7 cells, MDA-MB231, and human skin fibroblasts
(Fibro) served as controls. The cells were plated, incubated for
48 h, washed with PBS, incubated for further 24 h in DMEM/
F12, and then treated with the supplements indicated for 48 h.
Protein preparations from tissues and cells were obtained by
lysing samples in 50 mM Tris (pH 7.5), 150 mM NaCl, 1%
NonidetP40, 0.1% Triton, 1 mM EDTA, 10 lg/mL aprotinin,
and 100 lg/mL phenylmethylsulfonyl-fluoride. Protein concen-
tration was measured by the Bio-Rad protein assay (Bio-Rad,
Milan, Italy). Polyacrylamide gels (from 8% to 15%) were pre-
pared as previously described.(19) Prestained molecular weight
standards were from Bio-Rad. Proteins separated on gels were
blotted on a nitrocellulose membrane (Hybond-C pure; Amer-
sham Italia, Milan, Italy). The membrane was stained with
Ponceau S (Sigma) to evaluate the success of transfer, and to
locate the molecular weight markers. Free protein binding sites
were blocked with nonfat dry milk and Tween-20/TBS solu-
tion. The membranes were washed, stained with specific pri-
mary antibodies and then with secondary antisera, conjugated
with horseradish peroxidase (1:3000; Santa Cruz Biotech-
nology). The luminescent signal was visualized with the ECL
Western blotting detection reagent kit (Amersham Italia) and
quantified by scanning with a Discover Pharmacia scanner
equipped with a Sun Spark Classic Workstation.

Semi-quantitative analysis of mRNA by RT-PCR. RNA was iso-
lated from sample and control cells (MCF7, MDA-MB241),
using TRIzol Reagent (Invitrogen) according to the producer’s
instructions. Purity of RNA was checked by measuring the
absorbance ratio at 260/280 nm. RNA was stored at )70�C in
aliquots of 50 ng/L. Total RNA (1 lg) from the cells was con-
verted to first-stranded cDNA primed with a random hexamer in
a 50 lL reaction volume using a RNA PCR kit (ImProm-II
Reverse Transcription System; Promega, Milan, Italy). The pri-
mer pairs, the RT-PCR conditions used for mRNA amplifica-
tion, were: ERa 5¢-CCACCAACCAGTGCACCATT 3¢-GGTC-
TTTTCGTATCCCACCTTTC; AR 5¢-CCTGGCTTCCGCAAC-
TTACAC 3¢-GGACTTGTGCATGCGGTACTCA; CYP19 5¢-
GAATATTGGAAGGATGCACAGACTC 3¢-GGGTAAAGAT-
CATTTCCAGCATGT; HER1 (EGFR) 5¢-CAACATCTCC-
GAAAGCCA 3¢-ATAGTCGCCCAAAGTTCCG; and HER2 (c-
erbB2) 5¢-TGCGGCTCGTACACAGGGACTT 3¢-TGCGGGAG
AATTCAGACACCAACT. PCR products were analyzed on 2%
agarose gels and ethidium bromide staining. Staining intensity
was quantified using a Spectroline Transilluminator (model
TR365). The expression levels of individual mRNA bands were
normalized to that of glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) 5¢-ACATCATCCCTGCCTCTACTGG and
reverse primer: 3¢-AGTGGGTGTCGCTGTTGAAGTC.
Reverse transcription–PCR was performed under conditions of
linearity to obtain semi-quantitative amplification responses.
doi: 10.1111/j.1349-7006.2010.01593.x
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Data analysis. Each experiment was carried out 2–4 times
and found to be reproducible.Data of experiments with drugs
were analyzed according to Tallarida.(20) We used Prism 3.0
software (GraphPad Software, San Diego, CA, USA) to generate
graphs and for statistical analyses. Error bars are presented as
SEM. We used ANOVA to identify statistically significant differ-
ences among means.

Results

Sorting, isolation, and growth properties of CD44+/CD24)
cells. Breast cancers are categorized into luminal-type, which
express luminal keratins, and basal-type, which express strati-
fied epithelial keratins. CD24+/CD44) expression identifies
differentiated luminal epithelial cells, and CD44+/CD24) cells
show features of basal cells. We performed flow cytometry and
evaluated the expression of CD44 and CD24 of aggregates iso-
lated in our long-term epithelial-mesenchymal co-cultures of
breast cancer tissue. To this aim we collected only the floating
aggregates detached after trypsin for 2 min at 37�C; these were
transferred and maintained in 0.5% FBS in six-well plates.
Control cell lines had different CD44 and CD24 profiles;
MCF7 cells consisted mainly of CD24+ expressing cells (lumi-
nal-like), whereas MDA-MB 231 consisted mainly of CD24)
expressing cells (basal/mesenchymal-like) (Fig. 1a). Human
breast cancer cell aggregates consisted of both CD24+ and
CD24) populations (mixed luminal and basal cells) (Fig. 1b).
Because CD44 supports anchorage-independent growth in vitro,
confers a growth advantage, and is a marker of enrichment of
tumor-initiating cells,(21–23) we sorted the cells with CD44high/
CD24low expression (Fig. 1b, R5 square). Cell floating aggre-
gates accounted for 10–15% of the total cell number; thus, the
subpopulation of sorted cells represents a small fraction of all
the cells in the dissected tissue. To test whether the cell aggre-
gates had luminal or basal features, we immunoblotted for cyto-
keratins and vimentin in unsorted and sorted cells. We
compared samples cells with fibroblasts, MDA-MB231, and
MCF-7 reference cell lines. Cytokeratins were expressed in
MCF7 epithelial cells but not in fibroblasts; vimentin was
expressed in fibroblasts, but not in MCF7 epithelial cells. Con-
trol MDA-MB231 cells and sorted S1 and S2 cells expressed
both markers. Pre- and post-sorting comparative western blot
analysis indicated that sorted cells preserved their original cyto-
skeletal scaffolds (Fig. 2). Taken together, these data suggest
that the sorted CD44+/CD24low cells retained either basal-like
or luminal-like features.

To evaluate the ability of a single cell to form spheres, we
cloned, by serial dilution, sorted cells and found that wells of
100 cells and up formed floating aggregates similar to the
unsorted cells (Fig. 3). On the cell colonies that expanded after
sorting and replating, soft-agar colony assay was done in qua-
druplicate; the numbers ± SD of colonies per 10 random fields/
dish were S1 = 58 ± 5 and S2 = 43 ± 4, thus corroborating the
presence of anchorage-independent cells.

CD44+/CD24low cells express ERa, AR, and phosphorylated
HER2 (pNeu/HER2). In subcutaneous fat, aromatase catalyzes the
conversion of testosterone to estradiol that acts locally on breast
cells through ERa. Since CD44+/CD24) cells proliferate and
propagate in low serum (see Materials and Methods), and their
growth was not influenced by steroids (Fig. 4a), we analyzed
their expression of ERa and AR. The RT-PCR mRNA expres-
sion of ERa in CD44+/CD24low cells untreated and treated with
estrogens (E2) and testosterone (T) showed similar levels of
transcripts (Fig. 4b). Immunoblotting of cell lysates of CD44+/
CD24low treated with E2 and T confirmed the protein levels of
ERa (Fig. 4c, upper panel). Since the subpopulation of sorted
cells represents a small fraction of all the cells in the dissected
tissue, and because these cells expressed ERa and AR whose
Cavaliere et al.
levels were not influenced by steroids, we explored the alterna-
tive signaling route mediated through the receptor tyrosine
kinase (RTK) and measured the protein expression of activated
HER2 (pNeu/HER2). Figure 4(c), lower panel, shows similar
levels of phosphorylated Neu/HER2 in untreated CD44+/
CD24low breast cancer cells (c) and treated, respectively, with
E2 or T.

Cooperative growth inhibitory effect of herceptin and
formestane in combination. Aromatase inhibitors (AIs) reduce
the progression of breast tumors(5) and clinical trials that com-
bine AIs with HER1/2 inhibitors show benefits rates for ER-
positive patients with metastatic breast cancer and enhanced
expression of HER2.(24)

First, to determine whether aromatase activity influences the
growth of sub-populations of CD44+/CD24low cells, we con-
structed growth curves with 100 nM testosterone as a substrate
of aromatase and investigated whether this activity affected
the response to drugs that inhibit the steroid and RTK pathways.
To this aim, we used formestane (70 nM) and herceptin (0.7 lg/
mL) alone and in combination for 7 days. As a control for her-
ceptin non-specific targeting of the ectodomain region of HER2,
we also used lapatinib, a reversible tyrosine kinase inhibitor
(TKI) that binds intracellularly and inhibits both EGFR and
HER2, and obtained similar results (data not shown). The histo-
gram in Figure 5 shows the growth of CD44+/CD24low cells
expressed as percentage of viable cells over control. The first
bar shows that although testosterone did not enhance cell
growth, it caused a 16% decrease in the response to herceptin
(three different experiments; P < 0.01) and a 25% decrease in
the response to formestane (three different experiments;
P < 0.01). The combination of the two drugs exerted a greater
inhibitory (50%) (three different experiments; P < 0.001) effect
on the growth of CD44+/CD24low cells, suggesting that hercep-
tin cooperates with formestane-induced inhibition of aromatase
and that this effect could be mediated through HER family
receptors.

Herceptin and formestane modulate HER1, HER2, and
aromatase expression. To address the question of whether HER
family receptors mediate the cooperative effect we examined
the effect of the drugs on the expression levels of the growth
factor receptors HER1 and HER2. We found that herceptin
alone, in the presence of testosterone, did not decrease the
mRNA levels of HER1/HER2, whereas combined with formes-
tane, it resulted respectively in a 1.5- to 3.5-fold decrease in
total HER1 and HER2 mRNA (Fig. 6), which confirms that
HER2 can interact with aromatase activity.

Because increased aromatase activity results from increased
aromatase gene expression,(25,26) we next evaluated the effect of
AIs on the levels of mRNA aromatase (CYP19) expression. For-
mestane alone markedly reduced CYP19 expression (50–60%);
the inhibition was greater in the presence of herceptin (85–90%)
(Fig. 6). These results suggest that the reduction in aromatase
expression could account for the inhibition of growth elicited by
the formestane/herceptin combination.

Growth arrest is mediated by cyclin D1. The mitogenic effects
of estradiol on breast cancer cells are mediated by cyclin
D1.(27,28) Stimulation of growth-arrested cells with members of
the EGF family induces D-type cyclins.(29) Cyclin D1 controls
the progression of the cell cycle machinery through the restric-
tion point during the late-G1 phase when cells commit to DNA
synthesis. It is one of the most frequently overexpressed proteins
in breast cancer. To investigate whether cyclin D1 plays a role
in the growth kinetics of treated CD44+/CD24low cells, we
measured protein expression and found that protein levels of
cyclin D1 decreased when the formestane/herceptin combination
inhibited cell growth (Fig. 7). This result suggests that the
ability of CD44+/CD24low cells to proliferate is associated with
increased levels of cyclin D1.
Cancer Sci | July 2010 | vol. 101 | no. 7 | 1663
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(a)

(b)

Fig. 1. Flow cytometry of CD44/CD24 expression in control MCF7 and MDA-MB231 cells (a), and human breast floating aggregates of cells (b).
Floating aggregates cultured in 0.5% FCS were enzymatically dissociated and 2.5 · 105 cells were analyzed. R5 square indicates CD44+/CD24low
sorted cells.
Discussion

The epidermal growth factor receptor (HER) family has been
implicated in the development of cancer cell resistance to endo-
crine therapy.(29,30) Clinical data on the benefit of combined
treatment with AIs and RTK inhibitors for subgroups of patients
with breast cancer are promising, but not in all the patients.(31)

The cell surface expression of CD44 and CD24 identifies
1664
CD24+/CD44) cells with features of differentiated luminal epi-
thelial cells, and CD44+/CD24) cells with features of basal
cells.(12) The levels of ER distinguish luminal A tumors, which
are highly ER+, from luminal B and HER2 tumors that have
lower ER expression, and co-express other receptors such as
members of the EGF family of growth factor receptors (EGFR/
HER1 and erbB2/HER2).(3,4) The levels of ER and amplification
of HER2 in tumor tissue are respectively predictive of treatment
doi: 10.1111/j.1349-7006.2010.01593.x
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Fig. 2. Sorted CD44+/CD24low cells contain populations of cells with
either basal-like or luminal-like features. Expression of cytokeratins
and vimentin in tissue samples and reference cell lines (fibroblasts
[Fibro] and MCF-7), upper panel, and in CD44+/CD24low sorted cells,
lower panel. Twenty-five-microgram aliquots of five-tissue extracts
(lanes 1–5) and cell lysates (S1, S2), respectively, were electrophoresed
through 10% SDS polyacrylamide gels. After transfer onto
nitrocellulose membranes, they were subjected to immunoblotting
using a pan-cytokeratin monoclonal antibody that recognizes an
epitope common to various cytokeratins (CK8, 52 kDa; CK18, 45 kDa;
CK19; 40 kDa), vimentin (58 kDa). Cytokeratins were expressed in
MCF7 epithelial cells but not in fibroblasts; vimentin was expressed in
fibroblasts but not in MCF7 epithelial cells. Control MDA-MB231 cells
and sorted S1 and S2 cells expressed both markers. b-Actin served to
verify equal loading.
response rates to endocrine therapy and an established prognos-
tic factor in breast cancer.(4) We reported that combined formes-
tane/herceptin treatment of unsorted cells resulted in a
percentage of growth inhibition that varied among samples
depending on their individual molecular characteristics.(19)

In the present study, we investigated the influence of com-
bined formestane/herceptin treatment on a sub-population of
CD44+/CD24low cells from human breast cancer tissue. We
show that these cells express cytokeratins and vimentin, possess
the features to form sphere-like aggregates, and contain anchor-
age-independent cells. CD44+/CD24low cells express ERa
and AR, although E2 and T do not enhance their growth rate.
Notably, whereas the breast tumor specimen was classified as
HER2-negative, CD44+/CD24low sorted cells express HER2
phosphorylated.

Co-targeting of growth factor receptors in ER-positive breast
cancer is a critical issue. In patients with ER-positive tumors
and active growth factor receptor signaling, there is growing
evidence that crosstalk between ER and growth factor receptor
signaling pathways, especially the HER family, is one of
the mechanisms for resistance to endocrine therapy in breast
cancer.(31–33) This has created a rationale for using targeted
strategies to enhance efficacy of either tamoxifen or estrogen
deprivation to overcome endocrine resistance.(34) Several clinical
studies now support this idea and have demonstrated a superior-
ity of AIs over tamoxifen in this setting.(35,36) In hormone
Cavaliere et al.
receptor (HR)-positive, HER2-positive metastatic breast cancer,
two trials demonstrated that the combination either of anastroz-
ole with herceptin(37) or of letrozole and lapatinib(24) signifi-
cantly prolonged progression-free survival (PFS) compared with
anastrozole or letrozole alone, respectively. In experimental
models of hormone-sensitive ER-positive breast cancer cells that
are initially HER2 negative, HER1 and HER2 pathways may
become up-regulated on development of endocrine resistance
over time and a combined growth factor receptor- and endocrine-
targeted treatment approach delay acquired resistance.(38–40) In
the clinical setting, two randomized phase II trials in HR-positive
metastatic breast cancer patients suggested that the EGFR TKI
gefitinib may improve PFS when added to endocrine therapy
anastrozole or tamoxifen,(41,42) while a double-blind, placebo-
controlled phase III study(24) that compared letrozole and lapati-
nib versus letrozole alone showed the inability of lapatinib to
delay progression with letrozole in the endocrine-sensitive,
HR-positive, HER2-negative population, in contrast to pre-
viously reported preclinical and clinical data.(40–42) In this field
additional studies are warranted.

Studies analyzing the expression of various genes including
estrogen receptor, cytokeratins and HER2 in ductal carcinoma
in situ (DCIS) and invasive breast carcinomas demonstrate a
high degree of diversity in a subset of tumors.(43) It has been
reported that, despite the uniform expression of CD24 or CD44
subsets of tumor cells, these two cell populations are genetically
highly heterogeneous and they are likely to display variability
for biological and functional traits including tumor-initiating
potential and response to therapeutic agents.(44) In particular, in
a study that aimed to evaluate the inter- and intra-tumor expres-
sion of stem cell-related markers at the cellular level in human
breast tumors of different subtypes and histologic grade,
CD44+/CD24) cells were detected in 69% of all tumors with
100% of the basal-like and 52% of HER2+ tumors having some
of these cells. Within the same tumor, in luminal A tumors,
CD44 had higher expression levels in the in situ than in the inva-
sive components, while in HER2+ tumors CD44 expression was
higher in the invasive component than in the in situ compo-
nent.(45) The inter- and intra-tumor heterogeneity of the markers
currently used for the categorization of breast tumors into major
subtypes (e.g. luminal, HER2+, and basal-like) reflects the lack
of methods for the quantitative assessment of intratumor diver-
sity. Further studies are required to identify features that could
be used for establishing the prognosis and predicting the risk of
therapeutic resistance.

In our in vitro model system, CD44+/CD24low sorted cells
expressed levels of activated HER2. It has been reported that
activated HER2 is expressed also in HER2-negative
tumors,(46,47) and expression of activated HER2 is associated
with poor prognosis in the series of HR-positive breast cancer
patients.(46) This is in agreement with previous reports that
show that tumors classified as HER2-negative express an
amount of HER2 protein sufficient to elicit signal transduc-
tion upon activation, and this may explain why some patients
with HER2-negative tumors respond to herceptin treat-
ment.(48) Our data are not surprising and confirm other
reports that HER2 expression increases the stem/progenitor
cell population of both normal and malignant mammary cells,
that the effects of HER2 overexpression on mammary tumori-
genesis and invasion are due to its effects on the stem cells
population, and that these effects are inhibited by herceptin
in sensitive cells.(49) When sorted CD44+/CD24low cells
were treated with combined submaximal doses of the AIs
and herceptin, the drugs cooperated to inhibit growth, which
suggests that while the duplication rate cannot be augmented
by steroids, the anti-HER2 drug interferes with the testoster-
one/aromatase/E2 pathway and inhibits the ability of CD44+/
CD24low cells to proliferate. The expression of HER1/HER2
Cancer Sci | July 2010 | vol. 101 | no. 7 | 1665
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(a) (b) (c)

Fig. 3. Floating aggregates of sorted CD44+/
CD24low cells cultured for 3 weeks. Phase-contrast
microscopy of unsorted aggregates (a,b,c) and
CD44+/CD24low cells sorted and plated in 0.5%
FBS, 4 days after sorting, and 21 days after sorting.

(a) (b)

(c)

Fig. 4. (a) CD44+/CD24low cell growth is not influenced by steroids. Growth curves of triplicate six-well plates with 2.5 · 104 cells/well cultured
with 0.5% FBS (c), or 10 ng/mL estradiol (E2) or 100 nM testosterone (T), for 14 days, and are representative of three different experiments. Error
bars indicate SEM. (b) CD44+/24low cells express estrogen receptor (ER)-a and androgen receptor (AR). Semi-quantitative RT-PCR of ERa and AR
mRNA of CD44+/CD24low cells cultured in control media 0.5% FBS (c), with 10 ng/mL estradiol (E2), or 100 nM testosterone (T). Standardization
by the GAPDH cDNA levels. (c) ERa and pNeu/HER2 protein expression, measured by western blot analysis, of CD44+/CD24low cells in 0.5% FBS
(C), with 10 ng/mL estradiol (E2), or 100 nM testosterone (T). b-Actin to verify equal protein loading.
and aromatase (CYP19) partially paralleled the growth inhibi-
tion. Although herceptin alone did not decrease the mRNA
levels of HER2, its expression levels decreased combined
with formestane. Similarly, the inhibition of CYP19 mRNA
induced by formestane was greater in the presence of hercep-
tin. Formestane is a type I inhibitor recognized by the active
site of aromatase as an alternate substrate; it is converted by
aromatase into a reactive intermediate that binds irreversibly
and covalently to the binding site of aromatase, permanently
inactivating the enzyme.(6) The cross inhibition and the
expression of androgen receptor on CD44+/CD24low cells
suggest a direct interference with the RTK pathway. Previous
1666
studies showed that nonaromatic steroids, precursors or
metabolites of endogenous androgens, may serve as ER mod-
ulators: they show high binding affinity for human ERa, acti-
vate the ERs, and elicit hormonal responses in ERa-positive
cell lines in culture.(50) It is known that the estrogen-activated
ER are translocated into the nucleus and then bind to the
specific DNA sequences (ERE) to activate the expression of
downstream target genes. In ER-positive tumors, tamoxifen is
one of the most effective therapies, but resistance to tamo-
xifen is common. Tamoxifen resistant breast tumors are
characterized by elevated HER2 levels,(33,51) and ER-positive
cell lines overexpressing HER2 acquire resistance to
doi: 10.1111/j.1349-7006.2010.01593.x
ªª 2010 Japanese Cancer Association



Fig. 5. Combined aromatase inhibitor (AI) and herceptin inhibits
growth of testosterone-treated CD44+/CD24low cells. Percentage of
viable CD44+/CD24low cells treated as indicated over untreated cells.
Data are calculated from growth curves of triplicate six-well plates
with 2.5 · 104 cells/well cultured with 0.5% FBS +100 nM testosterone
(C), and 0.7 lg/mL herceptin (H), or 70 nM formestane (F), or both
(H+F) for 7 days, and are representative of three different
experiments. Error bars indicate SEM. Statistical analysis was done by
two-tailed Student’s t-test (*P < 0.01; **P < 0.001).

Fig. 7. CD44+/CD24low cell growth inhibition is associated with
decreased levels of cyclin D1. Lysates of cells treated as reported for
growth curves, for 7 days, were immunoblotted for the expression
levels of cyclin D1; actin served as loading control. The results
obtained from western blotting analysis are quantified by
densitometry and displayed in the graph. Statistical differences
obtained by comparison with untreated control (C). Error bars
indicate SEM of triplicates. Statistical analysis was done by two-tailed
Student’s t-test (*P < 0.01).
tamoxifen.(52) Clinical features of tamoxifen-resistant breast
cancer are the combined elevation of the amplified in breast
cancer-1 (AIB-1) and HER2 pathway.(33) An intrinsic tran-
scriptional link between tumors driven by ER and those dri-
ven by HER2 has been reported.(53) Hurtado et al.(53) showed
that estrogen-ER and tamoxifen-ER complexes directly
repress HER2 transcription and implicate paired box gene 2
(PAX 2) as a crucial mediator of ER repression of HER2 by
the anticancer drug tamoxifen. PAX2 and the ER co-activator
AIB-1 compete for binding and regulation of HER2 transcrip-
tion, the outcome of which determines tamoxifen response in
breast cancer cells. The repression of HER2 by ER–PAX2
suggests that aggressive HER2-positive tumours can originate
from ER-positive luminal tumors by circumventing this
repressive mechanism. However, we cannot exclude an in vi-
tro differentiating effect of testosterone that, converted to
estradiol by aromatase, could generate ERa-expressing short-
term transit amplifying cells that give rise to ERa-positive
differentiated cells. Interestingly, in the CD44+/CD24low
cells, ERa was expressed in all the conditions tested, and the
Fig. 6. Combined formestane (F) and herceptin (H)
inhibit mRNA expression of HER1, HER2, and
aromatase (CYP19) in testosterone treated CD44+/
CD24low cells (C). The results obtained from RT-PCR
analysis were quantified by densitometry and are
displayed in the lower graphs. Statistical differences
obtained by comparison with untreated control (C).
Error bars indicate SEM of triplicates. Statistical
analysis was done by two-tailed Student’s t-test
(*P < 0.01; **P < 0.001).

Cavaliere et al.
drug combination failed to completely inhibit growth. This
finding warrants further investigation and might explain the
correlation between ERa and cyclin D1,(54,55) and the correla-
tion between cyclin D1 and anti-estrogen resistance and dis-
ease progression.(56) Cyclin D1 mediates the mitogenic
effects of estradiol and controls the EGF stimulated progres-
sion of the cell cycle when cells commit to DNA synthe-
sis.(27,28) In our study, the level of cyclin D1 was decreased
in CD44+/CD24low cells treated with the combination of
drugs. This suggests the convergence of mitogenic signals on
cyclin D1 and confirms that enhanced cyclin D1 levels are a
marker of cell cycle progression.(57)

Subtyping breast tumors gives prognostic and predictive
information about response to treatment. This study demon-
strates that combined AI/herceptin treatment exerts a coopera-
tive inhibition of cell proliferation in a subpopulation of CD44+/
CD24low progenitor cells from breast cancer tissue that, in a
defined microenvironment, express ERa, HER2, aromatase, and
cyclinD1. These features coincide with the clinicopathological
characteristics of a large variety of breast tumors(13) and can be
modulated by therapeutic agents; the heterogeneity of cells with
various CD44/CD24 expressions within individual tumors may
be indicative of a cancer stem cell subpopulation giving rise to
more differentiated and committed cell populations. This result
could lead to a new therapeutic approach that targets subpopula-
tions of cells within the heterogeneous context of tumor tissue.
Further studies with the combined use of targeted agent could be
Cancer Sci | July 2010 | vol. 101 | no. 7 | 1667
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useful to understand the mechanism of interaction and to
increase the efficiency with which drugs may kill cancer progen-
itor cells.
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