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Abstract

Background: Breast cancer stem cells (BCSCs) have been recently identified in breast carcinoma as CD44+CD24- cells,
which exclusively retain tumorigenic activity and display stem cell-like properties. Using a mammosphere culture
technique, MCF7 mammosphere cells are found to enrich breast cancer stem-like cells expressing CD44+CD24-. The
stromal cells are mainly constituted by fibroblasts within a breast carcinoma, yet little is known of the contributions of
the stromal cells to BCSCs.

Methods: Carcinoma-associated fibroblasts (CAFs) and normal fibroblasts (NFs) were isolated and identified by
immunohistochemistry. MCF7 mammosphere cells were co-cultured with different stromal fibroblasts by a transwell
cocultured system. Flow cytometry was used to measure CD44 and CD24 expression status on MCF7. ELISA (enzyme-
linked immunosorbent assay) was performed to investigate the production of stromal cell-derived factor 1 (SDF-1) in
mammosphere cultures subject to various treatments. Mammosphere cells were injected with CAFs and NFs to
examine the efficiency of tumorigenity in NOD/SCID mice.

cells alone or with NFs.

be important target for therapeutic approaches.

Results: CAFs derived from breast cancer patients were found to be positive for a-smooth muscle actin (a-SMA),
exhibiting the traits of myofibroblasts. In addition, CAFs played a central role in promoting the proliferation of
CD44+CD24 cells through their ability to secrete SDF-1, which may be mediated to SDF-1/CXCR4 signaling. Moreover,
the tumorigenicity of mammosphere cells with CAFs significantly increased as compared to that of mammosphere

Conclusion: We for the first time investigated the effects of stromal fibroblasts on CD44+CD24- cells and our findings
indicated that breast CAFs contribute to CD44+CD24 cell proliferation through the secretion of SDF-1, and which may

Introduction

Breast cancer is the most frequent malignancy among
women, about 1.05 million women suffer from and
373,000 die from breast cancer per year worldwide [1].
Most recent studies indicate that breast cancer is mainly
caused by breast cancer stem cells (BCSCs), and the cure
for breast cancer requires BCSCs be eradicated [2,3]. In
2003, Clarke and colleagues demonstrated that a highly
tumorigenic subpopulation of BCSCs, expressing
CD44+CD24- surface marker in clinical specimen, had the
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capacity to form tumors with as few as one hundred cells,
whereas tens of thousands of the bulk breast cancer cells
did not [3]. The concept of a cancer stem cell within a
tumor mass, as an aberrant form of normal differentia-
tion, is now gaining acceptance [4-6]. In order to simplify
research procedure, some cancer cell lines were used to
study BCSCs instead of patient samples, because they
were found to have cancer stem-like cell potential. For
instance, mammosphere cells were found to enrich breast
cancer stem-like cells with the phenotype of
CD44+CD24- [7].

Until now, studies on breast cancer onset and develop-
ment have been mainly focused on the epithelial compo-
nents of the tumor, paying little attention to the
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surrounding tumor stromal niche. However, new evi-
dences have emerged suggesting an important interaction
between mammary epithelia and the adjacent tumor
stroma. For example, only normal fibroblasts (NFs) but
not carcinoma-associated fibroblasts (CAFs) exhibit the
ability to inhibit the proliferation of the tumorigenic
MCF10AT, suggesting that the ability of normal stromal
fibroblasts to control the dysregulation of epithelial cell
proliferation during breast carcinogenesis [8]. In addi-
tion, the gene expression profile of stromal fibroblasts
varies widely during cancer progression, among which it
includes many genes encoding secreted proteins, such as
chemokines [9,10].

Chemokines are a superfamily of small molecule
chemoattractive cytokines that mediate several cellular
functions. SDF-1 is a member of the CXC subfamily of
chemokines, and interacts with the seven-transmem-
brane G-protein-coupled receptor CXCR4. It is expressed
by stromal cells, including fibroblasts and endothelial
cells [11,12]. Normal primary mammary epithelial cells
derived from different donors do not express CXCR4
mRNA [11]. In contrast, functional CXCR4 is widely
expressed by different types of cancer cells. In addition,
CXCR4 is found to be expressed in numerous types of
embryonic and adult stem cells, which can be chemoat-
tracted by its ligand SDF-1. Thus, it is likely that SDF-1/
CXCR4 signaling plays an important role in stem cell
function during the early development [13,14].

Recently, it has been reported that dysregulation in the
mammary gland niche lead to abnormal expression of
transforming growth factor o (TGFa), resulting in the
development of breast cancer [15]. Moreover, vascular
niches in brain tumors were detected to be abnormal and
contributed directly to the generation of cancer stem cells
and tumor growth [16]. Based on these experimental
data, we hypothesized that dysregulation of the stromal
niche lead to uncontrolled proliferation of stem cells,
which may be the reason for tumorigenesis. In this study,
we demonstrated that CAFs enhanced the expression of
BCSC markers in secondary mammosphere cells and
promoted the tumorigenicity of mammosphere cells in
NOD/SCID mice. In addition, we proposed that SDF-1/
CXCR4 signaling is involved in the cell proliferation of
these cultured mammosphere cells.

Materials and methods

Mammosphere culture and dissociation

In our previous studies, we have showed that MCF7 cell
line had the highest mammosphere-forming efficiency
(MFE) among many breast cancer cells, so MCF7 cells
were chosen to generate mammosphere cells in vitro [17].
Cells were then washed twice with PBS and cultured in
suspension at a density of 2 x 105/bottle in DMEM/F12
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(HyClone, Logan, Utah) with high glucose, supplemented
with 1 x B27 (Invitrogen), 20 ng/ml insulin-like growth
factor I (Invitrogen), 20 ng/ml EGF (Sigma, St. Louis,
MO) and 20 ng/ml b-FGF (Invitrogen). In all experi-
ments, cells were maintained at 37°C in a humidified 5%
CO,/95% air atmosphere. When MCEF7 cells were grown
in suspension for six days, "primary mammospheres"
were obtained, then collected by gravity or gentle centrif-
ugation (800 g, 10 sec), and trypsinized with 0.05%
trypsin/0.53 mM EDTA-4Na (Invitrogen, Carlsbard, CA).
These cells were sieved through a 40-um nylon mesh,
analyzed microscopically for single cellularity and
counted. The "secondary mammospheres" were gener-
ated in culture of 2 x 105 primary mammosphere cells/
bottle in the same media.

Flow cytometry

CD24 and CD44 expression was analyzed in cells derived
from monolayer cultures or in 6-day-cultured primary
mammospheres following incubation in trypsin-EDTA or
dissociation with a pipette and passage through a 40-pum
sieve. At least 1 x 105 cells were pelleted by centrifugation
at 500 g for 5 min at 4°C, resuspended in 10 pL of fluores-
cein isothiocyanate (FITC)-conjugated mouse anti-
human CD24 monoclonal antibody and allophycocyanin
(APC)-conjugated mouse anti-human CD44 monoclonal
antibody (BD Pharmingen, San Diego), and incubated at
4°C in the dark for 30 to 40 min. The labeled cells were
washed and then analyzed on a FACS (fluorescence acti-
vated cell sorting) Vantage (BD Biosciences).

Quantitative real time-polymerase chain reaction (qRT-
PCR)

After mammosphere cells were sorted, total RNA was
extracted by using RNeasy Mini kit (Qiagen, Valencia,
CA) and used for qRT-PCR assays in an ABI PRISM
7900HT sequence detection system (ABI, Norwalk, Con-
necticut). The specific PCR primers were used to detect
the presence of Notch2 (F: TATTGATGACTGCCCTAA
CCACA; R: ATAGCCTCCATTGCGGTTGG), S-catenin
(F: CCTTTGTCCCGCAA ATCATG; R: ACGTACG-
GCGCTGGGTATC), CXCR4 (F: TACACCGAG-
GAAATG GGCTCA; R: TTCTTCACGGAAACAGGG
TTC), SDF-1 (F: ATGCCCATGCCGA TTCTTCG; R:
GCCGGGCTACAATCTGAAGG) and GAPDH (F: ATG-
GGGAAGG TGAAGGTCG; R: GGGGTCATTGATG-
GCAACAATA). All reactions were done in a 10-pl
reaction volume in triplicate. PCR amplification con-
sisted of 10 min of an initial denaturation step at 95°C,
followed by 55 cycles of PCR at 95°C for 30 sec, 56°C for
30 sec and 72°C for 15 sec. Standard curves were gener-
ated and the relative amount of target gene mRNA was
normalized to GAPDH. Specificity was verified by melt
curve analysis and agarose gel electrophoresis.



Huang et al. Journal of Experimental & Clinical Cancer Research 2010, 29:80

http://www.jeccr.com/content/29/1/80

Antagonist reagents

Mammosphere cells and monolayer cells of 2 x 10> were
cultured in medium (2 ml), and AMD3100, an antagonist
of CXCR4, was added to the medium at 1 pg/ml. Then
the cells were incubated at 37°C and 5% CO, for 48 hours.
qRT-PCR was used to detect CXCR4 expression in mam-
mosphere cells and monolayer cells. Each experiment was
conducted in triplicate.

Tissue collection and cell preparation

Breast cancer specimens were collected from primary
tumors of 4 patients who underwent surgery at Xinhua
hospital. Signed informed consent was obtained from all
the patients. For comparison, we have also obtained nor-
mal tissue from healthy women after plastic surgery. The
tissues were minced and dissociated in DMEM/F12 sup-
plemented with 2% bovine serum albumin, 5 mg/ml insu-
lin, 300 U/ml collagenase and 100 U/ml hyaluronidase
(all from Sigma) at 37°C for 18 h. The epithelial-cell-rich
pellet was collected by centrifuging at 80 g for 4 min, fol-
lowed by one wash with DMEM/F12. The supernatant
from the first centrifugation was used as a source of
mammary stromal fibroblasts. Briefly, the first superna-
tant were concentrated by centrifugation at 100 g for 10
min, and the obtained mammary stromal fibroblasts were
resuspended and cultured in flasks in DMEM/F12 sup-
plemented with 5% fetal bovine serum (Sijiqing, Hang-
zhou, China) and 5 mg/ml insulin. Differential
trypsinization was applied during subculturing to select
for the growth of fibroblasts.

Immunohistochemistry

Coverslips with attached cells were fixed with formalde-
hyde for 5 min, and then stained with anti-human a-SMA
(Dako, Denmark) antibody according to the manufac-
turer's instruction. Cells showing light brown or yellow
brown grains in the cytoplasm were classified as posi-
tively staining.

Coculture of breast stromal fibroblasts with primary
mammosphere cells

Coculture of primary mammosphere cells (1 x 105 cells/
dish) with breast stromal fibroblasts (1 x 105 cells/dish)
were performed by using a transwell (BD) cell culture sys-
tem, which allows free diffusion of substances without
contact between cancer cells and stromal fibroblasts.
Stromal fibroblasts in the insert layer were subcultured
on a transwell cell culture membrane (7.5 cm in diameter;
pore size: 0.4 um), and mammosphere cells in the bottom
layer were maintained in a 10-cm Petri dish. Stromal
fibroblasts were precultured in DMEM/F12 with 10%
FBS for 48 h before the start of coculture. Stromal fibro-
blasts were maintained in fresh serum-free DMEM/F12
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medium, and mammosphere cells were cultured in sus-
pension for six days.

Coinoculation of mammosphere cells with different
stromal fibroblasts in vivo

Mammospheres and fibroblasts were collected, enzymat-
ically dissociated, washed in PBS, and kept at 4°C. Mice
were maintained in laminar flow rooms under constant
temperature and humidity and received an estradiol sup-
plementation (0.6 mg/kg, s.i., Sigma) every 7 days for 28
days before cell injection. The mammosphere cells (1 x
10°) admixed with either CAFs (1 x 10°) or NFs (1 x 10°)
were suspended in 0.1 ml of DMEM/F12 and then inocu-
lated into the mammary fat pad of 5-week-old female
NOD/SCID mice (Shanghai Experimental Animal Cen-
ter, Chinese Academy of Sciences, Shanghai, China).
Mice were examined by palpation for tumor formation
for up to 12 weeks, and then were sacrificed by cervical
dislocation. The histologic features of the xenografts were
examined by hematoxylin and eosin staining. All experi-
mentation performed with NOD/SCID mice, as well as
routine care of the animals, was carried out in accordance
with the institutional guide of animal care & use commit-
tee.

Measurement of SDF-1

The baseline level of SDF-1 production was determined
by coculture of mammosphere cells with stromal fibro-
blasts for six days at a density of 1 x 105/bottle. The con-
centration of SDF-1 in the supernatant was measured by
using a human SDF-1 antibody and enzyme immunoas-
say kit (R&D Systems, Minneapolis, MN), according to
the manufacturer's instructions.

Statistical analysis

Statistical analysis was performed by using GraphPad
Prism 4.0 software® (San Diego, CA). Student's t-test (for
comparison between two groups) or ANOVA with Tukey
post test (for comparison between more than two groups)
were used to determine whether there exists statistically
significance. Fisher exact probability test was used to ana-
lyze tumorigenicity in NOD/SCID mice. Data is pre-
sented as the mean + SEM. P values of < 0.05 were
regarded as being statistically significant.

Results

Primary mammosphere cells expressed higher BCSC
markers and genes associated with stem cells

In order to validate the generation of cancer stem-like
cells through mammosphere culture, flow cytometry was
used to assess the expression of BCSC marker on primary
mammosphere cells and monolayer culture cells. As illus-
trated in Fig. 1A, when mammospheres were cultured in
suspension for six days, the proportion of CD44+CD24-
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experiment was performed three times.
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Figure 1 Mammosphere cells contained subpopulations of cells expressing prospective BCSC markers. (A) FACS analysis to measure CD44
and CD24 expression of cells derived from MCF7 monolayer cultures (left) or primary mammospheres (right), which were cultured in suspension for
six days. The expression of CD44+CD24-in mammosphere cells was (7.9 + 0.8%), compared with (1.9 + 0.1%) for the monolayer culture cells, P < 0.01.
A minimum of 10,000 events were collected per sample. (B) gRT-PCR showed that Notch2 and -catenin mRNA expression in mammosphere cells
were at higher levels by around 4.0 and 3.1 fold than that in monolayer cells, respectively, P <0.01. The data were provided as the mean + SD. Each

cells were significantly increased as compared with that
of MCF7 monolayer cells (7.9 £ 0.8% vs. 1.9 + 0.1%, P <
0.01), which suggest that mammosphere cells can be used
to enrich BCSCs. In addition, qRT-PCR analysis indi-
cated that stem cell associated genes, such as Notch2 and
[-catenin, were expressed in mammosphere cells at
higher levels than that in monolayer cells (Fig. 1B).

CAFs expressed high levels of a-SMA

Primary stromal fibroblasts were cultured in DMEM/F12
supplemented with 5% fetal bovine serum and 5 mg/ml
insulin, and no epithelial cells were detected in passage 3
stromal fibroblasts. Although the morphology and
growth pattern of CAFs and NFs was similar (Fig. 2A),
immunohistochemical staining showed that CAFs exhib-
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Figure 2 Immunohistochemistry of NFs and CAFs. (A) Phase imag-
es of primary cultures of stromal fibroblasts isolated from invasive duc-
tal carcinomas (right) and stromal fibroblasts from normal breast tissue
(left), original magnification x 100. (B) CAFs (right) were positive for a-
SMA staining, while NFs (left) were negative.

ited strongly positive expression of a-SMA, whereas NFs
did not (Fig. 2B). In addition, this increased expression of
a-SMA in CAFs was maintained for up to eight passages
in vitro, indicating that isolated CAFs contained a high
proportion of myofibroblasts.

CAFs promoted the generation of CD44+CD24- cells in
mammosphere cells

To determine whether CAFs affect the generation of can-
cer stem-like cells in mammosphere cells, we cocultured
primary mammosphere cells with stromal fibroblasts in
transwells for six days. It was observed that cocultured
mammosphere cells with CAFs siginicantly increased
MEE (13.5 + 1.2% vs. 8.1 + 0.7, P < 0.01), and mammo-
sphere cell number (3.82 + 0.41 x 105vs. 1.51 + 0.43, P <
0.01) as compared to that of mammosphere cells culture
alone. In contrast, NFs markedly inhibit MFE (5.2 + 0.6 %
vs. 8.1 + 0.7, P < 0.05), and cell number (0.65 + 0.22 x 10°
vs. 1.51 + 0.43, P < 0.01) as compared to that of mammo-
sphere cells culture alone (Table 1 and Fig. 3A). In addi-
tion, we used flow cytometry to assess the proportion of
BCSCs that has the phenotypic marker of CD44+CD24,
and found that CAFs significantly increased the propor-
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tion of CD44+CD24- cells in mammospheres (21.4 + 1.8%
vs. 17.2 + 2.3%, P < 0.05); while NFs decreased the pro-
portion of CD44+CD24 cells in mammospheres (8.7 +
0.9% vs. 17.2 £ 2.3%, P < 0.01) (Fig. 3B, and see Additional
file 1), which exhibited similar trend as MFE. These
results suggest that CAFs have positive effects on the gen-
eration of CD44+CD24- cells, while NFs have negative
effects on CD44+CD24- cell formation.

CAFs had a positive role on the tumorigenicity of
mammosphere cells

To investigate whether altered stromal niche could influ-
ence the tumorigenicity in vivo, we evaluated the tumor
formation in NOD/SCID mice by inoculation of mam-
mosphere cells with or without CAFs and NFs. The
results revealed that inoculation of 1 x 105 mammosphere
cells alone resulted in tumor formation in 60% of mice (3/
5), and coinoculation of 1 x 105> mammosphere cells with
1 x 105 CAFs significantly improved tumor formation (5/
5). Interestingly, coinoculation of 1 x 10> mammosphere
cells with 1 x 105 NFs sharply decreased tumorigenicity,
only 20% mice developed tumors (1/5, Table 2). These
data strongly suggested that cancer stromal fibroblast sig-
nificantly promote the tumorigenicity of mammosphere
cells.

The cocultured medium of primary mammosphere cells
with CAFs had higher SDF-1 expression

The marked effects of cancer stromal niche promote us to
investigate the molecular mechanisms by which CAFs
increased the tumorigenicity of mammosphere cells.
Recent reports have indicated that SDF-1 boosts the pro-
liferation of several cancer cell lines in culture, including
breast carcinoma cells [10]. In order to determine
whether SDF-1 involved in the proliferation of
CD44+CD24 cells, the production of SDF-1 in mammo-
sphere cultures subject to various treatments were mea-
sured by ELISA. The result indicated elevated levels of
SDEF-1 protein in the medium conditioned by the CAFs as
compared with that by mammosphere cells alone (426.4 +
30.6 pg/ml vs. 283.6 + 35.1 pg/ml, P < 0.05). In addition,
the cocultured medium of mammosphere cells with NFs
significantly decreased the production of SDF-1 (52.9. £
13.1 pg/ml vs. 283.6 + 35.1 pg/ml, P <0.01) (Fig. 4). These

Table 1: Different MFE and cell number when cocultured with different stromal fibroblasts

Culture Condition MFE (%) Cell Number (x 105)
Monoculture 8.1£0.7 1.51+0.43
Mammosphere + CAFs 135+ 1.2%* 3.82£041**
Mammosphere + NFs 5.2+0.6*% 0.65 £+ 0.22*

*P < 0.05, **P < 0.01 compared with monoculture
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Figure 3 Mammosphere cells were cocultured with different stromal fibroblasts and flow cytometry was used to measure CD44 and CD24
expression. (A) Mammosphere cells (1 x 10° cells/dish) cocultured with different stromal fibroblasts (1 x 10° cells/dish) using transwells for six days,
and mammosphere cells cocultured with CAFs (middle) had the highest MFE (13.5 + 1.2%), compared with monoculture mammosphere cells (left)
(8.1 +0.7%), P < 0.01. (B) Flow cytometry analysis to measure CD44 and CD24 expression of cells derived from monoculture mammosphere cells and
cocultured mammosphere cells. The expression of CD44+CD24-in monoculture mammosphere cells (left) was (17.2 + 2.3%). Compared to monocul-
ture mammosphere cells, the expression of CD44+CD24-in cocultured mammosphere cells with CAFs (middle) was (21.4 + 1.8%), P < 0.05, and the
expression of CD44+CD24- in cocultured mammosphere cells with NFs (right) was (8.7 + 0.9%), P < 0.01. The data were provided as the mean + SD.
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results exhibited the similar trend as MFE, generation of
CD44+CD24- cells and tumorigenicity of mammosphere
cells by CAFs, implying that the elevated production of
SDEF-1 by CAFs may be the reason for the promoted MFE,
generation of CD44+CD24- cells and tumorigenicity of
mammosphere cells.

CXCR4 antagonist reduced the generation of CD44+CD24-
cells

In order to further prove whether enhanced generation of
CD44+CD24- cells by CAFs is mediated by SDF-1 and its

receptor CXCR4, we detected CXCR4 expression in
mammosphere cells and monolayer cells by qRT-PCR.
The results showed that CXCR4 mRNA expression was
higher in mammosphere cells than that in monolayer
cells, (P < 0.01, Fig. 5), and CXCR4 antagonist AMD3100
could decrease CXCR4 gene expression in both cells.
Moreover, AMD3100 significantly reduced MFE and
mammosphere cell number in monoculture mammo-
spheres and cocultured mammospheres with CAFs and
NFs (Table 3), and decreased the proportion of
CD44+CD24- cells (Fig. 6, and see Additional file 2).

Table 2: Incidence of tumors by coinoculation of mammosphere cells with CAFs and NFs in NOD/SCID mice

Cells Inoculated Mammosphere

Mammosphere + CAFs Mammosphere + NFs

Tumors 3/5

5/5* 1/5*

*P < 0.01 compared with the same inoculation number of mammosphere cells alone.
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Figure 4 The SDF-1 protein expression in cocultured medium of
mammosphere cells with CAFs and NFs. The SDF-1 protein level in
the medium conditioned by the CAFs was (426.4 + 30.6) (pg/ml) (mid-
dle), compared to the levels produced by mammosphere cells alone
(283.6 + 35.1) (pg/ml) (left), P <0.05. The cocultured medium of mam-
mosphere cells with NFs (right) showed a far lower level of SDF-1(52.9.
+13.1) (pg/ml) secretion when compared with mammosphere cells
alone, P <0.01. The SDF-1 level was measured three times in each ex-
periment.

These results collectively demonstrated that CAFs
enhanced generation of CD44+CD24- cells in mammo-
spheres may be caused by SDF-1/CXCR4 signaling.

Discussion

Mammosphere culture system is now widely used for
stem cell culture. Dontu and his colleagues had developed
an in vitro cultivation system that allowed for the prolif-
eration of undifferentiated human mammary epithelial
cells in suspension. When cultured on nonadherent sur-
faces in the presence of growth factors, nonadherent
mammospheres were enriched in cells with functional
characteristics of stem/progenitor cells [18]. Another
study also showed that breast tumorigenic cells with self-
renewal could be propagated in vitro as nonadherent
mammospheres [7]. Consistent with the above reports,
our study shows that mammosphere cells could be cul-
tured in suspension and generate BCSCs with the
CD44+CD24- phenotype. Thus, long-term cultures of

or I Mammosphere cells

sk . I Monolayer cells

Fold change in CXCR4 mRNA
N
T

i |=| H —

AMD3100
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Figure 5 Mammosphere cells and monolayer cells were cultured
in the presence of 1 ug/ml AMD3100 for 48 h. gRT-PCR showed that
CXCR4 mRNA expression in mammosphere cells was 3.9 fold higher
than thatin monolayer cells, (P <0.01), and AMD3100 could significant-
ly down-regulate it in both when treated for 48 h.
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Table 3: AMD3100 significantly inhibited MFE and cell
number when cocultured with different stromal fibroblasts

Culture Condition MFE (%) Cell Number

(x 105)
Monoculture 1.6+0.1 0.22 £0.07
Mammosphere + CAFs 23+0.2 043 +0.14
Mammosphere + NFs 1.5+£0.2 0.28 £ 0.08

*P < 0.01 compared with no treatment of AMD3100.

mammosphere in vitro may represent a suitable model to
study BCSCs.

Stem cell properties in normal and malignant tissues
are tightly regulated by the Wnt, Shh and Notch signaling
pathways [19-21]. Notch signaling has been implicated in
the regulation of cell-fate decisions such as self-renewal
of adult stem cells and differentiation of progenitor cells
along a particular lineage. Dontu and his colleagues dem-
onstrated that Notch activation promoted mammary
stem cell self-renewal, but modulation of this pathway
had no significant effect on differentiated mammary epi-
thelial cells [20]. In breast cancers, it was found that
BCSCs preferentially expressed some "stemness" genes,
including Notchl and -catenin [18]. Our qRT-PCR anal-
ysis obtained the similar result that Notch2 and f5-catenin
were expressed at higher levels in mammosphere cells
than in monolayer cells, suggesting that Notch2 and S-
catenin are involved in BCSC regulation.

Recent studies have indicated that tumor niches play an
important role in regulating the growth and metastasis of
primary tumors. For example, in cocultured experiments,
CAFs extracted from human breast carcinomas were
more competent in promoting the growth of admixed
breast carcinoma cells than NFs that derived from the
same patients [22]. Similarly, when exposed to the condi-
tioned medium of pancreatic stellate cells isolated from
resected pancreatic adenocarcinoma, pancreatic epithe-
lial cells showed an increase in proliferation, migration,
invasion and colony formation in soft agar in a dose-
dependent manner [2,3].

It is well known that expression of a-SMA is a defining
characteristic of myofibroblasts [24], which activates the
growth of fibroblasts in areas of inflammation during
wound healing [25]. Our results demonstrated that
human mammary carcinomas, from which we had
extracted CAFs, carried large numbers of myofibroblasts
in their stroma. In this study, we found that CAFs up-reg-
ulated the proportion of CD44+CD24- cells in mammo-
spheres, whereas NFs down-regulated it in
mammospheres, implying that the CAFs have positive
effects on CD44+CD24- cell generation, while NFs have
negative effects on it. Furthermore, coinoculation of
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Figure 6 Mammosphere cells were cocultured with different stromal fibroblasts with the administration of AMD3100 and flow cytometry
was used to measure CD44 and CD24 expression. (A) Mammosphere cells were cocultured with different stromal fibroblasts with the administra-
tion of AMD3100 (1 pg/ml) for six days. As a result, MFE in monoculture mammosphere cells (left), cocultured mammosphere cells with CAFs (middle)
and NFs (right) was significantly reduced to (1.6 £ 0.1%), (2.3 £ 0.2%) and (1.5 + 0.2%), respectively. (B) Flow cytometry analysis was used to measure
CD44 and CD24 expression of cells derived from mammosphere cells. The expression of CD44+CD24-in monoculture mammosphere cells (left), cocul-
tured mammosphere cells with stromal CAFs (middle) and NFs (right) was (2.2 + 0.3%), (4.4 + 0.8%) and (2.7 + 0.3%), respectively. The data were pro-
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mammosphere cells with CAFs into NOD/SCID mice
significantly increased tumorigenicity as compared to
those obtained with mammosphere cells alone or with
NFs. This might be attributed to the enhanced generation
of mammosphere CD44+CD24- cells by CAFs.

Importantly, endogenous CXCR4 expression on carci-
noma cells is known to correlate with a poor prognosis
for several types of carcinomas [26,27]. The knockdown
of CXCR4 expression by a small interfering RNA in
breast carcinoma cells decreases cell invasion and prolif-
eration in vitro and abrogates the tumor growth in vivo
[28,29]. Furthermore, the selective blocking of the
CXCR4 by plerixafor overcome the protective effect of
the bone marrow environment for BCR-ABL(+) leukemia
[30]. Consistent with the above findings, our results sug-
gested that CXCR4 gene is expressed in mammosphere
cells at higher levels than that in monolayer cells. So we
hypothesized that CAFs enhanced the proliferation of
CD44+CD24- cells in secondary mammosphere cells
through CXCRA4.

Essential SDF-1/CXCR4 interactions have been
increasingly demonstrated in various tissues and culture
systems and it is possible that SDF-1/CXCR4 initiated
different signal pathways for cell proliferation and migra-
tion [27,31,32]. In malignant tumors, SDF-1/CXCR4 may
provide paracrine signals in promoting malignant pro-
gression such as metastasis, invasion and cell prolifera-
tion [33-35]. We found in this study that SDF-1 was
highly released in the conditioned medium of mammo-
sphere cells with CAFs, compared with NFs. In addition,
the interaction of SDF-1 released from CAFs and CRCX4
expressed on mammosphere cells is at least partly
involved in the proliferation of mammosphere. Thus, it is
likely that SDF-1 secreted by stromal myofibroblasts sig-
nificantly affects CXCR4-expressing mammosphere cells
through direct paracrine stimulation. This was further
proved by CXCR4 antagonist AMD3100, which signifi-
cantly reduced MFE and the expression of BCSC markers
in secondary mammosphere cells.



Huang et al. Journal of Experimental & Clinical Cancer Research 2010, 29:80

http://www.jeccr.com/content/29/1/80

Collectively, these data indicated that the specific inter-
actions of SDF-1 with their receptor CXCR4 that
expressed on mammosphere cells are likely to occur in
tumor-stromal niches, and these interactions may be
responsible for the proliferation of CD44+CD24- cells.
The proliferation of mammosphere cells was observed to
be promoted by being cocultured with CAFs, suggesting
that SDF-1/CXCR4 signaling is involved in the cell prolif-
eration of these cocultured mammosphere cells. CXCR4
and SDF-1 are candidate factors that involved in the
cross-talk of the tumor-niche interaction of CD44+CD24-
cells. Because the increase in the proliferation of cocul-
tured mammosphere cells induced by SDF-1 was com-
pletely inhibited by AMD3100, therapeutic strategies that
target SDF-1/CXCR4 may be beneficial to breast cancer
patients. So, new strategies need to take into account the
role of the niches that can have a critical role in modulat-
ing BCSCs and response to therapeutic agents. It should
be noted that this study had only examined the interac-
tion of stromal fibroblasts and CD44+CD24- cells in two
dimensions, and how they interact with each other in
three-dimensional culture remains to be further studied.
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Competing interests
The authors declare that they have no competing interests.

Authors' contributions

MZH conceived of the study, carried out the experimental studies, and drafted
the manuscript. YQL participated in the design of the study and performed the
data analysis. HLZ and FFN participated in its design and helped to draft the
manuscript. All authors read and approved the final manuscript.

Acknowledgements

The authors express great gratitude to the surgeon staff of Xinhua Hospital
(Shanghai Jiao Tong University School of Medicine, Shanghai, China) for their
kind assistance.

Author Details

Department of Oncology, Xinhua Hospital, Shanghai Jiao Tong University
School of Medicine, Shanghai 200092, China, 2College of Chemistry, Nanjing
University, Nanjing, China and 3Shanghai Jiao Tong University School of
Medicine, Shanghai, China

Received: 14 March 2010 Accepted: 22 June 2010
Published: 22 June 2010

References

1. Parkin DM, Bray F, Ferlay J, Pisani P: Estimating the world cancer burden:
Globocan 2000. IntJCancer 2001, 94:153-156.

2. Zhang M, Rosen JM: Stem cells in the etiology and treatment of cancer.
Curr Opin Genet Dev 2006, 16:60-64.

16.

20.

21.

22.

23.

Page 9 of 10

Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF:
Prospective identification of tumorigenic breast cancer cells. Proc Nat/
Acad Sci USA 2003, 100:3983-3988.

Bonnet D, Dick JE: Human acute myeloid leukemia is organized as a
hierarchy that originates from a primitive hematopoietic cell. Nat Med
1997, 3:730-737.

Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T, Henkelman RM,
Cusimano MD, Dirks PB: Identification of human brain tumour initiating
cells. Nature 2004, 432:396-401.

O'Brien CA, Pollett A, Gallinger S, Dick JE: A human colon cancer cell
capable of initiating tumour growth in immunodeficient mice. Nature
2007,445:106-110.

Ponti D, Costa A, Zaffaroni N, Pratesi G, Petrangolini G, Coradini D, Pilotti S,
Pierotti MA, Daidone MG: Isolation and in vitro propagation of
tumorigenic breast cancer cells with stem/progenitor cell properties.
Cancer Res 2005, 65:5506-5511.

Sadlonova A, Novak Z, Johnson MR, Bowe DB, Gault SR, Page GP,
Thottassery JV, Welch DR, Frost AR: Breast fibroblasts modulate
epithelial cell proliferation in three-dimensional in vitro co-culture.
Breast Cancer Res 2005, 7:R46-59.

Hu M, Yao J, Cai L, Bachman KE, van den Brule F, Velculescu V, Polyak K:
Distinct epigenetic changes in the stromal cells of breast cancers. Nat
Genet 2005, 37:899-905.

Allinen M, Beroukhim R, Cai L, Brennan C, Lahti-Domenici J, Huang H,
Porter D, Hu M, Chin L, Richardson A, Schnitt S, Sellers WR, Polyak K:
Molecular characterization of the tumor microenvironment in breast
cancer. Cancer Cell 2004, 6:17-32.

Muller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, McClanahan T,
Murphy E, Yuan W, Wagner SN, Barrera JL, Mohar A, Verastegui E, Zlotnik A:
Involvement of chemokine receptors in breast cancer metastasis.
Nature 2001, 410:50-56.

Salvucci O, Yao L, Villalba S, Sajewicz A, Pittaluga S, Tosato G: Regulation of
endothelial cell branching morphogenesis by endogenous chemokine
stromal-derived factor-1. Blood 2002, 99:2703-2711.

Guo'Y, Hangoc G, Bian H, Pelus LM, Broxmeyer HE: Sdf-1/cxcl12 enhances
survival and chemotaxis of murine embryonic stem cells and
production of primitive and definitive hematopoietic progenitor cells.
Stem Cells 2005, 23:1324-1332.

Chalasani SH, Sabol A, Xu H, Gyda MA, Rasband K, Granato M, Chien CB,
Raper JA: Stromal cell-derived factor-1 antagonizes slit/robo signaling
in vivo. J Neurosci 2007, 27:973-980.

Chepko G, Slack R, Carbott D, Khan S, Steadman L, Dickson RB: Differential
alteration of stem and other cell populations in ducts and lobules of
tgfalpha and c-myc transgenic mouse mammary epithelium. Tissue Cell
2005, 37:393-412.

Calabrese C, Poppleton H, Kocak M, Hogg TL, Fuller C, Hamner B, Oh EY,
Gaber MW, Finklestein D, Allen M, Frank A, Bayazitov IT, Zakharenko SS,
Gajjar A, Davidoff A, Gilbertson RJ: A perivascular niche for brain tumor
stem cells. Cancer Cell 2007, 11:69-82.

Huang MZ, Zhang FC, Zhang YY: [influence factors on the formation of
mammospheres from breast cancer stem cells]. Bejjing Da Xue Xue Bao
2008, 40:500-504.

Dontu G, Abdallah WM, Foley JM, Jackson KW, Clarke MF, Kawamura MJ,
Wicha MS: In vitro propagation and transcriptional profiling of human
mammary stem/progenitor cells. Genes Dev 2003, 17:1253-1270.
Beachy PA, Karhadkar SS, Berman DM: Tissue repair and stem cell
renewal in carcinogenesis. Nature 2004, 432:324-331.

Taipale J, Beachy PA: The hedgehog and wnt signalling pathways in
cancer. Nature 2001, 411:349-354.

Patrawala L, Calhoun T, Schneider-Broussard R, Zhou J, Claypool K, Tang
DG: Side population is enriched in tumorigenic, stem-like cancer cells,
whereas abcg2+ and abcg2 cancer cells are similarly tumorigenic.
Cancer Res 2005, 65:6207-6219.

Orimo A, Gupta PB, Sgroi DC, Arenzana-Seisdedos F, Delaunay T, Naeem R,
Carey VJ, Richardson AL, Weinberg RA: Stromal fibroblasts present in
invasive human breast carcinomas promote tumor growth and
angiogenesis through elevated sdf-1/cxcl12 secretion. Cel 2005,
121:335-348.

Hwang RF, Moore T, Arumugam T, Ramachandran V, Amos KD, Rivera A, Ji
B, Evans DB, Logsdon CD: Cancer-associated stromal fibroblasts
promote pancreatic tumor progression. Cancer Res 2008, 68:918-926.


http://www.biomedcentral.com/content/supplementary/1756-9966-29-80-S1.JPEG
http://www.biomedcentral.com/content/supplementary/1756-9966-29-80-S2.JPEG
http://www.jeccr.com/content/29/1/80
http://creativecommons.org/licenses/by/2.0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11668491
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16377171
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12629218
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9212098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15549107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17122772
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15994920
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15642169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16007089
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15261139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11242036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11929756
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16210409
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17267551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16137731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17222791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18931713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12756227
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15549094
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11357142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024622
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15882617
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18245495

Huang et al. Journal of Experimental & Clinical Cancer Research 2010, 29:80
http://www.jeccr.com/content/29/1/80

24, Serini G, Gabbiani G: Mechanisms of myofibroblast activity and
phenotypic modulation. Exp Cell Res 1999, 250:273-283.

25. Mueller MM, Fusenig NE: Friends or foes - bipolar effects of the tumour
stroma in cancer. Nat Rev Cancer 2004, 4:839-849.

26. Balkwill F: Cancer and the chemokine network. Nat Rev Cancer 2004,
4:540-550.

27. Wang Z,Ma Q, Liu Q, Yu H, Zhao L, Shen S, Yao J: Blockade of sdf-1/cxcr4
signalling inhibits pancreatic cancer progression in vitro via
inactivation of canonical wnt pathway. BrJ Cancer 2008, 99:1695-1703.

28. Lapteva N, Yang AG, Sanders DE, Strube RW, Chen SY: Cxcr4 knockdown
by small interfering rna abrogates breast tumor growth in vivo. Cancer
Gene Ther 2005, 12:84-89.

29. Smith MC, Luker KE, Garbow JR, Prior JL, Jackson E, Piwnica-Worms D,
Luker GD: Cxcr4 regulates growth of both primary and metastatic
breast cancer. Cancer Res 2004, 64:3604-8612.

30. Dillmann F, Veldwijk MR, Laufs S, Sperandio M, Calandra G, Wenz F, Zeller
WJ, Fruehauf S: Plerixafor inhibits chemotaxis toward sdf-1 and cxcr4-
mediated stroma contact in a dose -dependent manner resulting in
increased susceptibility of ber-abl(+) cell to imatinib and nilotinib. Leuk
Lymphoma 2009:1-11.

31. Katayama A, Ogino T, Bandoh N, Nonaka S, Harabuchi Y: Expression of
cxcr4 and its down-regulation by ifn-gamma in head and neck
squamous cell carcinoma. Clin Cancer Res 2005, 11:2937-2946.

32. Salvucci O, Basik M, Yao L, Bianchi R, Tosato G: Evidence for the
involvement of sdf-1 and cxcr4 in the disruption of endothelial cell-
branching morphogenesis and angiogenesis by tnf-alpha and ifn-
gamma. JLeukoc Biol 2004, 76:217-226.

33. Marchesi F, Monti P, Leone BE, Zerbi A, Vecchi A, Piemonti L, Mantovani A,
Allavena P: Increased survival, proliferation, and migration in
metastatic human pancreatic tumor cells expressing functional cxcr4.
Cancer Res 2004, 64:8420-8427.

34. Schrader AJ, Lechner O, Templin M, Dittmar KE, Machtens S, Mengel M,
Probst-Kepper M, Franzke A, Wollensak T, Gatzlaff P, Atzpodien J, Buer J,
Lauber J: Cxcr4/cxcl12 expression and signalling in kidney cancer. BrJ
Cancer 2002, 86:1250-1256.

35. Matsusue R, Kubo H, Hisamori S, Okoshi K, Takagi H, Hida K, Nakano K,
Itami A, Kawada K, Nagayama S, Sakai Y: Hepatic stellate cells promote
liver metastasis of colon cancer cells by the action of sdf-1/cxcr4 axis.
Ann Surg Oncol 2009, 16:2645-2653.

doi: 10.1186/1756-9966-29-80

Cite this article as: Huang et al, Breast cancer stromal fibroblasts promote
the generation of CD44+CD24- cells through SDF-1/CXCR4 interaction Jour-
nal of Experimental & Clinical Cancer Research 2010, 29:80

Page 10 of 10

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BioMed Central



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10413583
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15516957
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15229479
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19002187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15472715
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15574767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15837745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15075355
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15548713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11953881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19588204

	Abstract
	Background
	Methods
	Result
	Conclusion

	Introduction
	Materials and methods
	Mammosphere culture and dissociation
	Flow cytometry
	Quantitative real time-polymerase chain reaction (qRTPCR
	Antagonist reagents
	Tissue collection and cell preparation
	Immunohistochemistry
	Coculture of breast stromal fibroblasts with primary mammosphere cells
	Coinoculation of mammosphere cells with different stromal fibroblasts in vivo
	Measurement of SDF-1
	Statistical analysis

	Results
	Primary mammosphere cells expressed higher BCSC markers and genes associated with stem cells
	CAFs expressed high levels of a-SMA
	CAFs promoted the generation of CD44+CD24cells in mammosphere cells
	CAFs had a positive role on the tumorigenicity of mammosphere cells
	The cocultured medium of primary mammosphere cells with CAFs had higher SDF-1 expression
	CXCR4 antagonist reduced the generation of CD44+CD24 cells

	Discussion
	Additional material
	Competing interests
	Authors' contributions
	Acknowledgements
	Author Details
	References

