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CD44"CD24" mammosphere-forming cells from primary breast
cancer display resistance to multiple chemotherapeutic drugs
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Abstract. It has been widely suggested that mammo-
sphere-forming cells from tumor cell lines or primary tumors
represent the population of cancer stem cells (CSCs), which is
supposed to lead to the failure of routine chemotherapy and
the recurrence of the disease. However, it is still difficult to
obtain CSCs from primary breast cancer for further investi-
gation. We performed a modified culture system to generate
mammosphere-forming cells derived from freshly isolated
human breast cancer samples and the breast cancer cell line
MCEF-7. Cancer stem cell-like phenotypes such as CD44
and CD24 were measured by flow cytometry while alkaline
phosphatase (AP) and mammaglobin (MGB1) expression was
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evaluated immunohistochemically. The expression levels of
Klif4, Nanog, Oct4, Sox2 and mdrl genes were analyzed by
quantitative real-time PCR. Resistance to chemotherapeutic
drugs was detected through the apoptosis assay upon drug
treatments together with the detection of drug-resistant gene
mdrl. The results revealed that we successfully obtained
mammosphere-forming cells from the primary breast
cancer in conditioned medium after 14 days of culture.
Mammosphere-forming cells from primary breast cancer
displayed a CD44"CD24" phenotype as well as positive AP
and MGBI reactivity. Stem cell-related genes such as KIf4,
Nanog and Oct4 were detectably expressed in these cells.
These cells formed tumor-like structures in the lymph nodes
of nude mice, which were morphologically and histologically
similar to breast cancer. Compared to the breast cancer cell
line MCF-7 or mammosphere-forming cells from MCF-7
cells, the mammosphere-forming cells from the primary
breast cancer exhibited resistance to three of four first-line
chemotherapeutic drugs investigated through the induction
of apoptosis, which was largely associated with the increased
expression of drug-resistant gene mdrl upon drug treatment.
In conclusion, mammosphere-forming cells generated from
the primary breast cancer exhibit CSC-like properties together
with multiple drug resistance. Determination of the sensitivity
of these primary cancer-derived mammosphere-forming cells
to chemotherapeutic drugs may thus provide useful instruc-
tions for individualized therapy against the recurrence of
breast cancer in the future.

Introduction

Breast cancer is one of the malignant tumors with the highest
incidence in females worldwide (1). In the past decade, the
incidence of breast cancer in the Chinese female population
has increased by 4%, with more younger and urban citizens
affected (2). With the progresses in clinical diagnosis and
treatment, the survival rate of patients with breast cancer has
dramatically increased in recent years. However, metastasis
and recurrence are still refractory to control, which influence
the survival time and survival rate of breast cancer patients.
Therefore, development of new treatment strategies against
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breast cancer as well as identification of the mechanisms of
recurrence and metastasis remain urgent.

It is widely supported that there exists a very small popula-
tion of progenitor cells, termed as cancer stem cells (CSCs),
within solid tumors that display self-renewal and differen-
tiation potential (3-5). These cells are able to recapitulate the
heterogeneity of solid tumors in immunodeficiency mice (6,7).
CSCs are considered to play crucial roles in tumor develop-
ment, progression, metastasis and recurrence. Cell sorting is the
earliest available method for isolating and acquiring stem cells
from breast cancer. A group of ESA*CD44+*CD247°" cells from
human breast cancer were firstly isolated by Al-Hajj ef al (8)
in 2003 by cell sorting. It was demonstrated that 100-200 of
such cells were enough to form tumors in breast tissue of non-
obese diabetic/severe combined immunodeficiency disease
(NOD/SCID) mice, thereby putting forward the hypothesis
of the existence of breast CSCs. As breast CSCs isolated
via cell sorting usually display CD44*CD24"°" phenotypic
characteristics (9-11), it is well feasible to isolate breast CSCs
by using the combination of these surface markers. However,
increased studies show that stem cells from primary breast
cancer with different histological subtypes vary in regards to
surface markers due to their different origins (12), limiting the
applicability of one panel of stem cell surface markers to all
types of breast cancers. In addition, breast cancers with similar
histological subtypes sometimes display heterogeneity in their
stem cell populations with diverse ability to form tumors in
immune-deficient mice (12) when sorted out using the same
markers. The rare numbers of CSCs isolated by surface
marker-based cell sorting is another key limitation. The
side population (SP) sorting method through flow cytometry
with a 355 nm ultraviolet excitation device is an alternative
method to isolate CSCs owing to the ability of CSCs to excrete
Hoechst 33342 or Rhodamine 123 while differentiated cells
do not (13). However, the SP technique may be limited by the
biological toxicity of the Hoechst dye as well as the leakage of
non-SP cells that exhibit CSC-like properties (14).

The cell suspension culture method used to enrich CSCs
relies on their ability to form mammospheres in serum-free
culture media with certain growth factors. Reynolds and
Weiss (15) used conditioned medium to cultivate nerve cells
in which spheres formed containing multi-potential undif-
ferentiated nerve cells; 4-20% of them were stem cells, while
others were progenitor cells in various stages of differentia-
tion. By using a similar suspension cell culture method, Dontu
et al (16) and Ponti er al (9) obtained mammospheres from
human breast tissues and breast cancer tissues, respectively.
Mammospheres from normal tissue form functional ductal
alveolar and acinar-like structures in 3D Matrigel culture
system in vitro resembling the entire ductal-acinar architecture
of the mammary tree (17). One thousand cells from mammo-
spheres of tumor tissues formed tumors in the mammary fat
pads of mice (18). Grimshaw et al successfully carried out
mammosphere formation in suspension culture containing
CD44*CD24" cells from the pleural fluid of patients with
advanced breast cancer. Implantation of 5,000 or even fewer
mammosphere-derived cells formed tumors in NOD/SCID
mice whereas the same amount of non-sphere cells could
not (19). A serum-free non-adherent suspension culture
system thus facilitates the enrichment of stem cell-like cells
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in vitro that maintains the undifferentiated property, making it
possible for subsequent research on breast CSCs.

With the feasibility to obtain primary CSCs from
primary breast cancer, to determine the drug sensitivity of
CSCs from primary breast cancer in advance may become
of great value in controlling the recurrence and metastasis
of breast cancer. However, to date there are still few clinical
studies describing the drug resistance of primary CSCs.
This is partially due to the difficulty in isolating CSCs from
solid breast cancer. Therefore, to explore new methods for
efficient enrichment of breast CSCs is still worthwhile in
this research area.

In the present study, we successfully established a modified
cell suspension culture system by modifying the combinations
of growth factors. The stem cell-like properties of mammo-
sphere-forming cells obtained were further validated in vivo
by xenograft transplantation. Moreover, drug sensitivity of the
mammosphere-forming cells to first-line chemotherapeutic
drugs against breast cancer was evaluated, which may provide
important clues to the determination of chemotherapy strategy
in the clinic.

Materials and methods

MCF-7 cell line and primary breast cancer specimen. Huoman
breast cancer cell line MCF-7 was purchased from Shanghai
Cell Bank, Chinese Academy of Sciences. A fresh specimen
of breast cancer was taken from a 42-year-old patient who had
not accepted adjuvant therapy and was delivered to the labora-
tory for manipulation within 1 h. Invasive ductal carcinoma
(IDC), ER, PR and HER2* were pathologically confirmed.
Informed consent was obtained from the patient prior to the
specimen acquisition, and this study was approved by the
Ethics Committee of Shanghai Jiao Tong University School of
Medicine.

Preparation of mammosphere-forming cells from the primary
breast cancer. The fresh surgical specimen was rinsed with
culture medium containing penicillin (100 U/ml) and strep-
tomycin (100 xg/ml) and minced with DMEM/F12 medium
containing DNase (1 mg/ml),collagenase type IV (1 mg/ml) and
2% fetal bovine serum (FBS) (all from Invitrogen, Carlsbad,
CA, USA) followed by digestion at 37°C overnight. A single-
cell suspension was prepared and filtered through a 100-mesh
stainless steel sieve to remove incompletely digested tissue
debris. Cells were collected by centrifugation at 800 rpm for
5 min and resuspended in DMEM/F12 complete medium
supplemented with 2% FBS, B27 and insulin-transferrin-sele-
nium cocktail (both from Invitrogen) and incubated at 37°C
with 5% CO,. Fibroblasts were removed from the culture
suspension by repeated adherence method. EGF (20 ng/ml)
and bFGF (10 ng/ml) (Invitrogen) were added to DMEM/F12
complete medium for subsequent culture at 37°C with 5% CO,.
Mammospheres were collected on the 13th day.

Preparation and passage of MCF-7 mammosphere-forming
cells. Mammosphere formation was performed as previously
described (20). Briefly, MCF-7 cells were treated using PBS
buffer containing 0.25% trypsin and 0.02% EDTA and collected
by centrifugation at 1,500 rpm for 5 min. The cells were



ONCOLOGY REPORTS 35: 3293-3302, 2016

resuspended in the DMEM/F12 complete medium containing
B27, EGF (20 ng/ml), bFGF (10 ng/ml) and trypsin (5 ng/ml)
(Shanghai No.l Biochemical & Pharmaceutical Co., Ltd,
Shanghai, China) at 2x10°/ml and incubated at 37°C with
5% CO,. After 7 days, the mammospheres were collected
by centrifugation at 1,000 rpm for 5 min. To passage the
mammosphere cells, cell pellets were treated with 1 ml
PBS-0.25% trypsin-0.02% EDTA to obtain single cell suspen-
sion for subculture of mammospheres in DMEM/F12 complete
medium.

Detection of CD44 and CD24 expression on mammo-
sphere-forming cells. Mammospheres were digested using
PBS containing 0.25% trypsin-0.02% EDTA and washed twice
using PBS containing 1% BSA. A single-cell suspension was
incubated with FITC-mouse anti-human CD44 and PE-mouse
anti-human CD24 antibodies (BD Biosciences, USA) at 4°C
for 30 min. After washing twice with PBS containing 1% BSA,
the cells were resuspended in PBS containing 1% paraformal-
dehyde solution and acquired through a FACSCalibur flow
cytometer (BD Biosciences). Data analysis was performed by
using CellQuest software (BD Biosciences).

Quantitative real-time PCR. Expression of genes including
Nanog, Sox2, KIf4, Oct4 and mdrl was detected by semi-quan-
titative real-time PCR. Briefly, total RNA was extracted from
the mammosphere cells and subjected to reverse transcrip-
tion using a reverse-transcription kit (Ferment, China) for
first-strain cDNA synthesis. Quantitative real-time PCR was
performed under conditions recommended by commercial kits
(Takara, Japan). Primers were designed using Primer Express
Software (version 2.0) as shown in Table I. GAPDH gene was
used as the endogenous control. The reaction was initiated at
50°C for 2 min and 95°C for 10 min. Forty cycles of two-step
PCR (95°C for 15 sec and 60°C for 60 sec) were performed.
Data were collected and analyzed by using ABI Prism 7500
serial detection system (ABI, USA). The gene expression
levels of each sample were calculated according to the cycle
threshold (CT) value. The relative expression of target genes
was calculated by 22 (ACt is the difference of Ct value
between the target gene and the endogenous control).

Histochemistry and cytochemistry. Mammosphere-forming
cells from the primary breast cancer were subjected to paraffin
embedding. Hematoxylin and eosin (H&E) staining was
performed as usual. For alkaline phosphatase (AP) staining,
mammosphere-forming cells were fixed with 4% PFA for
2 min and washed twice with PBS. Cells were incubated with
PBS-2% cobalt nitrate for 5 min and PBS-2% ammonium
sulfate for 1 min, followed by rinsing with distilled water. The
staining results were observed under a light microscope. Cells
with dark brown staining were deemed to be undifferentiated
cells whereas colorless cells were differentiated cells.

To determine the breast cancer origin of the mammo-
sphere-forming cells, breast-specific mammaglobin (MGBI)
expression was evaluated by immunohistochemistry (IHC)
assay using the mouse anti-MGBI1 (Dako, Denmark) antibody
as the primary antibody. After incubation with the primary anti-
body, the slides were sequentially incubated with biotinylated
goat anti-mouse IgG and ExtrAvidin®-conjugated horseradish
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Table I. Primer sequences used in real-time PCR.

Genes Sequences
Nanog F: AGAATAGCAATGGTGTGACGCAGAAGG
R: TCACACGTCTTCAGGTTGCATGTTCAT
Oct4 F: GACAACAATGAGAACCTTCAGGAGA
R: CTGGCGCCGGTTACAGAACCA
Kif4 F: GACGCGCTGCTCCCATCTTT
R: TGACTCCGGAGGATGGGTCA
Sox2 F: ACAACTCGGAGATCAGCA
R: GCAGCGTGTACTTATCCTTC
mdrl F: TGCGACAGGAGATAGGCTG
R: GCCAAAATCACAAGGGTTAGCTT
GAPDH F: GAAGGTCGGAGTCAACGGAT
R: CCTGGAAGATGGTGATGGG

F, forward; R, reverse.

peroxidase (Sigma) at dilutions of 1:200 and 1:30, respectively.
The slides were developed with diaminobenzidine (DAB)
(Sigma, St. Louis, MO, USA) substrate and counterstained
with hematoxylin, dehydrated and mounted. For the negative
control in the THC procedures, PBS with 10% normal mouse
serum was used for substitution of primary antibody.

Xenograft formation of mammosphere-forming cells in
nude mice. Mammosphere-forming cells (10°, 10* and
109) from the primary breast cancer were subcutaneously
inoculated in 6-week-old female nude mice. Sixty days
after inoculation, auxiliary lymph nodes were extracted to
prepare paraffin sections for H&E and MGBI staining. All
animal experiments were approved by the Committee on
the Use of Live Animals of Shanghai Jiao Tong University
School of Medicine.

Apoptosis detection. Mammosphere-forming cells (5x10%)
from the primary breast cancer, and MCF-7 cells were
incubated with chemotherapeutic drugs including paclitaxel,
doxorubicin, 5-fluorouracil and cisplatin at different concen-
trations for 24 h at 37°C with 5% CO,. Annexin V-propidium
iodide (PI) staining (BD Pharmingen, USA) was performed
for the detection of apoptosis after the treatment of the chemo-
therapeutic drugs according to the manufacturer's instructions.
Briefly, the cells were collected after drug treatment and
resuspended in 500 pl of binding buffer. After addition of 5 ul
of Annexin V-FITC and 5 ul of PI solution, the cells were incu-
bated at room temperature for 5 min in the dark and acquired
through a FACSCalibur flow cytometer (BD Biosciences).
Data analysis was performed by using CellQuest software (BD
Biosciences).

Statistical analyses. Statistical analysis was performed with
SPSS 16.0 software package (SPSS Inc., Chicago, IL, USA).
The inter-group differences were evaluated by one-way
ANOVA analysis. p<0.05 was considered statistically signifi-
cant.
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Figure 1. Preparation and characterization of the mammosphere-forming cells from a primary breast cancer. Mammosphere-forming cells were obtained
through conditioned culture for 13 days. (A) Mammospheres were observed under light microcrope (upper panels) as well as H&E staining (lower panels).
(B) MGBI staining was performed to determine the properties of the breast cancer. (C) Breast origin was determined by AP staining. Magnification, x400.

PBC, primary breast cancer.

Results

Preparation and characterization of mammosphere-forming
cells from the primary breast cancer. After the removal
of fibroblasts by differential trypsinization and repetitive
adherence, a modified suspension cell method was carried
out to obtain mammosphere-forming cells from a patient
with breast cancer. Freshly isolated cells were cultured in
conditioned medium with a low concentration of serum and
growth factor cocktail. Mammospheres were formed after
7 days and collected on day 14 (Fig. 1A, upper panel). The
ability to form mammospheres remained even after the
passage of mammosphere-forming cells. Histological analysis
of these mammospheres showed that they resembled the
mammospheres derived from breast cancer cell line MCF-7
in conditioned medium in cell density and size (Fig. 1A, lower
panel). To determine the origin of the mammosphere-forming

cells obtained, we performed labeling for breast-specific
markers. Our results showed that the breast cancer-specific
MGBI staining of the cells was apparent (Fig. 1B). In addition,
all mammosphere-forming cells exhibited strong AP-positive
staining (Fig. 1C), which indicated that these cells still retained
the tumorigenic potential of breast cancer. The above results
indicated that we successfully established mammospheres
from primary breast cancer using the modified cell suspension
method in the conditioned medium.

Mammosphere-forming cells from the primary breast
cancer exhibit cancer stem cell-like properties. It is widely
suggested that mammosphere-forming cells generated from
conditioned medium possess the CSC-like properties (21). We
next determined whether the mammosphere-forming cells
established from primary breast cancer displayed CSC-like
phenotypes. We first analyzed the expression of CD44 and
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Figure 2. Determination of the cancer stem cell-like properties in mammosphere-forming cells from a primary breast cancer (A). Surface CD44 and CD24
phenotypes were analyzed on mammosphere-forming cells from a primary breast cancer by flow cytometry. (B) Four stem cell-related genes were detected in

mammosphere-forming cells by real-time PCR. PBC, primary breast cancer.

CD24, the representative phenotypes of CSCs, in mammo-
sphere cells by flow cytometry. Mammosphere-forming cells
from the primary breast cancer exhibited CD44*CD24" char-
acteristics (Fig. 2A), which differed from the MCF-7-derived
mammosphere-forming cells (CD44°CD24%).

Sox2, Nanog, Klf4 and Oct4 are the most commonly used
gene markers that are related to stem cell differentiation (22).
We further analyzed the expression of these four genes
in mammosphere-forming cells from the primary breast
cancer. As indicated in Fig. 2B, mammosphere-forming cells
expressed Nanog, KIf4 and Oct4 whereas the expression level
of Sox2 was relatively low (Fig. 2B). The expression level
of KIf4 in the mammosphere-forming cells from primary
breast cancer was comparable to that of the MCF-7-derived
mammosphere-forming cells, while Nanog and Oct4 expres-
sion was lower.

According to the above results we deduced that the
mammosphere-forming cells obtained from primary breast
cancer through conditioned culture belonged to a cell popula-
tion with CSC-like properties.

Mammosphere-forming cells from the primary breast
cancer maintain proliferative capacity in vitro and in vivo.
With the determination of CSCs-like properties of the
mammosphere-forming cells from the primary breast cancer,
we further evaluated the proliferative capacity of these cells
in vitro and in vivo. When compared with widely used breast
cancer cell line MCF-7, the proliferative rate of cells from the
mammospheres was comparable on day 1, but proliferated
rapidly afterwards. On days 4 and 7, the cellularity of the
mammosphere-forming cell group was significantly higher
than that of the MCF-7 cells (day 7, p=0.0134) (Fig. 3A), which
is largely due to the fact that the mammosphere-forming cells
obtained from the primary breast cancer retained the capacity
of long-term survival and proliferation.

Mammosphere-forming cells (10°, 10* and 10°) from the
primary breast cancer were inoculated into sub-lethal irradi-
ated nude mice to determine their tumorigenicity in vivo.
Although no apparent neoplasia was formed after 60 days,
axillary lymph nodes were dramatically enlarged in all mice
even when the inoculated cell number was as low as 10°.
Histological analysis of the axillary lymph nodes showed
that the structures of the lymph nodes were destroyed by
the compartmentalization of lymphocytes and the extensive
infiltration of tumor cells (Fig. 3B). Consistent with the histo-
logical observations, tumor cells infiltrating into lymph nodes
were mostly MGBI1-positive, indicating that these cells were
derived from breast cancer (Fig. 3C).

These results indicated that the mammosphere-forming
cells that we obtained from a primary breast cancer main-
tained the proliferative capacity in vitro and in vivo, further
verifying their CSC-like characteristics.

Mammosphere-forming cells from the primary breast cancer
are resistant to multiple chemotherapeutic drugs. Preparation
of primary tumor cells largely facilitates the determination of
the chemotherapy strategy through drug sensitivity assays in the
clinic. Considering the potential roles of CSCs in the recurrence
of tumors, drug sensitivity screening of CSCs from primary
breast cancer to chemotherapeutic drugs may be of great value
to control the recurrence of breast cancers. Benefiting from
the expansion of CSC-like mammosphere-forming cells from
the primary breast cancer in our study, we further performed
the drug sensitivity assay by drug-induced apoptosis detection
with four widely used first-line chemotherapeutic drugs. As
shown in Fig. 4, the mammosphere-forming cells from the
primary breast cancer exhibited resistance to apoptosis upon
the treatment of three of the four chemotherapeutic drugs
tested (5-fluorouracil, paclitaxel and cisplatin) (Fig. 4) while
they were more sensitive to doxorubicin. However, MCF-7 or
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Figure 3. In vitro and in vivo proliferation of mammosphere-forming cells from a primary breast cancer. (A) Proliferation of mammosphere-forming cells
in vitro was evaluated by CCK-8 assay at different time points. Mammosphere-forming cells (10°) were inoculated into nude mice and lymph node tissue was
subjected to histological analysis. (B) H&E staining and (C) MGB1 immunohistochemistry analysis were performed. (D) Negative control. Magnification,
x400. PBC, primary breast cancer; arrow, lymphnoid cells; square, inoculated tumor cells. "p<0.05.
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Figure 4. Apoptosis upon the treatment of chemotherapeutic agents. Apoptosis was analyzed in the mammosphere-forming cells from a primary breast cancer
upon the treatment of four chemotherapeutic agents. For apoptosis analysis, cells were treated with the agents for 72 h at 5 yg/ml and labeled with Annexin
V-PI. MCF-7 and MCF-7 mammosphere cells were simultaneously subjected to the assay. PBC, primary breast cancer.
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Figure 5. Mdrl expression upon the treatment of chemotherapeutic agents. Mdrl expression was analyzed in mammosphere-forming cells from a primary
breast cancer by real-time PCR after 72 h treatment of four chemotherapeutic agents at a concentration of 5 yg/ml. MCF-7 and MCF-7 mammosphere cells

were simultaneously subjected to the assay. PBC, primary breast cancer.

MCF-7 mammosphere cells underwent apoptosis at a much
higher frequency upon treatment of these four drugs at the
same concentration. Together with the data from the prolif-
eration assay, it was deduced that the mammosphere-forming
cells from the primary breast cancer exhibited more resistance
to multiple chemotherapeutic drugs, which may provide useful
information for breast CSC targeted therapy.

Mdrl expression level in mammosphere-forming cells from
the primary breast cancer is altered upon chemotherapeutic
drug treatment. Increased expression of drug-resistant genes
is one of the important factors contributing to the resistance
to chemotherapeutic agents. In our study, we also analyzed the
expression of the drug-resistant mdrl gene in three groups of
cells after drug treatment. The mdrl expression of mammo-
sphere-forming cells from the primary breast cancer increased
upon 5-fluorouracil and paclitaxel treatment, whereas
maintained upon doxorubicin treatment and decreased upon
cisplatin treatment. On the contrary, the expression of the
mdrl gene in the MCF-7 or MCF-7-derived mammosphere
cells decreased after the treatment of all four drugs (Fig. 5).
As mdrl is responsible for the efflux of drugs from inside of
the cells, the decrease in mdrl expression in the MCF-7 or
MCF-7-derived mammosphere-forming cells largely leads to
either increased apoptosis or lower proliferative capacity upon
drug treatment. The increased resistance of mammosphere-
forming cells from the primary breast cancer to the drugs may
be partially attributed to the higher expression of mdrI expres-
sion on the cell surface, which will shorten the detaining time
of the chemotherapeutic drugs inside the cells and reduce the
sensitivity to these drugs.

Discussion

In the present study, by using a modified cell suspension culture
method, we successfully established mammosphere-forming
cells from a primary breast cancer. These cells displayed
CSC-like phenotypes as well as the resistance to the efficacy
of multiple chemotherapeutic drugs widely used in the clinic,
which may provide important insight into the determination of
chemotherapeutic drugs for patients.

Breast CSCs are reported to be identified by their capacity
to grow in serum-free suspension cultures similar to neural
stem cell-forming aggregates. Enrichment of breast CSCs
through mammosphere culture thus has provided a facilita-
tive in vitro experimental model for study on breast CSCs.
Rappa and Lorico (23) reported that mammospheres formed
from a breast cancer cell line MA-11 had higher oncogenic
ability than the parent cells. Grimshaw et al (19) performed
suspension culture with patient pleural fluid and found that,
of 27 specimens investigated, 20 formed mammospheres and
had the ability to further expand and differentiate. However,
the difficulty in obtaining a sufficient quantity of CSCs as well
as maintaining the undifferentiated state of CSCs in an in vitro
culture environment still greatly limits the application of these
cells. Along with the passage of primary breast cancer-derived
mammosphere-forming cells, the sizes of the mammospheres
gradually decreased and so did their reproductive capacity and
the formation rate. In addition, the currently used origins in
mammosphere studies are mostly breast cancer cell lines (24) or
metastatic malignant cells from pleural or ascitic fluid (25,26).
The establishment of mammospheres originating from primary
breast cancer tissues requires further investigation.
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In this study, we partially modified the in vitro culture
conditions of embryonic stem cells (27) by adding growth
factor cocktails such as insulin-transferrin-selenium cocktail
rather than insulin alone together with a low concentration
of serum. Insulin can improve the intake of glucose and
amino acids and synthesis of fat. Addition of transferrin and
selenium can reduce the toxicity of oxygen free radicals and
peroxides (28). In addition, bFGF and EGF are both members
of the growth factor family with properties of mitogens, which
can promote cell division and proliferation (29). In conven-
tional culture system, the presence of serum promotes cell
differentiation while the cell proliferative rate is relatively low
in serum-free medium which becomes the bottleneck in CSC
research. We tried the addition of serum at a low concentration
(0.5-2%) with the significant acceleration of cell proliferation
without influencing the formation of mammospheres. With
the modification of the culture medium, we established and
expanded the mammosphere-forming cells from the primary
breast cancer for further investigation. In fact, it has been previ-
ously reported that the addition of low level serum maintained
the undifferentiated state of stem cells in in vitro cultivation.
Wang et al induced mouse spermatogonial stem cells to dedif-
ferentiate to oocyte-like cells under a certain culture condition
containing 1% FBS (30).

Previous studies also indicate that the size of the mammo-
spheres reflects the self-renewal capacity of cancer stem
cells (9,31) and is one of the indicators for the determination
of CSCs. For mammosphere passage in our study, mammo-
spheres were digested into single cells using trypsin and
subcultured at a concentration of 1,000 cells/ml. Formation of
the 2nd-generation mammospheres was observed to be formed
with less time than the 1st generation. Second-generation
mammospheres were observed after 3 days and the mammo-
spheres became stable at day 7-10 with similar morphology to
the first generation. From day 10, the mammosphere centers
gradually darkened with decreased refraction and aging signs
without the passage. Therefore, the ideal passage time was
between day 7 and 10 and mammospheres of primary culture
could be subcultured for at least 5 generations.

Cell surface proteins such as CD44 and CD24 are the most
commonly used markers of breast CSCs. In addition, CD20 (32),
CD117 (33), CD133 (34-36) and ALDHI1 (37,38) are also promi-
nent markers of CSCs. We identified the CSC properties of the
mammosphere-forming cells with high CD44 expression and
low CD24 expression together with the breast-origin phenotype
such as AP and MGBI-positive staining. CSC-like mammo-
sphere cells from the primary breast cancer could be subcultured
for at least 5 generations. Single-cell culture by limited dilution
revealed that the mammospheres were gradually formed by
single cells. Additionally, no significant change was detect-
able in the mammosphere formation rate along with passage
progression (data not shown). As a control, we also generated
mammospheres originating from the MCF-7 cell line. They
displayed a phenotype such as CD44"°* and CD24"" similar to
previous studies (8,9). Concerning the biological significance,
it has been reported that CD24- cells have higher oncogenicity
than CD24* cells with increased progenitor properties (8). Our
results, to some extent, imply that mammospheres obtained
from primary breast cancers may have even higher malignancy,
which also corresponds to the expression of ER/PR/HER2.
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In additon to surface markers, mammosphere-forming
cells from the primary breast cancer also exhibited intrinsic
stem cell characteristics with the expression of relevant
genes. Nanog, Oct4, Sox2 and KIf4 are the most widely
studied transcription factors in maintaining self-renewal and
pluripotency of embryonic stem cells with transcriptional
regulation network (39-42). The stem cell phenotypes of human
embryonic cells are maintained by a self-stabilizing network
of transcription factors, such as Nanog, Oct4 and Sox2 (43).
These factors positively regulate genes responsible for the ES
cell phenotype while repressing transcription of genes required
for inducing differentiation. KIf4 has been demonstrated
to be expressed in adult somatic tissues with a higher rate
of cell proliferation (44) and is an upstream regulator of a
feed-forward loop that contains Nanog, Oct4 and Sox2 (45,46).
These factors are also demonstrated to play important roles
in the tumorigenesis of prostate cancer (47), colorectal
cancer (48) and bladder carcinomas (49) and correlate with
poor prognosis (39-42). In mammosphere-forming cells from
the breast cancer, the expression level of Sox2 was low whereas
the expression levels of Kif4, Nanog and Oct4 were detectable.
On the contrary, four genes were all highly expressed in the
MCF-7-derived mammospheres.

Drug resistance is an important characteristic of
CSCs (50,51) and is also one of the important reasons for
chemotherapy resistance and the recurrence of tumors. It has
been demonstrated that the key drug-resistance gene, mdrl, is
highly expressed in many CSCs (52). The product of the mdrl
gene is P-glycoprotein (P-gp) with 1,280 amino acid residues.
It was first isolated from drug-resistant tumor cells (53) and
induces multi-drug resistance depending on its capacity for
ATP-dependent transmembrane transport to carry drugs out
of cells. High expression of the mdrl gene in CSCs decreases
the sensitivity of cells to chemotherapeutic agents which in
turn leads to the failure of CSC elimination, while terminal
differentiated tumor cells are cleared due to the low expression
of mdrl. In our study, mammosphere-forming cells from the
primary breast cancer inducibly expressed mdrl upon drug
treatment (Fig. 5). This finding may provide useful hints for
the selection of chemotherapeutic drugs.

The significance of our study covers two aspects: the
relationship between mammosphere formation rate with the
malignancy and the drug resistance of mammosphere-forming
cells from primary breast cancer. Concerning the relationship
between the malignant degree of tumors and the forma-
tion of mammospheres, previous studies have indicated that
ER* MCF-7 cells, whose growth relies on estrogen, have
the lowest malignant potential and mammosphere forma-
tion rate; SKBR3 cells with HER2 overexpression have the
highest malignant potential and the highest mammosphere
formation rate within the same time period; MDA-MB-231
cells exhibit highest malignant potential with triple-negative
phenotype and require complicated conditions for mammo-
sphere formation (54). The mammosphere formation rate of
tumor cells may be due to the malignancy of tumors while the
formation rate of in vitro culture mammospheres of primary
tumors may be an important indicator for prognosis. In this
study, the mammosphere formation rate of the primary breast
cancer was high due to optimization of the culture conditions
and possibly also the apparent stem cell-like characteristics.
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Such tumors may have even poorer clinical prognosis. Future
studies will assess long-term patient outcome and investigate
the correlation between mammosphere formation with the
cellular characteristics and disease prognosis.

Due to the potential roles of CSCs in the recurrence of
tumors, the establishment of CSCs from primary cancers may
facilitate the determination of the efficacy of chemotherapy
against recurrent tumors. However, to date there are few studies
concerning the significance of drug sensitivity of primary CSCs
to the treatment of recurrent cancers. We detected the drug
sensitivity of the mammosphere-forming cells but still require
the supportive evidence from the clinic. Nevertheless, the present
results obtained may be useful for further treatment if needed.

In conclusion, we successfully obtained mammosphere-
forming cells from a primary breast cancer under a modified
conditioned culture system. The mammosphere-forming
cells displayed CSC-like phenotypes as well as expressed
stem cell-related genes. These cells proliferated in vitro and
displayed lymph node metastasis potential. With regard to the
resistance of mammosphere-forming cells to chemotherapeutic
drugs, the results from this study may provide important clues
for the determination of the most effective individualized
chemotherapy for patients with recurrent tumors.
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