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Side-population (SP) cells within cancers and cell lines are rare cell
populations known to enrich cancer stem-like cells. In this study,
we characterized SP cells from the human breast cancer cell line
MCF7 as a model for cancer stem-like cells. Compared with non-SP
cells, MCF7 SP cells had higher colony-formation ability in vitro and
greater tumorigenicity in vivo, suggesting that MCF7 SP cells enrich
cancer stem-like cells. cDNA microarray analysis of the SP cells
indicated higher expression of ATP-binding cassette transporters
and genes involved in quiescence, which were confirmed by
quantitative RT-PCR and flow cytometry cell cycle analysis. To
identify signal pathways important for cancer stem-like cells, we
analyzed cDNA microarray data and identified nine pathways that
were altered in the SP cells. To analyze the protein signaling
networks, we used reverse-phase signaling pathway protein mi-
croarray technology and identified three signaling proteins that
are significantly different between MCF7 SP and non-SP cells.
Notably, signaling of phosphatidylinositol 3-kinase (PI3K)/mam-
malian target of rapamycin (mTOR), signal transduction and acti-
vator of transcription (STAT3), and phosphatase and tensin ho-
molog (PTEN) was confirmed to be critical for MCF7 SP cell survival
and proliferation by pathway specific inhibitors, selected gene
knockdown, and in vivo tumorigenicity assay. The STAT3 pathway
was found to be positively regulated by mTOR signaling, whereas
PTEN served as a negative regulator of both STAT3 and mTOR
signaling. This study suggests the existence of prosurvival signal-
ing pathways critical for cancer stem-like cell maintenance, which
could be selectively targeted for inhibiting cancer stem-like cells for
improved treatment.
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C ancer stem cells, which are defined as cells capable of giving rise
to a new tumor, are thought to be the root cause of cancer.
Cancer stem cells were first identified in acute myelogenous leu-
kemia (1). Almost 10years later, the first solid tumor stem cells were
identified in breast cancer when it was demonstrated that a sub-
population of cells expressing the CD44*CD24~ phenotype could
form tumors with as few as 100 cells, whereas tens of thousands of
the bulk tumor cells did not do so (2). Since then, cancer stem cells
have been characterized in human brain tumors (3) and colon (4,
5), head and neck (6), and pancreatic cancers (7).

Although most cancer stem cells were initially identified in
primary patient samples, some cancer cell lines were also shown to
harbor cancer stem-like cells (8-10). Cancer stem-like cells from
cell lines could be a promising model for cancer stem cell research
because of their unlimited supply and ease of handling. Accumu-
lating evidence suggests that side-population (SP) cells, a small
population of cells from cancer cell lines, are enriched in a subset
of cancer stem-like cells (8—10). SP cells were first defined by
Goodell et al. (11) in the hematopoietic system. Although the
mechanism for producing the SP phenotype is unclear, it is believed
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that certain ATP-binding cassette (ABC) transporters, including
ABCG2/BCRP, ABCB1/MDR1, and ABCA3, which can pump out
the fluorescent dye Hoechst 33342, or the relative quiescence of the
cancer stem cells that limit the intake of the dye, may cause the SP
phenotype (10, 12). Based on the lack of accumulation of the
Hoechst dye, SP cells can be isolated by flow cytometry and have
proved to enrich cancer stem-like cells in various tumors or tumor
cell lines (8-10).

Breast cancer is the most frequent malignancy among women,
with an incidence rate in the United States of 111 cases per 100,000
woman-years (wy) and a mortality rate of 24 deaths per 100,000 wy
(13). Most recent studies indicate that breast cancer is caused by
cancer stem cells, and the cure of breast cancer requires eradication
of breast cancer stem cells (2, 14-16). However, the cell signaling
pathways that are unique for breast cancer stem cells are not well
defined. Here, using SP cells from the human breast cancer cell line
MCF7 as a model of breast cancer stem-like cells, we isolated and
characterized the SP cells and determined the gene expression
profile of the SP cells by cDNA microarray and reverse-phase
protein array (RPA) and identified signaling pathways that are
preferentially activated in SP over non-SP cells. The phosphatidyl-
inositol 3-kinase (PI3K)/mammalian target of rapamycin (mTOR),
signal transduction and activator of transcription (STAT3), and
phosphatase and tensin homolog (PTEN) signaling, which form a
complex signaling network, were found to be important for SP cell
survival and proliferation. This study may have implications for the
development of agents that target cancer stem-like cell populations
for improved treatment of cancer.

Results

Existence of SP Cells in the MCF7 Cell Line. Consistent with the
findings of other groups (8, 9), the MCF7 cell line was found to
contain SP cells, which presented as a distinct “tail” in the flow
cytometry histogram [supporting information (SI) Fig. 34]. The SP
population could be blocked by known ABC transporter inhibitors,
including verapamil, reserpine, and fumitremorgin C (FTC). As
shown in SI Fig. 34, 50 uM verapamil, 20 uM reserpine, and 10 uM
FTC significantly decreased the SP population from 1.21 = 0.38%
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Table 1. Tumorigenicity assay of MCF7 SP cells in NOD/SCID mice

Cell number for injection

2 x10° 2 x 104 2x103
SP 7/8 11/12 7/10
Non-SP 3/8 3/12 2/10
Pvalue 0.01 0.06 0.02

in the control to 0.10 = 0.03% (P = 0.06), 0.02 + 0.01% (P = 0.05),
and 0.04 = 0.02% (P = 0.05), respectively.

SP Cells Have Higher Colony-Formation Ability in Vitro and Tumori-
genicity in Vivo. To provide evidence that the SP cells in MCF7 cells
were enriched in cancer stem-like cells, we determined the tumor-
igenic potential of the SP and non-SP cells in vitro and in vivo. As
shown in SI Fig. 3B, the SP cells had 13-fold higher colony-
formation ability than the non-SP cells. With the inoculation of
5,000 cells, the SP cells formed 298 colonies in soft agar (colony-
formation efficiency was 6.0%), compared with 23 for the non-SP
cells (colony-formation efficiency was 0.5%) (SI Fig. 3B). The
higher colony-formation ability of the SP cells suggests that SP cells
may have higher tumorigenicity in vivo. To prove this, tumorige-
nicity assay was performed by injecting both the SP and non-SP cells
into NOD/SCID mice with estrogen supplement. The SP
cells showed significantly higher tumorigenicity than the non-SP
cells (Table 1). Seven of 10, 11 of 12, and 7 of 8 mice inoculated with
2,000, 20,000, and 200,000 SP cells gave rise to tumors, whereas only
2 of 10, 3 of 12, and 3 of 8 inoculations of the same number of the
non-SP cells grew tumors smaller than those from the SP cells
(Table 1). Histological analysis indicates that the SP cell and the
bulk MCF?7 cell-derived tumors showed typical pathological fea-
tures of cancer with many poorly differentiated round cells (SI Fig.
3C), whereas the majority of non-SP cell-derived tumors had a
different pathology profile with more differentiated cells and fewer
poorly differentiated cells (SI Fig. 3C). The higher colony-
formation ability in vitro and higher tumorigenicity in vivo of SP cells
suggest that MCF7 SP cells were enriched in cancer stem-like cells.

To determine the stability of the SP cells, we sorted out the SP
cells and cultured them in vitro. The cultured SP cells were restained
with Hoechst dye at 4 and 18 days after culture and were reanalyzed
by flow cytometry. Our data indicated that the SP fraction rapidly
underwent a symmetric division and generated both SP and non-SP
cells. The SP fraction in 4- and 18-day cultures was 22.3% and
5.83%, respectively. In contrast, the sorted non-SP cells were not
able to generate SP cells (<0.05%) in this period of culture.

Molecular Characterization of the SP Cells. To identify the genes that
are preferentially expressed in the SP compared with the non-SP
cells, microarray analysis of the gene expression profile of the two
cell types was performed and compared. The flow cytometric gating
used to sort SP and non-SP cells was indicated by trapezoids in SI
Fig. 4. In total, 179 genes were identified, where 174 were up-
regulated by >1.5-fold, and five were down-regulated by >2-fold.
Thirteen genes were picked (SI Table 4) for quantitative RT-PCR
confirmation, and all had similar gene expression patterns as the
microarray. All 179 genes with annotations are presented in SI
Table 5. Among the most significant changes are genes involved in
the multidrug-resistant (MDR) drug transporters, cell cycle regu-
lation, and signaling pathways, which will be discussed separately
below.

MDR Drug Transporters. We found higher expression of the BCRP/
ABCG2 gene by both microarray (6.71-fold) and quantitative
RT-PCR (7.2- = 1.3-fold). Similarly, expression of MDR1/ABCB1
was also increased in the SP cells (11.1- £ 2.5-fold). The higher
expression of both BCRP/ABCG2 and MDR1/ABCBI suggested
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these transporters play important roles for the SP phenotype. It was
also known that overexpression of either BCRP/ABCG2 and
MDR1/ABCB1 was one of the common mechanisms of drug
resistance (17). To test the drug sensitivity of the SP cells, both SP
and non-SP cells were sorted into 96-well plates and treated with the
cancer drugs mitoxantrone and carboplatin. As shown in SI Fig. 5
A and B, the SP cells were more resistant than the non-SP cells to
mitoxantrone and carboplatin. Reserpine, which blocks the SP
phenotype as shown in SI Fig. 34, partially reversed the resistance
of the SP cells to both mitoxantrone and carboplatin (SI Fig. 5 4 and
B). Mitoxantrone at the concentration of 50 nM inhibited the
non-SP cells by 41.1 + 0.6% but inhibited the SP cells by 22.2 *
2.9%. When combined with repserpine (5 uM), 50 nM mitox-
antrone could inhibit SP cell growth by 31.5 * 2.2%.

Cell Cycle Regulation. Three genes, EXT1, INHBA, and CCNT2,
were identified by the microarray to be related to cell cycle
regulation. In particular, both EXT1 and INHBA, which are
negative cell cycle regulators, were up-regulated by 4.1- and 2.1-
fold, respectively. This suggested that the SP cells contain a more
quiescent population than the non-SP cells. This finding was
confirmed by flow cytometry cell cycle analysis (SI Fig. 6). Com-
pared with the non-SP cells, which contained 59% G1/Gy phase
cells, the SP cells contained a higher percentage of G1/Gy phase
cells (78%). Approximately 22% and 8% of the SP cells were in S
and G, phase, respectively, compared with 31% and 13% for the
non-SP cells. This finding suggests that the SP cells contain larger
percentage of quiescent population than non-SP cells, which may be
one of the reasons for the drug resistance of the SP cells in addition
to the overexpression of the ABC transporters, as shown above.

Signaling Pathways of the SP Cells. To shed light on the SP-specific
signaling pathways, all 179 genes identified in the microarray were
subjected to pathway analysis using Ingenuity Pathway Analysis
software (Ingenuity Systems, Redwood City, CA). Sixty-nine genes
[68 were up-regulated and one (cytochrome c¢) down-regulated]
were mapped in the Ingenuity database and assigned to genetic
networks. Genes belonging to nine signaling pathways, including
the PI3K/AKT, JAK/STAT, MAPK/ERK, TGF-8, estrogen recep-
tor, VEGF, ErbB/EGF, NF-«B, and Wnt/b-catenin pathways, were
found to preferentially expressed in SP compared with non-SP cells
(SI Table 6).

Identification of Signaling Pathway Proteins by Reverse-Phase Protein
Array. Signaling pathway information identified by the microarray
has certain limitations, because it detects changes only in mRNA
levels but cannot predict the phosphorylation status of the signaling
proteins. To overcome this potential drawback, we further explored
the differentially activated signaling pathway proteins of the SP cells
by reverse-phase signaling pathway protein array (RPA) using a
suite of phosphor-specific antibodies. Thirty-four extensively vali-
dated antibodies (by Western blot and peptide competition), which
cover the signal pathways identified in microarray, were selected (SI
Table 7). Three phosphorylated proteins were found to be signif-
icantly different between the SP and non-SP cells (SI Fig. 5C). The
STAT protein pSTAT3 727 was significantly up-regulated in the SP
cells by 1.8-fold (P < 0.0625). Differential activation/phosphoryla-
tion of p90RSK S380 and pMEK1/2 S217/221 between the SP and
non-SP cells was also identified (SI Fig. 5C). p90RSK was found to
be down-regulated by 2.1-fold and pMEK1/2 S217/221 increased by
1.7-fold (P < 0.0625) (SI Fig. 5C). The differential phosphorylation
levels suggest that the related signaling pathways may be important
for the SP cells.

Role of mTOR Signaling in SP Cell Proliferation and Survival. As shown
in SI Table 6, five genes, including PIK3C2A, PIK3R1, SOSI,
SOS2, and FKHR, were mapped to the PI3K pathway. PIK3C2A,
PIK3R1, SOS1, and SOS2 were chosen for further confirmation by
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Fig. 1.

Importance of PI3K/mTOR signaling and STAT3 and PTEN signaling for SP cells. (A) Decrease of the SP fraction within MCF7 cells by pathway-specific

inhibitors. (B) Proliferation inhibition effects of LY294002 (2.5 uM), rapamycin (5 uM), and 1S3 295 (50 wM) on MCF7 SP and non-SP cells. (C) Colony-formation
inhibition effects of LY294002 (2.5 uM), rapamycin (5 uM), and 1S3 295 (25 M) on MCF7 SP and non-SP cells. (D) Western blot analysis of expression of STAT3
and mTOR in mTOR knockdown cells. (E) Decrease of SP fraction within stable mTOR and STAT3 knockdown MCF7 cells. (F) Western blot analysis of expression
of STAT3and mTOR in STAT3 knockdown cells. (G) Decrease of the SP fraction within MCF7 cells by pathway specificinhibitors bpV(pic). (H) Decrease of SP fraction
within PTEN knockdown MCF7 cells. (/) Decrease of the SP fraction within MCF7 cells by PTEN specific inhibitors bpV(pic).

RT-PCR. Consistent with our microarray data, all four genes,
including PIK3CA2, PI3R1, SOSI, and SOS2, were expressed in
the SP cells at higher levels than the non-SP cells by 1.6 + 0.2-, 3.4
+ 0.2, 1.9 = 04-, and 7.3 = 1.0-fold, respectively (SI Table 4).
These data suggest that the PI3K/mTOR pathway may be impor-
tant for SP cell survival. To confirm this, LY294002, a PI3K-specific
inhibitor, and rapamycin, a specific inhibitor of mMTOR, were tested
for their ability to decrease the SP fraction in MCF7 cells. The
MCF7 cells were treated with LY294002 and rapamycin at 2.5 and
5 uM, respectively, for 3 days and subjected to SP analysis. Both
inhibitors decreased the SP fraction within the MCF7 cells. As

16160 | www.pnas.org/cgi/doi/10.1073/pnas.0702596104

shown in Fig. 14, compared with control MCF7 cells, which
contained 1.21 = 0.38% SP cells, MCF7 cells treated with
LY294002 and rapamycin had only 0.10 = 0.05% (P = 0.05) and
0.30 £ 0.11% (P = 0.01) SP cells, respectively. The SP fraction in
inhibitor-treated cells did not recover when the cells were further
cultured in fresh medium without inhibitors for at least 24 h (SI Fig.
7). The ability of the two inhibitors to decrease the SP fraction was
at least partially because of their ability to preferentially inhibit the
SP cells. As shown in Fig. 1B, both LY294002 and rapamycin
preferentially inhibited the SP rather than non-SP cells. L'Y294002
(2.5 uM) and rapamycin (5 uM) inhibited MCF7 SP cell prolifer-
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Table 2. Tumorigenicity assay of stable mTOR and STAT3
knockdown cells in nude mice

Cell number for injection

Table 3. Tumorigenicity assay of MCF7 cells treated
with inhibitors in nude mice

Cell number for injection

1.5 X 108 1.5 X 105 1.5 x 104 1.5 X 106 1.5 X 10°
MCF7 vector 4/5 3/5 3/5 Control cells 5/5 4/5
STAT3/~ 1/5 0/5 0/5 Rapamycin-treated cells 2/5 2/5
mTOR~/— 2/5 0/5 0/5 LY 294002-treated cells 2/5 1/5
1S3 295-treated cells 2/5 2/5

ation by 50.6% and 45.78%, respectively (Fig. 1B), but inhibited the
non-SP cell proliferation by 22.2% and 18.3%, respectively. In
addition to proliferation, LY294002 and rapamycin also preferen-
tially inhibited colony-formation ability of the SP cells by 44.2% and
58.2% and that of the non-SP cells by 17.6% and 8.8%, respectively
(Fig. 1C). However, LY294002 and rapamycin did not cause
significant apoptosis on the SP cells at tested doses (SI Fig. 8),
indicating that their action on the SP cells is not through apoptosis.

The importance of the PI3K pathway for the SP cells was further
confirmed by gene knockdown experiment. We chose to silence
mTOR by a lentivirus-based short-hairpin RNA (shRNA), because
the inhibitor of mTOR, rapamycin, decreased SP cells in MCF7
cells (Fig. 14). Two constructs, which are designed to silence two
different targeting sequences of mTOR, were selected. Fig. 1D
showed that both constructs, especially, the second construct,
produced greater silencing effects. Stable cells were selected and
subjected to SP analysis. As expected, there was a loss of SP fraction
within the stably selected mTOR knockdown cells MCF7
mTOR ™/~ (mTOR-shRNA-2). MCF7 mTOR /" cells contained
only 0.27 = 0.09% SP cells, in contrast to 1.68 = 0.42% SP cells in
the vector control cells (Fig. 1E).

Role of STAT3 Signaling in SP Cell Proliferation and Survival. As shown
in SI Table 6, cDNA microarray revealed that six genes within the
JAK/STAT pathway were up-regulated in the SP cells. In addition,
the expression of pSTAT3 S727 was found to significant increase by
1.8-fold by RPA (SI Fig. 5C). These data suggest the STAT3
signaling pathway is important for SP cells. To confirm the func-
tional significance of this observation, MCF?7 cells were exposed to
IS3 295, a STAT3-specific inhibitor (18). Exposure of the cells to
this inhibitor significantly decreased the SP fraction within MCF7
cells. Compared with parental MCF7 cells, which contained 1.21 =
0.38% SP cells, MCF7 treated with IS3 295 (10 uM) for 3 days
contained only 0.29 * 0.2% (P = 0.06) SP cells (Fig. 14).

The SP fraction in inhibitor-treated cells did not recover when
the cells were further cultured in fresh medium without IS3 295 for
at least 24 h (SI Fig. 7).

Similar to LY294002 and rapamycin, IS3 295 preferentially
inhibited SP proliferation and colony formation (Fig. 1 B and C) but
slightly induced apoptosis in the SP cells at tested concentrations (SI
Fig. 8). IS3 295 inhibited SP cell proliferation by 47.1% and colony
formation by 33.8% compared with 25.5% and 16.2% for non-SP
cells (Fig. 1 B and C). Similar to the effect of mTOR gene
knockdown, STAT3 knockdown cells also caused loss of the SP
fraction. As shown in Fig. 1F, MCF7 cells infected by lentivirus
STAT3 knockdown construct 2 gave better silencing effect than the
vector control. The stable cell line MCF7 STAT3~/~ (MCF7
STAT3-shRNA-2) generated from this construct contained only
0.14 = 0.09% SP fraction, compared with 1.68 = 0.42% for the
vector control cells (P = 0.01) (Fig. 1E).

mTOR/STAT3 Signaling Pathways Are Important for Tumorigenicity.
Because high tumorigenicity in vivo is one of the hallmarks of cancer
stem cells, it was necessary to determine whether the mTOR and
STAT3 pathways play a role in MCF7 tumorigenicity in the mouse
model. To test this, the serial number of MCF7 vector control,
MCF7 mTOR /=, and STAT3~/~ knockdown cells was injected
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MCF7 cells were treated with LY294002 (2.5 M), rapamycin (5 M), and 1S3
295 (10 uM) for 3 days.

into nude mice with estrogen supplement. As expected, both
mTOR™~ and STAT3/~ knockdown cells had significantly re-
duced ability to generate tumors in mice (Table 2). In both 1.5 X
10° and 1.5 X 10* inoculation groups, three of five mice inoculated
with MCF7 vector control cells generated new tumors, whereas
none of five mice in both MCF7 mTOR ™/~ and STAT3~/~ cells
knockdown groups gave rise to new tumors. Similar results were
obtained for the 1.5 X 10° inoculation groups, where four of five
MCF7 vector control mice had new tumors generated, but only two
of five and one of five mice inoculated with MCF7 mTOR~/~ and
STAT3 ™/~ had tumors 6 weeks after inoculation.

We also determined whether the pathway-specific inhibitors
could reduce tumorigenicity of MCF7 cells in mice. Indeed, when
treated with all three pathway inhibitors, including mTOR inhibitor
rapamycin (2.5 uM), PI3K inhibitor LY294002 (5 uM), and STAT3
inhibitor IS3 295 (10 uM) for 3 days, MCF7 cells showed decreased
tumorigenicity. Five of five and four of five nude mice grew new
tumors 6 weeks after inoculation of 1.5 X 10° and 1.5 X 10° MCF7
cells, whereas only two of five and one of five for mice that received
LY294002 treated cells, two of five and two of five for mice that
received rapamycin-treated cells, and two of five and two of five for
mice that received IS3 295-treated cells generated tumors (Table 3).

Regulation of STAT3 by mTOR. Because both PI3K/mTOR and
STATS3 signaling was found to be important for MCF7 SP cells (Fig.
1A-E; Tables 2 and 3), we next explored whether the two pathways
were linked (19). Western blot experiment was used to detect the
change of mTOR expression in MCF7 STAT3~/~ cells and to
analyze the change of STAT3 expression in MCF7 mTOR ™/~ cells.
The expression of mMTOR was not altered in MCF7 cells transfected
with lentivirus-based shRNAs targeting the STAT3 gene (Fig. 1F).
However, the expression of STAT3 was found to decrease in MCF7
cells transfected with lentivirus-based shRNAs targeting the
mTOR gene (Fig. 1D). These experiments suggest that STAT3 may
be positively regulated by mTOR.

PTEN, a Negative Regulator of mTOR/STAT3 Pathway, Plays an Impor-
tant Role in SP Cell Maintenance. PTEN, a tumor suppressor, usually
functions as a negative regulator of the PI3K/mTOR pathway (20,
21), which positively regulates STAT3 signaling (19). Recent studies
indicate that PTEN plays an important role not only in self-renewal
and activation of hematopoietic stem cells but also in the prevention
of leukemogenesis (20, 21). It is quite likely that PTEN also plays
an important role in breast cancer stem cells by negatively regu-
lating PI3K/mTOR/STATS3 signaling. When PTEN was knocked
down by a validated shRNA (22), expression of mTOR, pmTOR
52448, STAT3, and pSTAT3 S727 was increased (Fig. 1G). To
determine whether PTEN also plays a role in SP phenotype
regulation, we analyzed the SP fraction within PTEN knockdown
MCEFT7 cells. As shown in Fig. 1H, the SP fraction increased when
PTEN was knocked down. The PTEN knockdown cells contained
1.76 = 0.25% SP cells, compared with 0.85 = 0.10% in MCF7
control cells. The negative regulation of the SP phenotype by PTEN
was further confirmed by inhibitor study. When the MCF7 cells
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were treated with PTEN-specific inhibitor bpV(pic) (5 uM) for 3
days, the SP fraction within the MCF7 cells was increased to 7.60 =
0.54% compared with 1.21 = 0.38% in the control cells (P = 0.03)
(Fig. 1I). To determine whether the negative regulation of PTEN
on the SP phenotype reflects the cancer stem-like cell properties,
PTEN overexpressing MCF7 cells, in which PTEN was delivered by
using adenovirus as reported (23), were inoculated into NOD/SCID
mice, and tumor growth was monitored. Indeed, PTEN overex-
pression caused decreased tumorigenicity. Five of five and four of
five mice grew tumors 6 weeks after inoculation of 150,000 and
15,000 vector control cells, whereas only two of five and two of five
mice that received PTEN-overexpressing MCF7 cells grew tumors.
These data suggest that PTEN functions as a negative regulator of
mTOR and STAT3 signaling and plays an important role in SP cell
maintenance within the entire population.

Discussion

Establishing an appropriate in vitro cancer stem cell model is critical
for the study of cancer stem cell biology, because of limited supply
of cancer stem cells from patient samples. In this study, a small
fraction of SP cells isolated by flow cytometry from the human
breast cancer cell line MCF7 were found to have significantly higher
colony-formation ability in vitro and also higher in vivo tumorige-
nicity in NOD/SCID mice than the non-SP cells. These findings
suggest that the SP cells are enriched in cancer stem-like cells, which
is consistent with other studies on SP cells (8-10).

One potential concern for claiming the cancer stem cell-like
property of the SP cells is that Hoechst 33342 dye may create bias
by selectively injuring non-SP cells. To provide evidence that
Hoechst 33342 dye used in the staining procedure does not directly
cause the difference in “stemness” between SP and non-SP cells, we
prepared a bulk control group, in which MCF7 cells were not
stained with the Hoechst 33342 dye but directly sorted in compar-
ison with non-SP cells isolated from cells stained with Hoechst
33342 dye for in vitro colony-formation assay and tumorigenicity
assay. We did not observe a significant difference between the
non-SP cell group and bulk cell group in both colony-formation and
mouse tumorigenicity assays. With the inoculation of 5,000 cells, the
non-SP cells formed 23 * 1.5 and the unstained bulk control cells
26 = 1.5 colonies in the colony-formation assay. In the tumorige-
nicity experiment, we observed that three of eight and two of eight
NOD/SCID mice inoculated with non-SP cells at numbers of
200,000 and 20,000 generated tumor 6 weeks after inoculation,
whereas four of eight and two of eight NOD/SCID mice inoculated
with bulk unstained cells grew tumors.
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c¢DNA microarray analysis was performed to shed light on the
gene expression profile specific to SP cells. Microarray analysis
identified increased expression of ABC transporter genes ABCG2/
BCRP, responsible for SP phenotype in different cell types (10, 12),
and the negative cell cycle regulator genes, including EXT1 and
INHBA. These findings suggest that the SP phenotype could be due
to either higher expression of ABC transporters or relative quies-
cence of the cells because of the expression of the negative cell cycle
regulators, or both. Thus the SP cells may contain a larger popu-
lation of quiescent than non-SP cells, which was confirmed by flow
cytometry analysis, as well as cells that overexpress ABC trans-
porters. It is quite likely that both high expression of ABC trans-
porters and quiescent state contribute to the resistance of SP cells
to clinical drugs, as shown in SI Fig. 5 4 and B. We noted that the
drug-resistance phenotype of the SP cells might be underestimated
in this study, because SP cells could potentially “differentiate” into
non-SP cells, which are more sensitive to drugs. The drug-sensitivity
experiment comparing SP and non-SP cells used in this study lasted
4 days. We found that, indeed, SP cells cultured in this time period
could “differentiate” into SP and non-SP cells, with only 22.3% SP
cells remaining in the 4-day-old SP cell culture.

Microarray analysis of the signaling pathway genes identified
nine pathways, including the PI3K/AKT, JAK/STAT, MAPK/
ERK, TGF-p, estrogen receptor, VEGF, ErbB/EGF, NF-«B, and
Wnt/b-Catenin pathways, that are altered in the SP compared with
non-SP cells (SI Table 6). It is interesting to note that the Wnt and
STAT pathways have been identified in the hepatocellular carci-
noma SP cells (24) and NF-«kB and MAPK pathways in tumorige-
nicity breast cancer cells (25). Because the cDNA array detects only
mRNA changes, whereas cell signaling is mediated by posttransla-
tional modification of proteins such as phosphorylation, we used the
RPA technology (26). This technology, using extensively validated
phosphor-specific antibodies, can measure and quantify dozens to
hundreds of specific signaling events from only a few thousand cells,
which makes this technology a powerful tool for signaling pathway
analysis (26, 27). The RPA technology, which has extreme sensi-
tivity and high-throughput capability, is ideally suited for cancer
stem cell study, because cancer stem cells are a rare population
within tumors, which limit the samples for routine protein detection
by techniques such as Western blot (26, 27). To reduce possible
false-positive results, stringent criteria were applied for RPA ex-
perimental design and data analysis. Both SP and non-SP cells were
interdependently prepared four separate times. Using this stringent
criterion, we identified three phosphorylated isoforms of the fol-
lowing proteins: pSTAT3 S727, p90RSK S380, and pMEK1/2
S217/221, which were found to be significantly different between
MCEF?7 SP and non-SP cells. These active forms of proteins fall into
two major signal pathways, JAK/STAT and ERK/MAPK, suggest-
ing these pathways may be important for MCF7 SP cells.

To confirm the importance of the signal pathways identified in
this study for the SP cell phenotype and “stemness,” we focused on
the PI3K/AKT and STAT3 pathways. Inhibition of the PI3K/
mTOR pathway by the specific pathway inhibitors LY294002 and
rapamycin and knockdown of mTOR gene by shRNA significantly
reduced not only the SP fraction within MCF7 cells but also
tumorigenicity (Fig. 1 A-F and Tables 2 and 3). These findings
suggest the PI3K/mTOR pathway is important for SP cell survival,
and that the reduced tumorigenicity is most likely due to the
decrease of cancer stem-like cells in the SP fraction. These findings
are consistent with the previous observation that the PI3K/AKT
pathway is important for acute myeloid leukemia stem cells (28).
Similarly, treatment with the STAT3 inhibitor IS3 295 or knock-
down of the STAT3 gene by shRNA caused loss not only of SP
fraction but also of tumorigenicity. The decrease of tumorigenicity
was consistent with reports by other groups in different tumor cells
by knockdown STAT3 expression using RNAIi (29) or by abrogating
STAT3 (30). Interestingly, we have found that both mTOR and
STATS3 are also important for SP phenotype and tumorigenicity in
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human lung cancer cell line A549 cells (data not shown), suggesting
the importance of mTOR and STAT3 signaling is not restricted to
breast cancer stem-like cells.

STATS3 signaling is positively regulated by PI3K/mTOR signaling
(19), which is negatively regulated by PTEN (20, 21). However, the
role of PTEN in the SP cell phenotype and “stemness” is unclear.
Therefore, we evaluated the role of PTEN in the regulation of
cancer stem-like cells. Indeed, when PTEN was inhibited by shRNA
or specific inhibitor bpV(pic), the SP fraction within MCF7 cells
was significantly increased. In addition, overexpression of PTEN
decreased MCF7 cell tumorigenicity, which is consistent with
reports on other tumors (31). Taken together, our data indicated
that PTEN/PI3K/mTOR/STATS3 signaling forms a complex signal-
ing network (Fig. 2) and maintains the cancer stem-like cell
population within the whole cell population.

We noticed this study has some limitations. MCF7 cells have
been propagated in vitro for many years and may not accurately
reflect the behavior of human breast cancer in patients. In addition,
MCEF7 SP cells may be heterogeneous, and this study may actually
underestimate the differences between breast cancer stem cells and
bulk cancer cells. Further validation of cancer stem cells isolated
from patient specimens is needed in future studies.

The promise of understanding cancer stem cell biology lies in the
potential to provide new therapeutic approaches for cancer treat-
ment. Current cancer drugs, which are developed extensively based
on their activity to inhibit bulk replicating cancer cells, may not
effectively inhibit cancer stem cells (14-16). It is conceivable that
targeting cancer stem cells will be helpful in eradicating tumors
more efficiently (14-16). One promising approach is to target
cancer stem cell survival signaling pathways (14), where leukemia
stem cell research has already made some progress (32). Through
the use of a combined genomics and proteomics approach, which
measured gene expression and phosphoprotein-based signaling, we
identified signaling networks that appear to be important for breast
cancer stem cell maintenance and viability. In particular, we found
that PTEN/mTOR/STATS3 signaling is critical for SP cell survival
and proliferation, which may provide targets for inhibiting cancer
stem-like cells for improved treatment of cancer.

Materials and Methods

Hoechst 33342 Staining, Flow Cytometry Analysis, and Sorting of SP
Cells. Cells were washed with PBS, detached from the culture dish
with trypsin and EDTA, pelleted by centrifugation, and resus-
pended in 37°C DMEM containing 2% FBS at 1 X 10 cells/ml. Cell
staining was performed as described (11). The cells were incubated
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with Hoechst 33342 (Sigma, St. Louis, MO) at 5 ug/ml either alone
or in combination with known ABC transporter inhibitors vera-
pamil (50 uM, Sigma), reserpine (20 uM, Sigma), and FTC (10 uM,
Sigma) for 90 min at 37°C. After staining, the cells were centrifuged
and resuspended in HBSS (Invitrogen, Carlsbad, CA) containing 1
pg/ml propidium iodide and maintained at 4°C for flow cytometry
analysis and sorting. Cell analysis and sorting were performed on a
MoFlo cytometer (Dako Cytomation, Fort Collins, CO) equipped
with a Coherent Enterprise II laser-emitting MLUV at 351- and
blue 488-nm lines. The Hoechst 33342 emission was first split by
using a 610-nm dichroic short-pass filter, and the red and the blue
emissions were collected through 670/30- and 450/65-nm bandpass
filters, respectively.

Cell Pellet Processing and Reverse-Phase Protein Arrays. Cell pellets
for the SP and non-SP populations from four independent exper-
iments were collected and processed according to standard proce-
dures (33). Arrays were prepared, blocked, stained with antibodies,
and analyzed as described (33). Antibodies used in the experiments
are listed in SI Table 7.

Statistical Analysis. Statistical differences of two group data were
compared by Student’s # test (*, P < 0.05; **, P < 0.005). Statistical
differences between non-SP and SP populations in protein array
experiments were evaluated by a one-sample median test (or a
hypothesis sign test for median) (34) by using SAS, Ver. 9.0 (SAS
Institute, Cary, NC). Because the sample size of non-SP cells is four
and the sample size of SP cells (pooled) is one, comparing the
means of these two groups is not possible. However, it is reasonable
to use the null-hypothesis test Hy: My = My, where M, and M, are
the median of the non-SP and the only value of the SP pooled
groups, respectively. The P value is calculated by the binomial
distribution table when sample size is four. The P value of the
one-sided hypothesis test is 0.0625, and the P value of two-sided
hypothesis test is 0.125. P < 0.0625 is considered statistically
significant.
For more information, see SI Text.
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