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Cancer stem cells (CSCs) have been reported in a variety of
cancers. SRY-box 2 (SOX2) is a member of the SOX family of
transcription factors and has been shown to play a critical role in
maintaining the functions of CSCs and promoting tumor initia-
tion. However, the underlying mechanisms for the transcrip-
tional regulation of the SOX2 gene in CSCs are unclear. In this
study, using in silico and experimental approaches, we identi-
fied transcriptional repressor GATA binding 1 (TRPS1), an
atypical GATA-type transcription factor, as a critical transcrip-
tional regulator that represses SOX2 expression and thereby
suppresses cancer stemness and tumorigenesis. Mechanisti-
cally, TRPS1 repressed SOX2 expression by directly targeting
the consensus GATA-binding element in the SOX2 promoter as
elucidated by ChIP and luciferase reporter assays. Of note, in
vitro mammosphere formation assays in culture and in vivo
xenograft tumor initiation experiments in mouse models re-
vealed that TRPS1-mediated repression of SOX2 expression
suppresses CSC functions and tumor initiation. Taken together,
our study provides detailed mechanistic insights into CSC func-
tions and tumor initiation by the TRPS1–SOX2 axis.

Cancer stem cells (CSCs)2 are at the root of tumor recurrence
and metastasis in many human cancers (1). Numerous studies
have shown the important role of SRY-box 2 (SOX2) in CSC

functions in many cancer types, including invasive skin squa-
mous-cell carcinoma (2), melanoma (3), glioma (4), and breast
cancer (5, 6). However, regulation of SOX2 expression remains
unclear.

GATA factors play important roles both in development and
cancer. Typical GATA factors (GATA1– 6) are implicated in
inducing differentiation of embryonic stem cells (7–9) and
modulating CSC functions (10, 11). Transcriptional repressor
GATA binding 1 (TRPS1), an atypical member of GATA tran-
scriptional factor family, contains an atypical GATA-type zinc
finger motif. TRPS1 is implicated in stem cell functions because
its overexpression promotes differentiation of chondrogenic
cells (12), and TRPS1 regulates the Wnt signaling pathway in
vibrissa follicle morphogenesis (13). TRPS1 expression is also
elevated in luminal breast cancer as compared with basal breast
cancer (14), which contains more CSC population than luminal
breast cancer (15). Mutations in TRPS1 have been reported in
basal-like breast cancer (16, 17). However, whether and how
TRPS1 contributes to CSC functions and tumor initiation by
regulating SOX2 expression is mostly unknown. In the current
study, we report that TRPS1 represses SOX2 expression by
directly targeting its promoter and thus suppressing CSC func-
tions and tumor initiation.

Results and discussion

TRPS1 represses SOX2 expression

SOX2 plays an important role in CSC functions (18). To
address how SOX2 expression is regulated, we set out to iden-
tify new candidate transcription factors targeting SOX2. By
analyzing the promoter sequence of SOX2 in silico, we deter-
mined that SOX2 promoter contains the WGATAR sequence
element, which is a well characterized consensus sequence rec-
ognized by GATA transcription factors (Fig. 1A). The family of
GATA factors is composed of GATA1– 6 and an atypical
TRPS1 (19). To identify which GATA factor potentially targets
SOX2 promoter, we analyzed the gene expression profiles of
1762 breast cancer samples from the Gene Expression Omni-
bus (GEO) at NCBI (20, 21). GATA3 and TRPS1 were identified
as two major GATA isoforms expressed in breast cancer. The
expression of TRPS1 showed a significantly negative correla-
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tion with the SOX2 expression, suggesting that TRPS1 re-
presses SOX2 expression (Fig. 1, B and C, and Fig. S1). This
observation was consistent with the notion that TRPS1 has
intrinsic transcriptional repression activity (22). Also, elevated
expression of TRPS1 was observed in highly differentiated
luminal breast cancers compared with less differentiated basal
breast cancers (14). SOX2 is believed to be a possible driver of
the basal-like phenotype in sporadic breast cancers (23). Based
on these observations, we hypothesized that TRPS1 is a repres-
sive factor for SOX2 expression and suppresses CSC functions.
To test this hypothesis, which fits well with the current knowl-
edge on TRPS1 and SOX2, we attempted to experimentally
confirm that TRPS1 negatively regulates SOX2 expression. We
silenced TRPS1 in T47D and MCF7 cells, which are breast can-

cer cell lines with elevated endogenous TRPS1 expression, and
found that silencing TRPS1 led to up-regulation of SOX2 at
both mRNA and protein levels (Fig. 1D). These results indicate
that TRPS1 represses SOX2 expression.

TRPS1 targets SOX2 promoter

To verify whether TRPS1 represses SOX2 expression by
directly targeting the GATA-binding element in the SOX2 pro-
moter, we performed the ChIP– quantitative PCR assay using
TRPS1 antibodies in T47D and MCF7 cells. The results showed
significant enrichment of TRPS1 at the SOX2 promoter (�5-
fold enrichment) in both T47D and MCF7 cells using a well
characterized untranscribed genomic region, Untr4, as a con-
trol (Fig. 2A). Furthermore, we carried out luciferase reporter

Figure 1. TRPS1 represses SOX2 expression. A, schematic diagram of the SOX2 gene with the GATA elements highlighted in its promoter region. B,
expression of GATA factors in breast cancers from GEO. C, correlation between GATA factors and SOX2 in breast cancers from GEO. r, correlation coefficient. D,
silencing TRPS1 increases SOX2 expression at both mRNA and protein level. All data are presented as the means � S.D. of three independent experiments. The
t test was used for statistic quantification. ***, p � 0.001.
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assay and observed that ectopic overexpression of TRPS1 could
significantly reduce the luciferase activity of the WT SOX2 pro-
moter (WT–SOX2 promoter) and Mut1–SOX2 promoter with
a mutation in the noncore TRPS1-binding element in the SOX2
promoter. The reduction in luciferase activity with overex-
pressed TRPS1 was lost in Mut2–SOX2 promoter with a muta-
tion in the core TRPS1-binding consensus element GATA in
the SOX2 promoter (Fig. 2B). Also, silencing TRPS1 signifi-
cantly increased the luciferase activity of the SOX2 promoter in

MCF7 cells (Fig. 2C). These observations indicated that TRPS1
repressed transcriptional activity of SOX2 promoter by target-
ing its GATA-binding element. Domain structure analysis
revealed that TRPS1 contained three domains: a GATA-bind-
ing domain flanked with N-terminal and C-terminal domains.
To further explore which domain in TRPS1 was important for
its repressive function on SOX2 expression, we constructed
several TRPS1 truncates and carried out luciferase reporter
assay. The results showed that only full-length TRPS1 and a

Figure 2. TRPS1 directly targets the GATA elements in the SOX2 promoter. A, ChIP– quantitative PCR analysis of TRPS1 enrichment at the SOX2 promoter.
The data represent the means � S.D. of three independent runs. The t test was used for statistic quantifications. *, p � 0.05. B, TRPS1 suppresses transcription
of SOX2 promoter using luciferase assay. The data represent the means � S.D. of three independent runs. The t test was used for statistic quantifications. *, p �
0.05. C, silencing TRPS1 up-regulates transcription of SOX2 promoter in MCF7. The data represent the means � S.D. of three independent runs. The t test was
used for statistic quantifications. ***, p � 0.001. D, characterization of TRPS1 transcriptional suppressive domains by domain mapping. The data represent the
means � S.D. of three independent runs. One-way ANOVA followed by Newman–Keuls test was used for statistic quantifications. **, p � 0.01; ***, p � 0.001;
ns, not significant.
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TRPS1 truncate with C-terminal domain together with the
GATA domain were able to repress the transcriptional activity
of the SOX2 promoter, indicating that C-terminal and GATA
domains of TRPS1 were required for the TRPS1 transcriptional
repression function on the SOX2 promoter (Fig. 2D). Taken
together, these results indicated that TRPS1 repressed SOX2
expression by directly targeting the GATA element in the SOX2
promoter.

TRPS1 suppresses CSC functions by repressing SOX2
expression in vitro

SOX2 is a key stem cell marker and has been shown to pro-
mote tumor initiation (2, 5, 24). As described above, TRPS1
targets SOX2 promoter to repress its expression (Figs. 1 and 2).
We therefore proposed that TRPS1 regulates CSC functions by
repressing SOX2 expression. In addition to SOX2, other docu-
mented stem cell pluripotency markers include OCT4, KLF4,
and NANOG (25–27). We investigated whether OCT4, KLF4,
and NANOG were involved in the regulation of stemness of
cancer cells by TRPS1. The expression of OCT4, KLF4, and
NANOG upon TRPS1 silencing was analyzed and compared
with that of SOX2. The results showed that only expression of
SOX2 and not OCT4, KLF4, and NANOG was significantly up-
regulated upon silencing TRPS1 (Fig. 3A and Fig. S2).

To test whether the TRPS1–SOX2 axis contributed to CSC
functions, we carried out an in vitro mammosphere formation
assay considered to be the gold standard for testing CSC func-
tions in vitro (28, 29). TRPS1 was successfully knocked down
using specific anti-TRPS1 shRNA, and the increased SOX2
upon TRPS1 knockdown could be reversed by transfecting with
additional anti-SOX2 shRNA (Fig. 3B). Moreover, overexpres-
sion of a shRNA-resistant TRPS1 rescued the SOX2 up-regula-
tion caused by the TRPS1 knockdown (Fig. 3B). In a mammo-
sphere assay, the results showed that silencing TRPS1 in MCF7
cells increased the number of mammospheres, whereas silenc-
ing SOX2 had an opposite effect. As expected, additional silencing
of SOX2 in cells with the silenced TRPS1 fully restored the
increased mammosphere formation ability of cells with silenc-
ing TRPS1 alone (Fig. 3C). These observations indicated that
TRPS1 suppressed the sphere-forming ability of cancer cells by
reducing the expression of SOX2. To further confirm the
effects of the TRPS1–SOX2 axis on CSC functions, the CD44�/
CD24� cell population, which is reported to have CSC proper-
ties, was investigated using flow cytometry. The results showed
that silencing TRPS1 in MCF7 cells led to a significant increase
in the CSC population (CD44�/CD24�) (up to �3-fold),
whereas silencing SOX2 decreased the CSC population, and
additional silencing SOX2 in cells with silenced TRPS1 fully
restored the increased CSC population (Fig. 3D and Fig. S3).
Also, CSCs isolated from MCF7 cells using FACS showed lower
expression of TRPS1 and higher expression of SOX2 compared
with those in other non-CSCs (Fig. S4). Consistently, highly
purified CSCs (ALDH�/CD44�/CD24�) from breast cancer
patient-derived xenografts expressed higher SOX2 and lower
TRPS1 compared with other types of breast cancer cells (Fig.
S5). These results provided further evidence that TRPS1 might
suppress CSC function by repressing SOX2 expression in vitro.

TRPS1 suppresses tumor initiation by repressing SOX2
expression in vivo

Tumor initiation ability with the transplantation of limiting
dilutions of cancer cells is a direct and convincing evidence for
CSC functions (30, 31). We used xenograft tumor initiation
models to validate that TRPS1 suppressed CSC functions by
repressing SOX2 expression. Female SCID mice were subcuta-
neously injected with limiting dilutions of MCF7 cells (5 � 106,
5 � 105, and 5 � 104 cells) with silencing TRPS1 alone or with
additional silencing of SOX2. The results showed that com-
pared with mice treated with control shRNA, silencing TRPS1
resulted in decreased tumor latency and this phenotype was
rescued by additionally silencing SOX2 (Fig. 4A). Furthermore,
cells with silenced TRPS1 had a much greater ability and cells
with additional silencing of SOX2 had a much smaller ability to
form tumors as compared with controls (Fig. 4, A and B, and
Table 1). These results suggested that TRPS1 inhibited CSC
functions and suppressed breast tumor initiation by repressing
SOX2.

We examined tumor growth in xenograft tumor models at
two cell densities, 5 � 106 and 5 � 105, over a period of 6 weeks.
We observed that silencing of TRPS1 suppressed tumor
growth, which may indicate a different role of TRPS1 in the
tumor promotion stage of oncogenesis (Fig. 4, C and D). Also,
additional silencing of SOX2 with silencing TRPS1 further sup-
pressed tumor growth compared with silencing with TRPS1
alone (Fig. 4, C and D). This observation was likely due to the
delayed tumor formation upon silencing SOX2, which led to
relatively short tumor growth time in xenograft mouse models.
These discrepant results raise an interesting possibility of dif-
ferential roles of TRPS1 in tumor initiation versus tumor pro-
motion. These apparently conflicting results can be explained,
at least in part, by the current notion of the proliferation ability
of CSCs, which are critical for tumor initiation but show slow
proliferation rate and self-renewal capabilities (32, 33). The
TRPS1 expression is believed to have a dynamic role in the
process of tumor development (34). In this respect, we recently
reported that TRPS1 promoted tumor growth by functioning as
a scaffold to regulate USP4-directed HDAC2 deubiquitination.
These observations provided a mechanistic insight into the
tumor growth-promoting role of TRPS1 (35).

In addition to TRPS1, GATA3 was the other GATA factor
that was found to be frequently expressed in breast cancer.
Consistent with the observation that GATA3 promoted lumi-
nal breast cancer cell differentiation (36, 37), we found that
silencing GATA3 led to increased expression of SOX2 and
decreased expression of TRPS1 (Fig. S6). Also, silencing both
GATA3 and TRPS1 in MCF7 cells increased expression of
SOX2 (Fig. S6). At this point, it is difficult to conclude whether
GATA3 and TRPS1 compete or cooperate with each other in
modulating SOX2 expression and CSC functions. However, our
results, together with the fact that both GATA3 and TRPS1
recognize the GATA element, indicated that depending on the
cellular context, both GATA3 and TRPS1 might target SOX2 to
regulate SOX2 expression and CSC functions. It would be
worthwhile to further explore the precise mechanism in the
future.
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In conclusion, our current study has shown that TRPS1 rec-
ognizes SOX2 promoter and represses SOX2 expression,
thereby suppressing CSC functions. Our results have demon-
strated that the decreased expression of TRPS1, as a tumor
suppressor, promotes SOX2 expression and tumor initiation
(Fig. S7), providing new mechanistic insights into the regula-
tion of SOX2 expression and CSC functions.

Experimental procedures

Cell culture

Cell lines T47D, MCF7, and 293T were kind gifts from Drs.
Zhao Bin, Zhu Tao, and Lin Chenqi. Cell lines T47D and MCF7
were maintained in RPMI 1640 (Wisent, catalog no. 350-000-
CL) with 10% fetal bovine serum (HyClone, catalog no.

Figure 3. TRPS1 suppresses CSC function via repressing SOX2 expression. A, silencing TRPS1 increases SOX2 expression but not other cancer stem cell
markers, including OCT4, KLF4, and NANOG. All data are presented as the means � S.D. of three independent experiments. The t test was used for statistic
quantifications. *, p � 0.05; **, p � 0.01; ***, p � 0.001. B, TRPS1 and SOX2 are efficiently silenced using anti-TRPS1 and anti-SOX2 shRNA, respectively (left panel).
Protein expression of shRNA-resistant clones led to rescue of the SOX2 up-regulation (right panel). C, silencing TRPS1 increased, whereas silencing SOX2
reduced mammosphere formation ability of investigated cancer cells. Silencing TRPS1 with additional SOX2 silencing restored the increased mammosphere
formation ability. All data are presented as the means � S.D. of three independent experiments. One-way ANOVA followed by Newman–Keuls test was used
for statistic quantifications. ***, p � 0.001; ns, not significant. Scale bar, 100 �m. D, effects of TRPS1 and SOX2 expression on the CD44�/CD24� population. All
data are presented as the means � S.D. of three independent experiments. One-way ANOVA followed by Newman–Keuls test was used for statistic quantifi-
cations. **, p � 0.01; ***, p � 0.001; ns, not significant.
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SV30087.02) and 1% penicillin/streptomycin (Wisent, catalog
no. 450-201-EL). The 293T cells were cultured under standard
conditions in Dulbecco’s modified Eagle’s medium (Wisent,
catalog no. 319-005-CL), 10% fetal bovine serum, 1% penicillin/
streptomycin. All three cell lines were cultured at 37 °C in a 5%
CO2 incubator and used within 6 months. The cell lines were
authenticated by the short tandem repeat typing. Trypsin/
EDTA and PBS were purchased from Wisent Inc.

RNAi

The siRNA transfections were carried out with Lipo-
fectamine RNAi-MAX (Thermo Fisher, catalog no. 13778100)
in the antibiotic-free medium according to the manufacturer’s
instructions. The sequences for control siRNA was the sense
(5	-UUC UCC GAA CGU GUC ACG UTT-3	) and antisense
(5	-ACG UGA CAC GUU CGG AGA ATT-3	). The sequences
for SOX2 siRNA were: 1) sense (5	-GGUUGACAC CGU UGG

UAA UTT-3	) and antisense (5	-AUU ACC AAC GGU GUC
AAC CTT-3	); and 2) sense (5	-UGC CGA GAA UCC AUG
UAU ATT-3	) and antisense (5	-UAU ACA UGG AUU CUC
GGC ATT-3	). The sequences for TRPS1 siRNA were: 1) sense
(5	-GUC CCU UGA AUG UAG UAA ATT-3	) and antisense
(5	-UUU ACU ACA UUC AAG GGA CTT-3	); and 2) sense
(5	-GCA CAC AGC UGC UAC AAA UTT-3	) and antisense (5	-
AUU UGU AGC AGC UGU GUG CTT-3	). The sequences for
GATA3 siRNA were: 1) sense (5	-CAT CGA CGG TCA AGG
CAA CTT-3	) and antisense (5	-GUU GCC UUG ACC GUC
GAU GTT-3	); and 2) sense (5	-AAC AUC GAC GGU CAA
GGC AAC-3	) and antisense (5	-GUU GCC UUG ACC GUC
GAU GUU-3	).

Gene-expression analysis by quantitative real-time PCR and
Western blotting

Total RNA was prepared with E.Z.N.A.� total RNA kit I
(OMEGA Bio-tek, catalog no. R6834-02), and 2 �g of total RNA
was transcripted into cDNA with PrimeScriptTM RT reagent kit
(Takara Bio, catalog no. RR036A). RT-PCR was carried out as
previously described (38) using specific primers (Table S1).
�-Actin was used as an internal control.

Cell lysates were prepared as previously described (38). The
antibodies used in the Western blots were SOX2 (1:1000, R&D
Systems, catalog no. AF2018), TRPS1 (1:1000, R&D Systems,
catalog no. AF4838), GATA3 (1:1000, Abcam, catalog no.
ab199428), rabbit anti-DDDDK-Tag pAb (1:2500, ABclonal,

Figure 4. TRPS1 suppresses tumor initiation ability by repressing SOX2 expression. A, Kaplan–Meier curves showing the palpable tumor-free survival of
mouse xenografts after subcutaneous injection with the indicated number of MCF-7 cells. The p values were calculated with a log-rank test. B, percentage of
palpable tumor-free mice with subcutaneous injection with the limited number of diluted cells upon silencing TRPS1, SOX2, or both. C, palpable tumor growth
across time. D, tumor volumes at the end point (week 6). Error bars represent means � S.D. One-way ANOVA followed by Newman–Keuls test was used for
statistic quantifications. **, p � 0.01; ***, p � 0.001; ns, not significant.

Table 1
Tumor incidence of MCF7 cells expressing indicated shRNAs

Number of cells
Tumor engraftment rate

shControl shTRPS1 shTRPS1 � shSOX2

5 � 106 7/8 8/8 3/8
5 � 105 4/8 6/8 1/8
5 � 104 1/8 5/8 0/8
p value vs. shControla 0.000107 0.00135
p value vs. shTRPS1a 2e-11

a The p value was obtained by Pearson’s chi-squared test using ELDA software
(40).
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catalog no. AE004), and �-actin (1:5000, ProteinTech, catalog
no. 60008 –1-lg).

ChIP

ChIP assay was performed according to the published
method (39). T47D cells were treated with the siRNAs for 3
days to knock down TRPS1 expression. For each ChIP assay, 30
�l of Dynabeads� (Thermo Fisher) and 3 �g of TRPS1 antibody
were incubated with 50 �l of cross-linked and sonicated chro-
matin. ChIP DNA was purified with a PCR cleanup kit (Axygen)
and measured for enrichment by quantitative real-time PCR.
The primer sequences for SOX2 were sense (5	-GGG GAG
TGA TTA TGG GAA GA-3	) and antisense (5	-CCC TGG
TCT ACC CTT ACT CA-3	), and the primer sequences for
Untr4 were sense (5	-CTC CCT CCT GTG CTT CTC AG-3	)
and antisense (5	-AAT GAA CGT GTC TCC CAG AA-3	).

Luciferase reporter assay

The WT and mutant SOX2 reporter constructs were gener-
ated by ligating synthetic sequences into pGL3-Basic. 293T
cells were seeded in 24-well plates in triplicates, and plasmid
transfection was performed when cells reached 80% conflu-
ency. Luciferase activity was measured after 48 h using the
Dual-Luciferase reporter system (Promega, catalog no. E1910)
according to the manufacturer’s instructions.

Lentivirus plasmid construction and cell transfection

To obtain stable knockdown clones for TRPS1, SOX2, and
the control scrambled shRNA, sequences were cloned into the
pLKO.1 plasmid with AgeI and EcoRI restriction enzymes
(New England Biolabs, AgeI catalog no. R0552L, EcoRI catalog
no. R0101L). The sense strand of the most efficient TRPS–
shRNA sequence was 5	-CCG GGC ACA CAG CTG CTA CAA
ATG CCT CGA GGC ATT TGT AGC AGC TGT GTG CTT
TTT G-3	. The sense strand of the shRNA sequence against
SOX2 was 5	-CCG GCG CTC ATG AAG AAG GAT AAG TCT
CG AGA CTT ATC CTT CTT CAT GAG CGT TTT TG-3	. The
sense strand of the control shRNA sequence was 5	-CCG GTA
AGG CTA TGA AGA GAT ACC TCG AGG TAT CTC TTC
ATA GCC TTA TTT TTG-3	.

293T cells were transfected with the lentivirus vector and
packaging plasmid mixes. Following 48 h of transfection, the
viruses were produced and used for transfection into MCF7
cells. Following 12–16 h of incubation, the viruses were
removed and replaced with fresh RPMI 1640. Stable MCF7 cells
were selected with 2 �g/ml puromycin (InvivoGen, catalog no.
ant-pr-1) for 10 days. To rescue the knockdown phenotype,
shRNA-resistant lines of TRPS1 mutant were generated from
the MCF7 shRNA stable cell lines. For the TRPS1 mutant iso-
form, two silent mutations were introduced in the following
sequence regions: A2521G and T2527A.

Mammosphere assay

MCF7 cells transfected with control shRNA, TRPS1 shRNA,
SOX2 shRNA, or both TRPS1 shRNA and SOX2 shRNA were
cultured at a density of 1,000 cells/ml in suspension in serum-
free Dulbecco’s modified Eagle’s medium/F12 medium (Gibco,
catalog no. 12400-024) supplemented with 20 ng/ml basic

fibroblast growth factor (R&D Systems, catalog no. 133-FB-
025), 20 ng/ml epidermal growth factor (PeproTech, catalog
no. AF-100-15), insulin–transferrin–selenium (Sigma–Aldrich,
catalog no. I3146), and B-27 supplement (Gibco, catalog no.
17504-044). The medium contained 0.5% methylcellulose (R&D
Systems, catalog no. HSC001) for cell aggregation. Primary
mammospheres were harvested and dissociated to single cells,
counted, and reseeded for the second round of mammosphere
formation. The colony numbers were counted manually under
a microscope after 10 days of culturing. Numbers of mammo-
spheres compared with the controls were represented as the
means � S.D. of three independent runs. The scale bar indi-
cates 100 �m.

Flow cytometric analysis

MCF7 cells were resuspended at 1 � 106 cells/100 �l of stain-
ing buffer (1� PBS with 0.5% BSA) and incubated with primary
antibodies for 30 min at 4 °C in the dark. The primary antibod-
ies were PE mouse anti-human CD24 (catalog no. 555428),
APC mouse anti-human CD44 (catalog no. 559942), PE mouse
IgG2a � isotype control (catalog no. 559319), and APC mouse
IgG2b � isotype control (catalog no. 555745) (20 �l/test, BD
Pharmingen). Three control groups were established for the
first sorting: 1) cells labeled with the isotype antibodies of the
above two antibodies, 2) cells labeled with the anti-CD44 –APC
antibody and the isotype control antibody for CD24, and 3) cells
labeled with the anti-CD24 –PE antibody and the isotype con-
trol antibody for CD44. The cells were washed with staining
buffer and centrifuged at 800 � g for 5 min. For flow cytometric
analysis, the cells were resuspended in staining buffer. MCF7
cells were sorted using the BD FACSAriaTM II cell sorter (BD
Biosciences).

In vivo xenograft experiments and animal care

MCF-7 cells were transfected with indicated shRNAs (5 �
104, 5 � 105, 5 � 106 cells, n 
 8/group), suspended in PBS, and
mixed with Matrigel (1:1, BD Biosciences, catalog no. 354234).
Tumor volume was measured every 3 days from the time tumor
was palpable until the animals were sacrificed (week 6). Palpa-
ble tumor volumes and tumor volumes at the end point (week
6) were measured by width and length with a Vernier caliper
and calculated by formula Volume 
 (Length � Width �
Width)/2. SCID mice (BALB/cJNju-Foxn1nu/Nju) were pur-
chased from Nanjing Biomedical Research Institute of Nanjing
University. All animal studies were carried out in accordance
with the guidelines for the care and use of laboratory animals of
Southeast University.

Data mining

The data sets of breast cancer patients were downloaded
from the publicly available GEO databases using the BioProject
ID PRJNA376644. The data were analyzed starting with the
raw FASTQ files. After quality checking, alignment was per-
formed with TopHat, and the reference was GRCh38 (hg38).
The quantification of the genes was carried out with HTseq-
count, and then the differential expression was called with
DESeq.
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