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Abstract
Cancer stem cells (CSCs) play a central role in cancer initiation, progression, therapeutic resistance, and recurrence in
patients. Here we present Capicua (CIC), a developmental transcriptional repressor, as a suppressor of CSC properties in
breast cancer cells. CIC deﬁciency critically enhances CSC self-renewal and multiple CSC subpopulations of breast cancer
cells without altering their growth rate or invasiveness. Loss of CIC relieves repression of ETV4 and ETV5 expression,
consequently promoting self-renewal capability, EpCAM+/CD44+/CD24low/− expression, and ALDH activity. In xenograft
models, CIC deﬁciency signiﬁcantly increases CSC frequency and drives tumor initiation through derepression of ETV4.
Consistent with the experimental data, the CD44high/CD24low CSC-like feature is inversely correlated with CIC levels in
breast cancer patients. We also identify SOX2 as a downstream target gene of CIC that partly promotes CSC properties.
Taken together, our study demonstrates that CIC suppresses breast cancer formation via restricting cancer stemness and
proposes CIC as a potential regulator of stem cell maintenance.

Introduction
CIC is an evolutionarily conserved transcriptional repressor
containing a Sox-like high mobility group (HMG) box. CIC
exists as two major isoforms, the short and long form (CICS and CIC-L, respectively), differing in their N-terminal
region [1]. Besides the HMG box domain, a C-terminal
motif (C1) is also conserved in all CIC proteins and supports efﬁcient DNA binding activity [2]. CIC acts by
binding to T(G/C)AATG(G/A)A sequence in promoter and
enhancer regions of its target genes, thereby repressing their
expression. This repression can be relieved via receptor
tyrosine kinase (RTK)/Ras signaling pathway through
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phosphorylation and, subsequently, degradation and/or
cytoplasmic localization of CIC [1]. RTK signaling-CIC
regulatory switch is essential for cell fate determination, cell
proliferation, and survival of developing and adult tissues of
Drosophila [1]. In mammals, CIC controls multiple essential processes such as lung alveolarization [3], bile acid
homeostasis [4], learning and memory [5], abdominal wall
closure during embryogenesis [6], and T-cell differentiation
[7, 8]. CIC also functions as a tumor suppressor in different
types of cancer, wherein inactivating mutations and/or
reduced expression of CIC are frequently found [9–13].
Moreover, a chromosomal translocation generating the CIC
fusion to DUX4 was identiﬁed in Ewing-like sarcomas,
resulting in upregulation of downstream target genes such
as PEA3 subfamily of ETS transcription factors (ETV1,
ETV4, and ETV5) [14]. In addition, analysis of wholegenome sequences of 560 breast cancers revealed CIC as
one of the 93 protein-coding cancer genes with probable
driver mutation for clonal advantage and mutation processes
[15], leading to a speculation that CIC might also regulate
breast cancer progression. Despite the evidence linking CIC
and cancer, its potential involvement in breast cancer progression remains unknown.
Breast cancer is the leading cause of cancer death in
women, accounting for >40,000 deaths each year. Solid
breast tumors are composed of a heterogeneous population
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of phenotypically diverse cells, with a subset of cancer cells
sharing several properties with normal stem cells. Malignant
tumors, with acquired immortality and invasive ability,
exhibit a biological hierarchy and consist of stem-like cells
that can give rise to descendant cells with self-renewing
mechanisms (so-called the cancer stem cells, CSCs) [16].
Recently, breast CSCs (BCSCs) have been found to play a
critical role in not only tumorigenesis, but also metastasis,
chemotherapy and radiotherapy resistance, and disease
recurrence [17, 18]. In breast cancer, a subpopulation of
cancer cells, CD44high/+/CD24low/−, was able to grow
mammospheres, which are nonadherent spherical cell
clusters enriched in mammary stem/progenitor cells [19].
The fraction of CD44high+/CD24low/− BCSCs was increased
by conventional chemotherapy in advanced breast cancer
patients [20]. In parallel with this notion, paclitaxel and
epirubicin-based chemotherapy enriched drug-resistant cells
expressing aldehyde dehydrogenase (ALDH)-1, another
CSC marker to predict metastasis and poor patient outcome
in breast tumor [21–23]. Several studies have identiﬁed
distinct stem cell-like subpopulations located anatomically
in distinct areas of human breast cancers with distinct levels
of differentiation: CD44high/+/CD24low/− mesenchymal-like
BCSCs primarily localized at the tumor invasive front
adjacent to the tumor stroma, and ALDH+epithelial-like
proliferative BCSCs located more centrally [24].
In this work, we set out to investigate the speciﬁc role of
CIC in breast cancer cells, especially on the regulation of
BCSC-like properties by CIC. Varying CIC expression
affects BCSC-like properties including self-renewal capability, EpCAM+/CD44+/CD24low/− subpopulation enrichment, and ALDH activity without changing colony-forming
and invasive capabilities of breast carcinoma cell lines. We
also provide the molecular basis of the CIC regulation of
BCSC formation and/or maintenance via combined
approaches of transcriptomic analysis and molecular and
cellular genetics.

Results
CIC suppresses self-renewal of BCSCs
Owing to the relevant role of CIC as a tumor suppressor in
cancer progression in a variety of human cancers [9–
11, 25], we reasoned that CIC might also regulate the
progression of breast cancer. To test a tumor suppressive
function of CIC in breast cancer, we generated CICknockdown cell lines by using a CIC shRNA in four breast
cancer cell lines including luminal A MCF-7 and T47D,
basal MDA-MB-231, and HER2-positive SKBR3, which
are representatives of the major molecular subtypes (Supplementary Fig. 1a), and achieved variable CIC protein
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reduction of 63%, 35%, 56%, and 66%, respectively
(Supplementary Fig. 2a). We found that colony formation
and cell growth rate were not signiﬁcantly altered in any of
the cell lines by knockdown of CIC (Supplementary Fig.
1b, c). Moreover, CIC knockdown in neither MCF-7 nor
MDA-MB-231 cells showed signiﬁcant differences of
invasive capability compared with control in the Matrigel
invasion assay (Supplementary Fig. 1d). Therefore, we
sought to investigate other potential determinants of breast
cancer progression, and tested the self-renewal capability of
the mammosphere-forming cells, which are known to cause
tumor initiation, growth, and metastasis, thereby supporting
tumor progression. Interestingly, when control or CIC
shRNA-transfected cells were cultured for 5–7 days in
suspension and then serially passaged to ensure removal of
differentiated cells, the number of secondary mammospheres—or, mammary stem cell self-renewal—increased
by 1.50-, 1.60-, 2.27-, and 1.20-folds in CIC-knockdown
MCF-7, T47D, MDA-MB-231, and SKBR3 cell lines,
respectively, as compared with controls (Supplementary
Fig. 3). Furthermore, a near complete reduction of CIC
expression using CRISPR‐Cas9‐mediated gene knockout
system, which drastically reduced CIC levels by 78%, 91%,
90%, and 93% in MCF-7, T47D, MDA-MB-231, and
SKBR3 cell lines, respectively (Fig. 1a, Supplementary Fig.
2b), resulted in substantial enhancements of self-renewal
capability, as indicated by 1.76-, 1.82-, 2.20-, and 2.02-fold
increases in the number of CIC-knockout secondary mammospheres, respectively, in comparison with respective
control mammospheres (Fig. 1b). In addition, similar to
those observed previously in CIC-knockdown cells, CICknockout breast cancer cells showed nonsigniﬁcant changes
in their colony-forming or invasive abilities (Supplementary
Fig. 4). When Ki-67 nuclear antigen was used as a proliferation marker, almost all cells were stained positively for
Ki-67, and our results showed no signiﬁcant differences in
Ki-67 expression between control and CIC-knockout cells
across all four breast cancer cell lines tested (Supplementary
Fig. 5a). In these proliferating cell fractions, however,
percentage of cells in G2/M phase of the cell cycle was
signiﬁcantly enriched in CIC-knockout cells, demonstrating
an overall increasing trend of induced cell-cycle mobilization from G0–G1 to S/G2/M phases by CIC deﬁciency
(Supplementary Fig. 5b). Concurrently, apoptosis assay
using combined staining with ﬂuorescein‐conjugated
annexin V and propidium iodide (PI) revealed signiﬁcantly
increased percentage of apoptotic cells, especially the late
apoptotic cells (Annexin V+/PI+), in majority of the CICknockout cell lines tested (Supplementary Fig. 6), consequently decreasing percentage of live cells when compared
with control cells. Alternately, overexpression of CIC
decreased self-renewal capability, as demonstrated by the
reduced number of secondary mammospheres (Fig. 1c, d),
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Fig. 1 CIC suppresses selfrenewal capability in breast
cancer cells. a Western blot
analysis for CRISPR-Cas9mediated knockout of CIC in
breast cancer cells (MCF-7,
MDA-MB-231, T47D, and
SKBR3). b Secondary
mammosphere assay of control
and CIC-knockout breast cancer
cells. The bottom panel is a bar
graph for quantiﬁcation of
mammosphere-forming
efﬁciency (MFE) expressed as
fold change of CIC-knockout
relative to control cells. c
Western blot analysis for ectopic
expression of the short and long
forms of CIC in MCF-7 breast
cancer cells. d Secondary
mammosphere assay of control
and CIC-overexpressing breast
cancer cells. The right panel is a
bar graph for quantiﬁcation of
MFE expressed as fold change
of CIC-overexpressing relative
to control cells. At least three
independent experiments were
performed. All error bars show
standard error of the mean. *P <
0.05, **P < 0.01, and ***P <
0.001. The scale bars represent
100 μm. KO CIC knockout,
MDA231 MDA-MB-231.
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despite the comparable number of viable colonies (Supplementary Fig. 7). Since an important feature of CSCs (or
tumor-initiating cells) is enhanced tumorigenic potential in
the xenograft model [26], we injected either control or CICknockout MDA-MB-231 cells prepared by serial dilution
into BALB/c nude mice and compared their tumor incidences. As seen in Table 1, all six mice generated tumors
when injected with 1 × 106 CIC-deﬁcient cells, while

tumors developed in ﬁve out of six animals injected with the
same number of control cells. In addition, when 5 × 103
CIC-knockout cells were injected in mice, one out of four
mice generated tumors. By contrast, none of the mice
injected with 5 × 103 control cells developed tumors.
Therefore, control cells had a CSC frequency of 1/278,866
and CIC-knockout tumors had 1/27,752, resulting in an
approximately tenfold greater tumorigenic potential
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Table 1 Incidence of tumors of control and CIC-knockout MDA-MB-231 cells subcutaneously injected in BALB/c nu/nu mice.
Number of cells
MDA231 cells

1 × 106

5 × 105

1 × 105

5 × 104

1 × 104

5 × 103

1 × 103

CSC frequencya (95% conﬁdence interval)

P value

Control

5/6

5/7

4/6

3/4

0/6

0/4

0/3

1/278,866 (1/527,945–1/147,300)

4.69E−07

CIC KO

6/6

7/7

5/6

4/4

3/6

1/4

0/3

1/27,752 (1/57,304–1/13,440)

a

Calculated using the Extreme Limiting Dilution Analysis Program (http://bioinf.wehi.edu.au/software/elda/index.html).

compared with control. Despite the enhanced tumorigenicity, the average volume of CIC-knockout tumors in
each range of cells was similar to those of respective controls at the end of the study (Supplementary Fig. 8). Taken
together, these ﬁndings conﬁrm the speciﬁc role of CIC in
the regulation of self-renewal capacity and suggest CIC as a
negative regulator of stem cell-like properties.

CIC differentially regulates heterogeneous
subpopulation of BCSCs
To further characterize the biological characteristics of CSClike populations, we evaluated their expression of BCSC
markers: EpCAM+/CD44+/CD24low/−, whose expression in
human tumor specimens endowed tumor-initiating abilities
in vivo [19, 27], and ALDH-positive fraction, whose enzymatic
activity is increased in stem cell populations in different tumor
types [21, 23, 28, 29], as assessed by ﬂow cytometry. We
found that knockout of CIC enriched the EpCAM+/CD44
+/CD24low/− subpopulation of MCF-7 cells not only in
adherent culture condition (2.27-fold increase), but also under
three-dimensional mammosphere culture environment (2.10fold increase) compared with the respective control (Fig. 2a,
Supplementary Fig. 9a). This result was then validated using
another luminal subtype breast cancer cell line, T47D (Supplementary Fig. 10a, b). In addition, knockout of CIC in the
basal-like subtype MDA-MB-231 cells also resulted in signiﬁcantly higher enrichment of nonbasal, stem cell-like populations identiﬁed as EpCAM+/CD44+/CD24low/− in both
adherent and mammosphere culture conditions (Fig. 2b, Supplementary Fig. 9b). It is worthy of note that MDA-MB-231
mammospheres displayed a dramatically decreased EpCAM
expression on their cell surface, as indicated by their strong
tendency towards EpCAM− proportions (Supplementary Fig.
9b). This is consistent with previous reports showing the
association of mammosphere-cultured cells with reduced
EpCAM expression when visualized under a ﬂuorescence
microscope or measured by FACS [30, 31]. Taken together,
our results demonstrate that loss of CIC leads to enhanced
abilities to form mammospheres and self-renew, and indicate
their association with a signiﬁcant proportion of adherent cells
as well as mammospheres enriched in the CSC-like phenotype
EpCAM+/CD44+/CD24low/−. Interestingly, analysis of CIC
expression in breast cancer patients using the TCGA database

revealed that CIC is expressed at lower levels in patient samples with CSC-like feature, characterized by high CD44 and
low CD24 phenotype, than in normal tissue samples or nonCSC-like counterparts (all other CD44 and CD24 phenotypes)
(Fig. 2c). Consistent with this ﬁnding, the diminished expression of CIC in CD44+/CD24− CSC-like subpopulation compared with non-CSC-like fraction was further conﬁrmed at the
protein level (Supplementary Fig. 11). Alternately, a signiﬁcantly greater proportion of the CSC-like samples displayed
low expressions of CIC compared with that of non-CSC-like
samples (Fig. 2d), demonstrating that an inverse relationship
between CSC-like subpopulation and CIC expression status
may be prevalent among patients with breast cancer. More
importantly, and consistent with our in vitro results, the frequency of tumor specimens with high CD44 and low CD24
expressions was greatly higher in patient samples with low
levels of CIC than do samples with high CIC expression (8.5%
versus 3.0%, respectively; Fig. 2e), validating the role of CIC
in repression of CD44+/CD24low/− CSC-like phenotype. On
the other hand, CIC-knockout MCF-7 cells showed a signiﬁcant increase in ALDH activity compared with control cells
(Fig. 2f) while neither MDA-MB-231 nor T47D CIC-knockout
cells did (Fig. 2g, Supplementary Fig. 10c), suggesting that
CIC may regulate different heterogeneous subpopulation of
cells within the CSC-like population in a cell-context dependent manner.

ETV4 and ETV5 enhance BCSC-like properties
To understand the molecular basis of the CIC regulation of
CSC-like properties in breast cancer cells, we examined the
transcriptional proﬁle in the secondary mammospheres of
CIC-deﬁcient MCF-7 and T47D cells by mRNA sequencing.
A total of 287 genes were differentially expressed (201
upregulated and 86 downregulated) in CIC-deﬁcient MCF-7
mammospheres while 1072 genes were differentially expressed (542 upregulated and 530 downregulated) in CIC-deﬁcient
T47D mammospheres when compared with their respective
control mammospheres (Fig. 3a and Supplementary Tables 1
and 2). To assess the concordance between two experiments,
we selected those genes that were either up- or downregulated
commonly in each experiment and identiﬁed 29 upregulated
and 20 downregulated overlapping genes (Fig. 3a). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway and
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Gene Ontology (GO) analyses revealed that both MCF-7 and
T47D CIC-deﬁcient mammospheres differentially expressed
genes that are involved in processes associated with the

previously known CIC functions such as extracellular matrix
(ECM) remodeling, lung development, and autoimmunity
[3, 8] (Fig. 3b, Supplementary Fig. 12, Supplementary
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Tables 3–6). Previously, RNA sequencing analysis of ALDH+
and CD44+/CD24− breast cells showed that genes upregulated in these cells were enriched in pathways related to focal
adhesion and ECM-receptor interactions [31]. ECMinteracting receptors and proteins are known to regulate
stem cell self-renewal and differentiation [32], and integrin
signaling is known to maintain and promote CSC properties
[33]. Similarly, our data showed that CIC-deﬁcient secondary
mammospheres also overexpress genes associated with ECMreceptor interactions (fold enrichment = 17.57, P = 1.17E−3)
and focal adhesion (fold enrichment = 7.42, P = 1.32E−2)
signiﬁcantly (Fig. 3b), providing a corroborative evidence for
the CIC-mediated regulation of BCSCs at transcriptome level.
On the other hand, in cancer cells, several other gene
expression proﬁle analyses have revealed that CIC deﬁciency
dysregulates MAPK pathway, and that this may explain the
CIC deﬁciency-mediated promotion of cancer progression
[6, 34–37]. However, we did not observe any major change in
gene expression pattern of MAPK pathway in CIC-deﬁcient
mammospheres when compared with control mammospheres
(Fig. 3b, Supplementary Fig. 12, Supplementary Tables 3–6),
suggesting that CIC might regulate CSC-like properties in
breast cancer cells independent of the regulation of MAPK
pathway.
In addition, we found that the levels of ETV4 and ETV5,
the most well-characterized CIC target genes, were signiﬁcantly upregulated (fold change = 5.09, P = 1.93E−06
and fold change = 2.87, P = 1.72E−04, respectively) in CICdeﬁcient MCF-7 secondary mammospheres (Supplementary
Table 1) and commonly in CIC-deﬁcient T47D secondary
mammospheres (Supplementary Table 2, fold change = 2.10,
P = 5.41E−03 and fold change = 2.05, P = 5.59E−03,
respectively). We validated the derepression of ETV4 and
ETV5 in CIC-deﬁcient breast cancer cells at protein levels.
Western blot analysis revealed that ETV4 and ETV5 levels
were highly accumulated in all the tested CIC-deﬁcient breast
cancer cells compared with the corresponding controls,
although the degree of derepression was variable among the
cell lines (Fig. 3c). Given that ETV4 and ETV5 have been
implicated in mammary oncogenesis [38], serving as a marker
for tumor aggressiveness [39, 40] as well as an adverse
prognosis factor for survival of breast cancer patients [41],
and in the stemness of embryonic stem (ES) cells [42], we
hypothesized that ETV4 and ETV5 might have the potential
to enhance CSC-like features in breast cancer cells. To prove
this hypothesis, we ﬁrst examined the potential role of ETV4
and ETV5 in mammosphere formation. We generated stable
ETV4- or ETV5-overexpressing cell lines using MCF-7 cells
(Fig. 4a), which displayed the most deﬁnitive correlation
between depression of ETV4 and ETV5 and enhanced stem
cell-like features by CIC deﬁciency. Overexpression of ETV4
and ETV5 increased mammosphere-forming efﬁciency
(MFE) in MCF-7 cells (1.61- and 1.20-fold, respectively; Fig.
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4b). We also observed 1.84- and 1.82-fold increase in the
proportion of EpCAM+/CD44+/CD24low/− subpopulation in
ETV4- and ETV5-overexpressing cells compared with control cells (Fig. 4c). Furthermore, transient overexpression of
ETV4 dramatically increased ALDH activity and exhibited
enhanced MFE compared with control cells (Supplementary
Fig. 13). However, these transiently overexpressing cells
acquired only a limited self-renewal capacity in mammospheres due to the loss of maintenance of strong ETV4
overexpression upon passaging onto secondary mammospheres (Supplementary Fig. 13a), highlighting the importance of continuous expression of ETV4 to induce stem-like
feature. On the contrary, to test whether ETV4 or ETV5 is
necessary to sustain self-renewal capability, we also generated
stable ETV4- or ETV5-knockdown cells using MDA-MB231 cells (Fig. 4d), which highly express ETV4 and ETV5
(Supplementary Fig. 14). Both ETV4- and ETV5-knockdown
MDA-MB-231 cells exhibited reduced self-renewal capability
(Fig. 4e) and EpCAM+/CD44+/CD24low/− subpopulation
formation (Fig. 4f) compared with control cells. Taken together, these data suggest that ETV4 and ETV5 are required for
sustaining BCSC-like properties.

Derepression of ETV4 or ETV5 promotes CSC-like
features in CIC-deﬁcient breast cancer cells
To evaluate whether the enhanced BCSC-like characteristics in CIC-deﬁcient breast cancer cells was through the
effect of derepression of ETV4 and ETV5 on mammosphere formation and/or self-renewal capacity, we performed a functional rescue experiment with ETV4 or
ETV5 shRNA constructs in CIC-knockout breast cancer
cells of luminal subtype, MCF-7 (Fig. 5a). As shown in
Fig. 5b, increased self-renewing mammospheres in CICknockout cells were partially reduced by the knockdown
of either ETV4 or ETV5, with greater rescue effect by
shETV4. Consistently, ETV4 knockdown in the basal-like
breast cancer cell line MDA-MB-231 rescued the number
of self-renewing secondary mammospheres that were
increased by CIC deﬁciency (Supplementary Fig. 15a, b).
Similar to mammosphere data, the increased ALDH
activity in CIC-knockout MCF-7 cells was also partially
rescued by shETV4 (Fig. 5c). Notably, the enrichment of
EpCAM+/CD44+/CD24low/− subpopulation by loss of
CIC was completely rescued by either shETV4 or shETV5
(Fig. 5d) despite the partial reduction of derepressed
ETV4 or ETV5 levels (Fig. 5a), suggesting that this
BCSC-like subpopulation might ﬂuctuate within a certain
narrow range of ETV4 or ETV5 levels, not just in proportion to the levels of ETV4 or ETV5. Overall, these
in vitro studies demonstrate that both ETV4 and ETV5
derepressions are responsible for the enhancement of selfrenewal observed in CIC-deﬁcient cells, with ETV4
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Fig. 4 ETV4 and ETV5 enhance BCSC-like properties. a Western
blot analysis showing ectopic expression of ETV4 and ETV5 in MCF7 cells. The samples were derived from the same experiment and gels/
blots were processed in parallel. b Secondary mammosphere assay of
control, ETV4-, and ETV5-overexpressing MCF-7 cells. The right
panel is a bar graph for quantiﬁcation of MFE expressed as fold
change of ETV4- or ETV5-overexpressing relative to control cells.
c Flow cytometric analysis of control, ETV4-, and ETV5overexpressing MCF-7 cells. Cells were stained with antibodies
against EpCAM, CD44, and CD24. A bar graph for quantiﬁcation of
EpCAM+/CD44+/CD24low/− subpopulation of breast cancer stem-like
cells expressed as fold change of ETV4- or ETV5-overexpressing
relative to control cells in adherent culture condition. d Western blot
analysis showing knockdown efﬁciency of ETV4 and ETV5 in MDAMB-231 cells. The samples were derived from the same experiment

and gels/blots were processed in parallel. e Secondary mammosphere
assay of control, ETV4-, and ETV5-knockdown MDA-MB-231 cells.
The right panel is a bar graph for quantiﬁcation of MFE expressed as
fold change of ETV4- or ETV5-knockdown relative to control cells.
f Flow cytometric analysis of control, ETV4-, and ETV5-knockdown
MDA-MB-231 cells. Cells were stained with antibodies against
EpCAM, CD44, and CD24. A bar graph for quantiﬁcation of
EpCAM+/CD44+/CD24low/− subpopulation of breast cancer stem-like
cells expressed as fold change of ETV4- or ETV5-knockdown relative
to control cells in adherent culture condition. At least three independent experiments were performed. All error bars show standard error
of the mean. *P < 0.05, **P < 0.01, and ***P < 0.001. The scale bars
represent 100 μm. GAPDH glyceraldehyde 3‐phosphate dehydrogenase, MDA231 MDA-MB-231.

effects on promotion and/or maintenance of self-renewing
mammospheres more commonly controlled by CIC in
both luminal-like and basal-like breast cancer cell contexts. The effect of ETV4 derepression on CSC-like
properties was further conﬁrmed in vivo system, wherein
the number of tumors initiated by CIC-deﬁcient cells
(CSC frequency of 1/69,439 in control versus 1/5,843 in
CIC-deﬁcient cells) was signiﬁcantly reduced by knockdown of ETV4 to that of control cells (CSC frequency of
1/58,856 in CIC-deﬁcient ETV4-knockdown cells) (Supplementary Table 7) while tumor volumes remained not
greatly affected (Supplementary Fig. 15c).

SOX2 is a target of CIC contributing to self-renewal
capability of BCSC-like cells
Although our data demonstrate that the enhanced CSC-like
properties in CIC-deﬁcient breast cancer cells are mainly
due to the derepression of ETV4 and ETV5, other factors
could also contribute to this process as downstream targets
of CIC. Therefore, we further investigated to seek out
possible targets of CIC that may regulate CSC-like properties in breast cancer cells. To this end, we searched for
genes involved in regulating and/or maintaining stem celllike characteristics in the list of differentially expressed
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genes in CIC-knockdown MCF-7 secondary mammospheres (Supplementary Table 1). One gene that caught our
attention was SOX2 because of its key role as a promoter of
cell proliferation and tumorigenesis as well as self-renewal

capability during breast cancer progression [43]. Therefore,
we postulated that CIC could suppress mammosphere formation and self-renewal capability partly via regulating
SOX2 expression in some cellular context of breast tumors.
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Indeed, the result from mRNA sequencing analysis was
validated by qRT-PCR and western blot analyses in both
CIC-knockdown and -knockout MCF-7 cell line, revealing
signiﬁcant upregulation of SOX2 mRNA and protein levels
in CIC-deﬁcient cells (Fig. 6a, b). The SOX2 derepression
by loss of CIC, however, was not apparent in either CICknockdown or -knockout T47D cell line (Supplementary
Fig. 16), and SOX2 was not found to be a DEG in our
analysis of T47D CIC-knockdown secondary mammospheres (Supplementary Table 2), exhibiting a cell typespeciﬁc regulation of SOX2 by CIC. In MCF-7 cells,
increase in protein abundance of SOX2 by CIC deﬁciency
was exhibited in both parental adherent cells and mammospheres (Supplementary Fig. 17), the latter of which displayed more robust SOX2 expression especially in
secondary mammosphere culture condition, concordant
with the previous report [43]. The negative regulation of
SOX2 expression by CIC was further reﬂected in our
TCGA analysis of breast cancer patient samples, which
revealed signiﬁcantly higher SOX2 levels in low CICexpressing ER+/PR+/HER2− molecular subtype of breast
tumors, sharing the same ER, PR, and HER2 expression
patterns to those in MCF-7 breast cancer cell line, validating
our in vitro results (Supplementary Table 8). Next, to
conﬁrm that SOX2 truly contributes to mammosphere formation, we generated SOX2-overexpressing MCF-7 cell
line and observed an increased ability to self-renew (Fig.
6c). However, SOX2 overexpression did not signiﬁcantly
enhance ALDH activity (Fig. 6d) and rather decreased the
proportion of EpCAM+/CD44+/CD24low/− subpopulation
(Fig. 6e), suggesting that SOX2 and ETV4/ETV5 have
distinct roles in regulating BCSC-like features. The inverse
correlation between SOX2 and CSC-like subpopulation
distinguished by CD44 and CD24 markers was also
exhibited in patient samples, wherein signiﬁcantly lower
proportion of patient samples with CSC-like feature,
marked by high CD44 and low CD24, displayed high
expressions of SOX2 compared with that of non-CSC-like
samples (Supplementary Fig. 18). Finally, we investigated
how SOX2 is upregulated in CIC-deﬁcient MCF-7 cells.
We ﬁrst examined whether ETV4 or ETV5 induces SOX2
expression. Overexpression of ETV4 or ETV5 did not alter
SOX2 levels (Supplementary Fig 19), indicating that the
upregulation of SOX2 expression was not due to the derepression of ETV4 and ETV5 in CIC-deﬁcient MCF-7 cells.
Moreover, to address the question of whether SOX2 and
ETV4 could promote self-renewal of BCSC-like cells
synergistically, we generated double ETV4- and SOX2overexpressing MCF-7 cell lines and tested for their possible additive effects, or lack thereof, on secondary mammosphere formation. There was no synergistic effect of
ETV4 and SOX2 in promotion of self-renewing mammospheres, as evidenced by comparable secondary
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mammosphere-forming efﬁciencies by double ETV4- and
SOX2- overexpression to that of single overexpression of
ETV4 but greater than that of single overexpression of
SOX2, indicating that the effect of ETV4 may be epistatic
to that of SOX2 (Supplementary Fig. 20). We then examined another possibility that CIC might directly regulate
SOX2 expression. Intriguingly, the promoter sequence
analysis identiﬁed two distinct CIC-binding sites (positions
−833 to −825 and −102 to −94, respectively) within
−2 kb position from the transcription start site of human
SOX2 (Fig. 6f). To test whether SOX2 promoter activity is
regulated by CIC, we constructed series of luciferase
expression vector containing the ~1.4-kb genomic fragment
encompassing the promoter region of SOX2, harboring
either intact or mutated putative CIC-binding sites (Fig. 6f),
and then carried out dual luciferase assays using the constructed reporters. The SOX2 promoter activity was signiﬁcantly suppressed by CIC overexpression in MCF-7
cells (Fig. 6g), consistent with previous observations (Fig.
6a, b). Importantly, when the CIC-binding motif positioned
at −102 to −94 (site 1) was mutated, the CIC suppression
of SOX2 promoter activity was almost completely relived
(Fig. 6g), demonstrating that CIC regulates SOX2 expression via recognizing the site 1, but not site 2, CIC-binding
motif within SOX2 promoter region. Taken together, our
data indicate that SOX2 exerts its self-renewal activity
under the direct regulation of its expression by CIC in
MCF-7 luminal breast cancer cell line.

Discussion
The present study was prompted by a number of consistent
ﬁnding identifying CIC mutations in different cancer contexts [9, 14, 25, 44], and by the accumulating evidence
suggesting that the loss of CIC expression promotes cancer
progression in various types of cancer [6, 10, 11, 13, 25].
However, the role of CIC in breast cancer remains currently
unknown. Herein, we examined the regulatory role of CIC
in breast cancer cells and explored its speciﬁc molecular
mechanism underlying breast cancer progression. While
previous studies have shown that CIC deﬁciency enhances
proliferative as well as migratory and invasive properties in
various types of human cancers [10, 11, 25], the present
study demonstrates that in breast cancer, there is a different
regulatory mechanism in which CIC functions to inhibit
tumor initiation and progression. Our results distinctively
show that neither colony-forming ability nor invasive
potential of breast cancer cells was signiﬁcantly altered by
deﬁciency of CIC. By contrast, our data indicate that CIC
suppresses mainly the BCSC-like phenotypes including
self-renewal capacity and BCSC-like markers. Further, we
have analyzed the TCGA dataset for breast cancer patient
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samples to gain insight into the relevance of CIC deﬁciency
to breast cancer progression in human patients. There was
no signiﬁcant difference in overall or recurrence-free survival between high and low CIC expression among breast
cancer patients (Supplementary Fig. 21a), even when the
data were subdivided according to four major molecular
subtypes of breast cancer (Supplementary Fig. 21b). We
also examined the proportion of patient samples of 1087
breast invasive carcinomas and compared with 112 normal
breast tissue samples according to various expression levels
of CIC and observed no signiﬁcant difference in proportion
levels between normal and cancer tissues (Supplementary
Fig. 21c). When the database was analyzed for comparison
of CIC expression levels between normal and tumor tissue
within the same specimens, only a weak correlation (r =
0.31) was observed (Supplementary Fig. 21d). These results
together with our aforementioned ﬁndings demonstrating
inverse correlation between CIC expression level and breast
tumor specimens exhibiting CSC-like features (Fig. 2c–2e)
suggest that the tumor suppressive function of CIC might be
restricted in CSC-like cells, which occupy a small portion of
tumor burden, in the context of breast cancer.
Our study further supports the role of ETV4 and ETV5 in
promoting cancer progression and proposes that they play
important functions in breast cancer as positive regulators of
cancer stemness/self-renewal capacity and CSC-like subpopulations. In vast majority of studies, functions of PEA3
group transcription factors in the context of cancer progression have focused on their regulation of cell growth and
metastasis [45]. Both the breast cancer cell lines and mouse
models have shown that inhibition of PEA3 group transcription factors suppresses cell proliferation, migration,
and tumor formation [45, 46]. However, derepression of
ETV4 and ETV5 by CIC deﬁciency did not enhance colony
formation or invasion of breast cancer cells, indicating that
the degree of derepression might not be adequate for
enhancing the colony growth and/or invasion activity, but
sufﬁcient for endowing CSC-like properties in CICdeﬁcient breast cancer cells. Akagi et al. have recently
found that ETV4 and ETV5 are expressed in undifferentiated ES cells and involved in their stemness [42].
Meanwhile, previous studies have shown that key characteristics of ES cells are often shared with tumor cells, such
as their self-renewal capacity and gene expression signatures [16, 47]. Therefore, our present data demonstrating
the positive role of ETV4 and ETV5 in CSC-like properties
in breast cancer cells, thereby driving oncogenesis, raises
some interesting possibilities for ETS-related transcription
factors controlling CSC-like behavior in other cancer types.
Recent ﬁndings support the notion that CIC suppresses selfrenewal of stem cells in different cellular contexts, such as
early T-cell precursors derived from hematopoietic stem
cells in the thymus [35] and neural stem cells in the brain
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[48], with the latter work identifying derepression of Ets
factor as the key mechanism underlying CIC-controlled
lineage bias, proliferation, self-renewal, and tumorigenicity
in oligodendroglioma cells. Moreover, when we looked into
the TCGA database for the relationship between expression
levels of ETV4 or ETV5 and CSC-like features in specimens
of breast cancer patients, a higher proportion of samples
with CSC-like phenotype (high CD44 and low CD24
molecular signature) was observed in tumor tissues with
high expression of ETV4 than do samples with low
expression of ETV4 (8.9% versus 4.4%, respectively; Supplementary Fig. 22a). On the contrary, no signiﬁcant correlation was found between ETV5 levels and CSC-like
phenotype (Supplementary Fig. 22b), suggesting that while
ETV4 and ETV5 have redundant functions to promote the
overall self-renewal abilities of BCSC-like cells, ETV4
may be more critically involved in the enrichment
and maintenance of a speciﬁc type of CSC-like cells, the
CD44+/CD24low/− subset.
The present study also conﬁrmed previous studies
reporting that SOX2 promotes BCSC self-renewing
property, as shown by increased ability to generate secondary mammospheres by SOX2 overexpression [43].
Importantly, we found that SOX2 is a direct downstream
target of CIC that is derepressed when CIC is deﬁcient in
MCF-7 cells. Our analysis showed that SOX2 confers
mammosphere-forming ability of MCF-7 cells less signiﬁcantly than does ETV4 (1.13- in comparison with
1.61-fold change, respectively). This suggests that the loss
of CIC and subsequent derepression of SOX2 as well as
ETV4 and ETV5 could each contribute to enhanced selfrenewal property, but indicates ETV4 as the main promoter. Similar to previous reports, we also observed
expression of SOX2 in T47D, although at a very low level
(Supplementary Fig. 14). Despite this observation,
repression of SOX2 expression by CIC solely occurred in
MCF-7 cells but not in T47D (Fig. 6a, b, Supplementary
Fig. 16), suggesting that transcriptional regulatory network of SOX2 governed by the CIC repressor is speciﬁc
to cell type. Our work suggests that while both ETV4 and
SOX2 could promote self-renewal of BCSC-like cells, the
extent in which CIC suppresses self-renewal and BCSClike properties mediated by these factors differ, while
ETV4-mediated CIC effects are prevalent not only on the
self-renewal but also ALDH+ and CD44+/CD24low/−
subpopulation of BCSC-like cells, SOX2-mediated
BCSC-like properties may be limited to the self-renewal
mechanism in a certain type of cells, where SOX2 levels
can be transcriptionally controlled by CIC. In addition,
the inverse relationship of SOX2 expression with CD44
and CD24 expressions as well as with CIC levels only in
ER+/PR+/HER2− tumors indicates that the parallel
restrictive role of SOX2 demonstrated in our in vitro
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system could also exist in breast cancer patients. Furthermore, since it is a well-known fact that SOX2 critically regulates pluripotency in ES cells [49, 50], it will be
imperative for future work to examine whether CIC controls ES cell self-renewal and pluripotency via repression
of SOX2.

Materials and methods
Cell culture
T47D cell line was cultured in RPMI-1640 (Welgene,
Gyeongsan, Republic of Korea), and other breast cancer cell
lines (MCF-7, MDA-MB-231, and SKBR3) and HEK-293T
cells were cultured in DMEM (Welgene, Gyeongsan,
Republic of Korea) at 37 °C in a 5% CO2 incubator. RPMI1640 and DMEM media were supplemented with 10% fetal
bovine serum (FBS) (Welgene, Gyeongsan, Republic of
Korea) and 1% penicillin/streptomycin (Gibco, MA, USA).
All cells were routinely screened and found to be free of
mycoplasma.

Plasmid construction
To construct pGL3-SOX2 promoter, human SOX2 promoter
region (−1361 to +20) was ampliﬁed from MCF-7 genomic
DNA using Pfu-X DNA polymerase (SolGent, Daejeon,
Republic of Korea) and cloned into pGL3-basic vector (Promega, WI, USA). ETV4 and ETV5 coding sequences were
ampliﬁed from cDNA of MDA-MB-231 using Pfu-X DNA
polymerase and cloned into MIGR1-GFP retroviral vector
(#27490, Addgene, MA, USA), or pHAGE lentiviral vector.
SOX2 coding sequences were ampliﬁed from pMXs-SOX2
retroviral vector (#13367, Addgene, MA, USA) using Pfu-X
DNA polymerase and cloned into MIGR1-GFP retroviral or
pHAGE lentiviral vector. shRNAs targeting ETV4 and ETV5
were designed (shETV4; 5′-TGCTGTTGACAGTGAGCGAC
CTGTGTACATATAAATGAATTAGTGAAGCCACAGAT
GTAATTCATTTATATGTACACAGGGTGCCTACTGCCT
CGGA-3′, and shETV5; 5′-TGCTGTTGACAGTGAGCGC
CCAGACAACCTGATGGAACATTAGTGAAGCCACAG
ATGTAATGTTCCATCAGGTTGTCTGGTTGCCTACTGC
CTCGGA-3′) and cloned into MSCV-LMP1066 lentiviral
vector (#24071, Addgene, MA, USA), in which its GFP
sequences had been replaced with mRFP sequences. Construction of pHAGE-FLAG-CIC-S and pHAGE-FLAG-CIC-L
was previously described [11]. Human CIC-S coding sequences was ampliﬁed using primers 5′-GAATTCGGATGTATTC
GGCCCA-3′ and 5′-CTCGAGTCACCTGCCTGTGGCT-3′
(EcoRI and XhoI restriction sites underlined, respectively)
using Pfu-X DNA polymerase and cloned into pMSCV retroviral vector.
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Site-directed mutagenesis
Site-directed mutagenesis was performed using QuickChange II XL Site-Directed Mutagenesis kit (Agilent
Technologies, CA, USA) according to the manufacturer’s
instructions. The primers used for mutagenesis at the site 1
(mut1, −102 to −94) and site 2 (mut2, −833 to −825) CICbinding motifs within the SOX2 promoter are as follows:
mut1 sense; 5′-GCCGGGTTTTGCCCCAAAGGGGGCGG
GGCCTC-3′, mut1 antisense; 5′-GAGGCCCCGCCCCCT
TTGGGGCAAAACCCGGC-3′, mut2 sense; 5′-CATCCC
CTTTGCTACGGTTGGGCGAAGACAGTCTAGTGGG
AGA-3′, and mut2 antisense; 5′-TCTCCCACTAGACTG
TCTTCGCCCAACCGTAGCAAAGGGGATG-3′. Then,
proper mutagenesis at the two sites were veriﬁed by
sequencing.

Generation of lentivirus and retrovirus cell lines
For shRNA-mediated knockdown of CIC, nonsilencing control shRNA (shNC, RHS4346) and shCIC (V3LHS-408353)
expressing lentiviral vectors (pGIPZ) were purchased from
GE Healthcare Dharmacon (CO, USA). How to generate
lentivirus was described previously [11]. Viral supernatants
were collected at 48 h post transfection and used to infect into
the breast cancer cells (MCF-7, MDA-MB-231, T47D, and
SKBR3) preseeded with ~60% conﬂuence. Puromycin
(Gibco, MA, USA) was added to select drug-resistant pools at
48 h post infection. For transient overexpression of CIC-S,
CIC-L, and ETV4, lentivirus was produced by the same
protocol using the cloned pHAGE-FLAG-CIC-S, pHAGEFLAG-CIC-L, pHAGE- ETV4, or pHAGE control plasmid.
Viral supernatants were collected at 48 h post transfection and
used to infect into the MCF-7 cells for 3 sequential days. For
CRISPR-Cas9-medited knockout of CIC, DNA fragment
encoding sgRNA for exon 4 or exon 9 of CIC (sgCICs, 5′CTCTACCGCCCGGAAAACGT-3′ or 5′-GCTGTCCCCAC
TCTCGCTGT-3′, respectively) was cloned into the
lentiCas9-Blast vector (#52962, Addgene) using BsmBI
restriction enzyme site. How to generate lentivirus and viral
supernatants was described previously [10]. Breast cancer
cells (MCF-7, MDA-MB-231, T47D, and SKBR3) were
preseeded with ~60% conﬂuence and infected with viral
supernatants containing CIC exon 4-targeting lentivirus, then
24 h later, followed by infection with CIC exon 9-targeting
lentivirus. Puromycin was added to select drug-resistant pools
at 48 h post infection. The cells were used for further biochemical assays as speciﬁed in each experiment. For stable
overexpression of ETV4, ETV5, and SOX2, retrovirus was
produced by co-transfection of HEK-293T cells with each
retroviral vector (MIGR1-ETV4-GFP, MIGR1-ETV5-GFP,
MIGR1-SOX2-GFP, or MIGR1-GFP control plasmid) and
plasmids for viral particles using FuGENE (Promega, WI,
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USA). Viral supernatants were collected at 48 h post transfection and used to infect into MCF-7 cells preseeded with
~60% conﬂuence. Then, GFP-positive cells were sorted by
ﬂow cytometry after 48 h post infection of retrovirus, and
cultured for at least a week before used for further biochemical assays as speciﬁed in each experiment. For stable
knockdown of ETV4 and ETV5, lentivirus was produced by
the same protocol using the cloned LMP-shETV4-mRFP,
LMP-shETV5-mRFP, or LMP-mRFP control plasmid. Viral
supernatants were collected at 48 h post transfection and used
to infect into the MCF-7 cells. Then, mRFP-positive cells
were sorted by ﬂow cytometry after 48 h post infection of
lentivirus, and cultured for at least a week before used for
further biochemical assays as speciﬁed in each experiment.

Western blot analysis
Western blot analysis was performed as described previously [4]. β-actin or GAPDH was used as a loading control. Generation of rabbit polyclonal anti-CIC antibody was
previously described [4]. Antibodies against β-actin (sc47778) and GAPDH (sc-32233) were purchased from Santa
Cruz Biotechnology (TX, USA). Antibodies against ETV4
(10684-1-AP) and ETV5 (13011-1-AP) were purchased
from Proteintech (IL, USA). Anti-SOX2 antibody (ab97959)
was purchased from Abcam (Cambridge, UK). Proteins
were visualized using Clarity Western ECL Substrate (BioRad, CA, USA) or Dura SuperSignal Substrate (Thermo
scientiﬁc, MA, USA). The western blot images were
obtained using ImageQuant LAS 500 (GE Healthcare Life
Science, PA, USA). For quantiﬁcation of CIC-knockdown
and -knockout efﬁciencies, protein levels for CIC-L and
CIC-S were determined and normalized to GAPDH or
β-actin band intensity by ImageJ software, and their average
values were expressed as relative protein levels of CIC.

Clonogenic assay
For clonogenic assay of CIC-knockdown and -knockout
breast cancer cell lines (MCF-7, MDA-MB-231, T47D, and
SKBR3), 2 × 103 cells were seeded in six well plates and
incubated for 8–11, 8–11, 14–22, or 17 days, respectively.
For clonogenic assay of MCF-7 overexpressing CIC, 2 × 103
cells were seeded in six well plates and incubated for
8–10 days. The cells were stained with formalin/0.1%
crystal violet solution and colonies containing more than 50
cells per colony were counted under Olympus CKX41
microscope and expressed as fold change.

Cell growth assay
CIC-knockdown and -knockout MCF-7 or MDA-MB-231
cells (4.158 × 102 cells) were seeded into each well of 24-well
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plates. The cells were trypsinized, stained with Trypan Blue
(Sigma-Aldrich, MO, USA), and counted for the number of
viable cells using hemocytometer every other day for 8 days
or 11 days for MCF-7 or MDA-MB-231 cells, respectively.

Invasion assay
A 24-well transwell plate (8-μm pore size, Falcon, NY,
USA) was used to measure each cell line’s invasive abilities. Chamber inserts were coated with 16 μl/ml of Matrigel
(BD Biosciences, MA, USA) with DMEM/F12 media
(Gibco, MA, USA) and dried overnight under sterile conditions. Then, 5 × 104 or 5 × 103 of CIC-knockdown and
-knockout cells of MCF-7 or MDA-MB-231, respectively,
were plated in the top chamber 72 or 24 h postserum starvation. The inserts were cultured in a well of 10% FBScontaining media and incubated for 48 h. Then, the inserts
were stained with formalin/0.1% crystal violet solution and
analyzed under ZEISS Axioplan2 microscope. The number
of invaded cells was counted under the microscope in eight
random sites and expressed as fold change. Multiple 5–8
images per insert were acquired for selection of a representative image for each experiment.

Apoptosis assay
Apoptosis assay was carried out using APC Annexin V
Apoptosis Detection Kit with PI (BioLegend) according to
the manufacturer’s guidelines. Brieﬂy, 2.0 × 105 cells were
suspended in Annexin V Binding Buffer, and then stained
with 0.5 μl Annexin V and 1 μl PI in the dark for 15 min at
room temperature. The percentage of nonviable, apoptotic
cells was assessed using ﬂow cytometry.

Mammosphere assay
For mammosphere assay of MCF-7 and T47D breast cancer
cells, nonconﬂuent cells were trypsinized and dispersed into
single-cell suspensions, and then plated at a density of
1.0–2.0 × 103 cells per well in a 96-well ultralow attachment
plate (Corning Inc., Corning, NY, USA) with MammoCult
Basal Medium (STEMCELL Technologies, Vancouver,
BC, Canada) containing 10% MammoCult Proliferation
Supplements (STEMCELL Technologies, Durham, NC,
USA) for 5–7 days. For mammosphere assay of MDA-MB231 and SKBR3 cells, cells were prepared by the same
protocol, plated at a density of 2.0–5.0 × 103 cells per well
in a 24-well ultralow attachment plate, and grown for
7–8 days. Mammospheres >40 μm in size were counted
under Olympus CKX41 microscope and expressed as
fold change. MFE was calculated using the equation: MFE
(%) = (Number of mammospheres per well)/(Number of
cells seeded per well) × 100. At least ﬁve images of the
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random ﬁelds per well were acquired under ZEISS Axioplan2 microscope or LEICA DMIL microscope at ×40
magniﬁcation for selection of a representative image for
each experiment. For secondary mammosphere assay to
determine self-renewal capacity, mammospheres were collected from each well, washed with PBS, and centrifuged at
1000 rpm for 10 min at room temperature. Supernatants
were discarded and pellets were resuspended in 500 µl of
prewarmed 0.5% trypsin/0.2% EDTA and incubated not
more than 5 min in 37 °C prior to neutralization of trypsin
with the media. Cells were pipetted up and down to roughly
disaggregate spheres and passed through a 25 G syringe up
to ﬁve times to obtain single cells. Cells were centrifuged at
1000 rpm for 5 min, supernatants discarded, and pellets
resuspended in 800 μl of the media, and then plated at the
same density used in the primary generation. After
7–10 days, mammospheres were counted by the same
protocol and expressed as fold change.

Xenograft models of BCSC
All animal procedures were approved ethically by the
Pohang University of Science and Technology Institutional
Animal Care and Use Committee. Control and CICknockout MDA-MB-231 cells were grown in adherent
monolayer culture condition, and subconﬂuent (70%) cells
were trypsinized, collected, and suspended in MammoCult/
Matrigel mix (1:1 volume), and the indicated numbers of
mammospheres were prepared by serial dilutions. Then,
100 µl of cells were injected subcutaneously into either
ﬂanks of female BALB/c nu/nu mice of 6–8 weeks old.
Three-to-nine mice that were used in individual experiments
were assigned randomly to the experimental groups. Blinding was not possible in most animal experiments. Tumors
were monitored every 4 days for up to 60 days by observation and palpation. CSC frequency was calculated using
the Extreme Limiting Dilution Analysis (ELDA) program
(http://bioinf.wehi.edu.au/software/elda/) [51]. On the last
60th day, the longest diameter (a) and shortest diameter (b)
of the tumor were measured using a caliper. Tumor volume
was considered equal to (a × b2)/2. Mice were sacriﬁced at
day 61 by cervical dislocation, and tumors were collected
and pictures were taken using 1 × 106 tumors.

Flow cytometry and cell sorting
Nonconﬂuent cells were trypsinized and ﬁltered to produce single-cell suspension, counted, washed with cold
FACS buffer (PBS + 2% FBS) twice, and then stained
with antibodies speciﬁc for human cell surface markers:
anti-CD326-PE (9C4, BioLegend), anti-CD44-BV421
(G44-26, BD Horizon), and anti-CD24-Alexa Fluor 647
(ML5, BD Pharmingen). For staining and analysis of
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secondary mammospheres, MCF-7, MDA-MB-231, or
T47D control and CIC-knockout cells were plated at a
density of 1.0–5.0 × 104 cells per well in a 24-well ultralow attachment plate, and grown by the same protocol as
described earlier. After culture days, mammospheres were
collected and pooled from multiple 12–24 wells, dissociated by trypsinization and repeated pipetting, and
ﬁltered to produce single-cell suspension. Cells were then
counted, washed with cold FACS buffer twice, and then
stained with the same antibodies as described earlier. For
staining and sorting of CSC and non-CSC subpopulations
of MCF-7 cells, a total of 4.0–5.0 × 106 cells were incubated with anti-CD44-BV421 and anti-CD24-Alexa Fluor
647 for 30 min at 4 °C, washed twice, and immediately
sorted using the MoFlo-XDP (Beckman Coulter). For
staining and analysis of RFP-expressing cells, cells were
prepared by the same protocol and stained with antibodies
speciﬁc for human cell surface markers: anti-CD326-APC
(CO17-1A, BioLegend), anti-CD44-BV421 (G44-26, BD
Horizon), and anti-CD24-FITC (ML5, BioLegend). A
total of 1.0 × 105 cells or mammospheres were incubated
with antibodies for 30 min at 4 °C. For staining and analysis of cell cycle, nonconﬂuent cells were harvested and
washed twice with cold PBS, then ﬁxed and permeabilized using Foxp3/Transcription Factor Staining Buffer
Set (eBioscience) according to the manufacturer’s guidelines. Brieﬂy, washed cells were ﬁxed with Foxp3 ﬁxation/permeabilization working solution for 20 min at 4 °C.
Then, the cells were washed with permeabilization buffer,
resuspended, stained with anti-Ki-67-APC (SolA15,
eBioscience), and incubated for 20 min at 4 °C in the dark.
Next, the cells were washed with permeabilization buffer,
resuspended, and subsequently stained with 4,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, MO, USA)
for 3 min at room temperature in the dark. All cells were
analyzed using the LSRFortessa ﬂow cytometer (BD
Bioscience, and data analyzed by FlowJo software (Tree
Star). In FACS plots, isotype controls for each of antibodies were used for separating negative and positive
populations and all gates were based on this method.

Aldeﬂuor assay
Aldeﬂuor assay was carried out using the ALDEFLUOR kit
(StemCell Technologies, Durham, NC, USA), according to the
manufacturer’s guidelines. Brieﬂy, 2.0 × 105 cells were suspended in ALDEFLUOR assay buffer containing ALDH
substrate (BAAA, 1 μmol/l per 1 × 106 cells) incubated for
45 min at 37 °C. As negative control, a fraction from each
sample of cells was incubated with 50 mmol/L of an ALDH
inhibitor, diethylaminobenzaldehyde (DEAB). This results
in a signiﬁcant decrease in ﬂuorescence intensity of ALDH+
cells, and the sorting gates were established using the
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ALDEFLUOR-stained cells treated with DEAB as negative
controls.

RNA sequencing and data analysis
Secondary mammospheres were generated using control
and CIC-knockdown cells, seeded at a density of 1.0 × 104
per well in a 24-well ultralow attachment plate, by the
same protocol as described earlier. After 7 days, secondary mammospheres were collected and pooled from six
separate wells, washed with cold PBS, and centrifuged at
1000 rpm for 10 min at 4 °C. Total RNA was extracted
using TRIzol Reagent (GeneAll, Seoul, Republic of
Korea), according to the manufacturer’s instructions. For
analysis of CIC-knockdown MCF-7 secondary mammospheres, the DNA library for mRNA sequencing was
prepared using a Illumina TruSeq Preparation Kit (RS122-2001) for single, paired-end, and multiplexed
sequencing, and sequenced on a NextSeq 500 sequencer
(Illumina). Tophat (v 2.0.10) was used to map sequencing
reads to mammalian-sized genomes. Assembly of transcripts and identiﬁcation of differentially expressed genes
(DEGs, fold change >1.5 for upregulated, fold change
<0.7 for downregulated; P < 0.05) were conducted by
Cufﬂinks (v 2.1.1). For analysis of CIC-knockdown T47D
secondary mammospheres, DNA library was prepared
using a TruSeq Stranded Total RNA LT Sample Prep Kit
(Gold), and sequenced on the NovaSeq sequencer
accompanying the NovaSeq 6000 S4 Reagent Kit following the manufacturer’s protocols. Trimmed reads are
mapped to reference genome with HISAT2, splice-aware
aligner, and transcript was assembled by StringTie with
aligned reads, for known transcripts, novel transcripts,
and alternative splicing transcripts. DEGs of fold change
(log2) >1.2; P < 0.05 were selected for further analysis.
GO and KEGG enrichment analyses of up- and downregulated genes were generated by the DAVID website,
https://david.ncifcrf.gov/ [52]. GO analysis was done in
terms of biological process, cell component, and molecular function. Raw sequencing and processed RNA
sequencing data from this study have been deposited into
the Gene Expression Omnibus (NCBI) database under
accession number GSE84125.

Dual luciferase assay
To examine the effect of CIC-S on the SOX2 promoter
activity, MCF-7 cells seeded in 24-well plates were transfected with 400 ng of pGL3-basic (normalization control),
pGL3-SOX2, pGL3-SOX2-mut1, pGL3-SOX2-mut2, or
pGL3-SOX2-mut1 + mut2, together with pRL-TK (50 ng)
and either pMSCV control (400 ng) or pMSCV-CIC-S
(400 ng) using FuGENE transfection reagent according to
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the manufacturer’s instruction. The cells were lysed 48 h
later, and luciferase activities were measured using the
Dual-Luciferase Reporter Assay System (Promega, WI,
USA) according to the manufacturer’s protocol.

qRT-PCR
Total RNA was extracted and subjected to cDNA synthesis
by reverse transcription as described previously [10]. SYBR
Green real time PCR mater mix (Toyobo, NY, USA) was
used for qRT-PCR analysis. Expression of each target was
calculated using the 2 − ΔΔCt method and presented as
relative mRNA expression. Primers used for qRT-PCR are
as follows: SOX2 forward; 5′-GGGAAATGGGAGGGGT
GCAAAAGAGG-3′, and reverse; 5′-TTGCGTGAGTGTG
GATGGGGATTGGTG-3′. 18s rRNA forward; 5′-GCAAT
TATTCCCCATGAACG-3′, and reverse; 5′-GGGACTTA
ATCAACGCAAGC-3′.

TCGA database analysis
Gene expression data of cancer and normal cells (normalized RNAseq FPKM-UQ) from breast carcinoma patients
were retrieved from the TCGA database (TCGA-BRCA) for
cancer genomics during the diagnosed period from 1988 to
2013. Gene expression data were available for 1089
patients. Clinical data, including overall survival and
recurrence-free survival, were downloaded from the cBioportal in March 2017 (2016-06-23: the latest updated version). The information of ER, PR, and HER2 status, which
were evaluated by IHC, was collected from the cBioportal.
To compare survival rate and recurrence-free survival rate
according to CIC expression levels, we classiﬁed patients
into the patients with low CIC expression levels (lower
25%, n = 272) or with high CIC expression levels (upper
25%, n = 271). CSC-like subpopulation (n = 66) was
deﬁned as patients with high CD44 (upper 25%) and low
CD24 (lower 25%) expression levels. For overall survival
and recurrence-free survival analyses, Kaplan–Meier plots
were drawn by using OASIS2 [53].

Statistical analysis
Statistical analyses and graphical visualization of obtained
results were performed with GraphPad Prism 7 (GraphPad
Software, Inc., San Diego, CA). For statistical analysis, all
experiments were performed more than three times independently. The quantitative data were compared between groups
using the Student t test (two-tailed, two-sample unequal variance). A value of P < 0.05 was considered to be signiﬁcant.
In bar graphs, bars indicate means and error bars indicate
SEM. In box-and-whisker plots, boxes represent median with
upper and lower quantiles and whiskers represent values of
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maximum and minimum. Statistical differences for comparing
gene expressions, proportions of CSC/non-CSC patients, or
overall/recurrence-free survival were evaluated using the
Mann–Whitney U, Fisher’s exact test, or log-rank (MantelCox) test, respectively. The statistical analyses were performed using python package “scipy”.
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