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SUMMARY
It has been reported that functionally distinct cancer stem cells (CSCs) exist in human bladder cancer (BCa). Here, we found that Sox2, a

transcription factor that is well characterized as a marker for stem cells, is upregulated in bothmouse and human BCa. Sox2 expression is

absent in normal urothelial cells, but it begins to be expressed in pre-neoplastic bladder tumors and continues to be expressed in invasive

mouse BCa. Using s as a reporter of Sox2 transcriptional expression, we demonstrated that Sox2-expressing cells mark a subpopulation of

tumor cells that fuel the growth of established BCa. SOX2-positive cells also expressed other previously reported BCa CSC markers,

including Keratin14 (KRT14) and CD44v6. Ablation of Sox2-expressing cells within primary invasive BCa led to enhanced tumor regres-

sion, supporting the essential role of SOX2-positive cells in regulating BCa maintenance and progression. Our data show that Sox2 is a

marker of bladder CSCs and indicate it as a potential clinical target for BCa therapy.
INTRODUCTION

Bladder cancer (BCa) is the sixth most common malig-

nancy in males worldwide, affecting �429,800 people

annually and is responsible for �165,100 deaths (Torre

et al., 2015). Treatment with chemotherapeutics or surgical

resection for BCa usually fails due to the existence of cancer

stem cells (CSCs). CSCs play a pivotal role in tumor recur-

rence and metastasis and make complete elimination of

the tumor difficult. The ability of these bladder CSCs to

drive cancer initiation and progression make them ideal

targets for anticancer therapies. Improvement in clinical

treatment strategies requires further understanding of the

CSC population and their molecular biology.

Research on the phenotypic and functional properties of

urothelial CSCs has revealed that they are not characterized

by a one-marker-fits-all approach; instead, variousmarkers,

including the aldehyde dehydrogenase 1 family, member

A1 (ALDH1A1), cytokeratin 14 (CK14), and CD44v6, are

used to isolate CSCs frompatient specimens and to success-

fully establish cancer cell lines (Chan et al., 2010; Ho et al.,

2012a). These CSCs appear to differ considerably and may

contribute to the heterogeneity of BCa (Hatina and Schulz,

2012).

The transcription factor SOX2 is a member of the SRY-

related HMG-box (SOX) family. It plays an essential role

in cell fate determination, thereby regulating develop-

mental processes (Sarkar and Hochedlinger, 2013). Aber-

rant expression of SOX2 has been reported in many types

of cancers and is correlated with the presence of CSCs (Fer-

one et al., 2016; Leis et al., 2012; Lundberg et al., 2016). As

for BCa, SOX2 expression is associated with tumor progres-

sion and prognosis (Kitamura et al., 2013; Ruan et al.,
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2013). Nevertheless, SOX2-expressing cells have yet to be

identified in the normal human urothelium, and definitive

proof that SOX2-positive cells correspond to urothelial ma-

lignancies remains elusive.

Here, we provide unequivocal evidence that the expres-

sion of Sox2 is rare in the normal bladder epithelia but

remarkably elevated in BCa of both mouse and human pa-

tient origin. SOX2+ cells isolated from BCa tissue had a

much greater ability to reform secondary tumors in vivo

and spheres in vitro compared with SOX2 cells. Lineage-

tracing experiments showed that SOX2+ cells give rise to

a spectrum of bladder tumors. SOX2+ cells are highly coin-

cident with KRT14- and CD44v6-positive urothelial CSCs.

Furthermore, ablation of SOX2+ cells in BCa by administra-

tion of tamoxifen to Sox2CreER:Rosa-DTA mice led to a

strong regression of invasive BCa. These findings suggest

that SOX2 marks a population of tumor cells necessary

for tumor growth and maintenance in vivo and will inspire

future studies regarding their role in bladder tumorigenesis

and their use in medicine applications.
RESULTS

Sox2 Expression Is Elevated in BCa Tissue

To gain insight into the role of Sox2 in BCa progression

in vivo, we examined its expression in samples from a

cohort of 22 BCa patients by immunohistochemistry

(n = 22) and found Sox2 expressionwas significantly higher

than in the para-tumor samples (n = 7; Figures 1A and 1C).

We further crossed Sox2CreERmicewith R26tdTomatomice and

made use of an N-butyl-N-4-hydroxybutyl nitrosamine

(BBN)-induced bladder carcinogenesis mouse model that
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Figure 1. Sox2 Expression in Normal Bladder Tissue and BCa Samples
(A and B) Quantitative measurement of SOX2 in (A) human and (B) mice bladder tumor tissues (BCa, n = 22 for human samples, and n = 12
for mice samples), hyperplasia tissue (HP, n = 8), and normal tissues (NT, n = 12)/para-tumor tissue (PT, n = 7). The intensities of
immunostaining were quantitatively measured using Image-Pro Plus 6.0 image analysis software. **p < 0.01, Student’s t test and one-way
ANOVA.
(C) Representative image of immunohistochemical staining by SOX2 antibody in both human and mouse BCa samples and hyperplasia
tissue (HP) compared with human para-tumor tissue (PT) and mouse normal bladder tissues (NT).
(D) Permanent labeling of SOX2+ cells by activation of a tdTomato transgene in samples from SOX2CreER;R26tdTomato mouse with tamoxifen
injection at different stages of tumor progression (same sample numbers used as in B). ***p < 0.001 by one-way ANOVA; dashed lines
represent the basement membrane.
(E) Representative sections from the mouse BCa samples were stained by the indicated antibodies.
Scale bars, 50 mm.
shares molecular similarities with the human disease (Wil-

liams et al., 2008). Specifically, urothelial hyperplasia in

mice (n = 8) was induced by administration of BBN for

14 weeks, whereas invasive BCa in mice (n = 12) was

induced by administration of BBN for 26 weeks. We found

that the expression of Sox2 in mice with urothelial hyper-

plasia and mice with invasive BCa was elevated compared

with normal bladder tissue. In fact, Sox2 expression was

hardly detected in the normal bladder tissue in mice but

began to be broadly observed in hyperplasia tissue and

BCa samples, ranging from several scattered cells to aggre-
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gated clusters (Figures 1B and 1C). When tamoxifen was

applied to these tumor-bearing Sox2CreER:R26tdTomato mice

as well as the non-treatment normal control mice, we

found Sox2-tdTomato expression was absent in bladder sec-

tions from normal mice. In contrast, we began to observe

Sox2-tdTomato in hyperplasia tissue and this was readily

observed in BCa samples 3 days after tamoxifen injection

(Figure 1D). Immunofluorescent staining with specific

antibodies for SOX2 showed a bona fide Sox2 expression

indicated by Tomato fluorescence. Moreover, Ki67 (a pro-

liferation indicator) and Uroplakin III (a differentiation



Figure 2. SOX2 Marks BCa-Tumor-Propagating Cells
(A) Representative gating scheme with typical tomato+ and tomato� frequencies for FACS of a BCa tissue from Sox2CreER;R26tdTomato mice.
(B) mRNA levels of Sox2 were examined by qPCR in sorted Tom+/� cells, respectively.
(C and D) Percentage of tumor-free mice 5 weeks after subcutaneous injection of different dilutions of SOX2-positive or -negative cells into
immunodeficient mice in triplicate experiments. In each replicate, 6 mice were used per dilution per condition (SOX2+, SOX2-). Image of a
tumor from one dilution assay is shown in (D). Scale bars, 10 mm.
(E) mRNA levels of Sox2 were examined by qPCR from the tumor samples generated by SOX2+/� cells, respectively.
(F) Tomato-negative (SOX2�) and Tomato-positive (SOX2+) cells were FACS sorted and cultured in stem cell medium. Cultures at 10 days
are shown, and the sphere numbers are plotted. BF, bright field. Scale bars, 250 mm.
(G) Matrigel invasion assays were performed with SOX2+/� cells (36 hr) to examine the effects of Sox2 expression on tumor cell invasion.
Scale bars, 50 mm.
**p < 0.01, ***p < 0.001, t test. All error bars represent the SD of three independent experiments.
indicator) staining showed that SOX2+ cells (Tomato+) do

not overlap with Ki67- and Uroplakin III-expressing cells,

suggesting that SOX2+ cells in BCa may be quiescent and

stem cell-like (Figure 1E).

Sox2 Expression Marks a Tumor-Propagating

Population of BCa

The current gold standard assay to evaluate CSC potential

is to transplant highly purified and properly identified can-
cer cell populations in a limiting dilution fashion into im-

mune-deficient mice to assess their ability to form second-

ary tumors (Beck and Blanpain, 2013). To investigate the

tumorigenicity of SOX2+ cells in BCa, Sox2+ (Tomato+)

and SOX2- (Tomato�) cells were isolated from mice with

invasive BCa samples by flow cytometry (Figure 2A). The

percentage of viable cells was examined using trypan blue

staining for each group to exclude the effect of possible dif-

ferences in cell viability after cell sorting on the following
Stem Cell Reports j Vol. 9 j 429–437 j August 8, 2017 431



Figure 3. SOX2+ Cells Are the Cells of Origin of BCa
(A and B) Representative images of tdTomato-labeled SOX2+, and Laminin (A) or Uroplakin III (B) stained cells at 1, 7, 14, and 21 days
of tracing.
(C) Percentage of the Tom+ cells in the tumor area at each time point after tamoxifen injection, 12 fields for each mouse (3 mice per time
point) were selected for calculation.
(D and E) Representative gating scheme with typical Tomato+ (PE) and CD44v6+ (APC) frequencies for FACS of BCa tissue from
Sox2CreER;R26tdTomato mice.
(F–H) Relative mRNA level of Krt14 and CD44v6 of SOX2+/� cells isolated from BCa tissue from Sox2CreER;R26tdTomato mice. Error bars
represent the SD of three independent experiments. Immunofluorescent staining on invasive BCa sections from mouse (G) and human
patient samples (H), showing the SOX2+ cell population and extensive co-localization with KRT14 or CD44v6.

(legend continued on next page)
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assays (Figure S1). Sox2 mRNA level in sorted tomato cells

was hardly detected by qPCR (Figure 2B). SOX2+ and

SOX2� cells were then injected subcutaneously into im-

mune-deficient mice, and tumor formation was measured

over time. SOX2+ cells exhibited a significantly higher

tumor-propagating potential than the negative cells

comprising the tumor bulk (Figures 2C and 2D). Not

surprisingly, the Sox2 mRNA level was much lower in

SOX2� xenograft samples than in SOX2+ xenografts (Fig-

ure 2E). In addition, these different populations were also

seeded on low-attachment plates in clonogenic densities.

After a 2-week culture period, we found that the SOX2+

cells produced many more spheres with ideal spherical

shape and sharp edges than the SOX2� cells (Figure 2F,

p < 0.01). Fluorescence microscopy also confirmed the

sphere-forming capacity of SOX2+ cells. Moreover, we

also assessed the invasiveness of the two cell types using

a transwell chamber assay. The SOX2+ cells had signifi-

cantly higher invasion potential than SOX2� cells (Fig-

ure 2G, p < 0.001). These results illustrate the clonogenic

potential of SOX2+ cells from BCa in vivo and in vitro.

Genetic Labeling and Lineage Tracing of SOX2+ Cells

in BCa

As shown in Figure 1E, we have generated Sox2CreER:

R26tdTomato mice, and CreER expression is indicated by co-

expression of Sox2 and Tomato in BCa samples. In the

absence of tamoxifen administration, no labeled cells

were observed in anyBCa samples from thesemice, demon-

strating the absence of leakiness in these mice (data not

shown). To investigate the role of SOX2+ cells in tumor

maintenanceandprogression, 12male Sox2CreER:R26tdTomato

micewere exposed to BBN for 24 weeks, followed by a 4-mg

dose of tamoxifen that was administered for 3 consecutive

days. The mice were then killed on successive days

following the tamoxifen regimen (3 mice per time point).

Twenty-four hours after the final tamoxifen injection,

Tomato-labeled SOX2+ cells were evident in the BCa tissue,

and the frequency of positively labeled cells increased

progressively (Figures 3A–3C). Twenty-eight days after the

last tamoxifen injection, more than 50% of tumor cells

were positive for Tomato, indicating that they were derived

from the SOX2+ cells initially marked at the time of the

injections (Figures 3A–3C). Immunofluorescent staining

confirmed that some of these Tomato+ cells still expressed

Sox2 (Figure S2), which further demonstrated the self-

renewal capacity of this population in vivo. To determine
(I) Immunofluorescent staining on invasive BCa sections from mouse
with phosphorylated STAT3 (p-STAT3).
(J) H&E and immunofluorescent staining of BCa sections from mouse a
T cells during the tumor development.
Scale bars, 50 mm.
the relationship with other known CSC markers, we co-

stained with another in vivo CSC marker of BCa, KRT5

(Van Batavia et al., 2014). At the early stages, co-staining

indicated that the SOX2+ cells seemed to arise from these

KRT5+ stem cells. The SOX2+ cells then began to proliferate

and differentiate until, after 28 days, there were large

SOX2+ colonies, ofwhich only some containedKRT5+ cells

(Figure 3A). In contrast, the SOX2+ cells were initially nega-

tive for Uroplakin III 24 hr after the final tamoxifen injec-

tion yet, after 28 days, many of the SOX2+ cells were also

positive for Uroplakin III (Figure 3B). These results support

thenotion that Sox2+ lineages in theBCaare capableof self-

renewal and differentiation.

Previous studies have reported that KRT5+, KRT14+, and

CD44v6+ cells initiate BCa (Papafotiou et al., 2016; Shin

et al., 2014; Van Batavia et al., 2014), and Krt5 expression

absolutely coincidedwithKrt14 expression inBBN-induced

BCa (Papafotiou et al., 2016). To further investigate the rela-

tionship between SOX2+ cells and other reported BCa pro-

genitors, we first analyzed CD44v6 expression in fluores-

cence-activated cell sorting (FACS)-sorted Sox2-Tomato+

cells from BBN-induced BCa tissue and found that more

than 90% of SOX2+ cells also expressed high levels of

CD44v6 (Figure 3D). The CD44v6+ population of cells

was therefore isolated from BCa tissue, and we found that,

of those cells, about 60% were also SOX2+ (Figure 3E). In

addition, we examined the mRNA levels of CD44v6 and

Krt14 in both SOX2+/� cell populations. Using flow cytom-

etry, we found that SOX2+ cells have a significantly higher

expression of both CD44v6 and Krt14 than SOX2� cells

(Figure 3F). We then stained the cells with KRT14 and

CD44v6 antibodies from BBN-induced BCa samples in

mice. Similar to the results of KRT5 staining (Figure 3A),

Tomato+ (SOX2+) cells, after 3 days of tamoxifen injection,

showed a high concurrence with KRT14- and CD44v6-

stained cells. Nearly 100% of SOX2+ cells were also positive

for KRT14 and CD44v6, while about 40% of KRT14-stained

cells and 50% of CD44v6-stained cells were SOX2 positive

(Figure 3G). Double staining of the sections from patient

samples with SOX2 and KRT14 or CD44v6 antibodies

also showed similar results (Figure 3H). Intriguingly, when

a sphere assay was performed using CD44v6+Tomato +

or CD44V4+Tomato� cells respectively, both groups

had the ability to form spheres in vitro, but the

CD44v6+Tomato+ group formed a significantly greater

number of spheres, which were also significantly larger

than the CD44v6+Tomato� group (Figure S3). To explore
, showing the SOX2+ cell population and extensive co-localization

t different stages, showing histological change and infiltrated CD3+
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themechanism of how Sox2 expression regulated the stem-

ness of BCa stem cells, we further investigated the expres-

sion of SOX2 target genes that control tumor proliferation

and metabolism and are also associated with stemness in

other systems. Specifically, we investigated the expression

of the following SOX2 target genes: Igf2bp2,Myef2, St6gal1,

Msi2, Hmga2, Tp63, Ccnd1, Ccnd2, Ccnd3, Cdc25c, Tex15,

Enpp1, Rap2b, Pcdh18, Alcam, Epha7, and Mgll (Boumahdi

et al., 2014; Hutz et al., 2014; Santini et al., 2014). The

mRNA levels of Myef2, St6gal1, Tp63, Ccnd3, Cdc25c,

Pcdh18, and Epha7, were all elevated in CD44v6+/SOX2+

cells compared with CD44v6+/SOX2� cells (Figure S4),

indicating the specificity of the SOX2-regulated genes in

BCa stem cells. These data indicate that SOX2+ cells may

be a subpopulation of KRT14- or CD44v6-marked CSCs

and possibly further enable their stem-like capabilities.

Ho et al. (2012b) have shown that Stat3 activation in

CSCs leads to tumor progression and is colocalized with

KRT14 + CSCs in BBN-induced mouse BCa. To investigate

the possible mechanism of Sox2 activation in BCa CSCs,

we also stained the cells from BBN-induced BCa in mice.

We found that STAT3 signaling was activated in most of

the SOX2+ (Tom+) stem cells in the tumor (84.7% ±

9.1%, Figure 3I). STAT3 signaling in CSCs can be activated

by chemokines such as interferon (IFN)-g, interleukin

(IL)-6 and IL-22 which are released by infiltrated T cells,

other lymphocytes, and tumor cells (Yu et al., 2007). To

explore whether extracellular signaling, especially tumor-

infiltrated lymphocytes, participate in the activation of

Stat3 activation in SOX2+ CSCs, we then examined the

presence of CD3-labeled T cells during BCa tumor develop-

ment. The results showed that lymphocytes were seldom

seen in normal bladder tissue, while CD3+ T cells (and

probably other lymphocytes) were extensively infiltrated

into the tumor microenvironment throughout tumor pro-

gression (Figure 3J).

Ablation of Sox2-Expressing Cells Abrogates BCa

Progression

To further investigate the role of SOX2+ cells in BCa, we

crossed Sox2CreER mice with a Rosa-DTA strain to evaluate

the impact of SOX2+ cell lineage ablation on tumor growth

and progression. We first induced BCa in Sox2CreER:Rosa-

DTAmice using BBN administration for 26weeks. To ablate

the SOX2+ cells, we then injected the mice with tamoxifen

for 3 consecutive days. Two weeks after the injections, we

observed a marked regression in tumor size (n = 4, Figures

4A and 4C), along with a reduction in the KI-67+ cell ratio

in the tumor lesion compared with the control group (Fig-

ures 4B and 4C). Moreover, while there were still KRT14+

and CD44v6+ cells remaining in the tumor lesion after

Sox2 ablation (Figures 4B and 4C), they were present at a

lower percentage than in the control mice. Furthermore,
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an equal number of cancer cells (13 107) from the induced

BCa tissues of Sox2CreER:R26tdTomato and Sox2CreER:Rosa-DTA

mice were transplanted into immune-deficient mice before

treating them with tamoxifen for 3 consecutive days.

After 3 weeks, all 8 recipients injected with BCa cells from

Sox2CreER:R26tdTomato mice formed noticeable tumors (8/8,

Figure 4D), while cells from Sox2CreER:Rosa-DTAmice gener-

ated only a single, small tumor in one nude mouse (1/8;

Figure 4D). These results confirmed that SOX2 marks a

population of tumor cells necessary for tumor growth

and maintenance in vivo.
DISCUSSION

Because cancers have a high hierarchical organization,

mapping the fate of the stem and/or non-stem populations

to determine the direction of hierarchies is important for

cancer therapeutic implications. Many markers of BCa

stem cells in vivo have been reported, which include

CD44, Cytokeratin 5 (Krt5) (Chan et al., 2009; Van Batavia

et al., 2014), Krt14 (Papafotiou et al., 2016), and sonic

hedgehog (Shh) (Shin et al., 2014), all of which are ex-

pressed in the cells that arise from basal urothelium. Our

findings suggest SOX2+ CSCs have a high coincidence

rate with KRT14 and CD44v6+ cells, which indicates that

the SOX2+ population in BCa may also be derived from

the basal layer of the urothelium. However, lineage abla-

tion of SOX2+ cells in BCa did not fully eliminate KRT14-

and CD44-expressing cells, suggesting that SOX2+ stem

cells may be a subpopulation of KRT14+ CSCs. In addition,

CD44v6+/SOX2� cells also showed ability to formed

spheres in vitro (although relative weaker than the SOX2+

cells), indicating it is possible that there are other SOX2�
CSCs in BCa, which will require further investigation.

To our knowledge, there is still not any direct evidence to

support that Krt14 and CD44v6 are regulated by SOX2.

However, SOX2+ cells have been identified as CSCs in the

Shh+ subgroup of medulloblastoma (Vanner et al., 2014),

and SOX2 controls the expression of the Shh in postnatal

neural stem cells and the developing hippocampus (Favaro

et al., 2009). Further, Sox2 is also reported to be regulated by

shh signaling and contributes to the CSCs from non-small-

cell lung cancer (Bora-Singhal et al., 2015). Shh signaling is

also important in promoting the tumorigenicity and stem-

ness of BCa (Islam et al., 2016). All these reports suggest a

close correlation between Sox2-expressing cells and shh-ex-

pressing cells, and their relationship in the context of BCa

stem cells awaits further study.

Our data suggest Sox2 expression is absent in normal ur-

othelial cells of both human and mouse. Understanding

how Sox2 is expression is activated in CSCs of BCa may

be important to interpret the carcinogenesis of BCa in vivo.



Figure 4. Sox2 Lineage Ablation Leads to Regression of Pre-existing BCa
(A) The G/B ratio was calculated as (gross bladder weight/body weight)3 100% and analyzed with Student’s t test for both groups; n = 4,
*p < 0.05.
(B) Quantitative measurement of SOX2, Ki67, KRT14, and CD44v6 expression in bladder tumor tissues (BCa) from Sox2CreER;R26tdTomato(Ctrl)
or Sox2CreER;R26DTA(DTA) mice. Three different areas from each mouse (4 mice per group) were randomly picked, and the intensity of
immunostaining was quantitatively measured using Image-Pro Plus 6.0 image analysis software. *p < 0.05, **p < 0.01, ***p<0.001,
Student’s t test.
(C) Representative histopathology and immunohistochemical staining of tumor tissues with indicated antibodies are shown.
(D) Tumor image showing secondary recipients 3 weeks after subcutaneous injection of the same number of tumor cells from Sox2 Tom or
Sox2 DTA mice into immunodeficient mice.
Scale bars, 50 mm.
Genetic amplification of SOX2 has been reported in some

cancers, including SCCs from lung and esophagus (Bass

et al., 2009). According to the TCGA Bladder Urothelial

Carcinoma (provisional raw data at the NCI), there are

65 BCa patients with amplification of the SOX2 location

(chr3:3q26.33) in a survey of 412 patients (http://

cancergenome.nih.gov/). For transcriptional regulation,

SOX2 can be activated by STAT3 in embryonic cells (Foshay

and Gallicano, 2008), and it cooperates with STAT3 to

initiate malignant transformation in the forestomach (Liu

et al., 2013). In BCa, STAT3 signaling is activated in CSCs

and leads to BCa progression (Ho et al., 2012b). Our data

also suggest a high co-localization of activated STAT3

with SOX2+ cells in BCa. Another possible mechanism of

Sox2 activation is epigenetic regulation; SOX2 can be acti-
vated by JMJD2A (Bouzas et al., 2016), which is the deme-

thylase of H3K9me3 and is often highly expressed in BCa

(Kogure et al., 2013).

In conclusion, our studies shed light on Sox2 as a marker

for stem-like tumor cells of BCa in vivo. How and when

Sox2 expression becomes activated in BCa progression

and whether it is involved in cancer cell fate determination

will be the subject of future investigation.
EXPERIMENTAL PROCEDURES

All animal procedures were performed under a protocol approved

by the Laboratory Animal Center of Anhui Medical University

and in accordance with the NIH Guide for the Care and Use of Labo-

ratory Animals (NIH Publications No. 8023, revised 1978).
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Clinical Sample
Twenty-two human BCa samples were obtained from the Depart-

ment of Urology, Huadong Hospital, Fudan University, with pa-

tients’ informed consent. The pathological condition of the BPH

samples was determined by experienced urologists at Huadong

Hospital. This study was conducted under the approval of Ethics

Committee of Huadong Hospital affiliated to Fudan University.

Statistics
Data are presented as themeans ± SD or SE. All of the statistical an-

alyses were performed using Excel (Microsoft, Redmond, WA) or

Prism (GraphPad Software, La Jolla, CA). The two-tailed Student’s

t test or one-way ANOVAwas used and a p value <0.05 was consid-

ered significant.
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