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ABSTRACT

Sex-determining region Y-box 9 (SOX9), a vital transcription factor, play
important roles in numerous biological and pathological processes. However, the
clinical significance and biological role of SOX9 expression has not been characterized
in human esophageal squamous cell cancer (ESCC). Herein, we found that SOX9 was
markedly upregulated, at both mRNA and protein level, in ESCC cell lines and ESCC
tissues and that SOX9 expression was significantly correlated with tumor clinical
stage, T classification, N classification, M classification, pathological differentiation,
and shorter overall survival. The proliferation and tumorigenicity of ESCC cells were
dramatically induced by SOX9 overexpression but were inhibited by SOX9 knockdown
both in vitro and in vivo. Moreover, we demonstrated that upregulation of SOX9
increased the expression of phosphorylated Akt, the cyclin-dependent kinase (CDK)
regulator cyclin D1, phosphorylated forkhead box O (FOXO0)1, and phosphorylated
FOXO03, but SOX9 downregulation decreased their expression, whereas the levels
of the CDK inhibitors p21°¢r! and p27%r! were attenuated in SOX9-transduced cells.
Taken together, our results suggest that SOX9 plays an important role in promoting
the proliferation and tumorigenesis of ESCC and may represent a novel prognostic
marker for the disease.

INTRODUCTION cell carcinoma (ESCC), which comprises 60—70% of all
cases of esophageal cancer worldwide, is more common

Esophageal cancer is the eighth most frequently in the developing world, especially in China, where cases
diagnosed cancer and the sixth most common cause of account for about 70% of global occurrence [2-4]. The
cancer-related death worldwide [1]. Esophageal squamous prognosis of ESCC is quite poor and the overall five-year
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survival rate is approximately 15%, and most patients die
within the first year of diagnosis [5]. Therefore, there is a
critically urgent need to identify effective diagnostic markers
and targets for esophageal cancer.

Sex-determining region Y-box 9 (SOX9), a member
of the SOX family of transcription factors, contains
high mobility group box DNA-binding domains. It has
been reported that SOX9 plays essential roles in normal
embryogenesis, sterol cell differentiation, chondrogenesis,
neural crest development and differentiation, as well as
in the development of specific cell types and lincages
within the central nervous system, pancreas, prostate,
intestine, skin, pituitary, heart, kidney, and sensory systems
[6-8]. Mutation or abnormal expression of the SOX9
gene contributes to many diseases, such as campomelic
dysplasia and autosomal sex reversal [9-11]. SOX9 is
overexpressed in a variety of malignancies and is associated
with cancer development or progression. For example,
SOXO9 is increased in relapsed hormone-refractory prostate
cancer, and overexpression of SOX9 enhanced the growth,
angiogenesis, and invasion of prostate cancer cells [12].
Xia et al. found that SOX9 is upregulated in pancreatic
ductal adenocarcinoma (PDAC) and is associated with
distant metastasis and unfavorable prognosis, and that
upregulation of SOX9 is significantly relevant to tumor
proliferation and could be a prognostic biomarker for
PDAC [13]. Capaccione and colleagues demonstrated
that SOX9 is overexpressed in lung adenocarcinoma
and induces lung cancer cell motility and invasion [14].
Importantly, targeting SOX9 by either small interfering
RNAs (siRNAs) or microRNAs significantly reduced tumor
cell proliferation and invasion, chondrogenic differentiation
in human mesenchymal stem cells, or resistance to
targeted therapy for lung adenocarcinoma [14—16]. SOX9
is also overexpressed in ovarian cancer and it could be a
possible diagnostic marker of ovarian carcinomas [17].
Collectively, these studies indicate that SOX9 functions
as an oncogene and might represent an anti-cancer target.
However, the clinical significance and biological role of
SOX9 expression in ESCC remain unclear.

In the present study, we reported that SOX9 was
overexpressed in ESCC and was significantly correlated
with high clinicopathological grade and poor prognosis of
ESCC. Furthermore, we demonstrated that overexpression
of SOX9 promoted cell proliferation and tumorigenesis
in ESCC through activation of the Akt signaling pathway.
Taken together, our results indicate that SOX9 might be a
potential biomarker of ESCC diagnosis and a potential target
for ESCC therapy.

RESULTS

SOX9 is overexpressed in ESCC cell lines and
ESCC tissues

(http://cancergenome.nih.gov/) revealed that SOX9 was
significantly upregulated in ESCC tissues compared with
that in non-tumor tissues (non-tumor: n = 9, tumor: n
=70; P =0.0107; Figure 1A). Consistently, we found that
the expression of SOX9, at both protein and mRNA level,
was significantly upregulated in all 11 tested ESCC cell
lines as compared to the two normal esophageal epithelial
cells (NEECs), and in the eight human ESCC samples
as compared to the matched adjacent non-tumor tissues
(Figure 1B-1D and Supplementary Figure 1A-1C),
suggesting that SOX9 is overexpressed in ESCC.

SOXO9 upregulation correlates with poor
prognosis of human ESCC

To determine the association between SOX9
expression and ESCC progression, the expression of
SOX9 was examined by immunohistochemistry (IHC)
in 155 paraffin-embedded, archived clinical ESCC
specimens (Stage I, seven cases; Stage Ila, 70 cases;
Stage IIb, 15 cases; Stage III, 56 cases; Stage IV,
seven cases) (Supplementary Table 1). As shown in
Figure 2A-2B, SOX9 was highly expressed in ESCC
tissues of all stages as compared with the normal
tissues. Furthermore, statistical analyses showed that
SOX9 expression was positively correlated with tumor
clinical stage (P < 0.001), T classification (P = 0.001),
N classification (P < 0.001), M classification (P = 0.006),
and pathological differentiation (P = 0.017) (Figure 2A
and 2B; Table 1 and Supplementary Table 2). Moreover,
SOX9 expression levels were inversely correlated with
overall survival (P <0.001; Figure 2C and Table 1), which
was further confirmed by Spearman correlation analysis
(r=-0.730, P < 0.001; Supplementary Table 2). Notably,
SOXO9 expression also correlated significantly with overall
survival in both the Stage I+ II (n = 77, P < 0.001) and
Stage III + IV subgroups (n = 78, P < 0.001), as well as
inthe T1 + T2 (n =47, P<0.001) and T3 + T4 subgroups
(n=108, P <0.001) (Supplementary Figure 2A-2B). In
addition, univariate and multivariate analyses suggested
that SOX9 expression was an independent prognostic
factor in ESCC (Table 2).

Overexpression of SOX9 promotes cell
proliferation and tumorigenesis of ESCC in vitro

As SOX9 expression was correlated with the
clinical staging and T classification of ESCC (Table 2
and Supplementary Table 2), we further evaluated the
effect of SOX9 on the tumorigenic activity of ESCC
cells. KYSE30 and KYSE140 ESCC cell lines stably
overexpressing SOX9 were established for further
investigation (Figure 3A). The tetrazolium (MTT) assay
showed that ectopic expression of SOX9 significantly
increased the growth rate of the ESCC cells, and the

High-throughput  assessment analysis  using anchorage-independent growth assay showed that ESCC
The Cancer Genome Atlas (TCGA) database cells stably overexpressing SOX9 formed more and larger
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Figure 1: SOX9 is overexpressed in ESCC cell lines and ESCC tissues. A. SOX9 is upregulated in ESCC (P =0.0107; TCGA
database). Bars represent the mean + SD of three independent experiments. B. Western blotting analysis of SOX9 expression in ESCC
cell lines. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as the loading control. NEEC, normal human esophageal
epithelial cells. C. Western blotting analysis of SOX9 expression in paired ESCC (T) and adjacent non-tumor tissue (ANT) specimens.
D. IHC examination of SOX9 protein expression in paired ESCC and adjacent non-tumor tissue specimens.

colonies than the control cells (Figure 3B-3C). There were
significantly more bromodeoxyuridine (BrdU)-positive
cells among SOX9-transduced KYSE30 and KYSE140
cells, whereas the control cells displayed lower BrdU
incorporation rates (Figure 3D). Moreover, flow cytometry
revealed that, when SOX9 was overexpressed, there was a
significant decrease in the percentage of cells in the G1/G0
phase and a dramatic increase in the percentage of cells
in the S phase (Figure 3E). These results indicate that
overexpression of SOX9 promotes the proliferation and
tumorigenicity of ESCC cells in vitro.

Silencing SOX9 decreases cell proliferation and
tumorigenicity of ESCC

Loss-of-function studies using short hairpin RNA
(shRNA) to silence SOX9 expression were performed
to examine whether downregulation of SOX9 would
inhibit ESCC cell proliferation (Figure 4A). As shown in

Figure 4B-4D, silencing SOX9 drastically decreased the
growth rate and anchorage-independent growth capability
of ESCC cells. Furthermore, silencing SOX9 in ESCC
cells dramatically decreased the percentages of BrdU-
positive cells as compared to the control cells (Figure 4D).
Moreover, flow cytometry revealed a significant increase in
the percentage of cells in the G1/GO0 phase and a decreased
percentage of cells in the S phase among the SOX9-silenced
cells as compared with the control cells (Figure 4E). These
results indicate that downregulation of SOX9 suppresses the
proliferation and tumorigenicity of ESCC cells in vitro.

Upregulation of SOX9 enhances the
tumorigenicity of ESCC cells in vivo

The oncogenic role of SOX9 in ESCC progression
was further examined using an in vivo tumor model. As
shown in Figure SA-5C, the tumors formed by SOX9-
transduced ESCC cells were larger and heavier than
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Figure 2: SOX9 upregulation correlates with poor prognosis of human ESCC. A. Representative images of IHC analyses of
ESCC specimens (clinical Stage I-IV tumors) compared with normal esophageal tissue (left, x 200 magnification; right, x 400 magnification).
IHC analyses were performed in two independent experiments on sections from each specimen, with similar results. B. Statistical analyses
of the mean optical density (MOD) of SOX9 staining between normal esophageal tissue and ESCC specimens from different clinical stages.
Bars represent the mean + SD of three independent experiments. *P < 0.05. C. Kaplan—Meier curves from univariate analyses (log-rank)
of patients with low vs. high SOX9 expression. P-values were calculated using the log-rank test.

the vector control tumors, whereas tumors formed by
SOX9-silenced cells were smaller and lighter than the
tumors formed by the control cells. Furthermore, IHC
analysis showed that SOX9-overexpressing tumors had an
increased Ki67 proliferation index, while SOX9-silenced
tumors had fewer Ki67-positive cells (»=0.886; P <0.001;
Figure 5D-5E and Supplementary Figure 3A-3C).
Collectively, these results further support the premise that
SOX9 contributes to ESCC proliferation.

Overexpressing SOX9 activates the Akt signaling
pathway

In an attempt to determine the underlying mechanism
of SOX9 in ESCC progression, gene set enrichment
analysis (GSEA) was performed using the TCGA database
(http://cancergenome.nih.gov). As shown in Figure 6A,
the level of SOX9 was significantly correlated with the
Akt downstream gene signatures, suggesting that SOX9
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Table 1: Correlation between SOX9 expression and clinicopathologic characteristics of ESCC

SOX9
Ch teristi - Chi-square test
aracteristic Low No. cases High No. cases P-value
(%) (%)

Male 54 (34.8) 62 (40.0) 0.105
Gender

Female 24 (15.5) 15(9.7)

X57 41 (26.5) 39 (25.1) 0.811
Age (years)

>57 37 (23.9) 38 (24.5)

I 7 (4.5) 0(0) <0.001

1I 64 (41.3) 21 (13.6)
Clinical stage

III 7 (4.5) 49 (31.6)

v 0(0) 7 (4.5)

T1 8(5.2) 1(0.7) 0.001

T2 27 (17.4) 11 (7.1)
T classification

T3 39 (25.2) 56 (36.1)

T4 4(2.6) 9(5.8)

NO 67 (43.2) 18 (11.6) <0.001
N classification

N1 11 (7.1) 59 (38.1)

MO 78 (50.3) 70 (45.2) 0.006
M classification

M1 0(0) 7 (4.5)

Well 44 (28.4) 26 (16.8) 0.017
Differentiation | Moderate 23 (14.8) 33 (21.3)

Poor 11 (7.1) 18 (11.6)

Alive 31 (20.0) 10 (6.5) <0.001
Survival status

Death 47 (30.3) 67 (43.2)

Table 2: Univariate and multivariate Cox regression analyses of prognostic parameters in patients

with ESCC
Univariate analysis Multivariate analysis
P Relative risk (SE) P Relative risk ~ 95% confidence
interval
Gender 0.019 0.583 (0.231) 0.073 0.651 0.408-1.041
Age 0.900 1.000 (0.001) 0.795 1.000 0.997-1.004
Clinical stage <0.001 2.309 (0.101) 0.024 1.380 1.043-1.825
T classification <0.001 1.869 (0.148) 0.245 1.244 0.861-1.797
N classification <0.001 4.252 (0.209) 0.47 0.68 0.239-1.936
M classification <0.001 7.049 (0.449) 0.050 2.688 0.999-7.234
Differentiation <0.001 1.901 (0.126) <0.001 1.689 1.292-2.208
Tumor size <0.001 1.023 (0.004) 0.005 1.014 1.004—-1.024
Expression of SOX9 <0.001 6.144 (0.21) <0.001 3.699 2.049-6.677
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Figure 3: Overexpression of SOX9 promotes cell proliferation and tumorigenesis of ESCC in vitro. A. Western blotting
analysis of SOX9 expression in ESCC cell lines. B. Effects of SOX9 on cell proliferation as analyzed by MTT assay. C. Representative
micrographs (left) and quantification (right) of colonies formed by cells as determined by anchorage-independent growth assay.
D. Representative micrographs (left) and quantification (right) of BrdU incorporation assay. E. Cell cycle progression as measured by
flow cytometry. All experiments were performed using KYSE30 and KYSE140 cells stably overexpressing SOX9 or pMSCV-vector. Bars

represent the mean + SD of three independent experiments. *P < 0.05.

might be involved in the activation of Akt signaling.
Furthermore, the expression of p21°P! and p27%P!, at both
protein and mRNA level, was significantly downregulated
in SOX9-overexpressing cells, but cyclin D1 expression
was upregulated. Conversely, expression of p21“®! and
p27%P! was increased in SOX9-downregulated cells,
while that of cyclin D1 was decreased (Figure 6B—6D).
Moreover, the expression of phosphorylated Akt (p-Akt),
the upstream regulator of p21¢P!, p27%P! and cyclin
DI, was dramatically elevated in SOXO9-transduced
cells but reduced in SOX9-silenced cells (Figure 6B).
Overexpressing SOX9 dramatically increased the levels
of phosphorylated forkhead box O (FOXO) 1 (p-FOXO1)
and FOXO3 (p-FOXO03), the downstream factors of

Akt (Figure 6B), but silencing SOX9 decreased them.
Importantly, the stimulatory effect of SOX9 on the
proliferation of ESCC cells was drastically reduced upon
treatment with an Akt inhibitor (Figure 6E), demonstrating
that functional Akt activation is vital to the biological
effects of SOX9 in ESCC cells.

DISCUSSION

In the present study, we provide evidence confirming
the association between SOX9 expression and ESCC
progression. SOX9 was upregulated at both mRNA and
protein level in ESCC and SOX9 levels were correlated
with poorer overall survival. Furthermore, we found that
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Figure 4: Silencing SOX9 suppresses the proliferation of ESCC cells. A. Western blotting analysis of SOX9 expression in ESCC
cell lines. B. Effects of SOX9 on cell proliferation as analyzed by MTT assay. C. Representative micrographs (left) and quantification (right)
of colonies formed by cells as determined by anchorage-independent growth assay. D. Representative micrographs (left) and quantification
(right) of the BrdU incorporation assay. E. Cell cycle progression as measured by flow cytometry. All experiments were performed using
KYSE30 and KYSE140 cells in which SOX9 had been stably silenced or which expressed RNA interference (RNAi)-vector. Bars represent

the mean + SD of three independent experiments. *P < 0.05.

overexpression of SOX9 promoted the proliferation and
tumorigenicity of ESCC cells both in vitro and in vivo
but that knockdown of SOX9 inhibited it. Therefore,
our results demonstrate that upregulation of SOX9 plays
important roles in promoting ESCC progression.

ESCC, the most prevalent esophageal cancer
subtype, has poor prognosis and a high mortality rate,
and is more common in the developing countries,
including China. It has been reported that China has both
the highest ESCC morbidity and mortality worldwide,
numbering 167,200 and 145,900 cases, respectively [3].
The high mortality of ESCC is mainly due to a lack of

reliable methods for detecting the disease at the early
stage [5]. Recently, numerous studies aimed to explore
early predictive markers for early diagnosis of ESCC.
Adenosine deaminase acting on RNA 1 (4DARI),
significantly overexpressed in ESCC, was reported as a
potential biomarker of ESCC diagnosis and prognosis and
as a new molecular therapeutic target [17]. Wang et al.
demonstrated the association of Golgi phosphoprotein 3
(GOLPH3) with ESCC progression, cell differentiation,
and survival, and concluded that GOLPH3 was a possible
diagnostic and prognostic marker of ESCC [18]. Other
studies have found that microRNAs, such as miR-31,
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miR-183, miR-25, and miR-100, could also serve as
useful biomarkers for diagnosing ESCC [19, 20]. Our
study shows that SOX9 was upregulated in ESCC and
was correlated with the malignant features of ESCC,
such as clinical stage, tumor-nodes-metastasis (TNM)
classification, tumor differentiation, tumor size, and
survival, indicating that SOX9 could serve as a useful
diagnostic and prognostic biomarker.

SOX9, a transcription factor essential for both
sex and skeletal development, has been reported as an
oncogenic gene or tumor suppressor, and it plays essential
roles in various tumors. For example, SOX9 is upregulated
in multiple malignancies, including prostate cancer,
ovarian cancer, colorectal cancer, and hepatocellular
carcinoma [12, 21-23]. SOX9 overexpression leads to
the inhibition of T-cell factor (TCF)-binding activity and
suppression of B-transducin repeat—containing protein
(B-TrCP)-mediated protein degradation, promoting nuclear
expression of glioma-associated oncogene homolog 1
(GLI1), resulting in enhancement of cancer stem cell
properties [24]. However, paradoxical studies about SOX9

expression and function in tumors remain. Overexpression
of SOX9 inhibits the growth and tumorigenicity of
prostate cancer cells, attenuates melanoma cell growth,
and restores sensitivity to retinoic acid treatments [25, 26].
Jay et al. found that upregulation of SOX9 repressed the
expression of the human carcinoembryonic antigen (CEA)
gene, which is overexpressed in many tumors and could
be used as a clinical biomarker for tumor diagnosis, and
consequently led to apoptosis of colon cancer cells [27].
However, the expression and function of SOX9 in ESCC
has not been elucidated.

Barrett’s esophagus (BE) can evolve to esophageal
adenocarcinoma (EAC) through low-grade dysplasia and
high-grade dysplasia (HGD), and SOX9 expression is
significantly increased in the upper crypt epithelial cells
in HGD [28]. Furthermore, Clemons and colleagues
demonstrated that SOX9 is sufficient for driving columnar
differentiation of squamous epithelium and the expression
of an intestinal differentiation marker, reminiscent of BE
[29]. These results suggest that SOX9 may be an important
early event in the development of BE and/or EAC. In our
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larger than 0.1 mm in diameter were scored. Bars represent the mean = SD of three independent experiments. *P < 0.05.

study, SOX9 was also markedly expressed in early-stage
ESCC tissues (Stage 1) as compared with normal tissues,
suggesting that upregulation of SOX9 might be involved
in the initiation of ESCC. Therefore, investigating the
clinical significance of SOX9 in esophageal dysplasia
and the biological role of SOX9 upregulation in the
proliferation of normal squamous epithelium further
would be worthwhile, as it might represent a novel
predictor of ESCC.

The phosphoinositide 3-kinase (PI3K)/Akt
pathway is a major signaling cascade that is activated

in a large variety of human cancers [30]. Our study
demonstrates that SOX9 dramatically activated the PI3K/
Akt signaling pathway, followed by the upregulation
of p-Akt, cyclin D1, p-FOXO1, and p-FOXO3, and the
downregulation of p21°! and p27%P!) resulting in the
promotion of ESCC proliferation and tumorigenicity.
As activation of the PI3K/Akt pathway also induces a
series of genes involved in metastasis, angiogenesis,
or other malignant characteristics [31, 32], it would be
interesting to investigate the potential function of SOX9
in ESCC angiogenesis or other neoplastic function further.
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SOXO9 is correlated with multiple malignant characteristics
and exhibits several pro-oncogenic properties, including
the ability to promote proliferation, inhibit senescence,
and collaborate with other oncogenes in malignant
transformation [33]. Furthermore, knockdown of SOX9
expression reduces the invasiveness and metastasis of
colon cancer cells [34]. Liu et al. found that overexpression
of SOX9 in U251 glioma cells significantly increased cell
migration and invasion [35]. Capaccione and colleagues
found that SOX9 participates in Notch-1-induced lung
cancer cell motility, cell invasion, and loss of E-cadherin
expression [14]. These results indicate that SOX9 is
involved in cancer invasion and metastasis. Consistently,
we found that SOX9 expression was positively correlated
with N classification (P < 0.001) and M classification
(P = 0.006) (Supplemental Table 2 and 3), suggesting
that SOX9 might play roles in ESCC cell invasion or
metastasis. Collectively, the function of SOX9 in tumors is
paradoxical and complicated, suggesting a corresponding
complex regulatory mechanism.

The cause of SOX9 deregulation in cancer
is another issue of interest. Cai et al. reported that
SOX9 is a major downstream effector of avian v-ets
erythroblastosis virus E26 oncogene homolog (ERG)
in prostate cancer, resulting in neoplasia in murine
prostate and in the stimulation of tumor growth
and invasion [36]. In esophageal cancer, the Hippo
coactivator Yes-associated protein 1 (YAP1) upregulates
SOX9 transcription by binding to the SOX9 promoter,
upregulating SOX9 expression, followed by the
acquisition of cancer stem cell properties [37]. Via ECR
Browser analysis, we also found multiple potential
transcriptive binding sites for various transcriptors,
including FOXOs, signal transducer and activator of
transcription proteins (STATs), activation protein-1
(AP1), and GATA. Collectively, the mechanism of SOX9
upregulation in ESCC warrants further exploration,
and it might be helpful for studying SOX9 network
regulation.

MATERIALS AND METHODS

Cell lines and culture

Primary cultures of normal esophageal epithelial
cells (NEEC) were established from fresh specimens of the
adjacent noncancerous esophageal tissue, which is over 5 cm
from the cancerous tissue, according to previous report [38].
The ESCC cell lines, purchased from Bogoo Co. (Shanghai,
China), including EC18, KYSE30, KYSE140, KYSE180,
KYSE410,KYSE510, KYSE 520, 108Ca, TE-1, ECal09,
EC18 and HKESC1 were grown in DMEM medium
(Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (Invitrogen) and 100 pg/ml penicillin,
and 100 pg/ml streptomycin (Invitrogen) at 37°C in a
humidified atmosphere containing 5% CO,.

Patient information and tissue specimens

The current study was conducted using eight
pairs of matched ESCC tissues and the adjacent non-
cancerous tissues and 155 paraffin-embedded samples
histopathologically and clinically diagnosed with ESCC
from 2001 to 2006 at the Shenzhen People’s Hospital
in patients who had undergone esophageal cancer
resection prior to the administration of chemotherapy
(Supplementary Table 1). The ESCC and carcinoma-
adjacent samples were obtained from resected tumors and
the adjacent non-tumor esophageal tissues, respectively,
and confirmed by pathological review. All samples
were obtained from the Shenzhen People’s Hospital
Tissue Bank and coded anonymously in accordance
with local ethical guidelines. We obtained approval
from the Shenzhen People’s Hospital Review Board and
obtained informed patient consent in accordance with the
Declaration of Helsinki. ESCC specimens were staged in
accordance with American Joint Cancer Committee/Union
Internationale Contre le Cancer classification guidelines.
ESCC specimen grading and histopathology subtyping
were based on World Health Organization criteria. The
eight ESCC biopsy samples and their matched adjacent
noncancerous esophageal tissues were frozen in liquid
nitrogen and stored.

RNA extraction and real-time reverse
transcription (RT)-PCR

Total RNA from cells and tissues was extracted
using TRIzol reagent (Invitrogen Life Technologies,
Ontario, Canada). The qPCR primers for amplifying
SOX9 were designed using the qPrimerDepot website
(http://primerdepot.nci.nih.gov/). The SOX9 primers were:
forward, 5'-GTGGTCCTTCTTGTGCTGC-3' and reverse,
5'-GTACCCGCACTTGCACAA C-3'; the glyceraldehyde
3-phosphate dehydrogenase (GAPDH) primers were:
forward, 5'-ATTCCACCCATGGCAAATTC-3’ and
reverse, 5'-ATTCCACCCATGGCAAATTC-3". The qRT-
PCR was carried out using FastStart Universal SYBR
Green Master (ROX; Roche, Toronto, Canada) on a
Bio-Rad CFX96 qRT-PCR detection system (Bio-Rad
Laboratories, Hercules, CA, USA). For PCR amplification
of cDNA, an initial amplification using specific primers
was done with a denaturation step at 94°C for 10 min,
followed by 30 cycles of denaturation at 94°C for 45 s,
primer annealing at 58°C for 30 s, and primer extension
at 72°C for 25s. Upon completion of the cycling steps,
a final extension at 72°C for 6 minutes was done before
the reaction was stored at 4°C. CFX Manager software
(Bio-Rad Laboratories) was used to calculate the threshold
cycle (Ct) value for GAPDH and SOX9 during the log
phase of each cycle. Expression data were normalized
to the geometric mean of housekeeping gene GAPDH to
control the variability in expression levels and calculated
ag 27{(CtofSOX9)~(CLof GAPDH)] '\where Ct represents the threshold
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cycle for each transcript. To minimize experimental
variability, each sample was tested in triplicate and the
mean femtogram expression level was calculated.

Plasmids and retroviral infection

A SOXO9 expression construct was generated by
subcloning PCR-amplified full-length human SOX9
cDNA into the pMSCV vector. For depletion of SOX9 to
silence endogenous SOXO9, a short hairpin RNA (shRNA)
oligonucleotides were cloned into the pSuper-retro-puro
vector to generate pSuper-retro-SOX9-RNAi. Stable cell
lines expressing SOX9 and SOX9-shRNA were generated
via retroviral infection using HEK293T cells as previously
described [39] and selected with puromycin (0.5 pg/ml)
48 h after infection, for 10 days.

Western blotting analysis

Total protein was extracted from whole cells
and 20 pg isolated protein was separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis
and eclectroblotted onto a polyvinylidene fluoride
membrane (Bio-Rad Laboratories, Hercules, CA, USA).
The membrane was probed with anti-SOX9 (56KD)
mouse monoclonal antibody (1:500; #ab76997,
Abcam, Cambridge, MA, USA), anti-p-Akt(#4056),
anti-Akt(#9272), anti-p21(#2947), anti-p27(#3686),
anti-CyclinD1(#2922), anti-p-FOXO1(#9461), anti-
FOXO1(#9454), anti-p-FOXO3(#9465) or anti-
FOXO3(#2472) (Cell Signaling, Danvers, MA, USA).
The membranes were then stripped and reprobed with
an anti—a-tubulin mouse monoclonal antibody (1:1000;
#2125; Cell Signaling, Danvers, MA, USA) as the
loading control. Bound antibodies were visualized using
an enhanced chemiluminescence system (Amersham
Pharmacia Biotech, Diibendorf, Switzerland).

Immunohistochemistry (IHC)

Formalin-fixed paraffin-embedded tissues were
analyzed using immunohistochemical staining as previously
described [21], using anti-SOX9 antibody (#ab76997,
Abcam) with a dilution rate of 1:50. Two independent
pathologists uninformed of the histopathological features
and patient data of the samples separately reviewed and
scored the degree of immunostaining of the sections.
Scores were determined by combining the proportion of
positively stained tumor cells and the staining intensity.
The scores assigned independently by the two pathologists
were combined into a mean score for further comparative
evaluation. Tumor cell proportions were scored as follows:
0 (no positive tumor cells); 1 (< 10% positive tumor cells);
2 (10-35% positive tumor cells); 3 (35-75% positive tumor
cells), or 4 (> 75% positive tumor cells). Staining intensity
was graded as follows: 1 (no staining); 2 (weak staining =
light yellow); 3 (moderate staining = yellow brown), or

4 (strong staining = brown). The staining index (SI) was
calculated as the product of the staining intensity score and
the proportion of positive tumor cells. Using this assessment
method, SOX9 expression in ESCC was evaluated using
the SI (scored as 0, 1, 2, 3,4, 6, 8,9, or 12). A SI score
> 6 indicated high expression, while scores < 6 indicated
low expression.

IHC staining of the tumor and normal tissues
was analyzed quantitatively using an AxioVision Rel.
4.6 computerized image analysis system (Carl Zeiss,
Oberkochen, Germany). Stained sections were evaluated
at x 200 magnification; 10 representative fields from each
section were analyzed to obtain the mean optical density
(MOD), which represents the strength of staining signals
as measured per positive pixels [40—42]. In brief, the
stained slides were evaluated at 200x magnification using
the SAMBA 4000 computerized image analysis system
with Immuno 4.0 quantitative program (Image Products
International, Chantilly, Virginia). Ten representative
staining fields of each tumor sample were analyzed to
determine the Mean Optical Density (MOD), which
represents the concentration of the stain as measured per
positive pixels in the whole tissue. A negative control
with each batch of staining was used for background
subtraction in the quantitative analysis. The MOD data
were statistically analyzed using #-test to compare the
average MOD difference between different group of
tissues, P < 0.05 was considered significant.

3-(4, 5-Dimethyl-2-thiazolyl)-2, 5-diphenyl-
2H-tetrazolium bromide (MTT) assay

Cells were seeded in 96-well plates at initial
density of (0.2 x 10%well). At each time point, cells were
stained with 100 pl sterile MTT dye (0.5 mg/ml, Sigma)
for 4 h at 37°C, followed by removal of the culture
medium and addition of 150 pl of dimethyl sulphoxide
(DMSO) (Sigma, St. Louis, MO, USA). The absorbance
was measured at 570 nm, with 655 nm as the reference
wavelength. All experiments were performed in triplicates.

Anchorage-independent growth ability assay

Five hundred cells were trypsinized and suspended
in 2 ml complete medium plus 0.3% agar (Sigma, Saint
Louis, MI). The agar-cell mixture was plated on top of a
bottom layer with 1% agar completed medium mixture. At
10 days, viable colonies larger than 0.1 mm were counted.
The experiment was performed for three independently
times for each cell line.

Bromodeoxyuridine labeling and
immunofluorescence

Cells were plated on coverslips (Fisher, Pittsburgh,
PA). After 24 hours, cells were incubated with
bromodeoxyuridine (BrdUrd) for 1 h and stained with
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anti-BrdUrd antibody (Upstate, Temecula, CA, USA)
according to the manufacturer’s instruction. Gray level
images were acquired under a laser scanning microscope
(Axioskop 2 plus, Carl Zeiss Co. Ltd., Jena, Germany).

Flow cytometry analysis

Cells were harvested by trypsinization, washed with
PBS, and fixed in 80% ice-cold ethanol in PBS. The cells
were then pelleted and resuspended in cold PBS. Bovine
pancreatic RNAase (2 pg/ml, Invitrogen) was added and
cells were incubated at 37°C for 30 min. Propidium iodide
(10 pg/ml, Invitrogen) was added and incubated for 30 min
at room temperature. 3 x 10* cells were analyzed by flow
cytometry (FACSCalibur; BD Biosciences, San Jose, CA,
USA). All experiments were performed in triplicates.

Cell Treatments

Akt Inhibitor MK-2206 (1 uM; Selleck Chemicals,
Houston, TX, USA) was dissolved in dimethyl sulfoxide.
Single-cell suspension at a density of 500 cells per well
was seeded in six-well plates. On the second day, cells
were treated with the Akt inhibitor MK-2206 (1.0 uM).
The medium was replaced with fresh medium containing
MK-2206 every 3 days. At 10 days, viable colonies that
were larger than 0.1 mm were counted. The experiment
was performed for three independently times for each cell
line.

Xenografted tumor model

Female BALB/c-nu mice (4-5 weeks of age, 18-20g)
were purchased from the Center of Experimental Animal
of Guangzhou University of Chinese Medicine. All
experimental procedures were approved by the Institutional
Animal Care and Use Committee of Southern Medical
University. The BALB/c nude mice were randomly divided
into two groups (n = 5/group). One group of mice was
inoculated subcutaneously with KYSE30/Vector cells
(5 x 10 in the left dorsal flank and with KYSE30/SOX9
cells (5 x 10°) in the right dorsal flank per mouse. Another
group was inoculated subcutaneously per mouse with
KYSE30/RNAI Vector cells (5 x 10°) in the left dorsal flank
and with KY'SE30/ SOX9 RNA.i cells (5 x 10°) in the right
dorsal flank. Tumors were examined twice weekly; length,
width, and thickness measurements were obtained with
calipers and tumor volumes were calculated. Tumor volume
was calculated using the equation (L * W?)/2. On day 27,
tumors were detected by an IVIS imagining system
(Caliper), then animals were euthanized, tumors were
excised, weighed and paraffin-embedded. Serial 6.0 pm
sections were cut and subjected to [HC and H&E staining.
After deparaffinization, sections were IHC analyzed using
an anti-Ki67 antibody (Dako, Denmark, Glostrup) or H&E
stained with Mayer’s hematoxylin solution. The images
were captured using the AxioVision Rel.4.6 computerized

image analysis system (Carl Zeiss). Proliferation index was
quantized by counting proportion of Ki67-positive cells.

Statistical analysis

The relationship between SOX9 expression and
patient age, sex, tumor stage, TNM classification,
histological differentiation, tumor size, degree of invasion,
and patient overall survival was studied using Pearson’s
chi-square test and Spearman correlation analysis.
Survival curves for patients with high and low SOX9
expression were plotted using the Kaplan—-Meier method;
statistical differences were compared using log-rank
testing. Univariate and multivariable survival analysis
was performed using Cox regression analysis. P < 0.05
was considered statistically significant. All statistical
analyses were performed using SPSS 13.0 (SPSS Inc.,
Chicago, IL, USA).

ACKNOWLEDGMENTS

This work was supported by grants from the Science
and Technology Planning Project of Guangdong Province,
China (No. S2013010015599, 2011B031800100);
National Natural Scientific Foundation of China
(No. 81272196, 81325013, 81272198, U1201121).

CONFLICTS OF INTEREST

The authors declare no competing interests.

REFERENCES

1. Zhang Y. Epidemiology of esophageal cancer. World
journal of gastroenterology: WJG. 2013; 19:5598-5606.

2. Conteduca V, Sansonno D, Ingravallo G, Marangi S,
Russi S, Lauletta G, Dammacco F. Barrett’s esophagus and
esophageal cancer: an overview. International journal of
oncology. 2012; 41:414-424.

3. Tong L, Yuan S, Feng F, Zhang H. Role of podoplanin
expression in esophageal squamous cell carcinoma: a retro-
spective study. Diseases of the esophagus: official journal
of the International Society for Diseases of the Esophagus /
ISDE. 2012; 25:72-80.

4. SongY,LiL,OuY, Gao Z, Li E, Li X, Zhang W, Wang J,
Xu L, Zhou Y, Ma X, Liu L, Zhao Z, Huang X, Fan J,
Dong L, Chen G, Ma L, Yang J, Chen L, He M, Li M,
Zhuang X, Huang K, Qiu K, Yin G, Guo G, Feng Q,
Chen P, Wu Z, WuJ, Ma L, Zhao J, Luo L, Fu M, Xu B,
Chen B, Li Y, Tong T, Wang M, Liu Z, Lin D, Zhang X,
Yang H, Wang J, Zhan Q. Identification of genomic altera-
tions in oesophageal squamous cell cancer. Nature. 2014;
509:91-95.

5. Polednak AP. Trends in survival for both histologic types
of esophageal cancer in US surveillance, epidemiology and

www.impactjournals.com/oncotarget

31252

Oncotarget



10.

12.

13.

15.

16.

18.

end results areas. International journal of cancer Journal
international du cancer. 2003; 105:98-100.

Sekido R, Lovell-Badge R. Sex determination and SRY:
down to a wink and a nudge? Trends in genetics: TIG.
2009; 25:19-29.

Wegner M. All purpose Sox: The many roles of Sox
proteins in gene expression. The international journal of
biochemistry & cell biology. 2010; 42:381-390.

Pritchett J, Athwal V, Roberts N, Hanley NA, Hanley KP.
Understanding the role of SOX9 in acquired diseases:
lessons from development. Trends in molecular medicine.
2011; 17:166—174.

Foster JW, Dominguez-Steglich MA, Guioli S, Kwok C,
Weller PA, Stevanovic M, Weissenbach J, Mansour S,
Young ID, Goodfellow PN, et al. Campomelic dysplasia
and autosomal sex reversal caused by mutations in an SRY-
related gene. Nature. 1994; 372:525-530.

Akiyama H, Chaboissier MC, Martin JF, Schedl Aandde
Crombrugghe B. The transcription factor Sox9 has essential
roles in successive steps of the chondrocyte differentiation
pathway and is required for expression of Sox5 and Sox6.
Genes & development. 2002; 16:2813-2828.

. Hanley KP, Oakley F, Sugden S, Wilson DI, Mann DA,

Hanley NA. Ectopic SOX9 mediates extracellular matrix
deposition characteristic of organ fibrosis. The Journal of
biological chemistry. 2008; 283:14063—-14071.

Wang H, Leav I, Ibaragi S, Wegner M, Hu GF, Lu ML,
Balk SP, Yuan X. SOXO9 is expressed in human fetal pros-
tate epithelium and enhances prostate cancer invasion.
Cancer research. 2008; 68:1625-1630.

Xia S, Feng Z, Qi X, Yin Y, Jin J, Wu 'Y, Wu H, Feng Y,
Tao M. Clinical implication of Sox9 and activated Akt
expression in pancreatic ductal adenocarcinoma. Medical
oncology. 2015; 32:358.

Capaccione KM, Hong X, Morgan KM, Liu W, Bishop JM,
Liu L, Markert E, Deen M, Minerowicz C, Bertino JR,
Allen T, Pine SR. Sox9 mediates Notchl-induced mesen-
chymal features in lung adenocarcinoma. Oncotarget. 2014;
5:3636-3650.

Xu JQ, Zhang WB, Wan R, Yang YQ. MicroRNA-32
inhibits osteosarcoma cell proliferation and invasion
by targeting Sox9. Tumour biology: the journal of the
International Society for Oncodevelopmental Biology and
Medicine. 2014; 35:9847-9853.

Lee S, Yoon DS, Paik S, Lee KM, Jang Y, Lee JW.
microRNA-495 inhibits chondrogenic differentiation in
human mesenchymal stem cells by targeting Sox9. Stem
cells and development. 2014; 23:1798-1808.

Qiao JJ, Chan TH, Qin YR, Chen L. ADARI: a promising
new biomarker for esophageal squamous cell carcinoma?
Expert review of anticancer therapy. 2014; 14:865-868.
Wang JH, Chen XT, Wen ZS, Zheng M, Deng JM,
Wang MZ, Lin HX, Chen K, Li J, Yun JP, Luo RZ,
Song LB. High expression of GOLPH3 in esophageal

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

squamous cell carcinoma correlates with poor prognosis.
PloS one. 2012; 7:¢45622.

Zhang T, Wang Q, Zhao D, Cui Y, Cao B, Guo L, Lu SH.
The oncogenetic role of microRNA-31 as a potential bio-
marker in oesophageal squamous cell carcinoma. Clinical
science. 2011; 121:437-447.

Wu C, Wang C, Guan X, Liu Y, Li D, Zhou X, Zhang Y,
Chen X, Wang J, Zen K, Zhang CY, Zhang C. Diagnostic
and prognostic implications of a serum miRNA panel in
oesophageal squamous cell carcinoma. PloS one. 2014;
9:€92292.

Li J, Zhang N, Song LB, Liao WT, Jiang LL, Gong LY,
Wu J, Yuan J, Zhang HZ, Zeng MS, Li M. Astrocyte ele-
vated gene-1 is a novel prognostic marker for breast cancer
progression and overall patient survival. Clinical cancer
research: an official journal of the American Association
for Cancer Research. 2008; 14:3319-3326.

Panza A, Pazienza V, Ripoli M, Benegiamo G, Gentile A,
Valvano MR, Augello B, Merla G, Prattichizzo C,
Tavano F, Ranieri E, di Sebastiano P, Vinciguerra M,
Andriulli A, Mazzoccoli G, Piepoli A. Interplay between
SOX9, beta-catenin and PPARgamma activation in
colorectal cancer. Biochimica et biophysica acta. 2013;
1833:1853—-1865.

Guo X, Xiong L, Sun T, Peng R, Zou L, Zhu H, Zhang J,
Li H, Zhao J. Expression features of SOX9 associate with
tumor progression and poor prognosis of hepatocellular car-
cinoma. Diagnostic pathology. 2012; 7:44.

Deng W, Vanderbilt DB, Lin CC, Martin KH, Brundage KM,
Ruppert JM. SOX9 inhibits beta-TrCP-mediated protein deg-
radation to promote nuclear GLI1 expression and cancer stem
cell properties. Journal of cell science. 2015; 128:1123-1138.

Passeron T, Valencia JC, Namiki T, Vieira WD,
Passeron H, Miyamura Y, Hearing VJ. Upregulation of
SOXO9 inhibits the growth of human and mouse melanomas
and restores their sensitivity to retinoic acid. The Journal of
clinical investigation. 2009; 119:954-963.

Drivdahl R, Haugk KH, Sprenger CC, Nelson PS,
Tennant MK, Plymate SR. Suppression of growth and
tumorigenicity in the prostate tumor cell line M12 by over-
expression of the transcription factor SOX9. Oncogene.
2004; 23:4584-4593.

Jay P, Berta P, Blache P. Expression of the carcinoembry-
onic antigen gene is inhibited by SOX9 in human colon car-
cinoma cells. Cancer research. 2005; 65:2193-2198.

Darlavoix T, Seelentag W, Yan P, Bachmann A,
Bosman FT. Altered expression of CD44 and DKK1 in the
progression of Barrett’s esophagus to esophageal adeno-
carcinoma. Virchows Archiv: an international journal of
pathology. 2009; 454:629-637.

Clemons NJ, Wang DH, Croagh D, Tikoo A, Fennell CM,
Murone C, Scott AM, Watkins DN, Phillips WA. Sox9
drives columnar differentiation of esophageal squamous
epithelium: a possible role in the pathogenesis of Barrett’s

WWw

.impactjournals.com/oncotarget

31253

Oncotarget



30.

31.

32.

33.

34.

35.

36.

esophagus. American journal of physiology Gastrointestinal
and liver physiology. 2012; 303:G1335-1346.

Fresno Vara JA, Casado E, de Castro J, Cejas P,
Belda-Iniesta C, Gonzalez-Baron M. PI3K/Akt signal-
ling pathway and cancer. Cancer treatment reviews. 2004;
30:193-204.

Chang Y, Wu Q, Tian T, Li L, Guo X, Feng Z, Zhou J,
Zhang L, Zhou S, Feng G, Han F, Huang J, Huang F.
The influence of SRPK1 on glioma apoptosis, metastasis,
and angiogenesis through the PI3K/Akt signaling path-
way under normoxia. Tumour biology: the journal of the
International Society for Oncodevelopmental Biology and
Medicine. 2015; 36:6083—6093.

Xing X, Zhang L, Wen X, Wang X, Cheng X, DuH, Hu 'Y,
Li L, Dong B, Li Z, Ji J. PP242 suppresses cell prolifera-
tion, metastasis, and angiogenesis of gastric cancer through
inhibition of the PI3K/AKT/mTOR pathway. Anti-cancer
drugs. 2014; 25:1129-1140.

Matheu A, Collado M, Wise C, Manterola L, Cekaite L,
Tye AJ, Canamero M, Bujanda L, Schedl A, Cheah KS,
Skotheim RI, Lothe RA, Lopez de Munain A, Briscoe J,
Serrano M, Lovell-Badge R. Oncogenicity of the develop-
mental transcription factor Sox9. Cancer research. 2012;
72:1301-1315.

Shen Z, Deng H, Fang Y, Zhu X, Ye GT, Yan L, Liu H,
Li G. Identification of the interplay between SOX9 and
S100P in the metastasis and invasion of colon carcinoma.
Oncotarget. 2015; 6:20672-20684.

Liu H, Liu Z, Jiang B, Peng R, Ma Z, Lu J. SOX9
Overexpression Promotes Glioma Metastasis via Wnt/beta-
Catenin Signaling. Cell biochemistry and biophysics. 2015;
PMID: 25716338 [Epub ahead of print].

Cai C, Wang H, He HH, Chen S, He L, Ma F,
Mucci L, Wang Q, Fiore C, Sowalsky AG, Loda M,
Liu XS, Brown M, Balk SP, Yuan X. ERG induces

37.

38.

39.

40.

41.

42.

androgen receptor-mediated regulation of SOX9 in
prostate cancer. The Journal of clinical investigation. 2013;
123:1109-1122.

Song S, Ajani JA, Honjo S, Maru DM, Chen Q, Scott AW,
Heallen TR, Xiao L, Hofstetter WL, Weston B, Lee JH,
Wadhwa R, Sudo K, Stroehlein JR, Martin JF, Hung MC,
Johnson RL. Hippo coactivator YAP1 upregulates SOX9
and endows esophageal cancer cells with stem-like proper-
ties. Cancer research. 2014; 74:4170-4182.

Andl CD, Mizushima T, Nakagawa H, Oyama K, Harada H,
Chruma K, Herlyn M, Rustgi AK. Epidermal growth factor
receptor mediates increased cell proliferation, migra-
tion, and aggregation in esophageal keratinocytes in vitro
and in vivo. The Journal of biological chemistry. 2003;
278:1824-1830.

Hahn WC, Dessain SK, Brooks MW, King JE, Elenbaas B,
Sabatini DM, DeCaprio JA, Weinberg RA. Enumeration
of the simian virus 40 early region elements necessary for
human cell transformation. Molecular and cellular biology.
2002; 22:2111-2123.

Bao S, Ouyang G, Bai X, Huang Z, Ma C, Liu M, Shao R,
Anderson RM, Rich JN, Wang XF. Periostin potently pro-
motes metastatic growth of colon cancer by augmenting
cell survival via the Akt/PKB pathway. Cancer cell. 2004;
5:329-339.

Saussez S, Cucu DR, Decaestecker C, Chevalier D,
Kaltner H, Andre S, Wacreniez A, Toubeau G, Camby I,
Gabius HJ, Kiss R. Galectin 7 (p53-induced gene 1): a new
prognostic predictor of recurrence and survival in stage [V
hypopharyngeal cancer. Annals of surgical oncology. 2006;
13:999-1009.

Singh SS, Li Y, Ford OH, Wrzosek CS, Mehedint DC,
Titus MA, Mohler JL. Thioredoxin Reductase 1 Expression
and Castration-recurrent Growth of Prostate Cancer.
Translational oncology. 2008; 1:153—157.

www.impactjournals.com/oncotarget

31254

Oncotarget



