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Abstract: Deregulation of SOX9 expression has been detected in various human cancer tissues; however, the func-
tional role of SOX9 expression has not been fully elucidated in glioma. SOX9 expression in glioma tissues was ana-
lyzed using public tumor datasets and quantitative reverse transcription polymerase chain reaction. The association
of SOX9 expression with clinical prognosis in glioma patients was analyzed by examining publically available micro-
array profiling datasets. The functional roles of SOX9 in glioma were examined using gene set enrichment analysis
(GSEA). Cell growth was measured using soft agar colony formation assay, and the cell cycle was analyzed using
flow cytometry. Our data showed that SOX9 expression was commonly upregulated in glioma tissues, and patients
with high SOX9 levels had shorter survival times. GSEA identified that the gene sets regulating cell proliferation and
cell cycle progression were significantly enriched in glioma cells with high SOX9 expression. SOX9 downregulation
decreased cyclin D1, CDK4 expression and Rb phosphorylation, which correlated with a reduced population of cells
in the S phase and suppressed growth. SOX9, as an oncogene, is highly expressed in gliomas and may be potential
indicators of a poor prognosis in glioma patients. SOX9 knockdown may suppress cancer cell growth by inducing cell
cycle arrest, which suggests that SOX9 is a potential therapeutic target in glioma.
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Introduction a key regulator of cartilage and male gonad
development, with mutations in SOX9 causing
campomelic dysplasia and autosomal sex re-
versal [5, 6]. As transcription factors, several
SOX genes, including SOX2, SOX4, SOX5, SOX6,
S0X14, SOX21, SOX11, and SOX10, have been
shown to be expressed in the central nervous
system, and are involved in brain tumorigenesis
[1]. SOX9, as an oncogene, has been found to
be upregulated in several types of tumors, such
as lung cancer [7, 8], breast cancer [9], colorec-
tal cancer [10], ovarian cancer [11], and pros-
tate cancer [12]. However, the functional role of
SOX9 in glioma has not been fully elucidated.
Furthermore, the downstream oncogenic mo-
lecular pathways regulated by SOX9 in glioma
have not been completely delineated, despite
the reported oncogenic role of SOX9 in glioma
proliferation [13, 14].

Globally, glioma is the most common primary
brain tumor, and approximately 350,000 peo-
ple are diagnosed with glioma every year [1]. On
the basis of histopathological and clinical crite-
ria, the World Health Organization (WHO) has
classified gliomas into four grades [2]. Among
them, glioblastoma multiforme (GBM), a grade
IV glioma, accounts for almost 80% of all pri-
mary malignant brain tumors in adults. Despite
advances in treatment, the median survival of
GBM patients is only about 15 months [3].
Given the life-threatening nature of glioma, it is
crucial to identify biomarkers for early detec-
tion and prognosis estimation, and to under-
stand the mechanisms underlying the function-
al roles of the molecules involved in the de-
velopment and progression of this cancer.

Members of the SOX (sex-determining region Y

(SRY)-box protein) gene family are character-
ized by a conserved high mobility group DNA-
binding domain [4]. SOX9 was first identified as

In this study, we found that SOX9 is upregulated
in glioma patients, and that this upregulation is
associated with poor prognosis. By using gene
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set enrichment analysis (GSEA) with microarray
data [15], we found that the gene sets regulat-
ing cell proliferation and cell cycle progression
were significantly enriched in cells with high
SOX9 expression. We also showed that down-
regulation of SOX9 inhibits the anchorage-inde-
pendent growth of glioma cells through cyclin
D1/CDK4/Rb pathway.

Materials and methods
Patients and tissue samples

This study was approved by the Research Ethics
Committee of the First Affiliated Hospital of
Liaoning Medical University, P. R. China. Written
informed consent was obtained from all pa-
tients. All specimens were handled and anony-
mized according to ethical and legal standards.
A total of 32 patients with glioma were recruit-
ed between December 2010 and September
2014 from the Department of Neurosurgery,
the First Affiliated Hospital of Liaoning Medical
University, Jinzhou City, China. None of the
patients had received chemotherapy or radio-
therapy prior to surgery. Tumor tissues and
adjacent non-neoplastic brain tissues were
divided using laser microdissection. The speci-
mens were snap-frozen in liquid nitrogen and
stored at -80°C for real-time polymerase chain
reaction (PCR) assays. The clinicopathological
features of the patients were obtained from
their medical records and included age, sex,
pathological phenotypes, and stage classifica-
tion. The patients in this study were 17 men
(53.1%) and 15 women (46.9%) with a mean
age of 56.0 + 9.9 years (range: 27-75 years).
Pathological slides from all resected tumor
specimens were reviewed by each author to
confirm the diagnosis of each grade of the stud-
ied astrocytoma specimens, according to the
criteria established by the WHO for the classifi-
cation of brain tumors [3]. The specimens were
classified into low-grade gliomas (grades I-Il),
15 specimens; anaplastic astrocytomas (grade
Ill), 9 specimens; and GBMs (grade 1V), 8 spe-
cimens.

Antibodies and reagents

The following antibodies were used: anti-SOX9
(Santa Cruz Biotechnology, 1:500), anti B-ac-
tin (ProteinTech Group, Inc, 1:5000), anti-cyclin
D1 (Sigma Aldrich, Inc, 1:1000), anti-CDK4
(Covance, Inc, 1:500), anti-Rb (Cruz Biotechno-
logy, 1:500), and anti-Rb (phospho Ser780)
(Cell Signaling Technology, 1:500). Reagents
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used were as follow: Lipofectamine 2000 (In-
vitrogen, Inc), low melting point agarose (Amre-
sco, Inc), and enhanced chemiluminescence
(ECL) reagent kit ( Millipore, Inc).

Cell culture

Glioma cell line U87 and U373 were maintained
in Dulbecco’s modified Eagle’s medium (Sigma,
St Louis, MO, USA) supplemented with
10% fetal bovine serum (Sigma, St Louis, MO,
USA), 100 units/ml penicillin and 100 mg/ml
streptomycin at 37°C in a 5% CO, atmosphere.

RNA extraction and quantitative reverse tran-
scription PCR analysis

Total RNA was extracted from the cells or tis-
sues by using the TRIzol reagent (Invitrogen,
USA) according to the manufacturer’s instruc-
tions. Complementary DNA was synthesized
using the PrimeScript RT reagent kit (TaKaRa,
Japan), and quantitative reverse transcription
(qRT)-PCR analyses were conducted using
SYBR Premix Ex Taq (TaKaRa, Japan) with
GAPDH as an internal control. The following
primers were used: SOX9, 5-GTACCCGCAC-
TTGCACAAC-3" and 5-TCGCTCTCGTTCAGAA
GTCTC-3’ [7]; GAPDH, 5-GGAGCGAGATCCCT-
CCAAAAT3 and 5-GGCTGT TGTCATACTTCT-
CATGG-3'. We used a two-step amplification (40
cycles at 95°C for 15 s; 60°C for 30 s; and
72°C for 30 s; followed by the melting tempera-
ture determination stage), and fold enrichment
was calculated using the 22T method.

SOX9 gene expression and survival analysis in
human glioma samples

Correlations between glioma and SOX9 gene
expression were determined through analysis
of the glioma datasets of The Cancer Genome
Atlas (TCGA), Sun et al., Shai et al., and Bredel
et al., which are available through Oncomine
(http://www.oncomine. org/). Kaplan-Meier su-
rvival analyses for the SOX9 gene were per-
formed using Gene Expression Omnibus (GEO)
datasets (GSE7696, GSE42699, GSE11117,
GSE26712, GSE13876, and GSE10846), TCGA
low-grade glioma dataset, TCGA head and neck
squamous cell carcinoma dataset, and Me-
morial Sloan Kettering Cancer Center (MSKCC)
prostate cancer dataset. The association of
SOX9 expression with patient prognosis was
determined using this analysis. P-values of less
than 0.05 were considered to indicate signifi-
cant associations.
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Figure 1. SOX9 expression is upregulated in human glioma samples. A: SOX9 mRNA level in 32 pairs of glioma and
adjacent non-cancerous brain tissue (control) samples. Values shown (Y axis represents relative expression units)
are normalized to GAPDH. "P < 0.001. B: Four glioma gene expression studies are analyzed using Oncomine
(http://www.oncomine.org). SOX9 is significantly upregulated at the mRNA level in glioma samples as compared to
the control brain tissues in all four datasets (TCGA, Sun et al., Shai et al., Landi et al., and Bredel et al.). Box and
whisker plots: dots represent maximum and minimum values; whiskers show 90th and 10th percentiles; boxes
show 75th and 25th percentiles; and the line indicates the median value. P-values were computed using Oncomine
software and the Student t-test. Ctrl: control brain tissue samples.

Generation of stable shRNA-expressing cell derived from at least three independent ex-
lines periments.

All shRNAs were cloned into the pLKO.1-puro Gene set enrichment analysis (GSEA)

lentiviral vector. The targeting sequences are

listed as follows: human shSOX9#1, GCATCC- GSEA was performed using the Broad Institu-
TTCAATTTCTGTATA; human shSOX9#2, GCGG- te platform [15]. Samples were analyzed with
AGGAAGTCGGTGAAGAA; and pLKO.1 control weighted, Signal2Noise default settings. Mi-
shRNA (containing non-target scramble shRNA, croarray gene expression data from Sun et al.
Addgene plasmid #1864). The lentiviral vector [16] were grouped based on the SOX9 expres-
was transfected together with pMD-VsVg and sion level. Gene sets with a false discovery rate
PCMV in the HEK293T packaging cell line to (FDR) value < 0.25 after performing 1,000 per-
produce virus supernatants, using Lipofecta- mutations were considered to be significantly
mine 2000. Glioma cells were transduced twice enriched.

with the virus supernatants and 8 pg/mL

Polybrene (Millipore), and selected using puro- Statistical analysis

mycin 24 h after the second transduction.
All grouped data are presented as mean + stan-

Cell cycle analysis dard error of the mean (SEM). To determine sta-
tistical significance, results were compared by
means of the paired t-test (for two samples) or
analysis of variance (for more than two sam-
ples). For survival analyses, Kaplan-Meier cur-
ves were generated using Prism software, and
log-rank analysis was performed. All experi-
ments presented were repeated at least three
times. P < 0.05 at the 95% confidence level
was considered significant.

For analyzing the effect of SOX9 knockdown on
the cell cycle, U87 and U373 cells were infect-
ed with shSOX9 and the control plasmid. Aft-
er 3 days, suspensions of 1 x 10° cells were
washed in cold phosphate-buffered saline
(PBS), fixed in 70% ethanol in PBS for at least 1
h on ice, washed, resuspended in PBS contain-
ing 25 mg/mL propidium iodide (Pl) and 100
mg/mL ribonuclease A, and incubated for 30
min at 37°C. Fluorescence was measured on a

Result
BD FACSCalibur flow cytometer (excitation: 488 esufts
nm, measurement: 564-607 nm) within 1 h. SOX9 expression is upregulated in glioma
Data were analyzed using the Flowjo software.
The mean and standard errors for the percent- To evaluate the role of SOX9 in glioma, we mea-
age of cells in each phase of the cell cycle were sured the levels of SOX9 expression in a panel
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Figure 2. High SOX9 expression correlates with poor patient survival in multiple cancer datasets. Kaplan-Meier
curves showing the overall survival analysis in patients with high and low expressions of SOX9 from nine public tu-
mor datasets. A: Glioblastoma dataset (GSE7696: high expression, n = 40; low expression, n = 40; P = 0.0104, log-
rank analysis). B: Glioblastoma dataset (GSE42669; high expression, n = 27; low expression, n = 28; P = 0.0291,
log-rank analysis). C: Low-grade glioma TCGA dataset (high expression, n = 55; low expression, n = 55; P = 0.0382,
log-rank analysis). D: Medulloblastoma dataset (GSE28245; high expression, n = 32; low expression, n = 32; P =
0.0029, log-rank analysis). E: Ovarian cancer (Ovarian Ca) dataset (GSE13876; high expression, n = 208; low ex-
pression, n = 207; P = 0.0009, log-rank analysis). F: Lymphoma dataset (GSE10846; high expression, n = 207; low
expression, n = 207; P = 8.434e-06, log-rank analysis). G: TCGA head and neck squamous cell carcinoma (HNSCC)
dataset (high expression, n = 142; low expression, n = 141; P = 0.0404, log-rank analysis). H: MSKCC prostate can-
cer dataset (high expression, n = 70; low expression, n = 70; P = 0.0133, log-rank analysis). I: Lung cancer (LuCa)
dataset (GSE11117; high expression, n = 21; low expression, n = 20; P = 0.0067, log-rank analysis).

of glioma samples with matched adjacent non- brain tissues (P < 0.001; Figure 1A). To validate
tumor brain tissue control samples. The level of our results, SOX9 expression profiles were fur-
SOX9 mRNA was analyzed using gRT-PCR. ther examined in datasets from the Oncomine
SOX9 expression was significantly higher in the database (http://www.oncomine.org/), which
glioma samples than in the adjacent non-tumor contained mRNA profiling data from four inde-
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Table 1. GSEA of genes ranked by positive correlation with SOX9 expres-
sion in glioma

Gene set ES Nominal FDR g-
P-value value
GEORGES_CELL_CYCLE_MIR192_TARGETS 0.59 0.028 0.201
CHIANG_LIVER_CANCER_SUBCLASS_PROLIFERATION_UP 0.53 0.107 0.243
NUNODA_RESPONSE_TO_DASATINIB_IMATINIB_UP 0.60 0.011 0.247
TCGA_GLIOBLASTOMA_COPY_NUMBER_UP 0.58 0.010 0.207
TANG_SENESCENCE_TP53_TARGETS_DN 0.61 0.090 0.245
KAUFFMANN_DNA_REPAIR_GENES 0.54 0.016 0.199
KAUFFMANN_DNA_REPLICATION_GENES 0.53 0.018 0.202
RHODES_CANCER_META_SIGNATURE 0.74 0.006 0.228
ES, enrichment score; FDR, false discovery rate.
A GEORGES_CELL_CYCLE_ B CHIANG_LIVER_CANCER_
MIR192_TARGETS SUBCLASS_PROLIFERATION_UP
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Figure 3. GSEA of genes ranked by positive correlation with SOX9 expression in
glioma. Gene expression in 81 gliomas extracted from the GSE4290 dataset [16]
was ranked for positive correlation with SOX9 expression and analyzed using the
GSEA algorithm and Reactome gene sets. The bar-code plot indicates the positions
of genes in each gene set; red and blue represent positive and negative Pearson
correlations with SOX9 expression, respectively. A: Enrichment plots is shown for
the activated genes related to cell cycle; B: Enrichment plots are shown for the
activated genes related to cell proliferation. ES, enrichment score; FDR, false dis-
covery rate.

assified into two groups
based on the expression
level of the SOX9 gene.
Kaplan-Meier analysis wa-
s used to evaluate surviv-
al differences between
the group with high SOX9
expression and that with
low SOX9 expression. In
all three glioma datasets
in which survival data
were available, low SOX9
expression correlated wi-
th longer overall patient
survival (Figure 2A-C).

We further investigated
the association between
SOX9 expression and pa-
tient survival in other ty-
pes of cancers. We found
that high SOX9 expres-
sion correlated with poor
survival in a range of ot-
her cancers, including
medulloblastoma (Figure
2D), ovarian cancer (Fi-
gure 2E), lymphoma (Fi-
gure 2F), head and neck
squamous cell carcinoma
(Figure 2G), prostate can-
cer (Figure 2H), and lung
cancer (Figure 2l). These
data suggest that SOX9
acts as an oncogene in a
variety of human can-
cers.

GSEA revealed that gene
sets regulating cell pro-
liferation and cell cycle

pendent cohorts of glioma samples. Rema-
rkably, SOX9 mRNA levels were significantly
higher in glioma samples than in the control
samples in all four datasets (Figure 1B). To-
gether, these results show a highly consistent
pattern of upregulation of SOX9 expression in
glioma samples.

SOX9 expression levels correlate with clinical
outcomes in a wide range of human cancers

To examine the relationship between SOX9
expression and clinical outcomes, we analyzed
the association between SOX9 expression and
patient survival by examining publically avail-
able microarray profiling datasets for glioma.
For each dataset, patients with glioma were cl-
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progression were enriched in gliomas with
high SOX9 expression

To determine if the high SOX9 levels in glioma
were associated with the expression of known
oncological genes in other tumors, we used
GSEA to identify gene expression signatures
that correlated with SOX9 expression. The re-
sults showed that eight gene sets were signifi-
cantly enriched, with a false discovery rate
(FDR) of < 25% (Table 1). Among these gene
sets, genes in the cell cycle signature were a
highly enriched gene set with high SOX9 expres-
sion (enrichment score [ES] = 0.59, FDR =
0.201; Figure 3A). Similarly, genes within the
proliferation signature (ES = 0.53, FDR =0.243;

Int J Clin Exp Pathol 2015;8(9):10130-10138
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Figure 3B) were also significantly enriched.
Thus, SOX9 may be an oncogene that drives the
tumorigenesis and progression of glioma by
regulating cell proliferation and the cell cycle.

Knockdown of SOX9 affects glioma cell prolif-
eration and cell cycle

To verify the roles of SOX9 in glioma progres-
sion indicated by GSEA, we generated U87 and
U373 glioma cell line stably transduced with an
shRNA targeting SOX9 and a control cell line.
The reduction in SOX9 expression was con-
firmed using western blot analysis (Figure 4C).
Soft agar colony-formation assays revealed
that SOX9 knockdown reduced U87 and U373
cells proliferation (Figure 4A and 4B). In addi-
tion, flow cytometry showed that after SOX9
knockdown, the percentage of U87 and U373
cells in the S phase was dramatically lower
than that of control cells in the S phase. SOX9
knockdown significantly increased the percent-
age of cells in the G1/GO phase (Figure 5A-D).
Collectively, our results suggest that SOX9
knockdown inhibits the proliferation of glioma
cells and induces G1/S arrest.

Cyclin D1/CDK4/Rb pathway was involved in
SOX9-associated growth inhibition in glioma
cells

To further examine the molecular mechanism
underlying the SOX9 knockdown-mediated gr-

10135

Discussion

The present study revealed that SOX9
MRNA expression was upregulated in glioma
tissues compared with the expression level in
the adjacent non-tumor tissues. In addition, we
found that SOX9 played a key role as an onco-
genein glioma, i.e., low expression of SOX9 was
associated with a better prognosis. Moreover,
GSEA based on GEO expression array data
showed that SOX9 expression was significantly
associated with upregulation of the genes
involved in cell proliferation and cell cycle sig-
naling. By in vitro assays, we confirmed that the
knockdown of SOX9 in glioma cell lines result-
ed in less aggressive cell proliferation and cell
cycle arrest. In glioma cells, knockdown of
SOX9 decreases cyclin D1, CDK4 expression
and Rb phosphorylation. The above data sup-
port the pro-oncogenic roles of SOX9 in
glioma.

As a transcription factor, SOX9 was originally
known to be a regulator of bone formation [17]
and testis development [18]. Subsequently,
numerous studies confirmed that SOX9 is also
involved in the development of other organs,
such as the pancreas [19] and prostate [20].
Recently, altered SOX9 gene expression has
been associated with different types of can-
cers, including glioma [13]. Our study provides
further evidence that SOX9 is a glioma-associ-
ated gene and that its expression is increas-
ed in glioma tissue samples. This upregulated

Int J Clin Exp Pathol 2015;8(9):10130-10138
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Figure 5. SOX9 knockdown reduced the percentage of cells in the S phase and increased the percentage of cells
in the G phase. A and C: Representative cell cycle profiles are shown for U87 and U373 cells transfected with the
control (Ctrl) shRNA or shSOX9 for 72 h, treated as described in the “Materials and Methods”, and analyzed for DNA
content by using propidium iodide (Pl) staining. B and D: Values are means + SEM of three independent experi-

ments. P < 0.001 using Mann-Whitney test.

expression of SOX9 was observed in multiple
microarray datasets of glioma and was con-
firmed by gRT-PCR analysis. Low SOX9 expres-
sion was associated with a better prognosis in
glioma patients, which is consistent with previ-
ous results [13]. The human SOX9 gene is
located at chromosome 17q24.3, a region that
is frequently gained or amplified in glioma. In
this region, a few genes have been identified to
be overexpressed. For example, gene overex-
pressed in astrocytoma (GOA) located at this
region has been identified to play an important
role in the process of dedifferentiation that is
associated with astrocytoma tumorigenesis
[24]. In addition, SOX9 is a target gene regulat-
ed by miR-145; thus, in glioma tissues, the
downregulation of miR-145 may contribute to
the overexpression of SOX9 [22]. Together, our
results suggest that SOX9 plays critical roles in
glioma and is a potential prognostic biomarker
for glioma progression. However, the molecular
mechanism of SOX9 upregulation in glioma was
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not investigated in the present study. Therefore,
further studies are necessary to resolve this
question.

The mechanisms underlying the roles of SOX9
in gliomas remain to be elucidated. Using GSEA,
a more reproducible and interpretable method
that focuses on pathways and processes rather
than on high scoring individual genes [15], we
surprisingly found that the gene sets regulating
cell proliferation and cell cycle progression
were significantly correlated with SOX9 expres-
sion. This finding prompted us to examine the
impact of SOX9 on cell proliferation and cell
cycle progression. The downregulation of SOX9
by specific shRNA in glioma cells tended to
inhibit cell growth in vitro and moderately
decreased the percentage of cells in the S
phase. This result is consistent with our finding
that high SOX9 expression is associated with a
worse prognosis in glioma patients. Our find-
ings are consistent with those of recent studies
on other cancers that have showed that SOX9

Int J Clin Exp Pathol 2015;8(9):10130-10138
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Figure 6. SOX9 level-dependent alterations in cyclin D1, CDK4, and phos-
phorylated Rb1 in U87 cells. A: U87 cells were treated with shSOX9#1 and sh-
SOX9#2 or non-specific scramble control shRNA and incubated for 72 h. The
levels of the SOX9, cyclin D1, CDK4, RB1, phosphorylated RB1 and B-actin
proteins were determined by western blotting. The B-actin protein level was
used as an internal control. B: Intracellular SOX9, CDK4, RB1 and pRB1 were
analyzed by Western blot 48 hours after overexpression of CDK4 or empty

vector, in U87 cells.

downregulation inhibits cell proliferation in vitro
and tumor xenograft growth in vivo [10, 23].

At the protein level, we found that attenuation
of SOX9 in glioma cells significantly altered
cyclin D1, CDK4, and pRB1 levels. Because the
cyclin D1/CDK4/Rb pathway plays well-known
role in the regulation of cell proliferation and
cell cycle progression. Our data is similar to the
results of a study of lung cancer cells which
showed that CDK4 were the targets of SOX9
[7]. As a tumor suppressor protein, retinoblas-
toma protein (Rb) binds to and inhibits tran-
scription factors of E2F family [24]. Rb is initial-
ly phosphorylated to pRb by cyclin D/CDK4/
CDK®6, which can prevent excessive cell growth
by inhibiting cell cycle progression through G1
into S. These results collectively show that
SOX9 may regulate these signaling molecules
and may confer growth advantages to these
cells over normal cells.

In conclusion, our data demonstrate that SOX9
functions as an oncogene by regulating cell pro-
liferation and cell cycle signaling. Moreover,
SOX9 upregulation is common in glioma, and
SOX9 may be a potential indicator of survival in
patients with glioma.
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