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Upregulation of SOX9 promotes cell proliferation,
migration and invasion in lung adenocarcinoma
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Abstract. Sex determining region Y-box 9 (SOX9) is an impor-
tant transcription factor in development and has been implicated
in several types of cancer. Although the association between
upregulation of SOX9 and lung adenocarcinoma (ADC) has
been reported previously, the role of SOX9 in the proliferation,
migration and invasion of cancer cells remains unclear. There-
fore, in the present study, SOX9 expression was detected in
163 human lung adenocarcinoma tissues by immunohistochem-
istry and western blotting. It was found that the SOX9 protein
was over-expressed in the majority of lung adenocarcinoma.
The full-length human SOX9 plasmid was then transfected
into the lung ADC A549 cell line. An MTT assay was used to
investigate the role of SOX9 in cell proliferation. Scratch and
extracellular matrix cell invasion assays were performed to
investigate whether SOX9 promotes the migration and invasion
of lung ADC cells. The results revealed that ectopic overexpres-
sion of SOX9 in the lung adenocarcinoma cell line resulted
in a marked increase in cell proliferation, migration and inva-
sion. Accordingly, knockdown of SOX9 by RNA interference
resulted in the inhibition of cell growth, migration and invasion.
The present data indicate that SOX9 may act as a novel marker
for lung adenocarcinoma and perform an important role in cell
proliferation, migration and invasion.

Introduction

Lung cancer is the main cause of all cancer-associated mortalities
worldwide (1). Non-small cell lung cancer (NSCLC) accounts
for almost 80% of all lung cancers, and 50% of NSCLC cases
are classified as adenocarcinoma (ADC). There is a trend that the
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incidence of lung ADC is increasing worldwide, particularly in
women (2,3). In addition, ADC is the most common histological
type of lung cancer that arises in never and former smokers (4,5).
Despite advances in treatment, the five-year survival rate for
patients with all stages of NSCLC is only ~15% (6). Due to the
life-threatening nature of lung cancers, it is important to obtain
an improved understanding of the underlying mechanisms with
respect to the functional roles of the molecules involved in the
development and advancement of the cancer (7). Although
numerous markers have been reported using gene expression
profiling analysis of lung cancers (8), the current understanding
of lung cancer development and evolution remains unclear, and
critical genes and molecular pathways involved in lung cancer
development and progression require further exploration.

Sex determining region Y-box 9 (SOXO9) is a transcription
factor and member of the SOX family that is emerging as an
important transcriptional regulator. SOX9 function was first
identified as a key regulator in the development of cartilage
and the testes, with mutations in SOX9 causing campomelic
dysplasia and autosomal sex reversal (9,10). Subsequently, it
emerged that SOX9 is upregulated in several tumor types,
including lung ADC, breast carcinoma, colorectal cancer and
prostate cancer (11-14). Although an association between the
upregulation of SOX9 and lung ADC has been reported (15),
the role of SOX9 in the proliferation, migration and invasion of
cancer cells remains unclear. In the present study, the expression
of SOX9 was detected in 163 human ADC tissues, and it was
found that SOX9 was upregulated in the majority of ADC tissues
compared with the corresponding adjacent non-cancerous lung
tissues. The present study also revealed that knockdown of
SOX9 in lung ADC cell lines resulted in a marked decrease in
the growth, migration and invasion of the cells. Accordingly,
the ectopic expression of SOX9 may dramatically promote
cell growth, migration and invasion. The present study offers
evidence that SOX9 may act as a novel marker for lung ADC
and play a role in cell proliferation, migration and invasion

Materials and methods
Patients and tissue specimens. In total, 163 paired ADC lung

samples and adjacent non-tumorous lung tissues were obtained
from patients undergoing surgical resection at The Second
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Hospital of Shandong University (Jinan, Shandong, China)
between 2009 and 2013. Prior to the present study, patient
consent and approval from the Institutional Research Ethics
Committee at the Second Hospital of Shandong University
(Jinan, China) were obtained to use these clinical materials
for research purposes. Sections of the tissue samples were
immediately frozen in liquid nitrogen until protein extraction.
The remaining tissue samples were fixed in 4% formalin and
embedded into wax blocks for immunohistochemistry.

Cell culture and DNA construction. The human lung ADC
A549 cell line was obtained from the American Type Culture
Collection. The cells were routinely cultured in Dulbecco's
Modified Eagle Medium (DMEM; Invitrogen, Carlsbad, CA,
USA) supplemented with 10% heat-inactivated fetal bovine
serum (Invitrogen), 100 U/ml penicillin (Invitrogen) and
100 pg/ml streptomycin (Invitrogen) at 37°C in a humidified
cell incubator with a 5% CO, atmosphere. The full-length
human SOX9 plasmid was constructed as described by a
previous study (11). The coding sequences of SOX9 in the EST
clone were amplified by polymerase chain reaction, using the
following primer sequences: Forward, 5'-GGATCCCAT
GAATCTCCTGGACCCCT-3, and reverse, 5'-GAATTCTCA
AGGTCGAGTGAGCTGTGTGT-3'. The sequences were then
subcloned into a pCMV-Tag2V expression vector (Stratagene,
Inc.,LaJolla, CA, USA). Cell transfection was performed using
Lipofectamine 2000 (Invitrogen).

Immunohistochemistry. Paraffin-embedded specimens were
cut into 4-pum slices and baked at 65°C for 30 min. The
sections were deparaffinized with xylenes and rehydrated. The
sections were submerged into EDTA antigenic retrieval buffer
and microwaved (800 W, 15 min) for antigenic retrieval. The
sections were treated with 3% hydrogen peroxide in methanol
to quench the endogenous peroxidase activity, followed by
incubation in 1% bovine serum albumin to block non-specific
binding. The slides were incubated with the mouse anti-
human primary monoclonal antibody against SOX9 (1:500;
Abcam, Cambridge, MA, USA) overnight at 4°C, and incu-
bated with a horseradish peroxidase (HRP)-conjugated goat
anti-mouse secondary antibody (1:50, A0216, Shanghai
Beyotime Biotechnology Co., Ltd., Shanghai, China) at room
temperature for 1 h. DAB was applied for color development.
The immunoreactivity pattern and histological appearance
of all tissues were examined and scored by two independent
pathologists. Nuclear SOX9 staining was evaluated according
to a previously described scoring system (16). Briefly, the
staining intensity, which was scored as 0, 1+, 2+ or 3+, and the
proportion of positively stained tumor cells were recorded for
each tissue. A final staining score was obtained from these two
parameters, as follows: Negative, intensity of 0; weak staining,
intensity of 1+ in <70% of tumor cells or intensity of 2+ in
<30% of tumor cells; moderate staining, intensity of 1+ in
>70% of tumor cells, intensity of 2+ in >30 and <70% of tumor
cells or intensity of 3+ in <30% of tumor cells; and strong
staining, intensity of 2+ in >70% of tumor cells or intensity of
3+ in >30% of tumor cells.

Western blotting. Cell and tissue lysates were prepared in
RIPA buffer and cleared by centrifugation. In total, 40 ug of
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protein lysate per lane was separated on 12% SDS-PAGE gels
and transferred onto nitrocellulose membranes (Millipore,
Billerica, MA, USA). For immunodetection, the membranes
were incubated with antibodies against SOX9 (Abcam).
Signals from HRP-coupled secondary antibodies were gener-
ated by enhanced chemiluminescence solution (Amersham,
Piscataway, NJ, USA) and were detected by exposure of the
membranes to X-ray films (Kodak, Rochester, NY, USA). The
relative signal intensity was quantified by densitometry using
UVlphoto and the UVIsoft UVIband Application V97.04 soft-
ware (Uvitec, Cambridge, UK).

Small interfering RNA. For the protocol using small interfering
(si)RNA, pooled siRNA (SMARTpool; Dharmacon, Inc.,
Lafayette, CO, USA) was used to target SOX9 gene expression
according to the manufacturer's instructions, using the
following sequences: 5'-GGAACAACCCGUCUACACA-3";
5'-GAACAAGCCGCACGUCAAG-3"; 5-GACCUUCGAU
GUCAACGAG-3'; and 5-GGAAGUCGGUGAAGAACGG-3'
(Dharmacon, Inc.).

Cell proliferation assay. Cells treated with various conditions
were seeded onto a 96-well plate. Subsequent to overnight
incubation, the medium was removed and 20 1 MTT (5 mg/ml;
Sigma-Aldrich, St. Louis, MO, USA) was added to each well.
The 96-well plates were incubated at 37°C for 4 h. The plates
were centrifuged, and the formazan precipitates were dissolved
in 150 pl of dimethyl sulfoxide. The absorbance of the solution
was measured at 490 nm using a MRX II absorbance reader
(DYNEX Technologies, Chantilly, VA, USA).

Scratch assay. The lung ADC A549 cell line was transfected
with the SOX9 plasmid or treated with SOX9 siRNA. The cells
were plated in a 12-well plate and scratched with a p200 pipet
tip to generate a cell-free zone (20 mm in length and 700 ym
in width). The cells were then incubated in 1% serum culture
medium to avoid further cell proliferation. The migration of cells
into the cell-free zone was monitored after 24 h using a Leica
DFC 420c camera (Leica Microsystems, Wetzlar, Germany)
and the migration rates ( length of cell migration /migration
time ) were determined. The relative migration activity was
determined using the value of the negative control as 1.

Invasion assay. The lung ADC A549 cell line was transfected
with human SOX9 plasmids or treated with SOX9 siRNA.
The invasion assays were then performed using the QCM
ECMatrix Cell Invasion Assay kit (Millipore, Billerica, MA).
Briefly, ~2x10* of the cells were grown in the upper chamber
in serum-free medium, with 20% serum medium in the bottom
chamber. The invasive migration of cells through the extracel-
lular matrix layer was then determined by crystal violet staining
in the bottom of the upper chamber. The relative invasion activity
was determined by the measurement of the optical density at
560 nm and using the value of the negative control as 1.

Statistical analysis. Student's r-test was used to assess the
significance of the differences between groups. All statistical
analyses were performed using the SPSS statistical software,
version 17.0 (SPSS, Chicago, IL, USA). P<0.05 was considered
to indicate a statistically significant difference.
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Figure 1. SOXO protein expression in lung ADC samples and adjacent non-tumorous lung tissues. SOX9 expression was detected by immunohistochemistry.
(A) Weak SOXO9 expression was observed in all adjacent non-tumorous lung tissues. By contrast, the majority of lung ADC tissues demonstrated (B) moderate
or (C) strong SOX9 expression (P<0.01). Magnifiction, x100. (D) The western blot analysis also revealed that the protein level of SOX9 was upregulated in
cancerous tissues compared with the corresponding non-cancerous controls (P<0.01). SOX9, sex determining region Y-box 9; ADC, adenocarcinoma.

Results

Increased SOX9 protein expression in lung ADC tissues. To
investigate the role of SOX9 in human lung ADC, the expres-
sion of SOX9 was compared between 163 lung ADC tissue
samples and adjacent non-tumorous lung tissues by immuno-
histochemistry. Examples of SOX9 immunostaining are shown
in Fig. 1. Weak SOX9 expression was observed in all adjacent
non-tumorous lung tissues (Fig. 1A). By contrast, the majority
of lung ADC tissues (59.7%) demonstrated moderate (Fig. 1B)
or strong (Fig. 1C) SOX9 expression (P<0.01). This result indi-
cates that the SOXO protein is over-expressed in the majority of
lung ADC tissues. To further validate the hypothesis, western
blot analysis was performed on the tissues, and revealed
that the protein level of SOX9 was upregulated in cancerous
tissues compared with the corresponding non-cancerous
controls (Fig. 1D). This result was consistent with the data
obtained from immunohistochemistry. The aforementioned
results indicate that SOX9 protein expression is upregulated in
the majority of lung ADC tissues.

Overexpression of SOX9 promotes cell proliferation and
knockdown of SOX9 inhibits cell growth in the lung ADC cell
line. Having established the association between SOX9 over-
expression and lung ADC, the functional association between
SOXO9 expression and cancer phenotypes was assessed. The
full-length human SOX9 plasmid or control was transfected
into the lung ADC A549 cell line. After 2 days, the cells
were reseeded and subjected to an MTT cell proliferation
assay. Western blot analysis was also performed to confirm
the overexpression of SOX9 (Fig. 2A). As revealed by the cell

proliferation assay, the monolayer cell growth of A549 was
significantly increased when SOX9 expression was upregu-
lated (Fig. 2B). To further study the biological significance of
SOXO in cell growth, SOX9 expression was knocked down
by RNA interference The A549 cell line was treated with
SOX9 siRNA or non-targeting control siRNA and incubated
for 48 h prior to performing the MTT assay. The silencing
of SOX9 was confirmed by western blotting (Fig. 2C). The
MTT assay revealed that knock-down of SOX9 resulted in
a significant decrease of growth capability (Fig. 2D). The
aforementioned results indicate that SOX9 is important for the
proliferation of lung ADC cells.

Cell migration and invasion is promoted by overexpression
of SOX9 and knockdown of SOX9 inhibits migration and
invasion in the lung ADC cell line. To investigate the effect
of SOX9 on the migration and invasion of lung ADC cells,
the A549 cells were transfected with the full-length human
SOX9 plasmid or negative control (NC) and incubated for
2 days. To verify the over-expression of SOX9, western blot-
ting was performed and the results revealed significantly
increased expression of SOX9 in the A549 cells that were
transfected with the SOX9 plasmid compared with the cells
that were transfected wit the NC (Fig. 3A). The scratch assay
was used to study the effect of SOX9 on A549 cell migra-
tion, and the result demonstrated that the ectopic expression
of SOX9 may significantly promote cell migration compared
with the control group (Fig. 3B). Similarly, the invasive capa-
bility of A549 cells transfected with the NC or SOX9 plasmid
was evaluated by the ECMatrix cell invasion assay. As
expected, the transfected SOX9 plasmid in A549 cells notably
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Figure 2. SOX9 is important for the proliferation of lung ADC cells. (A) The A549 cells were transfected with the full-length human SOX9 plasmid and the
overexpression of SOX9 was confirmed by western blot analysis. (B) MTT assay revealed that the monolayer cell growth of A549 was significantly increased
when SOX9 expression was upregulated. (C) SOX9 expression was also knocked down by RNA interference and the silencing of SOX9 was confirmed by
western blotting. (D) An MTT assay revealed that knockdown of SOX9 resulted in a significant decrease of growth capability. ADC, adenocarcinoma; SOX9,
sex determining region Y-box 9; siSOX9, small interfering RNA against SOX9; SOXO9transfect, cells transfected with the SOX9 plasmid.
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Figure 3. SOX9 is involved in the regulation of cell migration and invasion in the lung ADC cell line. (A) The A549 cells were transfected with the full-length
human SOX9 plasmid or negative control plasmid and incubated for 2 days. The overexpression of SOX9 was confirmed by western blot analysis. (B) The
migratory ability of A549 cells was promoted by overexpression of SOX9. The relative migration rates of A549 cells were determined by dividing the migra-
tion distance by the time. The migration rate of control cells was defined as 1. Statistical analysis was performed using Student's #-test. P<0.05 was considered
to indicate a statistically significant difference. (C) The invasive ability of the A549 cells was promoted by overexpression of SOX9. The results were expressed
as relative values, using control cells as 1. (D) The A549 cells were treated with SOX9 siRNA or non-targeting control siRNA and incubated for 2 days. The
silencing of SOX9 was confirmed by western blotting. (E) The migratory ability of A549 cells was suppressed as a result of SOX9 knockdown. The results were
expressed as the relative values using cells treated with non-targeting control siRNA as 1. (F) The invasive ability of A549 cells was suppressed as a result of
SOX9 knockdown. The results were expressed as relative values using cells treated with non-targeting control siRNA as 1. "P<0.05. SOX9, sex determining
region Y-box 9; siRNA, small interfering RNA; SOX9transfect, cells transfected with the SOX9 plasmid; siSOX9, siRNA against SOX9.

enhanced the invasive ability of the A549 cells compared with by scratch and ECMatrix cell invasion assays. The results
NC-transfected cells (Fig. 3C). Furthermore, the migratory =~ demonstrated that the silencing of SOX9 caused significant
and invasive capability of A549 cells transfected with siRNA  suppression of the migratory and invasive capability of
of SOX9 or non-targeting control siRNA were evaluated  A549 cells (Fig. 3D-F).



Discussion

SOX9 was originally considered a chondrogenic transcription
factor involved in bone formation and testis development,
whereas the mutation of the SOX9 gene has been associated
with campomelic dysplasia and autosomal sex reversal (17).
Subsequent studies revealed SOX9 to be a multifaceted tran-
scription factor that is vital for the development of numerous
other organs and tissues, including the pancreas (18,19), the
prostate (20,21), the intestine (22) and pigment cells (23). It
has been well reported that genes and pathways critical for
development may also perform important roles in cancer
development and progression, and it is therefore not notable
that SOX9 is associated with cancer. At present, SOX9 has
been found to be upregulated in several tumor types, including
lung ADC, breast carcinoma, colorectal cancer and prostate
cancer (11-14). Despite the previously reported association
between upregulation of SOX9 and lung ADC, the role of
SOXO9 in cancer cell proliferation, migration and invasion
remains unclear (11).

The present study described the SOX9 expression in
163 lung ADC tissue samples and adjacent non-tumorous
lung tissues. The data from immunohistochemistry revealed
that weak SOX9 expression was observed in all adjacent
non-tumorous lung tissues. By contrast, the majority of
lung ADC (59.7%) tissues demonstrated moderate or strong
SOXO9 expression (P<0.01). The western blotting analysis also
revealed that SOX9 was upregulated in cancerous tissues
compared with the corresponding non-cancerous controls. The
differential expression of SOX9 between the lung ADC tissues
and controls suggested that SOX9 may have some functional
roles in cancer phenotypes. To assess this hypothesis, MTT,
scratch and invasion assays were performed in the lung ADC
AS549 cell line. The results revealed that the overexpression
of SOX9 promotes cell proliferation, migration and invasion.
Accordingly, knockdown of SOX9 resulted in the inhibition
of cell growth, migration and invasion. Based on the findings
from the present study, it was hypothesized that SOX9, which
is involved in the regulation of cell proliferation, migration
and invasion, may act as a novel marker for lung ADC. Despite
the present and previous studies, the precise pathway that
SOXO9 uses to promote proliferation, migration and invasion
in lung ADC cells remains unclear. Additional investigation is
required to delineate the pathway and mechanism underlying
this involvement, and this may aid the understanding of lung
cancer formation and identification of potential novel targets
for cancer therapy.
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