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Abstract: Sex determining region Y-box protein 12 (SOX12) plays an important role in the tumorigenesis of hepa-
tocellular carcinoma. The involvement of SOX12 in human lung cancer is not well-understood. The aim of the cur-
rent study was to explore the expression pattern and function of SOX12 in lung cancer. SOX12 expression in lung
cancer tissues was elevated as assessed by analyzing The Cancer Genome Atlas (TCGA) lung cancer cohort and
real-time PCR data of our own cohort. We found that SOX12 mRNA expression was up-regulated in 83.3% (75/90)
of the lung cancer tissues in comparison with paired normal tissues. Moreover, high SOX12 expression predicted
reduced overall survival. We also found that knockdown of SOX12 in SPC-A-1 and A549 cells impaired lung cancer
cell proliferation, migration and invasion in vitro, but promoted lung cancer cell apoptosis. In vivo tumorigenesis
experiments showed that inhibition of SOX12 expression significantly suppressed the growth of xenograft tumors.
Finally, the mRNA and protein levels of cell growth (PCNA and Cyclin E), apoptosis (Bcl-2 and Bax), invasion (matrix
metalloproteinase-9) and epithelial-mesenchymal transition (EMT; Twist1 and E-cadherin) related moderators were
affected by SOX12 knockdown. Chromatin immunoprecipitation assays showed that Cyclin E and Twist1 were direct
transcriptional targets of SOX12. Taken together, our study suggests that SOX12 functions as an oncogenic mol-
ecule during the development of human lung cancer.
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Introduction

Lung cancer is one of the most common diag-
nosed cancer in the world. Despite the ad-
vances in surgical resection, radiotherapy and
anti-cancer drugs, lung cancer still remains the
most common cause of cancer-related mortali-
ty with the 5-year survival rate of less than 15%
[1]. At the time of diagnosis, the stage is often
advanced. The main reason for the high mor-
tality rate is the sustained proliferation and
high metastatic potential of cancer cells [2, 3].
Therefore, a better understanding of the mo-
lecular mechanisms associated with the prolif-
eration and metastasis in lung cancer is cru-
cial to develop more effective therapies for
lung cancer.

Sex determining region Y-box (SOX) genes en-
code a family of transcription factors, which
belong to the high mobility group (HMQG) super-
family. SOX12, together with SOX4 and SOX11
belongs to group C of SOX genes (SOXC) [4].

SOX proteins recognize and interact with the
common SOX target sequence A/TAACAA/T
and activate the transcription of target genes
[5, 6]. SOX genes are important for diverse
developmental processes, including the forma-
tion of germ layers, organ development and cell
differentiation [7]. Therefore, deletion or muta-
tion of SOX gene often cause developmental
defects and congenital diseases [8]. The expre-
ssion of SOX genes is altered in a wide range of
tumors [8, 9], and work as oncogenes or tumor
suppressor genes. SOX4 [10-13] and SOX11
[14-17], the other two members of SOXC, are
overexpressed in various cancers including
lung cancers, and their expression may be clo-
sely related with poor prognosis and advanced
clinical stage of some tumors. Recent data also
demonstrated the overexpression of SOX12
and the potential prognostic value in hepatocel-
lular carcinoma (HCC) [18] and breast cancer
[19]. However, the potential roles and biological
mechanisms of SOX12 in lung cancer have not
been studied.
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Table 1. Primers sequences for real-time PCR

sent was obtained from all
patients. A total of 90 pa-
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Primer Primer sequence (bp) tients with lung cancer under-
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Bcl-2 (NM_000633.2) F: 5’-CCACCAGCACCATAGAAG-3’ 131 tumor samples and matched
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MMP-9 (NM_004994.2)  F: 5-AAGGGCGTCGTGGTTCCAACTC-3' 210  Ples) were resected for SOX-

R: 5-AGCATTGCCGTCCTGGGTGTAG-3’ 12 expression detection.
TWlSt(NM_OOO4743) F: 5’-AGTCCGCAGTCTTACGAG-3’ 228 All cell lines were obtained
R: 5’-GCTTGCCATCTTGGAGTC-3' from Cellular Institute of Chi-
E-cadherin (NM_004360.3) F: 5'-GAGAACGCATTGCCACATACAC-3' 164 nese Academy of Science
R: 5’-AAGAGCACCTTCCATGACAGAC-3’ (Shanghai, China) and main-

GADPH (NM_001256799.1) F: 5-CACCCACTCCTCCACCTTTG-3’ 110
R: 5’-CCACCACCCTGTTGCTGTAG-3’

tained at 37°C under a 5%
CO, atmosphere in appropri-

In the current study, we showed that SOX12
was overexpressed in lung cancer samples
based on analyses on a public available datas-
et and our own real-time PCR results. SOX12
expression was strongly associated with the
prognosis of lung cancer patients. Silencing
SOX12 in lung cancer cell lines was sufficient
to inhibit cell growth, migration and invasion in
vitro, as well as tumor xenograft growth in vivo.
Further, abrogation of its expression in lung
cancer cell lines affected the mRNA and pro-
tein expression of cell cycle-, cell apoptosis-
and metastasis-related proteins.

Materials and methods
Human lung cancer cohort

SOX12 expression was re-analyzed with a
RNA-sequencing dataset downloaded from
The Cancer Genome Atlas (TCGA, https://tcga-
data.nci.nih.gov/tcga/, Version: 7/29/2014).
The human lung cancer dataset includes 488
lung cancer samples and 58 control (non-
tumorous) samples.

Clinical specimen and cell lines

This study was approved by the Institute Re-
search Medical Ethics Committee of Xin Hua
Hospital Affiliated to Shanghai Jiao Tong Uni-
versity (Shanghai, China). Written informed con-
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ate medium supplemented
with 10% fetal bovine serum
(FBS; Life Technologies, Carlsbad, CA, USA),
100 U/ml penicillin and 100 pg/ml streptomy-
cin. HEK293T, NCI-H446, A549 and SPC-A-1
were grown in Dulbecco’s minimum essential
medium (DMEM; HyClone, UT, USA). BEAS-2B,
NCI-H358, NCI-H1975 and NCI-H292 were
grown in RPMI-1640 medium (Hyclone).

RNA isolation and real-time PCR

Total RNA from the tissue samples or lung can-
cer cell lines was extracted by using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) and
treated with DNase to remove genomic DNA. A
total of 2 ug RNA was reverse-transcribed into
cDNA with the M-MLV reverse transcriptase
(Promega, Madison, WI, USA) according to the
manufacturer’s protocol. Quantitative real-time
PCR was performed by mixing the template and
primers with the SYBR Green mix (Thermo
Fisher Scientific, Rockford, IL, USA) and detect-
ed on the ABI Prism 7300 sequence detection
system (Applied Biosystems, Foster City, CA,
USA). Primer sequences were listed in Table 1.
The relative gene expression was normalized to
GAPDH.

Immunohistochemical (IHC) staining
Tissues were fixed in 4% paraformaldehyde,

paraffin embedded and sectioned into 5-mm-
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Table 2. Primers sequences for ChIP

Twist Primer 1 F: 5’-TCAGCTTGAGATATCTGC-3’
R: 5’-GGAGTCAGTACACAGTGT-3’
Primer 2 F: 5-CAGGACAGTCTCCTCCGA-3’
R: 5’-TTGGCCTGACGTGAGGAG-3’
Cyclin E Primer 1 F: 5-TCTCATTAGCCGGTAAGCCC-3’

R: 5-CACAGTCTTGGTGCCTCTCT-3’

thick slices. After deparaffinization, IHC stain-
ing was conducted using anti-SOX12, anti-Ki67
or anti-Twistl (Abcam, Cambridge, MA, USA;
Ab175430). The images were captured under a
microscope (200 x magnification).

Western blotting and quantification

Western blotting was performed as previously
described [20]. Briefly, cells were lysed with
RIPA lysis buffer containing protease inhibitor
mixture (Sigma). Total protein lysates contain-
ing 30 ug protein were separated by SDS-PAGE
and electrotransferred to NC membrane. After
blocking with 5% skim milk, the membranes
were incubated with primary antibodies over-
night at 4°C and then with secondary antibod-
ies labeled with horseradish peroxidase for 1 h
at room temperature. GAPDH was served as a
loading control. Protein bands were visualized
with Clarity Western ECL kit (Bio-Rad Labora-
tories Inc., Richmond, CA, USA) followed by
image analysis using ImageJ software (Bethes-
da, MD, USA; http://rsb.info.nih.gov/ij/). The
following primary antibodies were used: SOX-
12 (Abcam, Cambridge, MA, USA; Ab167614),
PCNA (Cell Signaling Technology, Danvers, MA,
USA; #13110), Cyclin E (Abcam, Ab3927), Bcl-2
(Santa Cruz, Santa Cruz, CA, USA; Sc-492), Bax
(Santa Cruz, Sc-493), MMP-9 (Abcam, Ab11-
9906), Twist1l (Abcam, Ab175430), E-cadherin
(Cell Signaling Technology, #14472) and GAP-
DH (Cell Signaling Technology, #5174).

ShRNA constructs and establishment of stable
S0X12 knockdown cell lines

shRNA against human SOX12 (shS0X12) and a
non-specific control shRNA (shNC) was cloned
into the pLKO-1 lentiviral vector. The SOX12-
targeting sequence was as follows: CATGGCG-
GATTACCCGGACTA [18]. pLKO-shRNA-contain-
ing plasmids were co-transfected into HEK-
293T cells with psPAX2 and PMD2G (Addgene,
Cambridge, MA, USA) by using lipofectamine
2000 (Life Technologies) following the manu-
facture’s instruction. At 48 h after transfection,
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lentivirus particles were collected to infected
SPC-A-1 and A549 cells. Clones stably express-
ing shSOX12 were selected by puromycin resis-
tance (Sigma, St. Louis, MO, USA). Total RNA
and cell lysates were prepared for real time
RT-PCR or Western blotting analysis to validate
the knockdown effect of shSOX12.

Expression constructs

Full length human SOX12 and shRNA-resis-
tant SOX12 were synthesized and cloned into
pCDNA3.1 vector (Invitrogen). The shRNA-resis-
tant SOX12 construct encodes the same amino
acid as wild-type SOX12, but contains a differ-
ent nucleotide sequence in SOX12 shRNA tar-
get region: Wild-type SOX12, 5-CATGGCGGAT-
TACCCGGACTA-3’; rescue SOX12, 5’-CATGGCC-
GACTATCCAGATTA-3'. Mutated nucleotides are
shown in bold.

Cell proliferation assays

To determine cell growth, cells were plated onto
96-well plates at a density of 2 x 103 per well.
At 0, 24, 48 and 72 h, Cell Count Kit-8 (CCK-8,
Dojindo Laboratories) solution was added to
each well and incubated at 37°C for 1 h. Opti-
cal density (OD) values at 450 nm were de-
tected by a microplate reader (BioTek, VT, USA).

Evaluation of apoptosis by flow cytometry

The rate of cells undergoing early apoptosis
was assessed by double labeling with Annexin
V-fluorescein isothiocyanate (FITC) and propidi-
um iodide (PI). Cells were harvested, washed
twice with PBS and then double-labeled with
Annexin V-FITC and PI (eBioscience) as describ-
ed by the manufacturer. Cells were analyzed
using a flow cytometer (Accuri C6; BD Biosci-
ences, San Jose, CA, USA). Early apoptosis was
defined by Annexin V-positive and Pl-negative
staining.

Transwell assay

The migration assays were performed in 24-well
Transwell chambers (Corning, NY, USA). Stable
cells were trypsinized, re-suspended in medium
without FBS and plated in the upper chamber
(4 x 10* cells in 100 ul of medium). Medium
containing 20% FBS (600 pl) was added to the
lower chamber as an attractant. After incubat-
ing at 37°C under 5% CO, for 24 h, and non-
migrating cells were completely removed from
the upper surface of the membrane with a cot-
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Figure 1. SOX12 is overexpressed in lung cancer. A. Analysis of SOX12 expression in lung cancer and normal tissues based on TCGA dataset. B. SOX12 mRNA ex-
pression was detected in 90 tumor tissues and matched normal tissues by real-time PCR. SOX12 mRNA was normalized with GAPDH expression. SOX12 mRNA lev-
els in 90 pairs of lung cancer and normal tissues were determined by real-time PCR analysis. The positive and negative log2 (Tumor/Normal) on the y-axis indicated
the increased and decreased expression of SOX12 in tumor tissue, respectively. C. Overall survival analysis by log-rank test and Kaplan-Meier curves. D. IHC stain-
ing of SOX12 in tumor and matched normal tissues. E. SOX12 protein expression was determined by Western blotting. N1-8, normal tissues; T1-8, tumor tissues.
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Figure 2. Knockdown of SOX12 in lung cancer cells. (A) SOX12 mRNA levels were detected in 6 human lung cancer
cells by real-time PCR and normalized with GAPDH. (B) SOX12 protein levels were determined in human lung cancer
cells by Western blot. GAPDH was served as the loading control. (C, D) Validation of SOX12 knockdown in SPC-A-1
and A549 cells by real-time PCR (C) and Western blot (D). shNC: cells stably expressing control shRNA; shSOX12-1
and shSOX12-2, cell clones stably expressing SOX12 shRNA. ***P<0.001 VS shNC.

ton swab. Migrated cells remained in the lower
surface of the membrane were fixed with 4%
paraformaldehyde, stained with 0.5% crystal
violet and then washed twice with PBS. Stained
cells were viewed under a microscope (200 x
maghnification), and the number of migrated
cells was counted in 10 random fields.

For cell invasion assay, the filters were pre-
coated with Matrigel matrix (1 pg/uL; BD Bio-
sciences) at 4°C overnight. The rest of the
assay was conducted in the same manner as
migration assay.

In vivo tumorigenesis experiments

For the xenograft tumor growth assay, A549
cells stably infected with shNC or shSOX12
(2 x 10° cells per mouse) suspended in PBS
were injected subcutaneously into the right
flank of 5-week-old BALB/c nude mice (Shang-
hai Laboratory Animal Company, Shanghai,
China). Tumor size was measured every 3 days
with a caliper, and tumor volume (v) was cal-
culated with this formula: v = 0.5 x (length x
width?). After 24 days, xenograft tumor tissues
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were isolated, photographed, and stored in lig-
uid nitrogen for real-time PCR and Western
blotting analyses. All experiments were appro-
ved by the Committee on the Ethics of Animal
Experiments of Shanghai Jiao Tong University.

Chromatin immunoprecipitation (ChIP) assays

ChlIP assay was performed on A549 cells stably
infected with shNC or shSOX12. Briefly, cells
were fixed with 1% formaldehyde and lysed with
RIPA Buffer. Following sonication, the chroma-
tin solutions were incubated with Protein A aga-
rose and anti-SOX12 (Abcam) or control 1gG
antibody overnight at 4°C. Binding was detect-
ed by PCR with the primers for Cyclin E or Twist1
promoter. The primers were listed in Table 2.

Statistical analysis

All statistics were performed using GraphPad
Prism, version 6.0 (GraphPad, San Diego, CA,
USA). The RNA-seq data of lung adenocarcino-
ma were obtained from the TCGA project (http:
//cancergenome.nih.gov). Survival analysis was
carried out using the log-rank test and Kaplan-

Am J Transl Res 2017;9(9):4003-4014
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Figure 3. Knockdown of SOX12 suppressed cell proliferation, but induced cell apoptosis. A. Knockdown of SOX12
inhibited the growth of SPC-A-1 and A549 cells as indicated by CCK-8 assay. B. Cell apoptosis of SPC-A-1 and A549
cells analyzed by Annexin V-FITC/PI staining and flow cytometry. shNC: cells stably expressing control shRNA; sh-
SOX12-1 and shSOX12-2, cell clones stably expressing SOX12 shRNA. **P<0.01 and ***P<0.001 VS shNC.

Meier curves. Statistical analyses were per-
formed using student’s t test. All in vitro ex-
periments assays were performed in triplicate
and the results were presented as the mean
value + standard deviation (SD). For all analy-
ses, a P value of <0.05 was set as statistically
significant.

Results

SOX12 expression is elevated in lung cancer
patients

We re-analyzed lung cancer dataset from TCGA
and found that SOX12 expression was signifi-
cantly higher in lung cancer tissues than nor-
mal tissues (Figure 1A, P<0.0001). The elevat-
ed expression of SOX12 in lung cancer was vali-
dated by real-time PCR analysis on 90 pairs of
lung cancer and normal tissues obtained from
Shanghai Xinhua Hospital (Shanghai, China)
(P<0.0001). SOX12 mRNA expression was pre-
sented as the log2 ratio between tumor sam-
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ples and normal samples. Positive and nega-
tive log2 indicated the increased and decre-
ased expression of SOX12 in tumor sample in
comparison with the paired normal samples,
respectively. As depicted in Figure 1B, SOX12
mRNA was elevated in 83.3% (75/90) of the
tested tumor tissues.

Further, according to the relative SOX12 mRNA
expression in tumor tissues, the 90 patients
were classified into two groups: SOX12 high
group (n = 45) and SOX12 low group (n = 45).
Kaplan-Meier analysis and log-rank test show-
ed that the overall survival time in lung cancer
patients with high expression of SOX12 was
shorter than that with low expression (Figure
10C).

SOX12 protein level was examined in lung can-
cer clinical specimens and normal lung tissues
by IHC staining and Western blotting analyses.
A higher level of SOX12 protein expression was
observed in tumor tissues in comparison with

Am J Transl Res 2017;9(9):4003-4014
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Figure 4. SOX12 knockdown inhibited the migration and invasion of lung cancer cells. A. Migration capacities of
SPC-A-1 and A549 cells stably expressing the control sShRNA (shNC) or SOX12 shRNA (shSOX12). Left panels: repre-
sentative images; Right panels: quantifications of average migrated cell number. B. Invasion capacities of SPC-A-1
and A549 cells stably expressing the control shRNA (shNC) or SOX12 shRNA (shSOX12). Left panels: representative
images; Right panels: quantifications of average migrated cell number. shNC: cells stably expressing control shRNA;
shSOX12-1 and shSOX12-2, cell clones stably expressing SOX12 shRNA. **P<0.01 and ***P<0.001 VS shNC.

the paired normal tissues (Figure 1D and 1E).
Our data demonstrated that SOX12 expression
was significantly elevated in tumor tissues both
at transcription and translation levels.

Knockdown of SOX12 in lung cancer cells

Real-time PCR and Western blot analysis de-
tected SOX12 mRNA and protein expression
in 6 lung cancer cell lines (Figure 2A and 2B),
respectively. SPC-A-1 and A549 cells express-
ed high levels of SOX12. Thus, to explore the
loss-of-function phenotype of SOX12, we stably
knocked down its expression in these two cell
lines. As shown in Figure 2C and 2D, SOX12
protein and mRNA were efficiently suppressed
in two selected clones (shSOX12-1 and shSOX-
12-2) compared with control shRNA (shNC) sta-
ble cells.

SOX12 knockdown suppressed cell prolifera-
tion, but induced cell apoptosis

We determined the effect of SOX12 knockdown
on cell proliferation by CCK-8 assay. The results
showed that knockdown of endogenous SOX12
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(shS0X12-1 and shS0X12-2) significantly inhib-
ited the proliferation of SPC-A-1 and A549 cells
compared to the negative controls (shNC) (Fig-
ure 3A). On the contrary, SOX12 overexpres-
sion increased the proliferation of NCI-H292,
which had lower-SOX12 expression (Figure S2A
and S2B).

To explore whether SOX12 affected early apop-
tosis, we performed flow cytometry analysis of
lung cancer cells double labeled with Annexin
V/Pl. Early apoptosis is defined by Annexin
V-positive and Pl-negative staining. As illustrat-
ed in Figure 3B, early apoptosis rate was nota-
bly induced by SOX12 knockdown in both cell
lines.

SOX12 knockdown inhibited migration and in-
vasion of lung cancer cells

The promoted effects of SOX12 have been ob-
served on the invasion and metastasis of HCC
[18]. To examine whether SOX12 plays a role in
facilitating the migration and invasion of lung
cancer cells, we performed Transwell assays.
As shown in Figure 4, migration and invasion

Am J Transl Res 2017;9(9):4003-4014
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Figure 5. Re-expression of shRNA-resistant SOX12 rescued the inhibitory effects of shSOX12 on cell proliferation,
migration and invasion. SPC-A-1 and A549 cells stably expressing SOX12 shRNA (shSOX12-1) were transfected with
shRNA-resistant SOX12 or Vector using Lipofectamine (Invitrogen). (A) SOX12 protein expression was determined at
48 after transfection. (B) Cell proliferation was assessed by CCK-8 assay. (C, D) Cell migration (C) and invasion (D)
were evaluated by Transwell assays. shNC: cells stably expressing control shRNA; shSO0X12-1, cell clone stably ex-
pressing SOX12 shRNA were transfected with Vector; Re-expression, shSOX12-1 cells were transfected with shRNA-
resistant SOX12. **P<0.01 and ***P<0.001 VS shNC; ##P<0.01 and ###P<0.001 VS shSOX12-1.

capacities of SPC-A-1 and A549 cells infected
with shSOX12 virus were decreased compared
to the control group. Complementary results
were observed in NCI-H292 cells stably overex-
pressed SOX12 (Figure S2C). These data indi-
cate that SOX12 could promote the migratory
and invasive phenotype of lung cancer cells.

Effects of re-expression of shRNA-resistant
SOX12

To further confirm the effects of SOX12 knock-
down, shRNA-resistant SOX12 expression plas-
mid was constructed. SPC-A-1 and A549 cells
with SOX12 silenced (shSOX12-1) were trans-
fected with Vector or shRNA-resistant SOX12
(Re-expression). As shown in Figure 5, the de-
fect in cell proliferation, migration and invasion
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could be rescued by expressing shRNA-resis-
tant SOX12 in the shSOX12-1 cells, but not by
Vector alone.

Knockdown of SOX12 suppressed the growth
of xenograft tumors

We then investigated whether knockdown of
SO0X12 in lung cancer cells could reduce tumor
growth in vivo. A549 cells stably transducted
with shSOX12 or shNC were established and
subcutaneously injected to nude mice (n = 6/
group). Tumor size was measured every 3 days.
As shown in Figure 6A, the tumors formed by
shS0X12-1 cells grew significantly slower than
that from shNC cells. After 24 days, the xeno-
graft tumors were resected (Figure 6B) and
SOX12 expression was detected. SOX12 mRNA

Am J Transl Res 2017;9(9):4003-4014
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Figure 6. SOX12 knockdown reduced the growth of xenograft tumors. BALB/c nude mice were inoculated with A549
cells stably infected with shNC or shSOX12 virus (n = 6). The tumor size was monitored every three days. (A) Growth
curve of xenograft tumors derived from A549 cells stably expressing the control shRNA (shNC) or SOX12 shRNA
(shSOX12). (B) After 24 days, xenograft tumors were dissected and photographed. (C, D) The expression of SOX12 in
xenograft was determined by real-time PCR (C) and Western blot (D). (E) The expression of SOX12, Ki67 and Twistl
in xenograft was determined by IHC staining. **P<0.01 and ***P<0.001 VS shNC.

expression decreased in xenograft formed by
shS0X12-1 cells as compared to xenograft fo-
rmed by shNC cells (Figure 6C) (n = 4/group).
Similar results were obtained in SOX12 protein
expression (Figure 6D). Further, IHC staining
revealed that the Ki67 and Twist1 positive cells
were significantly decreased in tumors formed
from shSOX12-1 cells compared with that in
shNC cells (Figure 6E). These data suggested
that suppression of SOX12 in lung cancer cells
repressed cell proliferation in vivo.

Mechanisms of SOX12 exerts its function

Real-time PCR and Western blot assays were
performed to analyze the expression of possi-
ble genes downstream of SOX12 (Figure 7A-C).
In accordance with in vitro functional experi-
ments, knockdown of SOX12 significantly do-
wn-regulated cell growth (PCNA and Cyclin
E), anti-apoptosis (Bcl-2), metastasis (MMP-9)
and epithelial-mesenchymal transition (EMT)
(Twist1) related factors in both SPC-A-1 and
A549 cell lines compared with the control
cells, while remarkably up-regulated the apop-
tosis factor (Bax) and the main factor of EMT
(E-cadherin).
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SOX proteins can recognize a similar motif (A/
TAACAA/T) and then activate the transcription
of target genes [5, 6]. We found that there are
one and two candidate motifs in Cyclin E and
Twistl promoter, respectively. Chromatin im-
munoprecipitation (ChIP) assay confirmed the
direct binding of SOX12 to the promoters of
Cycline E and Twist1 in A549 cells (Figure 7D).
These data suggested that SOX12 transacti-
vated the expression of both genes.

Discussion

SOX12 belongs to SOXC family. It is suggested
that SOXC genes may act in redundancy to con-
trol cell differentiation and development [21].
Members of SOXC family, SOX4, SOX11 and
SO0X12, have been found to be up-regulated
in human cancer tissues [10-18]. However, the
expression of SOX12 in lung cancer have not
been clarified. In this study, we found that
SOX12 expression was elevated in lung cancer
tissues based on analyses on a public available
dataset, our own real-time PCR results and
Western blot results (Figure 1). SOX12 expres-
sion in lung cancer cells were also increased as
compared to BEAS-2B, a human normal bron-
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Figure 7. Mechanisms of SOX12 exerts its function. A. mRNA and protein expression of cell growth-related factors
(PCNA and Cyclin E) was evaluated by real-time PCR (left panel) and Western blot (right panel), respectively. B.
mRNA (left panel) and protein (right panel) expression of apoptotic factors (Bcl-2 and Bax) was assessed. C. mRNA
(left panel) and protein (right panel) expression of metastasis (MMP-9) and EMT (Twistl and E-cadherin) related
factors was evaluated. shNC: cells stably expressing control sShRNA; shSOX12-1 and shSOX12-2, cell clones stably
expressing SOX12 shRNA. **P<0.01 and ***P<0.001 VS shNC. D. SOX12 knockdown affected the binding of
S0X12 to Cyclin E promoter and Twist1l promoter in A549 cells as demonstrated by ChlIP analysis. **P<0.01 and
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chial epithelial cell line (Figure 2B and Figure
S1). Moreover, lung cancer patients with higher
SOX12 expression had shorter overall survival
time, whereas patients with lower SOX12 ex-
pression had better survival (Figure 1C). Thus,
we revealed the potential clinical value of
SOX12 for patients with lung cancer. The sus-
tained proliferation and high metastatic po-
tential are main hallmarks of cancer cells [22].
Then we examined the roles of SOX12 on the
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cellular behaviors of lung cancer cells by knock-
ing down its expression. Our data revealed that
inhibition of SOX12 in SPC-A-1 and A549 cells
could impede cell growth (Figure 3A), migration
and invasion (Figure 4), which could be rescued
by re-expression of SOX12 (Figure 5). On the
contrary, ectopic expression of SOX12 in NCI-
H292 cells with lower expression of SOX12
caused an inverse effect (Figure S2). Moreover,
SOX12 knockdown could suppressed in vivo
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tumorigenicity (Figure 6). These data suggest-
ed for the first time that SOX12 is a potential
oncogene in lung cancer.

We then tried to investigate the molecular
mechanisms by which SOX12 promote tumor
development and metastasis. SOX proteins
harbor HMG box domain, which can interact
with the promoter of target genes and then acti-
vate their transcription. In HCC cells, overex-
pression of SOX12 can induce EMT by transac-
tivating the expression of Twistl [18]. We sup-
posed that SOX12 promotes the growth and
metastasis of lung cancer by regulating the
expression of key moderators in tumor progres-
sion. As expected, knockdown of SOX12 in both
SPC-A-1 and A549 cells led to a significant
decrease in the mRNA and protein expression
of cell growth (PCNA and Cyclin E), anti-apopto-
sis (Bcl-2), invasion (MMP-9) and EMT (Twist1)
related factors. These data suggested that the
regulatory role of SOX12 on these key modera-
tors is at the transcriptional level. Moreover, it
is known that SOX proteins can recognize a
similar DNA motif (A/TAACAA/T) [5, 6]. One and
two candidate motifs were observed in Cyclin E
and Twistl promoter, respectively. ChIP assay
confirmed that SOX12 can directly binding to
the promoters of Cycline E and Twist1 in A549
cells (Figure 7D). SOX12 may exert its function
through its transcription factor activity. Further-
more, forkhead box Q1 (FOXQ1) is reported to
interact with the promoter of SOX12 and trans-
activate its expression in HCC [18]. The overex-
pression of FOXQ1 is closely related with poor
prognosis and EMT phenomenon of non-small
cell lung cancer [23]. Further studies will be
necessary to explore the association of SOX12
and FOXQ1.

In summary, this study provides evidence that
S0X12 functions as an oncogenic molecule
during the development of human lung cancer.
High levels of SOX12 seems as an unfavorable
prognosis factor for patients with lung cancer,
and may serve as a therapeutic target in the
future.
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Figure S1. SOX12 protein levels were determined in BEAS-2B (a human normal bronchial epithelial cell line), NCI-
H358 and NCI-H292 cells by Western blot.
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Figure S2. Effects of SOX12 overexpression on cell proliferation, migration and invasion of NCI-H292 cells. The full-
length SOX12 were cloned into pCDNA3.1 vector. NCI-H292 cells were transfected with pCDNA3.1-SOX12 (SOX12)
or control Vector. A. Validation of SOX12 overexpression by Western blot at 48 h post transfection. B. Cell prolifera-
tion was assessed by CCK-8 assay. C. Cell migration and invasion was evaluated by Transwell assays. **P<0.01 and
***P<(0.001 VS Vector.



