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TMEM196 acts as a novel functional tumour suppressor
inactivated by DNA methylation and is a potential prognostic
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ABSTRACT
Epigenetic silencing of tumour suppressors contributes to the development and
progression of lung cancer. We recently found that TMEM196 was hypermethylated in
lung cancer. This study aimed to clarify its epigenetic regulation, possible roles and
clinical significance. TMEM196 methylation correlated with loss of protein expression
in chemical-induced rat lung pathologic lesions and human lung cancer tissues and
cell lines. 5-aza-2′-deoxycytidine restored TMEM196 expression. Moreover, TMEM196
hypermethylation was detected in 61.2% of primary lung tumours and found to be
associated with poor differentiation and pathological stage of lung cancer. Functional
studies showed that ectopic re-expression of TMEM196 in lung cancer cells inhibited
cell proliferation, clonogenicity, cell motility and tumour formation. However,
TMEM196 knockdown increased cell proliferation and inhibited apoptosis and cellcycle arrest. These effects were associated with upregulation of p21 and Bax, and
downregulation of cyclin D1, c-myc, CD44 and β-catenin. Kaplan–Meier survival curves
showed that TMEM196 downregulation was significantly associated with shortened
survival in lung cancer patients. Multivariate analysis showed that patients with
TMEM196 expression had a better overall survival. Our results revealed for the first
time that TMEM196 acts as a novel functional tumour suppressor inactivated by DNA
methylation and is an independent prognostic factor of lung cancer.

INTRODUCTION

and malignant tumour cells will further the development
of potential treatment for this disease.
The initiation and progression of lung cancer
involves a multi-step process with sequential
genetic and epigenetic changes [3-5]. Although the
molecular mechanisms of lung carcinogenesis remain
unclear, DNA methylation is the third most common
mechanism of tumour suppressor gene inactivation and
tumourigenesis, following the loss of heterozygosity
and acquisition of mutations, and plays an important
role in cancer development [6, 7]. DNA methylation
patterns in tumourigenesis include both genome-wide
hypomethylation and CpG islands hypermethylation,

Lung cancer remains the most common cancer and
first leading cause of cancer-related deaths worldwide [1].
Although several diagnostic techniques and treatments
for lung cancer have been developed, the overall 5-year
survival has not increased significantly because of poor
prognosis and the lack of effective early detection methods
[2]. To improve the survival rate of lung cancer patients,
novel strategies for treating lung cancer need to be urgently
pursued, especially molecularly targeted therapies. In
addition, better understanding of the key molecular
changes in normal cells that lead to precancerous lesions
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along with enhancement of total cellular methylation
capacity. Its main significance may be the molecular basis
for proto-oncogene activation, tumour suppressor gene
inactivation and genomic instability [8-10]. Recent studies
have demonstrated that a series of methylation-silenced
tumour suppressor genes are associated with human
cancer carcinogenesis, tumour progression and prognosis
[11-19]. Thus, the characterisation of novel functional
genes associated with CpG island methylation may help
provide insights into the mechanisms for the inactivation
of the tumour suppressive pathways involved in lung
carcinogenesis and help identify better potential targets
for the diagnosis and treatment of lung cancer.
Through genome-wide methylation screening,
we identified a novel preferentially methylated gene,
transmembrane protein 196 (TMEM196), in human lung
cancer [20], suggesting that it may be associated with lung
tumourigenesis. However, few studies have investigated
the regulation of TMEM196, and the role and function of
TMEM196 in lung cancer remain unknown. In the present

study, we studied the promoter methylation and expression
status of TMEM196 in a chemical-induced rat lung cancer
model, primary human tumour tissues and multiple lung
cancer cell lines. We further investigated the biological
functions, molecular basis and clinical significance of
TMEM196 in lung cancer.

RESULTS
TMEM196 is hypermethylated in chemicalinduced rat lung lesions, human lung cancer
tissues and cell lines
First, we used methylation-specific polymerase
chain reaction (MSP) to examine the methylation
state of the TMEM196 gene in chemical-induced lung
carcinogenesis in rats (Figure 1A). Primer information
was shown in Supplementary Table S1. Unmethylated

Figure 1: Representative results of methylation analysis of TMEM196 promoter CpG islands in a chemical-induced
rat lung cancer model and human tissue and cell line samples by MSP and BGS. A. TMEM196 gene was unmethylated in all

rat normal tissues and methylated in precancerous and tumour tissues. MW: molecular weight; U: PCR product amplified by unmethylatedspecific primers; M: PCR product amplified by methylated-specific primers; N: normal tissue; P: precancerous tissues; T: tumour tissues;
PC: positive control, including fully unmethylated control and fully methylated control; NC: negative control. B. TMEM196 gene was
unmethylated in all human normal tissues and methylated in primary human tumour tissues. C. TMEM196 gene was fully methylated in
all human lung cancer cell lines, but unmethylated in the normal HBE cell line. D. Representative BGS analysis of TMEM196 promoter
methylation in rat and human tissues and cell line samples.
www.impactjournals.com/oncotarget
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TMEM196 alleles were only detected in normal epithelium
and hyperplasia. CpG methylation of TMEM196 was
detectable in various precancerous and tumour cells
after laser capture microdissection. The frequency of
TMEM196 methylation correlated with the pathological
severity of lung carcinogenesis, with a gradual increase
in methylation frequency from 14.8% (4/27) in squamous
metaplasia, 29.7% (11/37) in dysplasia, 40.0% (12/30)
in carcinoma in situ (CIS), and finally 52.0% (13/25) in
infiltrating carcinoma samples (Supplementary Table S2).
Next, we evaluated TMEM196 methylation status
in 85 cases of human primary lung cancer and 20 cases
of normal lung tissue. Using MSP, we found TMEM196
hypermethylation in 52 out of 85 (61.2%) lung cancer
samples compared with no methylation in all examined
normal lung tissues (0/20) (representative results shown

in Figure 1B).
Next, we analysed the association of TMEM196
methylation status and clinicopathological characteristics
in 62 lung cancer patients with all parameters available.
As shown in Supplementary Table S3, there was no
correlation between TMEM196 hypermethylation and
clinicopathological features such as age, gender, smoking,
or histological type. However, TMEM196 methylation
was associated with poor differentiation (P = 0.039) and
pathological stage (P = 0.017) of lung cancer. We then
evaluated the methylation status of TMEM196 in several
human lung cancer cell lines using MSP. The results
showed that all 10 lung cancer cell lines in our study show
TMEM196 hypermethylation, while the normal human
bronchial epithelial cell line HBE exhibited unmethylation
status (Figure 1C).

Figure 2: Epigenetic inactivation of TMEM196 in a rat cancer model and human tissues and cell lines. A. Methylation

of the TMEM196 promoter correlated with the loss of mRNA expression in chemical-induced lung pathologic lesions. U: unmethylation;
M: methylation. B. TMEM196 transcript was reduced or silenced in nine cell lines but was readily detected in H358 cells and the normal
cell line HBE. C. TMEM196 expression was downregulated in lung cancer tissues (T) with hypermethylation status compared with their
adjacent normal tissues (N) with unmethylation status. D. Re-expression of TMEM196 in SPC-A-1, 95D, H1975, H1650, LTEP-a-2, H446
and H460 cell lines with low levels of expression and full methylated promoter region by pharmacologic demethylation. −: DMSO control;
+: 5-aza-dC.
www.impactjournals.com/oncotarget
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To provide a detailed map of the DNA methylation
pattern within the CpG island region of the TMEM196
gene (Supplementary Figure S1), we performed bisulphite
genomic sequencing (BGS) (representative results shown
in Figure 1D). BGS results were in good agreement
with the MSP findings, with TMEM196 being densely
methylated at the promoter in most of the cell lines,
partially methylated in tumour tissues and unmethylated
in normal tissues.

chemical-induced rat model. We found that TMEM196
expression was decreased in chemical-induced, rat lung
pathologic lesions (Figure 2A and Supplementary Table
S2). We next performed a correlation analysis between
TMEM196 promoter methylation and expression shown
in Supplementary Table S4. There was concordance
between the methylation status and protein expression
for TMEM196 in all but 12 samples. The 112 samples
with unmethylated TMEM196 exhibited positive protein
expression, while the 40 samples with methylated
TMEM196 were negative for protein expression. There
was a statistically significant negative correlation
between TMEM196 promoter methylation and its
protein expression during chemically induced rat lung
carcinogenesis, especially in the stages of squamous
metaplasia, dysplasia, CIS and infiltrating carcinoma (P <
0.01, Supplementary Table S4).

TMEM196 downregulation or inactivation is
associated with DNA methylation in rat and
human primary lung cancer tissues and cell lines
To
determine
the
relationship
between
hypermethylation of the TMEM196 gene and its
expression, we examined TMEM196 expression in the

Figure 3: TMEM196 suppressed lung cancer cell growth. A. Overexpression of TMEM196 inhibited cancer cell proliferation

measured by CCK-8 assay. The values obtained from transfected and control cells represent mean ± SD of three independent experiments.
B. Representative colony formation assays. Quantitative analyses of colony numbers are shown as values of mean ± SD (right panel). C.
Inhibition of tumour growth by TMEM196 expression in vivo. The average size and weight of tumours induced by TMEM196-expressing
cells was significantly smaller than the control. **P < 0.01.
www.impactjournals.com/oncotarget
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To clarify whether DNA hypermethylation
regulated the expression of TMEM196 gene, we
examined TMEM196 mRNA expression in 10 human
lung cancer cell lines and the normal HBE cell line by
reverse transcription-polymerase chain reaction (RTPCR) and quantitative RT-PCR. As shown in Figure 2B
and Supplementary Figure S2, the TMEM196 transcript
was reduced or silenced in nine (90%) cell lines but was

readily detected in H358 cells and the normal cell line
HBE. TMEM196 expression level was inversely correlated
with the methylation status in all lung cancer cell lines,
except H358 cells, and HBE cells. We next evaluated
TMEM196 mRNA expression in 10 primary lung cancers
and their corresponding adjacent non-tumour tissues by
RT-PCR. As shown in Figure 2C, TMEM196 expression
was downregulated in lung cancer tissues compared with

Figure 4: TMEM196 induced cell-cycle arrest and apoptosis. A. Cell-cycle profiles in cancer cells after TMEM196 overexpression

were determined by flow cytometry. Representative cell-cycle analysis and summarized flow cytometry data are shown. Results are
represented as mean ± SD and based on three independent experiments. B. TMEM196 induced apoptosis in SPC-A-1 and H1975 cells
as shown by flow cytometric analysis. (B1) Representative dot plots of lung cancer cells transfected with empty vector or TMEM196 by
double staining with Annexin-V-APC and 7-AAD staining kit and flow cytometry. (B2) Quantitative analyses showed that the percentage
of apoptotic cells was significantly increased in TMEM196 transfectants compared with empty vector-transfected cells. *P < 0.05. The
experiment was repeated in triplicate. Data are the mean ± SD, *P < 0.05.
www.impactjournals.com/oncotarget
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TMEM196. Expression of TMEM196 was confirmed by
EGFP observation and RT-PCR (Supplementary Figure
S3). Cell counting assay found that TMEM196 could
induce a significant time-dependent inhibition of cell
proliferation in SPC-A-1 and H1975 cell lines (Figure
3A). Similarly, colony formation assay showed that
TMEM196 significantly suppressed colony formation
(colony numbers down to ~20–40% of controls) in both
tested cell lines compared with vector control cells (Figure
3B). The tumour suppressing effects of TMEM196 was
demonstrated in H358 cells with normal TMEM196
expression levels (Supplementary Figure S4).
To further determine the tumour suppressive ability
of TMEM196 in vivo, we evaluated tumour formation in
nude mice. We found that the average size and weight
of tumours induced by TMEM196-expressing cells
significantly decreased compared with the controls (P <
0.01; Figure 3C and Supplementary Figure S5). These data
showed that TMEM196 indeed had tumour-suppressive
ability both in vivo and in vitro in lung cancer.

their adjacent normal tissues. These results suggest that
TMEM196 hypermethylation was associated with its
transcriptional downregulation or silencing.
To further determine whether TMEM196 expression
was regulated by promoter region methylation, we used
the demethylating agent 5-aza-2′-deoxycytidine (5-azadC). The representative results of RT-PCR analyses
were shown in Figure 2D. As expected, re-expression of
TMEM196 was induced in SPC-A-1, 95D, H1975, H1650,
LTEP-a-2, H446 and H460 cell lines with low levels of
expression and a full methylated promoter region. These
results further indicate that TMEM196 expression is
regulated by promoter methylation.

Tumour-suppressive function of TMEM196
To characterise its tumour suppressive function,
we transfected the TMEM196 gene into SPC-A-1
and H1975 cell lines with methylated and silenced

Figure 5: TMEM196 inhibits cell migration. A. Cell migration of TMEM196- or empty vector-transfected SPC-A-1 and H1975

cells was analysed by a monolayer scratch assay. Magnified area by phase-contrast microscopy 24 h and 48 h after scratching. B. Detailed
quantification comparison of wound closure after 48 h. *P < 0.05.
www.impactjournals.com/oncotarget

21230

Oncotarget

TMEM196 arrests cell cycle and induces cell
apoptosis

control cells (G2 phase: 15.28±0.82% vs. 10.76±0.30%,
respectively; S-phase: 12.51±1.17% vs. 22.14±0.83%)
(Figure 4A). In addition, we also found a slight increase
in G1 phase cells in TMEM196-reexpression cells,
but the increase was not significant. In H1975 cells,
overexpression of TMEM196 significantly increased cells
at G1 phase (72.37±1.68% vs. 64.14±1.16%) and G2
phase (10.53±0.64% vs. 6.14±0.72%), and decreased cells
in S phase (17.11±1.04% vs. 29.72±0.44%) compared with
control cells (Figure 4A).

To clarify the molecular mechanism of the inhibition
effect of tumour cell growth by TMEM196, we examined
the cell cycle and apoptosis by flow cytometry. SPC-A-1
cells overexpressing TMEM196 showed a cell-cycle arrest
at the G2/M checkpoint, with an accumulation of cells in
G2 phase and a decrease in S-phase cells compared with

Figure 6: Knockdown of TMEM196 promotes cell growth. A. TMEM196 gene knockdown mediated by siRNA was examined
by real-time RT-PCR analysis in HBE cells. B. Knockdown of TMEM196 promotes cell proliferation as determined by CCK-8. C.
TMEM196 knockdown caused a significant increase in cell colony formation in HBE cells. The colonies photographed under a phasecontrast microscope are shown on the left, and the quantification of average number of tumour clones by bar diagram is shown on the right.
D. Knockdown of TMEM196 expression significantly reduced apoptosis of HBE cells as determined by flow cytometry. E. TMEM196
expression knockdown led to a significant decrease in the number of HBE cells in G2 phase. Each experiment was repeated three times.
*P < 0.05; **P < 0.01.
www.impactjournals.com/oncotarget
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Next, we used Annexin V-APC/7-AAD Apoptosis
Detection kit to examine apoptosis (Figure 4B1). We found
that the percentage of apoptotic cells was significantly
higher in TMEM196 transfectants compared with empty
vector-transfected cells (SPC-A-1: 15.77±1.26% vs.
7.62±1.05%, respectively; H1975: 10.89±0.76% vs.
5.39±1.15%) (Figure 4B2).

transfectants (Figure 5A). Quantitative analyses at 48 h
confirmed that wound closure was significantly decreased
in TMEM196-transfected cells compared with empty
vector-transfected control cells (Figure 5B).

Knockdown
proliferation

TMEM196 suppresses cell migration

of

TMEM196

promotes

cell

To further confirm the tumour suppressor role
of TMEM196 in lung cancer, we used siRNA vector
transfection to knockdown TMEM196 expression in the
TMEM196-expressing cell line HBE (Supplementary
Figure S6). Figure 6A shows that TMEM196 was
significantly decreased by more than 60% in TMEM196siRNA transfectants compared with control cells by realtime quantitative RT-PCR. RNAi-mediated knockdown of
endogenous TMEM196 significantly enhanced the growth
of HBE cells by ~30% (P < 0.01, Figure 6B). Colony

We used the wound healing assay to detect the effect
of TMEM196 on lung cancer cell motility. Confluent
monolayers of vector- and TMEM196-transfected
SPC-A-1 and H1975 tumour cells were scratched 48 h
after transfection. Phase contrast microscopy photos of
wound margins were taken at 24 and 48 h after scratching.
Results showed that TMEM196 transfectants spread
along the wound edges much slower than control vector

Figure 7: Downstream genes of TMEM196 in lung cancer. A. The expression of p21 and Bax increased, while the expressions
of cyclinD1, c-myc, CD44 and β-catenin were downregulated in SPC-A-1 cells with TMEM196 overexpression. B. Expression of p21 and
Bax decreased, while the expression of cyclinD1, c-myc, CD44 and β-catenin increased in HBE cells with knockdown of TMEM196. C.
Schematic for the molecular mechanisms of TMEM196 as a tumour suppressor.
www.impactjournals.com/oncotarget
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formation assay further confirmed this knockdown of
TMEM196 resulted in significantly increased colony
formation ability (by more than 60%) compared with
the siRNA vector control (Figure 6C). These data further
suggest that TMEM196 acts as a potential tumour
suppressor through inhibiting cell growth in lung cancer.
Next, we examined the effect of knockdown
of TMEM196 expression on apoptosis and cell-cycle
regulation. The apoptotic cells in TMEM196 siRNA-

transfected HBE cells decreased significantly compared
with cells transfected with control siRNA vector
(19.25±1.80% vs. 29.80±7.27%, respectively; P < 0.05)
(Figure 6D). Cell-cycle analysis showed that transfection
with TMEM196 siRNA decreased the fraction of cells in
G2 phase (Figure 6E), suggesting that loss of TMEM196
expression promotes cellular proliferation.

Figure 8: Low TMEM196 expression is associated with poor survival of lung cancer patients. A. Kaplan–Meier survival
curves show that lung cancer patients with low TMEM196 expression had poorer survival than those with high TMEM196 expression based
on a log-rank test (P < 0.001). B. Kaplan–Meier curves of lung cancer patients stratified by expression status of different tumour types
including adenocarcinoma (B1) and squamous cell carcinoma (B2) showed that survival was significantly shorter in the low TMEM196
expression group. C. Kaplan–Meier curves of lung cancer patients in tumour-nodes-metastasis (TNM) stages I–II (C1) and TNM stages
III–IV (C2).
www.impactjournals.com/oncotarget
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Downstream genes of TMEM196 in cell lines

significantly better survival compared with patients with
a stage IV tumour (Table 1).

To investigate the possible downstream genes
modulated by TMEM196, we evaluated several important
genes in cell proliferation, apoptosis and migration by
quantitative RT-PCR analysis. In SPC-A-1 cells stably
transfected with TMEM196, expressions of the proapoptotic gene Bax and cell-cycle regulator p21 were
increased, while the expressions of cell proliferation
genes cyclin D1 and c-myc and cell adhesion-related
genes CD44 and β-catenin were decreased compared with
the vector group (Figure 7A). However, knockdown of
TMEM196 expression downregulated the expression of
p21 and Bax, and enhanced cyclin D1, c-myc, CD44 and
β-catenin in HBE cells (Figure 7B). These results suggest
that TMEM196 regulates the expression of these important
genes associated with cell proliferation, apoptosis and
migration pathways (Figure 7C).

DISCUSSION
DNA methylation is an important mechanism in
the downregulation and silencing of tumour suppressor
genes in tumour initiation and progression [21-27].
Using genome-wide methylation screening, we identified
TMEM196 hypermethylation in lung cancer. To the best
of our knowledge, this is the first study on the epigenetic
regulation of TMEM196 and its function in lung cancer.
In this study, we found that TMEM196 was
hypermethylated in human primary lung cancer tissues
and cell lines but not in corresponding normal tissues.
Furthermore, we showed that the TMEM196 gene is
frequently methylated in the chemical-induced rat lung
cancer model, and the methylation frequency correlated
with the lung pathologic lesions and loss of expression
of the protein. These data showed that TMEM196
hypermethylation is an early event in the development of
lung carcinogenesis. In the future, the sputum and plasma
data should be validated in a large prospective screening
study for lung cancer, and TMEM196 methylation should
be combined with other methylation markers to enhance
the sensitivity and/or specificity.
TMEM196, located on human chromosome 7p21.1,
encodes a transmembrane protein containing 172 amino
acids and four transmembrane regions [28]. TMEM196
belongs to the transmembrane protein family, which plays
important roles in basic physiological processes, including
differentiation, migration, adhesion, aggregation,
dissolving and signal transduction regulation in diseases
[29-32]. Previous studies found that HPP1, VEZT and
IFITM3, which contain a similar transmembrane domain
to that of TMEM196, were hypermethylated associated
with downregulation in colorectal cancer, gastric cancer
and melanoma, respectively [33-35]. Recently, several
other transmembrane proteins have also been implicated
in tumourigenesis [36-43]. TMEM16A inhibits tumour
growth both in vitro and in vivo through the ERK/MAPK
pathway [36]. TMEM34 downregulates and inhibits cell
growth in anaplastic thyroid cancer [37]. TMEM147
stimulates cell proliferation in colorectal cancer through
negative regulation of the M3 muscarinic receptor
expression [38]. TMEM166 inhibits human cancer
cell growth by autophagy and apoptosis in vitro and in
vivo [39, 40], and exhibits the same effects following
focal cerebral ischemic injury in rats [41]. TMEM207
binding with the WW domain-containing oxidoreductase
promotes cell migration and invasion in gastric cancer
[42]. TMEM214 mediates endoplasmic reticulum
stress-induced caspase-4 activation and apoptosis [43].
These results suggest that TMEM196 expression may be
associated with lung carcinogenesis. In addition, several
novel genes inactivated by DNA methylation have been

Low TMEM196 expression is associated with poor
survival of lung cancer patients
To evaluate the clinical significance of TMEM196,
immunohistochemical analysis of tissue microarray (TMA)
of 145 lung cancer patients was performed. We found that
TMEM196 was expressed at low levels in lung cancer
tumour tissues and expressed at high levels in adjacent
tissue sample (Supplementary Figure S7). Kaplan–Meier
survival curves showed that lung cancer patients with low
TMEM196 expression had significantly shorter survival
than those with high TMEM196 expression (P < 0.001,
log-rank test; Figure 8A). Based on Kaplan–Meier curves
of lung cancer patients stratified by expression status of
different tumour type including adenocarcinoma (Figure
8B1) and squamous cell carcinoma (Figure 8B2), survival
was significantly shorter in the low expression group.
In addition, patients with low TMEM196 expression in
TNM stages I–II showed a significantly poorer survival
than patients with high TMEM196 expression (P < 0.001;
Figure 8C1), but patients in TNM stages III–IV did not
differ significantly (P = 0.177; Figure 8C2).
The characteristics of patients with lung cancer
associated with the survival status are shown in Table
1. In the univariate Cox regression analysis, TMEM196
expression in tumour tissues was associated with a
decreased risk of cancer-related death (hazard ratio (HR)
= 0.456; 95% confidence interval (CI), 0.253–0.822; P =
0.009). After adjustment for potential confounding factors,
TMEM196 expression in tumour tissues was found to
predict better survival (HR = 0.357; 95% CI, 0.204–0.624;
P = 0.0003) in the multivariate model (Table 1). This
suggests that TMEM196 expression was an independent
predictor of poorer survival of patients with lung cancer.
As expected, tumour stage was another independent
predictor for overall survival. Patients in stage I had a
www.impactjournals.com/oncotarget
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Table 1: Multivariate Cox regression analysis of potential prognostic factors for lung cancer patients

found to suppress cell growth in several types of tumours
[14-19]. From our findings, we propose the hypothesis that
TMEM196 expression may function as a potential tumour
suppressor in lung cancer.
To explore the tumour suppressive function
of TMEM196 in lung cancer, functional analysis of
TMEM196 was performed in vitro and in vivo. We found
that ectopic expression of TMEM196 in lung cancer cell
lines SPC-A-1 and H1975 could inhibit cell growth,
colony formation and tumour formation in nude mice.
Furthermore, knockdown of TMEM196 mediated by
siRNA vector significantly promoted cell proliferation
in HBE cells. These results suggested that TMEM196
functions as a tumour suppressor in lung cancer. Further
studies showed that TMEM196 could induce cell-cycle
arrest and inhibit cell migration. Molecular studies
revealed that the tumour suppressive role of TMEM196
was closely associated with its pro-apoptotic effect.
www.impactjournals.com/oncotarget

We further evaluate the clinical significance and
prognostic value of TMEM196 in lung cancer. We found
that TMEM196 expression in tumour tissues was found
to predict better survival in the multivariate model.
These results indicate that TMEM196 expression could
be an independent prognostic marker for lung cancer
patients. As the TNM stage is a highly important predictor
of disease recurrence, we used Kaplan–Meier curves
stratified by both expression status and TNM stage.
The results showed that low TMEM196 expression was
significantly associated with shorter survival for TNM
stage I–II lung cancer patients. These data suggest that
TMEM196 expression may specifically predict the most
aggressive and fatal types of lung cancer at an early stage.
In summary, our study identified TMEM196 as a
functional tumour suppressor with frequent epigenetic
inactivation in lung cancer. The methylation-mediated
silencing of TMEM196 may serve as a potential epigenetic
21235
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RNA isolation, RT-PCR and real-time quantitative
RT-PCR analyses

biomarker for early diagnosis and a therapeutic target for
patients with lung cancer. However, further investigations
are needed to delineate the exact TMEM196 signalling
pathways.

RNA isolation was performed by Trizol (Invitrogen,
Carlsbad, CA, USA). The PrimeScript® RT reagent Kit
with gDNA Eraser (Takara, Otsu, Japan) was used to
synthesise cDNA. RT-PCR and real-time quantitative RTPCR analyses were performed as described previously
with β-actin as an internal control [26, 27]. Primer
information is listed in Supplementary Table 1.

MATERIALS AND METHODS
Cell lines, tumours and normal tissue samples
Lung cancer cell lines (A549, SPC-A-1, 95D,
H1975, H358, H1650, LTEP-a-2, H1395, H446 and H460)
and the immortalised human bronchial epithelial cell line
HBE were obtained from the American Type Culture
Collection (Manassas, VA, USA) and the Cell Biology
Institute of Chinese Academy of Science (Shanghai,
China). All cell lines were cultured in RPMI-1640 medium
(Gibco BRL, Rockville, MD, USA) with 10% fetal bovine
serum (Gibco BRL) in a humidified atmosphere with 5%
CO2 at 37°C.
Normal and different morphological rat multistep
carcinogenesis tissues (hyperplasia, squamous metaplasia,
dysplasia, CIS and infiltrating carcinoma) were obtained
from a chemical-induced, rat lung cancer model in our
laboratory as reported previously [21-25].
A total of 85 primary lung cancer tissues obtained
at the Affiliated Xi’nan Hospital of the Third Military
Medical University were investigated. Patients who
received pre-operative chemotherapy were excluded.
Twenty normal lung biopsy samples, obtained from
healthy volunteers who underwent bronchoscopy for
routine screening, were used as normal controls. Ten
paired biopsy tissues from primary lung cancer and
adjacent normal tissues were obtained at the Affiliated
Xi’nan Hospital of the Third Military Medical University
as previously reported [12]. All experiments and
procedures were approved by the Clinical Research Ethics
Committee of the Third Military Medical University.

5-aza-dC treatment
Briefly, cells were seeded at a density of 106 cells/
mL in 10-cm dishes for 24 h, and then incubated in fresh
culture medium with or without the DNA demethylating
agent 5-aza-dC (Sigma, St Louis, MO, USA) at a final
concentration of 10 μM for 3 days. The medium and the
drug were replaced every day. Cells were harvested and
mRNA expression of TMEM196 was analysed by RTPCR.

Generation of cell lines stably TMEM196
overexpression and knockdown
The full-length human TMEM196 gene cDNA
was confirmed by sequencing and subcloned into the
mammalian expression vector pIRES2-EGFP (Invitrogen,
Carlsbad, CA, USA). Cells were transfected with the
TMEM196 vector or empty vector using the X-treme
Gene HP DNA transfection reagent (Roche, Mannheim,
Germany). Overexpression of TMEM196 was confirmed
by RT-PCR.
TMEM196 mRNA siRNAs and the negative control
sequence were designed, synthesised, and subcloned into
pcDNA6.2™ GW/EmGFP siRNA vectors (Invitrogen).
The HBE cell line with TMEM196 expression was
transfected with vectors carrying siRNA-TMEM196 or
the siRNA negative control. RNA was extracted 48 h
after transfection and the siRNA producing the greatest
TMEM196 knockdown was used to assess cell function.

DNA extraction, MSP and BGS
Genomic DNA was isolated and chemically
modified with the EZ DNA Methylation-Gold Kit
(Zymo Research, Orange, CA, USA) according to the
manufacturer’s instruction. MSP and BGS were carried
out as described previously [12, 13]. Primer pairs of
rat and human TMEM196 used for MSP and BGS were
designed with Methprimer and are listed in Supplementary
Table S1.

www.impactjournals.com/oncotarget

Cell viability assay and colony formation assay
Briefly, cells (8×103 per well) were seeded in 96well plates and transfected with vectors. After 1–5 days of
transfection, cell viability was determined using the Cell
Counting Kit-8 (Dojindo, Kumamoto, Japan) according to
the manufacturer’s instructions. Experiments were carried
out in triplicate.
After 48h of transfection, cells were cultured with
G418 (0.4 mg/mL; Invitrogen) or Blasticidin S HCl (0.6
mg/mL; Invitrogen). Colony formation was analysed 14–
21 days later by staining cells with crystal violet solution.
21236
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Colonies with more than 50 cells per colony were counted.
All experiments were conducted in triplicate.

staining and the intensity was used to define expression
levels. A final staining score > 4 was considered to be high
expression.

Cell cycle and apoptosis analysis

Statistical analysis

Cell-cycle profiles were determined using the
ModFitLT software (Becton Dickinson, San Diego, CA,
USA). Apoptosis was determined by Annexin V-APC/7AAD Apoptosis Detection kit (Keygen, Nanjing, China)
according to the manufacturer’s instructions, and then
analysed by FlowJo software (TreeStar, San Carlos, CA,
USA).

Results are expressed as values of mean ± standard
deviation (SD). Results were evaluated using the t-test,
Fisher exact test, and Mann–Whitney U test. Overall
survival in relation to expression status was evaluated by
the Kaplan–Meier survival curve and the log-rank test.
HR of death associated with TMEM196 expression and
other predictor variables were estimated by Cox regression
analysis. Statistical analysis was performed using SPSS
13.0 for Windows (SPSS Inc., Chicago, IL, USA). For all
tests, P < 0.05 was considered of statistical significance.

Wound-healing assay
Cell migration was assessed by a scratch wound
assay. Briefly, cells (5×105 cells/well) stably transfected
with pIRES2-EGFP-TMEM196 or empty vector were
selected using G418 and then cultured in six-well plates
until confluent. After scratching the monolayer, cells were
photographed at 0, 24, and 48 h under a 10× objective
(Olympus, Japan). Images were taken of six random
optical fields (100×) on each filter. The experiments were
conducted in duplicate.
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Tumourigenicity in nude mice was determined as
described previously [12, 13]. All experimental procedures
were approved by the Animal Ethics Committee of
the Third Military Medical University. SPC-A-1 cells
(5×106 cells in 0.2 mL PBS) stably transfected with
pIRES2-EGFP-TMEM196 or empty vector were injected
subcutaneously into the right dorsal flank of 4-week-old
female BALB/c nude mice (six mice/group). Tumour
volume was calculated using the following formula:
(short diameter)2×(long diameter)/2. Tumour volume was
assessed every 3 days for 3 weeks.
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