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DEC2 suppresses tumor proliferation and metastasis  
by regulating ERK/NF-κB pathway in gastric cancer
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Abstract: Differentiated embryonic chondrocyte expressed gene 2 (DEC2; BHLHE41/Sharp1) is a helix-loop-helix 
(bHLH) transcription factor, and its deregulation has been observed in several tumors. However, this gene’s effects 
on tumor progression are controversial, and its roles in gastric cancer (GC) remain unclear. In the present study, we 
found that DEC2 expression level is lower in GC tissues compared with adjacent non-tumor tissues, and negatively 
correlated with tumor invasion, lymph node metastasis, TNM stage, and poor survival of GC patients. Positive clini-
cal correlations of DEC2 with EMT regulator, E-cadherin, were also observed in the tissue sections. Overexpression 
of DEC2 inhibits cell proliferation and EMT in vitro, as well as tumor growth and metastasis in vivo. DEC2 expression 
also induces cell apoptosis. Furthermore, the anti-metastatic effect of DEC2 was mediated by inhibiting ERK/NF-
κB/EMT axis. After treatment with ERK1/2 chemical inhibitor (U0126), DEC2’s inhibitory effect on ERK/NF-κB/EMT 
was further decreased. Collectively, these data helped to characterize DEC2, which might be a potential molecular 
target for diagnostic and therapeutic approaches for GC.
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Introduction

Gastric cancer (GC) is one of the most common 
malignancies, which is difficult to detect in  
the early stages; it is regarded as the second 
leading cause of cancer-related deaths world-
wide [1, 2]. Although mortality due to GC has 
declined in recent years primarily according to 
the improvements in endoscopic detection [3], 
early diagnosis and effective treatment of GC 
remain challenging. Therefore, it is essential  
to elucidate the underlying molecular mecha-
nisms of initiation and metastasis and to de- 
velop novel therapeutic approaches.

Differentiated embryonic chondrocyte expre- 
ssed gene 2 (DEC2), also known as BHLHE41, 
Sharp1, belongs to the basic helix-loop-helix 
(bHLH) transcription factor family. This gene is 
ubiquitously expressed in human tissues and 
involved in various biological phenomena [4-8]. 
Importantly, recent studies analyzing the rela-
tionships between DEC2 expression and clini-
copathological features in cancer patients have 

indicated that DEC2 is a novel molecular mark-
er of progression in various cancers, including 
pancreatic cancer and endometrial carcinoma 
[9, 10]. However, DEC2 may act as either a 
tumor suppressor or carcinogenic agent. In 
breast cancer, it was reported that DEC2 signifi-
cantly inhibited cell proliferation and metasta-
sis but contributed to anti-apoptotic effects [11-
13]. In addition, DEC2 impaired epithelial-mes-
enchymal transition (EMT)-associated metasta-
sis of human endometrial and pancreatic can-
cers [9, 14], it has been confirmed that DEC2 
competes with SP1 for the SP1 binding site  
of the TWIST1 promoter [14]. In contrast, it  
was reported DEC2 increased proliferation of 
breast cancer [15] and invasiveness of osteo-
sarcomas [16], but had anti-apoptotic effects  
in human oral cancers [17]. All of these results 
suggest that the aberrant expression of DEC2 
may play an important role in tumor progres-
sion, even though the exact function of DEC2  
in cancer malignancy is controversial. It is es- 
sential to investigate whether DEC2 is involved 
in the progression and metastasis of GC.
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In this study, we first investigated the biologi- 
cal function of DEC2 in gastric cancer. Immu- 
nohistochemistry results showed that DEC2 
expression levels are lower in GC tissues com-
pared with adjacent non-tumor tissues. By ma- 
nipulating DEC2 expression in GC cells, we de- 
termined that DEC2 inhibited cell proliferation 
and epithelial-mesenchymal transition (EMT)  
in vitro, as well as tumor growth and metasta- 
sis in vivo. Meanwhile, we confirmed that DE- 
C2 induced GC cell apoptosis. Furthermore,  
we observed that DEC2 inhibits EMT-associ- 
ated GC progression via regulating ERK/NF- 
κB/EMT axis. These results reveal that DEC2 
functions as a tumor suppressor, which inhi- 
bits tumor growth and metastasis in GC.

Materials and methods

Patients and ethics statement

A total of 49 specimens were collected from  
GC patients admitted to Jinan Central Hospi- 
tal of Shandong University from 2007 to 2014. 
All patients had not received treatment before 

sample collection. The tumor stage was clini-
cally and histologically categorized basing on 
the guidelines described by the sixth edition  
of The American Joint Committee on Cancer. 
The clinicopathological features of patients are 
shown in Table 1. Patients from 2008 to 2011 
were contacted by phone to check upon their 
health status and the last censor date was on 
January 31th, 2014. Written informed consent 
was acquired from each patient for this study. 
The study methodologies conformed to the 
standards set by the Declaration of Helsinki. 
The research protocol and consent program 
were approved by Central Hospital Affiliated  
to Shandong University Medical Institutional 
Ethical Committee.

Cell culture

Human gastric cancer cell lines (BGC823, MG- 
C803, HGC27, and MKN-45) were obtained 
from the Cell Bank of The Chinese Academy  
of Sciences (Shanghai, China). Non-malignant 
gastric epithelial cells GES-1 were purchased 
from Cwbiotech Company (Beijing, China). MG- 

Table 1. Association of DEC2 or E-cadherin expression with the clinicopathological characteristics of 
GC

Characteristics Case 
(49)

DEC2 expression
P value

E-cadherin expression
P value

High (11) Low (38) High (13) Low (36)
Age (years)
    ≤50 7 2 5 0.646 2 5 0.608
    >50 42 9 33 11 31
Gender
    Female 15 4 11 0.716 8 7 0.011*
    Male 34 7 27 5 29
Tumor size (diameter)
    ≤4 22 7 15 0.185 8 14 0.202
    >4 27 4 23 5 22
Differentiation
    I 32 8 24 0.725 9 23 0.504
    II-III 17 3 14 4 13
Tumor invasion (AJCC)
    T1-T2 14 8 6 0.001* 9 5 0.000*
    T3-T4 35 3 32 4 31
Lymphatic metastasis
    Absent 17 7 10 0.033* 8 9 0.038*
    Present 32 4 28 5 27
TNM stage
    I-II 23 10 13 0.001* 10 13 0.021*
    III-IV 26 1 25 3 23
*Statistically significant difference; AJCC, American Joint Committee on Cancer.
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C803 and GES-1 cells were cultured in DMEM 
(Invitrogen) supplemented with 10% fetal bo- 
vine serum (FBS, Hyclone, USA); BGC823, HG- 
C27, and MKN-45 cells were cultured in RPMI 
1640 medium (Hyclone, USA) supplemented 
with 10% fetal bovine serum (FBS, Hyclone, 
USA). All cells were incubated at 37°C in a 
humidified atmosphere with 5% CO2. The ER- 
K1/2 inhibitor, U0126, was purchased from a 
commercial source (Selleck, Houston, TX, USA).

Cell transfection

The DEC2 vector (GeneCopoeia, Rockville, MD, 
USA) was prepared with full length human 
DEC2 cDNA linked to the Pez-lv105 vector in 
order to induce DEC2 over-expression. An 
empty vector was used as the control. Trans- 
fection was performed using the Lipofecta- 
mine 2000 transfection reagent (Invitrogen) 
according to the manufacturer’s instructions. 
Human DEC2 cDNA was subcloned into a  
pGV-puro lentiviral vector containing the puro-
mycin resistance gene for establishment of 
stable cell lines (Genechem, China). Stable cell 
lines were selected by incubating puromy- 
cin containing medium for 48 h after trans- 
fection. The resulting stably transfected cell 
lines were collected after four weeks.

Human DEC2 shRNA linked with Lentivirus 
pGLV/H1/GFP vector (Genechem Co., Ltd., 
Shanghai, China) was used to induce DEC2-
silence in the cells. Cells transfected with Len- 
tivirus pGLV/H1/GFP (NC) vector served as  
negative control. Stable cell lines were select- 
ed by incubating puromycin containing medium 
for 48 h after transfection. The resulting sta- 
bly transfected cell lines were collected after 
four weeks. shRNA sequences are: shDEC2, 
5’-CTGGACTATTCCTCTTTGTAT-3’; shNC, 5’-GTT- 
CTCCGAACGTGTCACGT-3’.

Cell proliferation assay in vitro

Cell proliferation was evaluated using a Cell 
Counting Kit-8 (Dojindo, Kumamoto, Japan) 
assay. According to the manufacturer’s instruc-
tions, Cells were plated in 96-well plates at  
a started number of 5×103 cells/well. Then, 10 
μl CCK8 solution was added to each well fol-
lowed by incubation at 37°C for 2 h. Sample 
absorbances were measured at 450 nm for  
six days using a microplate reader (Bio-Rad, 
Hercules, CA, USA). The ratio of optical density 

(OD) value of each group using the cells on  
Day 1 as standard at the indicated time points 
are presented. Each experiment was perform- 
ed in triplicate.

EdU incorporation assay

Transfected GC cells seeded in 96-well plates 
were incubated with EdU (5 μM, Ribobio, Guang 
zhou, China) for 2 h before fixation in 4% para-
formaldehyde. After permeabilization with 0.5% 
Triton X-100, 100 μl 1x Apollo® staining reac- 
tion liquid was added to GC cells at 37°C for  
30 min, the cells were counterstained with 
DAPI, and imaged using a fluorescence micro-
scope (Olympus).

Annexin V/PI staining assay for apoptosis

Apoptosis assay were performed with an An- 
nexin V-FITC apoptosis detection kit (BD Bio- 
sciences, USA), according to the manufactur-
er’s instructions. Briefly, the transfected cells 
were washed twice with cold PBS and resus-
pended to a concentration of 1×106 cells/mL. 
Cells were then incubated with 100 μl bind- 
ing buffer containing 2.5 μl Annexin V-FITC  
and 1 μl PI for 15 min at room temperature in 
the dark. Following this incubation period, the 
samples were analyzed by flow cytometry (BD, 
San Diego, CA, USA).

Migration and invasion assay in vitro

Cell migration was performed in 24-well tran-
swell plates with 8 μm-pore polycarbonate me- 
mbranes (Costar, Corning, MA, USA). Matrigel 
invasion assay was performed using mem-
branes coated with Matrigel matrix (BD Science, 
Sparks, MD, USA). The transfected cells (1×105 
cell/ml) suspended in serum-free medium were 
added to the upper chamber and incubated  
for 24 h at 37°C for migration assay and 36  
h for invasion assay. Migrated or Invasive cells 
were fixed with 100% methanol for 15 min, 
then stained with 0.1% Crystal violet-Solution 
for 20 min, and five representative fields from 
sample were counted under a light optic micro-
scope (Olympus). Each experiment was per-
formed in triplicate. For wound healing assay, 
transfected cells were seeded into 6-well plates 
and grown to confluence in complete medium. 
The confluence monolayers were scratched  
by a 10 μl pipette tip after which the wound- 
ed monolayers were washed by PBS to remove 
cell debris and cultured in FBS-free media. 
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Photos were taken under a microscope at 0  
h and 48 h. 

Quantitative real-time RT-PCR

Total RNA was isolated using the Trizol rea- 
gent (Invitrogen) following the manufacturer’s 
instructions. First strand complementary DNAs 
were prepared using the Reverse Transcription 
Reaction Kit (Takara). Quantitative real-time 
PCR was analyzed on the Applied Biosys- 
tems 7300 Real-Time PCR System. The rela- 
tive amount mRNA was calculated using the 
2(-ΔΔCt) method after normalization to GAP- 
DH mRNA levels. All the samples were per-
formed in triplicates in each experiment. PCR 
reaction was performed using DEC2 primers: 
5’-GCATGAAACGAGACGACACC-3’ (forward), 5’- 
ATTTCAGATGTTCAGGCAGT-3’ (reverse); GAPDH 
primers: 5’-AGAAGGCTGGGGCTCATTTG-3’ (for-
ward) and 5’-AGGGGCCATCCACAGTCTTC-3’ (re- 
verse).

Protein extraction and western blot assay

Cells were lysed in RIPA buffer (Beyotime, 
Jiangsu, China) supplemented with protease 
inhibitors. Total protein was quantified by BCA 
protein assay (Thermo Scientific, Rockford, 
USA). Proteins were separated by 10% SDS-
PAGE gel and transferred to PVDF membranes 
(Millipore, Boston, MA, USA). Subsequently, the 
membrane was blocked and probed overnight 
at 4°C with primary antibodies including anti-
DEC2 (1:500; Sigma), anti-bcl-2 (1:500; Epito- 
mics), anti-Bax (1:500; Epitomics), anti-survi- 
vin (1:1000; Epitomics), anti-ERK (1:1000; Cell 
Signaling Technology, Danvers, MA, USA), anti-
p-ERK (1:1000; Cell Signaling Technology, Dan- 
vers, MA, USA), anti-NF-κB/p65 (1:1000; Cell 
Signaling Technology, Danvers, MA, USA), anti-
N-cadherin (1:10000; Epitomics), anti-E-cad-
herin (1:1000; Epitomics), anti-vimentin (1: 
2500; Epitomics) and anti-GAPDH (1:2500; 
Proteintech Group, Inc., Wuhan, China). After 
incubation with HRP-conjugated secondary 
antibodies (1:10000, Proteintech Group, Inc., 
Wuhan, China), the blots were exposed to 
FluorChemE system (Cell Biosciences, Santa 
Clara, USA).

Immunofluorescence analysis

The transfected cells were seeded in 24-well 
plates and cultured overnight. Then the cells 

were washed with PBS twice and fixed with  
4% paraformaldehyde for 20 min. After perme-
abilization with 0.5% Triton X-100, cells were 
blocked with normal goat serum for 1 h, subse-
quently incubated with primary antibodies over-
night, anti-E-cadherin (1:500; Epitomics), anti-
vimentin (1:1000; Epitomics). After 1 h of in- 
cubation at 37°C with Alexa Fluor® 488 con- 
jugated goat anti-rabbit or Alexa Fluor® 594 
conjugated anti-mouse IgG antibodies (1:200 
dilution, life technologies, Invitrogen, USA), the 
cells were counterstained with DAPI and ima- 
ged using a fluorescence microscope (Olympus).

Proliferation and metastasis assays in vivo

All animal care and experimental procedures  
in present study were approved by the Animal 
Ethics Committee of the Medical School of 
Shandong University, in compliance with the 
National Institutes of Health Guide for the Care 
and Use of Laboratory Animals, Jinan, Shandong 
Province, China. In addition, the ARRIVE guide-
lines were followed [18].

Four-to six-week-old female BALB/c nu/nu mice 
were purchased from Beijing HFK Bioscience 
(Beijing, China). Animals were housed in specif-
ic-pathogen free environment with controlled 
temperature and humidity conditions. To induce 
ectopic tumor, 2×106 cells suspending in 100 
μl medium were subcutaneously injected in 
right flank of the mice (n = 6). Tumor dimen-
sions were measured with vernier caliper. The 
volume of tumor nodules was calculated by  
the formula twice weekly: length × width2 ×0.5. 
After four weeks, tumor nodules were surgical- 
ly excised and weighed and subjected to fur- 
ther analysis. To ascertain the role of DEC2 in 
tumor metastasis, 1×106 cells suspending in 
100 μl medium were intravenously injected  
into the lateral tail vein of nude mice. The mice 
were sacrificed at 36 days after injection and 
lungs were harvested for counting the number 
of metastasis nodules and being fixed in 10% 
neutral-buffered formalin for further examina-
tion. The mice were killed in a CO2 cage, and the 
tumors were extracted by standard surgery.

Immunohistochemistry

IHC staining was performed using a standard 
immunoperoxidase staining procedure. Briefly, 
paraffin sections were cut to a thickness of  
4 μm and mounted on silanized slides. Next, 
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slides were dewaxed in xylene and hydrated  
in graded alcohol solutions. After antigen re- 
trieval with heat treatment in 10 mM sodium 
citrate buffer (PH 8.0), the slides were incubat-
ed with the primary antibodies against anti-
DEC2 (1:200, Sigma), anti-E-cadherin (1:500, 
Epitomics). Following a final wash, the slides 

were incubated with secondary antibody (KIT-
5010, Max Vision, Maixin, Bio, China), and visu-
alized by incubation with 3, 3-diaminobenzidine 
solution. Slides incubated with normal mouse 
or rabbit IgG instead of primary antibodies  
were used as negative control. The nucleus  
was counterstained with hematoxylin. 

Figure 1. Immunohistochemical expression of DEC2 and the EMT-related marker, E-cadherin. A. Immunohistochemi-
cal staining of DEC2 and E-cadherin in primary lesion and adjacent normal gastric mucosa. B, C. Expression of DEC2 
and E-cadherin in tumor specimens. D. Kaplan-Meier analysis of the correlation between DEC2 expression and over-
all survival in GC patients (Long-rank test). E. Kaplan-Meier analysis of the correlation between E-cadherin expres-
sion and overall survival in GC patients (Long-rank test). F. Kaplan-Meier analysis of the correlation between DEC2-
high/E-cadherin-high group and DEC2-low/E-cadherin-low group and overall survival in GC patients (Long-rank test).
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Immunohistochemical analysis was performed 
by two independent investigators concurrently. 
The assessment was described by percentage 
of stained tumor cells and staining intensity by 
counting 5 random fields at a magnification of 
400×. The percentage of staining tumor cells 
was scored as follows: (0 = none; 1 = less than 
25%; 2 = 25-75%; 3 = greater than 75%). The 
staining intensity of positive tumor cell was 
scored as followed: (0 = none; 1 = weak; 2 = 
intermediate; 3 = strong). The overall amount of 
protein present in each tumor was then 
expressed as the product or total score of the 
proportion and intensity scores for negative 
and positive tumor cells (ranges = 0-9, respec-
tively). The cut point for positive was a score ≥4, 
and that for a negative score was <4.

Statistical analysis

SPSS version 19.0 (SPSS, Chicago, IL, USA) 
was used for statistical analysis. Data were 
expressed as mean ± SD, or mean ± SEM. 
DEC2 levels in tumors and paired non-tumor 
tissues were compared using the paired 
Student’s t-test. The associations between the 
expression of DEC2 and clinicopathologic fea-
tures were analyzed using Pearson’s chi-
squared test. Kaplan-Meier plots and log-rank 
tests were used for survival analysis. P<0.05 
was considered statistically significant.

Results

Expression of DEC2 is significantly downregu-
lated in GC and clinical relative to the expres-
sion of E-cadherin

A total of 49 primary human GC specimens 
were collected to detect DEC2 expression by 
immunohistochemical analysis and analyzed 
the associations with clinicopathological char-
acteristics. As shown in Figure 1A and Table 1, 

pression was only displayed in the cell cyto-
plasm. Significantly, overexpression of DEC2 
was observed in GC tissues with early stage 
(Figure 1B and 1C).

The correlation between the DEC2 expression 
levels and clinicopathological characteristics 
was summarized in Table 1. The data demon-
strated that DEC2 expression was significantly 
correlated with tumor invasion (P = 0.001), 
lymph node metastasis (P = 0.033), and TNM 
stage (P = 0.001). As shown in Table 1, we 
found that the epithelial marker, E-cadherin, 
expression levels are lower (13/49) in the 49 
tumor tissues, and E-cadherin expression sig-
nificantly correlated with gender (P = 0.011), 
tumor invasion (P = 0.000), lymph node metas-
tasis (P =0.038), and TNM stage (P = 0.021). 
Furthermore, the decreased E-cadherin expres-
sion correlated with lower DEC2 expression (r = 
0.563, P<0.001) (Figure 1B, 1C and Table 2).

Importantly, we examined the prognosis sig- 
nificance of DEC2 and E-cadherin in GC pa- 
tients. Kaplan-Meier analysis showed that the 
overall survival of DEC2 or E-cadherin high-
expression group was higher than the corre-
sponding low-expressing group, respectively 
(Figure 1D and 1E, DEC2, P = 0.001; E-cadherin, 
P = 0.029). In addition, the overall survival of 
patients with DEC2+/E-cadherin + expression 
was much higher than that of group with DEC2-
/E-cadherin - expression (Figure 1F, P = 0.003).

Overexpression of DEC2 inhibits GC cell prolif-
eration and promotes cell apoptosis in vitro

To investigate the biological functions of  
DEC2 in GC development, we examined DEC2 
expression in normal gastric cell line (GES-1) 
and GC cell lines (HGC27, MGC803, BGC823, 
MKN-45) using western blot and real-time 
quantitative reverse transcription polymerase 
chain reaction (qRT-PCR). Our results show that 

Table 2. Correlation between the expression of DEC2 and E-
cadherin

DEC2 expression
P value r value

High (11) Low (38)
E-cadherin expression
    High 8 5 <0.001* 0.563
    Low 3 33
*Statistically significant difference; AJCC, American Joint Committee on Cancer.

in adjacent normal tissues, 
positive DEC2 expression was 
displayed in the cell nucleus 
and cytoplasm, and DEC2-high 
expression tissues accounted 
for 67.35% (33/49) of all tis-
sues. Among the tested tumor 
tissues, DEC2-high expression 
tissues accounted for 22.45% 
(11/49), and the positive ex- 
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Figure 2. DEC2 significantly suppresses cell proliferation and promotes apoptosis in GC cell lines. A-C: DEC2 expres-
sion as shown by western blot and qRT-PCR in normal gastric cell line and GC cell lines. D-F: DEC2 expression in 
MGC803 and MKN-45 cells transfected with DEC2 vector and empty vector (control) assessed by western blot and 
qRT-PCR. G, H: Cell viability of MGC803 and MKN-45 cells were measured by CCK8 assay. I: Comparison of prolifera-
tion ratio of MGC803 and MKN-45 cells transfected with DEC2 vector and empty vector by EdU incorporation assay. 
J. The expressions of apoptotic-related proteins, bcl-2, Bax, and survivin, were detected in GC cells using western 
blot. K. GC cells transfected with DEC2 were stained with Annexin V-FITC/PI and analyzed by flow cytometry. The per-
centage of apoptotic cells is shown in Supplementary Figure 1C. The error bars indicate ± SEM. *P<0.05; **P<0.01 
by Student’s t-test. All the results were repeated thrice.
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DEC2 expression levels were much lower in  
GC cells than in normal gastric cells (Figure 
2A-C). MGC803 and MKN-45 cells with endog-
enous low DEC2 expression were selected to 
be transfected with DEC2 vector, leading to sig-
nificantly upregulation of DEC2 (Figure 2D-F). 
CCK8 and EdU incorporation assays were per-
formed to evaluate whether DEC2 may affect 
the cell proliferation in GC cells. As shown by 
CCK8 assay, DEC2 overexpression significantly 
inhibited GC cells viability (Figure 2G and 2H). 

As shown by 5-ethynyl-2’-deoxyuridine (EdU) 
incorporation assay, MGC803 and MKN-45 
cells transfected with DEC2 vector proliferated 
at a lower rate than those with corresponding 
vector transfection (Figure 2I).

The effect of DEC2 on apoptosis was investi-
gated by flow cytometry. Compared with con- 
trol cells, the apoptotic rate was significant- 
ly increased in DEC2-transfected cells (Figure 
2K and Supplementary Figure 1C). To confirm 

Figure 3. DEC2 inhibits GC cell migration and invasion. A. Wound healing assays were used to examine MGC803 
and MKN-45 cells’ motility following transfection with DEC2 and corresponding control vector, respectively. Wound 
closure percentages are shown in the right panel. B. Migration and invasion assays were performed using MGC803 
and MKN-45 cells transfected with DEC2 and corresponding control vector, respectively. Quantitative results are 
shown in the bottom panel. The error bars indicate ± SEM. *P<0.05; **P<0.01 by Student’s t-test. All the results 
were repeated thrice.
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Figure 4. DEC2 suppresses GC cell proliferation and metastasis in vivo. A, B, I, J. Tumor volume. C, K. Weight are 
shown after subcutaneous injection with DEC2/MKN-45, DEC2-sh/HGC27 and their corresponding control cells, 
respectively. D, L. Lung metastasis in mice after intravenous injection with DEC2/MKN-45, DEC2-sh/HGC27 and 
their corresponding control cells by H&E staining. E, M. The number of tumor macrometastatic nodules in the lungs 
of mice after intravenous injection with DEC2/MKN-45, DEC2-sh/HGC27 and their corresponding control cells, re-
spectively. F. Expression of DEC2 and E-cadherin in metastasis nodules of DEC2/MKN-45-treated mice lungs were 
determined by immunohistochemistry. G, H. DEC2, E-cadherin, bcl-2, and Bax expression were determined in three 
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this, we further analyzed the expression of 
apoptotic-related proteins using western blot. 
As shown in Figure 2J, compared with control 
cells, the expression of anti-apoptotic protein 
bcl-2 decreased while the apoptotic protein  
Bax increased in DEC2-trasfected cells. In addi-
tion, expression of survivin, a member of the 
inhibitor of apoptosis gene family, decreased 
after transfection with DEC2 vector. Quantita- 
tive results of western blot are shown in Supp- 
lementary Figure 1A and 1B. 

Next, DEC2 shRNA vector decreased DEC2 
expression in HGC27 cells with endogenous 
high DEC2 expression (Supplementary Figure 
1D and 1E). Silence of DEC2 increased cell  
proliferation rate, significantly (Supplementary 
Figure 1F). In addition, the expression of anti-
apoptotic protein bcl-2 and survivin increased 
while the apoptotic protein Bax decreased in 
HGC27 cells transfected with DEC2 shRNA vec-
tor (Supplementary Figure 1G and 1H). These 
data indicate that exogenous DEC2 could in- 
hibit proliferation in GC cells and induce GC  
cell apoptosis.

Overexpression of DEC2 inhibits GC cell migra-
tion and invasion

Wound healing and Transwell assays were per-
formed to investigate DEC2’s effect on cancer 
cell migration and invasion in vitro. The wound 
healing assay showed that increased DEC2 
expression in MGC803 and MKN-45 cells was 
associated with significantly slower wound clo-
sure (Figure 3A). Transwell assays ± Matrigel 
demonstrated that MGC803 and MKN-45 cells 
transfected with DEC2 vector had lower inva-
sive activity than control cells (Figure 3B), while 
silence of DEC2 increased HGC27 cells migra-
tion and invasion (Figure 6E). These results 
indicate that DEC2 inhibits GC cell prolifera- 
tion and motility in vitro.

DEC2 suppresses GC tumor growth and me-
tastasis in vivo

To address whether DEC2 suppressed tumor 
growth in vivo, stable transfected DEC2/MKN-
45 and DEC2-sh/HGC27 and the correspond-
ing control cells were injected into the right 

flank subcutaneous tissues of nude mice in 
order to induce formation of ectopic tumors. In 
contrast to their corresponding control cells, 
the tumor volumes were smaller in mice with 
injection of DEC2/MKN-45 cells and massive  
in mice with injection of DEC2-sh/HGC27 cells 
at the designated time points (Figure 4A, 4B,  
4I and 4J). At day 36, when compared with  
their corresponding control groups, the tumor 
weights in DEC2/MKN-45 group were signifi-
cantly decreased and that in DEC2-sh/HGC27 
group were increased (Figure 4C and 4K). Addi- 
tionally, expressions of DEC2, E-cadherin, and 
Bax were higher, while bcl-2 expression was 
lower in DEC2/MKN-45 groups compared with 
their corresponding control groups (Figure 4G 
and 4H). Unfortunately, expressions of DEC2, 
E-cadherin, Bax and bcl-2 were not marked- 
ly altered in DEC2-sh/HGC27 group (data not 
shown).

Next, to evaluate whether DEC2 inhibits dis- 
tant metastasis in vivo, mice were implanted 
with DEC2/MKN-45 and DEC2-sh/HGC27 and 
corresponding control cells via the tail vein, 
respectively. At day 36, hematoxylin-eosin (HE) 
staining showed that less metastatic foci were 
observed in the lungs of DEC2/MKN-45-treat- 
ed mice (Figure 4D) and more metastatic foci 
were observed in the lungs of DEC2-sh/HG- 
C27-treated mice (Figure 4L). Obviously, less 
numbers of lung metastatic nodules could be 
counted in DEC2/MKN-45 group and more 
numbers of lung metastatic nodules could be 
counted in DEC2-sh/HGC27 group, compared 
with corresponding control groups (Figure 4E 
and 4M). In addition, DEC2 and E-cadherin 
expression were increased in metastasis nod-
ules of mice lungs in DEC2/MKN-45 groups, 
which was consistent with the results in vitro 
(Figure 4F). Unfortunately, expressions of DE- 
C2, E-cadherin in metastasis nodules of mice 
lungs were not markedly altered in DEC2-sh/
HGC27 group (data not shown).

Effects of DEC2 on epithelial to mesenchymal 
transition process

Metastasis is a complex multistep process and 
EMT is regarded as an important step during 
the tumor development. To ascertain whether 

pairs of xenograft tumors of group NC and group DEC2 overexpression by western blot. “C” means group NC, “D” 
means group DEC2 overexpression. n = 6. Quantitative results are shown in the right panel. The error bars indicate 
± SEM. *P<0.05; **P<0.01 by Student’s t-test.
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DEC2 regulates metastasis through modula-
tion of EMT in GC, we first observed morpho-
logical changes, which are indicative of EMT. As 

shown, DEC2 impaired the mesenchymal mor-
phology in stable transfected DEC2/MGC803 
and DEC2/MKN-45 cells, while the mesenchy-

Figure 5. DEC2 inhibits EMT in gastric cancer cells. A. The morphological changes of MGC803, MKN-45 and HGC27 
cells after up or down regulation of DEC2 under light microscope (magnification ×100). B. Immunofluorescence 
staining results of epithelial marker E-cadherin and mesenchymal marker vimentin in stable transfected DEC2/
MGC803, DEC2/MKN-45, DEC2-sh/HGC27 cells and their corresponding control cells (magnification ×400). C. 
Comparison of EMT-related proteins in stable transfected DEC2/MGC803, DEC2/MKN-45, DEC2-sh/HGC27 cells 
and their corresponding control cells. Quantitative results are shown in the bottom panel. The error bars indicate ± 
SEM. *P<0.05; **P<0.01 by Student’s t-test. All the results were repeated thrice.
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Figure 6. DEC2 inhibits EMT through inactivation of ERK/NF-κB/E-cadherin pathway. A, D. Western blot results of 
NF-κB p65, p-ERK, and E-cadherin expression levels in DEC2/MGC803, DEC2/MKN-45, DEC2-sh/HGC27 and their 
corresponding control cells. Quantitative results are shown in Supplementary Figure 1. B, E. Western blot results 
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mal morphology was not markedly altered in 
DEC2-sh/HGC27 cells (Figure 5A).

Next, we detected EMT-related proteins by 
immunofluorescence staining and western  
blot assay in those cells (Figure 5B, 5C). As 
anticipated, DEC2 overexpression significant- 
ly reduced N-cadherin and vimentin but incre- 
ased E-cadherin expression in MGC803 and 
MKN-45 cells, whereas silence of DEC2 got  
the opposite results. These data suggest a 
functional role of DEC2 in repressing EMT, and 
this repression might result in the decrease  
of gastric cancer cell invasion and metasta- 
sis ability.

DEC2 inhibits EMT-associated metastasis via 
inactivation of ERK/NF-κB pathway

Recent studies reported that NF-κB plays an 
important role in the induction and mainte-
nance of EMT [19]. To clarify the signaling path-
way involved in EMT-associated metastasis  
in GC cells, the influence of DEC2 on NF-κB 
expression was examined. As anticipated, the 
expression of NF-κB p65 was decreased in sta-
ble transfected DEC2/MGC803 and DEC2/
MKN-45 cells compared with their respective 
control cells (Figure 6A). It was reported the 
activation of ERK1/2 contributes to the regula-
tion of NF-κB [20], and NF-κB was reported to 
trigger the progression of EMT by activating  
different molecules [21, 22]. Next, we analyz- 
ed the expression of the upstream mole- 
cule, ERK1/2, and downstream molecule, E- 
cadherin. Our data indicated that ERK1/2 sig-
naling was inhibited, and E-cadherin expres-
sion was increased in stable transfected DE- 
C2/MGC803 and DEC2/MKN-45 cells, when 
compared with their control cells (Figure 6A). 
DEC2 knockdown markedly stimulated the 
phosphorylation of ERK and NF-κB p65, where-
as decreased E-cadherin expression in HG- 
C27 cells (Figure 6D). As shown in Figure 6B, 
U0126 treatment further inhibited the expres-
sion of NF-κB p65 and the EMT marker. In addi-
tion, after treated with U0126, the migration 

and invasion ability of stable transfected DE- 
C2/MGC803 and DEC2/MKN-45 cells was fur-
ther decreased (Figure 6C). In contrast, pre-
treatment of the cells with U0126 blocked acti-
vating effects of DEC2 knockdown on ERK/
NF-κB, migration and EMT in DEC2-sh/HGC27 
cells (Figure 6E and 6F). But DEC2 express-ion 
was not markedly altered after U0126 treat-
ment regardless of up or down regulation of 
DEC2 (data not shown). These results provide 
direct evidence confirming the role of ERK/
NF-κB/E-cadherin pathway in the inhibitory 
effects of DEC2 on EMT-associated metas- 
tasis.

Discussion

The bHLH proteins are closely associated with 
developmental events, including lineage com-
mitment and cellular differentiation [23]. Based 
on sequence alignment and functional do- 
main analyses, DEC2 and its structurally relat-
ed protein, DEC1, constitute a new class of 
bHLH transcription factors [4, 24]. In addition 
to cell differentiation, DEC proteins are shown 
to play important roles in immune response, 
regulation of molecular clock, and carcinogen-
esis [5, 6, 23, 25-27]. Especially, it has been 
reported that DEC1 and DEC2 were dysregulat-
ed in various types of cancers, including breast, 
pancreatic, and human endometrial cancer, as 
well as oesophageal squamous cell carcinoma, 
[11, 14, 27-30], but had opposite roles in these 
cancers [9, 29]. Our previous studies showed 
that DEC1 expression level was higher in gas-
tric cancer tumors than in adjacent normal tis-
sues [31, 32]. Because there are differences in 
constructs of C-terminus between DEC1 and 
DEC2 [33, 34], they may have differential func-
tions in tumor progression. Furthermore, DEC2 
is a negative regulator of DEC1 expression  
[35]. We assume that DEC2 has a role oppo- 
site to DEC1 and acts as a tumor suppressor  
in gastric cancer.

In this study, we firstly evaluated DEC2 expres-
sion in human GC tumor tissues and cell lines, 

of NF-κB p65, p-ERK, and E-cadherin expression levels in DEC2/MGC803, DEC2/MKN-45, DEC2-sh/HGC27 and 
their corresponding control cells after treated with ERK inhibitor U0126 (10 μM). C. Comparisons of the migration 
and invasion ability in stable transfected DEC2/MGC803 and DEC2/MKN-45 cells after treated with ERK inhibitor 
U0126 (10 μM) or not. Quantitative results are shown in the right panel. F. Comparisons of the migration and inva-
sion ability in DEC2-sh/HGC27 and their corresponding control cells after treated with ERK inhibitor U0126 (10 μM) 
or not. Quantitative results are shown in the bottom panel. The error bars indicate ± SEM. *P<0.05; **P<0.01 by 
Student’s t-test. All the results were repeated thrice.
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confirming that DEC2 expression was downreg-
ulated in GC tumor tissues when compared to 
non-tumor tissues. As anticipated, DEC2 expre- 
ssion patterns were opposite to DEC1 among 
paired tumor-normal samples from GC sam-
ples. It was reported DEC2 expression level  
in human endometrial cancer was higher in 
cases at stage ΙA than in cases at more than 
stage ΙB [14]. Similarly, in our study, high DE- 
C2 nuclear expression was more frequently 
detected in early stage cases than in advan- 
ced stage cases. Thereby, DEC2 may serve as  
a marker of tumor staging. In addition, DEC2 
expression was correlated with clinicopatho-
logical factors including tumor invasion, lymph 
node metastasis, and TNM stage. These re- 
sults indicate that DEC2 may serve as a po- 
tential diagnostic biomarker for GC.

The dysregulation of DEC2 appears to be nega-
tively associated with cancer initiation and pro-
gression [9, 12, 13, 17, 36]. DEC2 has been 
shown to regulate the pro-apoptotic factor [17], 
inhibit cell proliferation, and repress the expres-
sion of cyclin D1 [12]. Consistent with previous 
results, we found that exogenous DEC2 sup-
pressed GC cell proliferation in vitro and in vivo; 
DEC2 overexpression also induced apoptosis  
in MGC803 and MKN-45 cells. On the other 
side, functioning as a tumor suppressor, DEC2 
inhibited tumor metastasis and invasiveness 
by regulating EMT-related markers and VEGF 
expression [9, 36]. Recently, it was reported 
that DEC2 was regulated by p63 metasta- 
sis suppressor and inhibited triple-negative 
breast cancer aggressiveness through inhibi-
tion of HIF-1α and HIF-2α [13]. In the present 
study, we found exogenous DEC2 suppress- 
ed GC cell migration and invasion after analyz-
ing results from transwell assay in vitro; we  
also found that DEC2 inhibited lung metasta- 
sis in nude mice. These results confirm the 
tumor-suppressive role of DEC2 in GC cells  
and provide evidence for the potential useful-
ness of DEC2 for GC therapy.

EMT is a dynamical process by which immo- 
tile epithelial cells lose the epithelial charac- 
teristic of cell-cell adhesion and acquire mes-
enchymal features, thereby gaining increased 
motility and invasiveness. EMT is thus regarded 
as a common molecular mechanism promot- 
ing tumor metastasis; many proteins contri- 
bute to this process [37]. SLUG, TWIST1, and 

E-cadherin were typical regulators of EMT. 
SLUG could enhance invasion and migration by 
deregulation of E-candherin [38, 39]. TWIST1 
also affected EMT progression by regulating 
E-cadherin expression [40, 41]. A previous 
study reported that DEC2 inhibited TGF-β1-
induced EMT progress by regulating SLUG, 
rather than SNAIL [9]. A recent report indica- 
ted that DEC2 competes with SP1 for binding  
to TWIST1 promoter [14]. Accordingly, we hypo- 
thesized that DEC2 is involved in EMT-media- 
ted metastasis in GC via regulation of E-cad- 
herin. We found that DEC2 expression was 
closely associated with EMT marker levels, in- 
cluding upregulation of epithelial marker E-cad- 
herin. Both in vitro and in vivo studies show- 
ed exogenous introduction of DEC2 inhibited 
GC cell invasiveness. Our results suggest that 
DEC2 likely participates in EMT-associated GC 
progression.

In addition to the DEC2-related functions de- 
scribed above, the potential DEC2 mechani- 
sms involved in EMT were investigated. Alth- 
ough recent studies have shown that DEC2 
impaired the EMT process by negatively regu-
lating promoter activities of TWIST1 and Slug 
[9, 14], we demonstrated that DEC2 regulates 
the EMT process by inactivating the ERK/NF-κB 
signaling pathway. Increasing evidence has 
demonstrated that NF-κB plays a vital role in 
EMT induction and maintenance [19, 42, 43], 
activation of the ERK1/2 positively contributes 
to the regulation of NF-κB activity [20], and 
blockade of ERK/NF-κB has been reported  
to inhibit EMT process [20, 44]. Our results 
demonstrated the presence of DEC2 inhibi- 
tory effect on the ERK/NF-κB/EMT pathway. 
After treatment with U0126, the inhibitory ef- 
fect of DEC2 on ERK/NF-κB/EMT was further 
decreased. These results support the hypothe-
sis that DEC2 inhibits GC metastasis, at least 
partly, via inactivation of the ERK/NF-κB/EMT 
pathway.

In conclusion, we are the first to demonstrat- 
ed several novel findings: 1) DEC2 expression  
is downregulated in GC tissues, especially in 
poorly differentiated tissues, and this down- 
regulation appears to correlate with disease 
progression, and 2) DEC2 inhibits GC cell pro- 
liferation and metastasis in vitro and in vivo, 
the inhibiting effects are attributed to a nega-
tive influence on EMT-associated metastasis 
through inactivation of ERK/NF-κB/EMT path-
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way in GC. Collectively, our results indicate  
that targeting the DEC2/ERK/NF-κB/EMT axis 
may serve as a novel diagnostic and thera- 
peutic approach for managing GC patients.
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Supplementary Figure 1. A, B. Quantitative results of apoptotic-related proteins expression using western blot. C. 
The percentage of apoptotic cells is analyzed by flow cytometry. D, E. Quantitative results of DEC2 expression after 
transfection with DEC2 shRNA vector and control vector. F. Cell viability of DEC2-sh/HGC27 and control cells were 
measured by CCK8 assay. G, H. The expressions of apoptotic-related proteins were detected in DEC2-sh/HGC27 
and control cells using western blot. I, K. Quantitative results of p-ERK, NF-κB p65 and E-cadherin expression in 
DEC2/MGC803, DEC2/MKN-45 and their corresponding control cells using western blot. J, L. Quantitative results 
of p-ERK, NF-κB p65 and E-cadherin expression in DEC2/MGC803, DEC2/MKN-45 and their corresponding control 
cells after treated with ERK inhibitor U0126 (10 μM) using western blot. The error bars indicate ± SEM. *P<0.05; 
**P<0.01 by Student’s t-test. All the results were repeated thrice.


