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Hypermethylation of the CHRDL1 promoter induces proliferation
and metastasis by activating Akt and Erk in gastric cancer
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ABSTRACT
CHRDL1 (Chordin-like 1) is a secreted protein that acts as an antagonist of bone
morphogenetic protein (BMP). BMP plays a role as an activator of BMP receptor II
(BMPR II), which mediates extracellular to intracellular signal transmission and is
involved in carcinogenesis and metastasis. Herein, we report that CHRDL1 expression
was significantly down-regulated in gastric cancer tissues and associated with poor
survival. Clinic-pathological parameters demonstrated a close relationship between
low CHRDL1 expression and metastasis. In vitro, CHRDL1 knockdown promoted tumor
cell proliferation and migration through BMPR II by activating Akt, Erk and β-catenin.
Furthermore, we observed the hypermethylation of the CHRDL1 promoter in gastric
cancer, which induced low expression of CHRDL1 and decreased its secretion to the
supernatant. Finally, in vivo experiments confirmed that CHRDL1 acted as a tumor
suppressor gene in suppressing tumor growth and metastasis.

INTRODUCTION

It has been reported that BMPR is regulated by a
range of extracellular components [8]. Many of these
components are antagonists of BMP. These antagonists
include noggin, CHRDL1 and twisted gastrulation
(TSG) [9–11]. CHRDL1 is a specific antagonist of
BMP. CHRDL1 inhibits the binding of BMP to BMPR
through interaction with BMP4. CHRDL1 is secreted by
the dorsal embryonic pole and contains a domain called
the cysteine-rich von Willebrand factor type C (vWC),
which can bind to BMP4 [12–14]. CHRDL1 plays an
important role in embryonic cell differentiation and the
adult brain [15, 16].
In our research, we observed that CHRDL1
expression was significantly down-regulated in gastric
cancer and regulated by methylation status. Methylationmediated gene silencing plays an important role in
carcinogenesis [17, 18]. DNA methylation often affects
CpG islands in gene promoters [19]. Many diseases are
related to aberrant DNA methylation, such as gastric
cancer, prostate cancer, breast cancer and hepatic cancer
[20–23]. Hypermethylation status in the promoter region

Gastric cancer is one of the most common malignant
tumors globally [1]. Gastric cancer exhibits numerous
characteristics, including invasion, aggression, metastasis
and recurrence [2, 3]. Gastric cancer exhibits a high rate of
recurrence and metastasis after surgical resection despite
improvements in surgery and other therapy [4]. Therefore,
it is necessary to further investigate the mechanism
underlying tumorigenesis, metastasis and recurrence.
Bone morphogenetic protein (BMP) is a secretary
protein that belongs to the transforming growth factor-β
(TGF-β) super-family of growth factors. BMP signaling
has attracted significant clinical interest because it is
frequently involved in the dysregulation of cancer [5].
BMP binds to a BMP receptor (BMPR) on the cell surface
and alters gene regulation through the phosphorylation
of the Smad transcription factors [6]. The activation
of intracellular signaling through BMPR can induce a
series of responses, including proliferation, migration and
invasion in many types of tumors [7].
www.impactjournals.com/oncotarget

23155

Oncotarget

Low CHRDL1 expression promotes cell
proliferation and migration through BMP4

of tumor suppressor genes induces gene silencing and
allows cancer cells to acquire enhanced proliferation,
migration, invasion and anti-apoptotic potential [24–26].
The hypermethylation status of the CHRDL1 promoter
observed in our study explained the low expression
of CHRDL1 in gastric cancer tissues as compared
with adjacent non-tumor tissues. Furthermore, the low
expression of CHRDL1 led to its decreased secretion
to the supernatant, induced BMPR activation and
phosphorylation of Akt and Erk, and eventually increased
Wnt-related gene expression. Our study is the first to
clarify the methylation-mediated suppression of CHRDL1
expression and its contribution to the enhanced migratory
potential of tumor cells.

As shown in Table 1, low CHRDL1 expression
correlated with metastasis. Therefore, we performed
a transwell chamber assay to further confirm the
influence of CHRDL1 on cell migration. As shown
in Figure 2A, CHRDL1 knockdown by shRNA in
SGC7901 and BGC823 cells enhanced cell migratory
potential. However, when CHRDL1 was over-expressed
in NCI-N87 and MNK-45 cells, cell migration was
markedly inhibited (Figure 2B). Similar results were also
observed in MGC803 cell, which had median expression
of CHRDL1 (Supplementary Figure 1). These results
suggested that CHRDL1 acted as a tumor suppressor
gene. Next, we determined which pathway mediated the
effects of CHRDL1 on gastric cancer. CHRDL1 has been
reported to act as an antagonist of BMP4. BMP4 exists
in the circulation and activates BMP receptor (BMPR
II) to transmit extracellular signals to the cytoplasm.
Thus, we knocked down BMP4 and observed decreased
cell migration (Figure 2C). Furthermore, CHRDL1
knockdown promoted cell proliferation, while over
expression inhibited cell growth (Figure 2D and 2E). And
we also observed high expression of BMP4 indicated
poor survival of gastric cancer patients in TCGA database
(Figure 2F). Thus, low CHRDL1 expression promotes cell
metastasis through BMP4 in gastric cancer.

RESULTS
CHRDL1 expression is down-regulated in gastric
cancer and correlates with poor survival
Autocrine protein production has been reported to be
involved in carcinogenesis. BMP4 is an autocrine protein
whose aberrant secretion can induce tumorigenesis,
including gastric cancer. CHRDL1 is an antagonist
of BMP4 and is also an autocrine protein. Although
CHRDL1 has been reported to act as a tumor suppressor in
breast cancer, there are few studies ofCHRDL1 in gastric
cancer. To explore CHRDL1 expression in gastric cancer
progression, we performed qPCR on 61 pairs of gastric
cancer tissues and non-tumor tissues. Through analysis
of TCGA database, we found CHRDL1 was significantly
down-regulated in tumor tissues as compared with
non-tumor tissues (Figure 1A). This result was further
validated by qPCR with our clinical samples (Figure 1B
and 1C). IHC also confirmed the down-regulation of
CHRDL1 in gastric cancer tissues (Figure 1D).We also
detected CHRDL1 expression in gastric cell lines and
found that it was down-regulated in most gastric cancer
cell lines, especially in NCI-N87 and MNK-45 compared
with GSE-1 (Figure 1E).
We further analyzed the correlation between clinicpathological parameters and CHRDL1 expression in
gastric cancer patients. The patients were divided into
two groups: high CHRDL1 expression group (n = 34)
and low CHRDL1 expression group (n = 66). As shown
in Table 1, low CHRDL1 expression had no correlation
with age, gender, tumor size or differentiation. However,
low CHRDL1 expression was significantly correlated with
local invasion, lymph node metastasis and TNM stage
(p < 0.05) (Table 1). The Kaplan-Meier plot of TCGA data
base (Figure 1F) and our clinical samples (Figure 1G) both
demonstrated that patients with low CHRDL1 expression
exhibited poorer survival than those with high CHRDL1
expression, suggesting that CHRDL1 expression might act
as a prognostic factor in patients with gastric cancer.
www.impactjournals.com/oncotarget

Low CHRDL1 expression actives Akt and Erk in
gastric cancer
To investigate the mechanism underlying how low
CHRDL1 expression promotes cell proliferation and
migration, we examined the levels of phosphorylated
AKT, which is always involved in cell migration. As
shown in Figure 3A, CHRDL1 knockdown increased
Akt phosphorylation. Conversely, over expression of
CHRDL1 induced Akt dephosphorylation (Figure 3B).
Yang Y et al. reported that Akt and Erk can also be
phosphorylated by BMPR II [27]. Therefore, we also
measured Erk in our experiment. Erk phosphorylation
was increased by CHRDL1 knockdown and decreased by
over expression of CHRDL1 (Figure 3A and 3B). Because
low CHRDL1 expression promoted cell proliferation and
migration through BMP4, we knocked down BMP4 and
observed decreased activation of Akt and Erk (Figure 3C).
Collectively, these data demonstrate that low CHRDL1
expression activates Akt, Erk and induces cell proliferation
and migration through BMP4 in gastric cancer.

CHRDL1 knockdown activates the Wnt pathway
As illustrated above, down-regulation of CHRDL1
promoted cell proliferation and migration through
activation of Akt and Epithelial-mesenchymal transition
23156

Oncotarget

Table 1: Correlation between CHRDL1 expression levels and clinic-pathological parameters
Clinical-pathological parameters
Age (years) (missing case = 1)
≤ 60
≥ 60
Gender
Male
Female
Tumor size (cm)
≤ 5 cm
≥ 5 cm
Lauren classification (missing case = 1)
Intestinal
Diffuse
Differentiation
Well or moderately differentiation
Poorly differentiation or undifferentiated
Local invasion
T1, T2
T3, T4
Lymph node metastasis
No
Yes
TNM stage
I, II
III, IV

CHRDL1 expression
Low (n = 66)
High (n = 34)

0.447
33
33

14
19
0.118

19
47

5
29

37
29

23
11

34
32

18
15

0.374

0.941

0.212
19
47

14
20
0.001*

18
48

21
13
0.000*

20
46

24
10

29
37

26
8

0.002*

(EMT). However, the underlying mechanism remained
unknown. A microarray was employed to identify the
signaling pathway involved. BGC823 cells were divided
into two groups: CHRDL1 knockdown (CHRDL1 KD)
and NC group. As shown in Figure 4A, the candidate
genes whose expression significantly differed between
the two groups were selected using a cut-off value of
2/0.5. Pathway enrichment analysis indicated that the
Wnt/β-catenin pathway was closely associated with
CHRDL1 knockdown. The aberrant expression of genes
involved in the Wnt signaling pathway was validated by
western blotting (Figure 4B). As shown in Figure 4C, the
β-catenin downstream genes Bim and p27 were downregulated, whereas Cyclin D1 and Slug were up-regulated
in the CHRDL1 KD group. The decreased Bim and p27
expression and increased Cyclin D1 expression induced cell
proliferation. Increased Slug promoted migration through
EMT induction, evidenced by substantial downregulation
of E-Cad and upregulation of N-cad and Vimentin
(Figure 4D). It has been reported that the β-catenin pathway
is regulated by Akt/GSK3-β and FOXO3. Therefore, we
www.impactjournals.com/oncotarget

P value

also measured the GSK3-β and FOXO3 levels. CHRDL1
knockdown induced phosphorylation of Akt (Figure 3A)
and GSK3-β (Figure 4C). Phosphorylated GSK3-β lost its
ability to inhibit β-catenin. Consequently, the transcription
of Cyclin D1 and Slug which were downstream of β-catenin
was increased (Figure 4C). The activation of β-catenin
also decreased dephosphorylated FOXO3 and its nuclear
translocation (Figure 4C and 4E). So the transcription of
FOXO3 target genes such as Bim and p27 were inhibited
(Figure 4C). Chromatin immune-precipitation (Ch-IP)
assay revealed that FOXO3 could directly bind to the
promoters of Bim, p27 and that β-catenin could bind to the
promoters of Slug and Cyclin D1 (Figure 4F).
Collectively, we demonstrated that low CHRDL1
expression activated Akt and Erk. Activated Akt stabilized
β-catenin by phosphorylation of GSK3-β. Subsequently,
β-catenin inhibited FOXO3 dephosphorylation and
inhibited its nuclear translocation. As a result, Bim and
p27 were down-regulated, whereas Cyclin D1 and Slug
were increased, leading to tumor cell proliferation and
metastasis (Figure 4G).
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Promoter hypermethylation down-regulates
CHRDL1expression and secretion

the CHRDL1 promoter. First, methylation-specific PCR
(MSP) was used to determine the methylation status of
the CHRDL1 promoter in gastric cancer patients. As
shown in Figure 5A, adjacent normal tissues exhibited
promoter hypomethylation, whereas paired tumor tissues
exhibited a hypermethylated status. To validate this
result, we also examined gastric cancer cell lines used

Next, we investigated the underlying cause of low
CHRDL1 expression in gastric cancer. As methylationmediated gene silencing plays an important role in
tumorigenesis, we measured the methylation status of

Figure 1: CHRDL1 expression was down-regulated in gastric cancer and correlated with poor survival. (A) CHRDL1

expression was significantly down-regulated in tumor tissues compared with non-tumor tissues. (B and C) Data are presented as log2-fold
changes by normalizing CHRDL1 expression in tumor tissues to non-tumor tissues. (D) IHC analysis of CHRDL1 in tumor tissues and
non-tumor tissues. (E) CHRDL1 expression in gastric cancer cell lines. (F) Survival curve of patients with high or low CHRDL1 expression
in TCGA and GEO database and (G) our clinical cohort (n = 100).
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CHRDL1suppresses gastric cancer
tumorigenesis and cell metastasis in vivo

in our experiment. The CHRDL1 promoter was heavily
methylated in NCI-N87 and MNK-45 cells, whereas
hypomethylation was observed in SGC7901 and BGC823
cells (Figure 5B). The methylation status of the CHRDL1
promoter in these cell lines was consistent with the
results shown in Figure 1D. As CHRDL1 inhibited cell
migration through binding to BMP4 and blocking BMPR
II signal transmission, we measured the levels of secreted
CHRDL1 in the supernatant. As shown in Figure 5C,
CHRDL1 knockdown decreased the CHRDL1 level
in the supernatant. From these data, we concluded that
the hypermethylation status of the CHRDL1 promoter
in gastric cancer decreased CHRDL1 secretion in the
supernatant, which promoted BMP binding to BMPR II
and the subsequent activation of Akt and Erk.

Finally, we explored whether CHRDL1 could affect
gastric cancer tumorigenesis and tumor cell metastasis
in vivo. In this experiment, CHRDL1 was stably knocked
down in BGC823 cells. CHRDL1 KD and NC cells were
injected into nude mice subcutaneously, intraperitoneally
and intravenously. After six weeks of injection, the tumor
nodes in the CHRDL1 KD group were significantly
larger than those in the NC group (Figure 6A and 6B).
IHC analysis also revealed that the CHRDL1 KD group
exhibited higher Ki67 and lower E-Cadherin than the NC
group (Figure 6C). Moreover, there were fewer peritoneal
and pulmonary metastatic nodules in the NC group

Figure 2: Low CHRDL1 expression promoted cell proliferation and migration through BMP4. (A) CHRDL1 knockdown

in SGC7901 and BGC823 promoted cell migration. (B) CHRDL1 over expression in NCI-N87 and MNK45 inhibited cell migration.
(C) BMP4 knockdown in NCI-N87 and MNK45 cells inhibited cell migration. (D and E) CHRDL1 knockdown promoted SGC7901 and
BGC823 proliferation. CHRDL1 over expression inhibited proliferation of NCI-N87 and MNK45 cells. (F) Survival curve of patients with
high or low BMP4 expression in TCGA database.
www.impactjournals.com/oncotarget
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thank in the CHRDL1 KD group (Figure 6D and 6E).
Collectively, these data suggest that CHRDL1acts as
a tumor suppressor gene and suppresses gastric cancer
growth and metastasis.

including local invasion, lymph node metastasis and TNM
stage. We also observed that patients with low expression
of CHRDL1 exhibited poor survival.
Reduced CHRDL1expression led more BMP4
ligation to BMPRII and aberrant activation of the
intracellular signal pathway members, such as Akt and
Erk. Erk belongs to the MAPK family and its translocation
into the nucleus to increase the transcription of genes that
promote carcinogenesis. Aberrant activation of Erk can
lead EMT, which promotes malignant transformation and
enhances cell migration. Furthermore, the over expression
of CHRDL1 increased the concentration of CHRDL1 in
the supernatant and resulted in decreased Akt and Erk
phosphorylation. The migration of gastric cancer cells
was markedly inhibited by CHRDL1 over expression
both in vitro and in vivo. To determine the underlying
mechanism, we performed high-throughput pathway
analysis and determined that genes downstream of the
Wnt pathway were involved in this process. CHRDL1
knockdown activated Akt, promoted β-catenin nuclear
translocation and activated the transcription of downstream
genes that could induce cell proliferation and EMT.

DISCUSSION
Secreted proteins in the circulation play an
important role in carcinogenesis by binding to their
receptors on the cell surface and transmitting extracellular
signal to the intracellular milieu. The dysregulation of
secreted proteins can induce a range of diseases, including
malignancy [28]. Some secreted proteins can transmit
positive signals that activate intracellular pathway, such
as the Wnt signaling pathway, conferring an enhanced
potential for proliferation, migration and invasion
on tumor cells [29]. Other secreted proteins transmit
negative signals that induce apoptosis or necrosis [30].
In our work, we determined that CHRDL1, a secreted
protein, was markedly down-regulated in gastric cancer
samples. Furthermore, we observed that CHRDL1 protein
expression was closely correlated with tumor progression,

Figure 3: Low CHRDL1 expression activated Akt and Erk in gastric cancer. (A) CHRDL1 knockdown in SGC7901 and
BGC823 cells increased Akt and Erk phosphorylation. (B) CHRDL1 over expression in NCI-N87 and MNK45 cells decreased Akt and Erk
phosphorylation. (C) BMPR II knockdown in NCI-N87 and MNK45 cells inhibited Akt and Erk phosphorylation.
www.impactjournals.com/oncotarget

23160

Oncotarget

To investigate the mechanism by which CHRDL1was
down-regulated in gastric cancer, we measured the
promoter methylation status of CHRDL1 and observed
hypermethylation in most gastric cancer samples relative
to adjacent non-tumor tissues. These data suggest that
promoter hypermethylation induces low CHRDL1

expression and subsequently activates BMPR II. BMPR
II activation leads to the phosphorylation of Akt, Erk and
β-catenin, eventually induces proliferation and EMT in
gastric cancer cells and facilitates tumor cell metastasis.
Therefore, CHRDL1 methylation status may represent a
novel biomarker to identify and predict the prognosis of

Figure 4: The Wnt pathway was activated by CHRDL1 knockdown. (A) Heat map analysis of differentially expressed genes

in the CHRDL1 KD and NC group with a cutoff value of 2/0.5. (B) Pathway enrichment of differentially expressed genes. (C) CHRDL1
knockdown decreased Bim and p27 expression but increased Cyclin D1 and Slug expression. (D) CHRDL1 knockdown induced EMT.
(E) CHRDL1 knockdown promoted β-catenin translocation but inhibited FOXO3 nuclear translocation. (F) Ch-IP assay of β-catenin and
FOXO3 binding to the target promoters. (G) Schematic illustration of the Wnt pathway was activated by CHRDL1 knockdown.
www.impactjournals.com/oncotarget

23161

Oncotarget

gastric cancer patients CHRDL1. Targeted therapy attracted
more and more interest [31]. Our study of CHRDL1 may
offer a new target for future treatment. However, our study
is limited by the fact that we did not measure CHRDL1
levels in the serum of gastric cancer patients. Therefore,

the relationship between serum CHRDL1 levels and
the prognosis of gastric cancer patients requires further
investigation.
Taken together, our data demonstrates that CHRDL1
acts as a tumor suppressor that is regulated by promoter

Figure 5: Hypermethylation in promoter down regulated CHRDL1 expression and secretion. (A) The CHRDL1 promoter
was heavily methylated in most tumor tissues compared with non-tumor tissues. (B) Methylation status of CHRDL1 in gastric cancer cell
lines. (C) CHRDL1 knockdown decreased its levels in the supernatant.
www.impactjournals.com/oncotarget
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RNA extraction and qPCR analysis

DNA methylation. However, the underlying cause of
CHRDL1 promoter hypermethylation remains to be
determined. As epigenetic modulation is essential for
cell differentiation and malignant cell transformation, the
reason of CHRDL1 promoter hypermethylation will be
studied in our future research.

Total RNA was extracted by Trizol Reagent
according to the manufacturer’s protocol (Invitrogen).
RNA was reverse transcribed to cDNA using a reverse
transcription kit (Promega, Madison, USA). qPCR was
performed using the SYBR Green Mix (Takara, Tokyo,
Japan). The primers used to detect CHRDL1 mRNA
were as follows: CHRDL1 Forward- CCTGGAACC
TTATGGGTTGGT, Reverse- AACATTTGGACATCTG
ACTCGG; and GAPDH Forward-TTGGCATCGTTG
AGGGTCT; Reverse-CAGTGGGAACACGGAAAGC.
GAPDH was used as an internal control.

MATERIALS AND METHODS
Gastric cancer samples and cell culture
A total of 100 pairs of tumor tissues and their
adjacent non-tumor tissues were collected from gastric
cancer patients who underwent surgery in Hunan Provincial
People’s Hospital, Changsha, China between 2011 and
2015. Samples from patients who underwent radiotherapy
or chemotherapy were excluded. Tissues were stored
at −80°C immediately. Written informed consents were
obtained from patients. The study was approved by the
Ethical Committee of Hunan Provincial People’s Hospital
and Zhejiang Provincial People’s Hospital. All experiments
were performed in accordance with the guidelines of the
Ethics Committee of Hunan Provincial People’s Hospital
and Zhejiang Provincial People’s Hospital. Gastric cancer
cells NCI-N87, SGC-7901, BGC-823, MGC-803, AGS and
MNK-45 were purchased from the American Type Culture
Collection and cultured at 37°C with 5% CO2 in RPMI1640
medium containing 10% fetal bovine serum (Gibco).

CHRDL1 knockdown and over expression
The shRNA used to knock down CHRDL1 in
gastric cancer cell lines was purchased from Shanghai
GenePharma Co., Ltd. The shRNA sequences and negative
control were synthesized as follows: CHRDL1 #sh1: ACGC
CATGCACAGCATAATTT, #sh2 GTCCAAATGTTCA
TTGCCTTT; BMP4 #sh1: TCCTTGAGGATAGACAGA,
#sh2: GGGAGAAGCAGCCAAACTATG; NC: CCTAA
GGTTAAGTCGCCCTCG. The shRNAs were packed
into a lentivirus using pMD2G, pSPAX2 and shRNA2
according to the protocol provided by Clontech. The
full-length human CHRDL1 cDNA was purchased from
Addgene (Cambridge, MA, USA), subcloned into the

Figure 6: Xenograft model (A and B) CHRDL1 knockdown promoted tumor growth. (C) IHC analysis revealed that CHRDL1 knockdown

induced higher Ki67 and lower E-Cadherin expression. (D and E) CHRDL1 knockdown promoted intraperitoneal and pulmonary metastasis.
www.impactjournals.com/oncotarget
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pLVX-IRES-Puro vector, and packed into lentivirus with
pMD2G and pSPAX2 to over express CHRDL1 in the
target cells.

After four weeks, mice were euthanized. Pulmonary and
peritoneal metastatic nodules were also calculated and
expressed as the mean ± SD. Tumor grafts and pulmonary
tissues were fixed, and IHC analysis was performed. All
animal experiments were performed according to the
guidelines of the Care and Use of Laboratory Animals
of Zhejiang Provincial People’s Hospital. All animal
experiments were approved by the Ethical Committee of
Zhejiang Provincial People’s Hospital.

Methylation specific PCR (MSP) and Bisulfite
sequencing PCR (BSP)
Genomic DNA was extracted from tissues and
gastric cell lines using a genomic DNA extraction kit and
was treated by sodium bisulfate following the instructions
of the Epi Kit (Qiagen, Germany). Sodium bisulfatetreated DNA samples were purified and amplified by
PCR. Methyl Primer Express v1.0 software (ABI, Foster
City, CA) was employed to design primers for BSP and
MSP. The primers for MSP were as follows: CHRDL1
Forward: 5′- GAGTCGAGTAAGTCGTTGTTTTTTC-3′,
Reverse: 5′- AAACTAAACACTAACCTTCTCCGTC-3′.
Primers for BSP were as follows: CHRDL1 Forward: 5′GGGAGTAGAAATAAAGTTATTGTGT-3′, Reverse:
5′- AAAAACTCAAAAATAAATAAAAAAAA-3′. PCR
products amplified by BSP primers were ligated into
the T-Vector (Takara, Tokyo, Japan). Ten clones of the
T-Vector were randomly chosen and sent for sequencing.
The methylation status was analyzed by an online tool
(http://quma.cdb.riken.jp/).

Microarray and bioinformatics analyses
Total RNA was extracted from treated cells, and a
human mRNA microarray chip (Agilent Technologies,
USA) was used to analyze the differentially expressed
mRNAs in BGC823 cells in which CHRDL1 was stably
knocked down. Bioinformatics analysis was performed
using GeneSping software (Agilent Technologies, USA)
by JOINGENOME Co., Ltd. Hangzhou, China.

Chromatin immune-precipitation
Chromatin immune-precipitation (Ch-IP) experiments
were performed following the instructions within the
chromatin immune-precipitation kit (Millipore). The
primers to detect the promoter region were as follows: Bim
Forward: 5′-TCGGACTGAGAAACGCAAGG-3′, Reverse:
5′-GGAAGCGGGCAGTAGGTGGT-3′; p27 Forward:
5′-TTGTTGGAGCAGTGAAATCTG-3′, Reverse: 5′-GG
AACTCGTCCCTTTCTACTTT-3′; CyclinD Forward:
5′-TGCTGAAGGCGGAGGAGA-3′, Reverse: 5′-ATCCA
GGTGGCGACGATC-3′; and Slug Forward: 5′-CGATGCC
AACCTCCTCAA-3′, Reverse: 5′-ACGATCTTCCGCAT
GGAC-3′.

Western blotting
Western blotting was performed as previously
described [32]. The primary antibodies against Akt, p-Akt
(T308), Erk, p-Erk, E-Cadherin, N-Cadherin, Vimentin,
Snail, and GAPDH and the HRP-conjugated secondary
antibody were purchased from Cell Signaling Technology
(MA, USA). The primary antibody CHRDL1 was
purchased from Abcam (Cambridge, UK).

Statistical analysis

Cell migration assay
For cell migration assays, cells were re-suspended
in 200 µl serum-free medium and added into the upper
chamber of transwell (Corning, NY, USA). In the lower
chambers of the transwell, 600 µl medium containing 10%
FBS was added. After 24 hr of culture, chambers were
fixed and stained with 0.1% crystal violet. Cell numbers
were counted using microscope (200× lens).

Statistical analysis was performed using SPSS 18.0
software (SPSS Inc., Chicago, IL, USA). The analysis
of the relationship between CHRDL1 expression and
clinic-pathological data was performed by Pearson χ2 test.
Differences among groups were analyzed by Student’s
t-test. All experiments were repeated three times, and
results are expressed as the mean ± SD. The results were
considered statistically significant when P < 0.05.

Xenograft models

ACKNOWLEDGMENTS AND FUNDING

Six-week-old male BALB/c nude mice were
purchased from the Shanghai SLAC Laboratory Animal Co.,
Ltd (Shanghai, China) and housed in a specific pathogenfree environment. BGC823 cells in which CHRDL1 was
stably knocked down and their negative control cells were
injected into mice subcutaneously, intraperitoneally and
intravenously. Tumor volume was calculated as (W + L)
/2 × W × L × 0.5236 (W: width, L: length) every 7 days.

This work was funded by the Zhejiang Province
medical and health research projects (Grant No.
2016KY223 and 2016KYB027), the Public Welfare
Project supported by the science and technology
department of Zhejiang Province, China (Grant No.
2016C33G1360193) and the Project supported by the
science and technology department of Hunan Province,
China (Grant No. 2014TZ2017).

www.impactjournals.com/oncotarget

23164

Oncotarget

CONFLICTS OF INTEREST

BMP activity. Biochem Soc Trans. 2015; 43:795–800.
11. Mulloy B, Rider CC. The Bone Morphogenetic Proteins and
Their Antagonists. Vitam Horm. 2015; 99:63–90.
12. Fujisawa T, Huang Y, Sebald W, Zhang JL. The binding
of von Willebrand factor type C domains of Chordin
family proteins to BMP-2 and Tsg is mediated by their
SD1 subdomain. Biochem Biophys Res Commun. 2009;
385:215–219.
13. Zhang JL, Qiu LY, Kotzsch A, Weidauer S, Patterson
L, Hammerschmidt M, Sebald W, Mueller TD. Crystal
structure analysis reveals how the Chordin family member
crossveinless 2 blocks BMP-2 receptor binding. Dev Cell.
2008; 14:739–750.
14. Zhang JL, Huang Y, Qiu LY, Nickel J, Sebald W. von
Willebrand factor type C domain-containing proteins
regulate bone morphogenetic protein signaling through
different recognition mechanisms. J Biol Chem. 2007;
282:20002–20014.
15. Sawala A, Sutcliffe C, Ashe HL. Multistep molecular
mechanism for bone morphogenetic protein extracellular
transport in the Drosophila embryo. Proc Natl Acad Sci
U S A. 2012; 109:11222–11227.
16. Watanabe T, Nagai A, Sheikh AM, Mitaki S,
Wakabayashi K, Kim SU, Yamaguchi S. A human neural
stem cell line provides neuroprotection and improves
neurological performance by early intervention of
neuroinflammatory system. Brain Res. 2016; 1631:194–203.
17. Vandiver AR, Idrizi A, Rizzardi L, Feinberg AP,
Hansen KD. DNA methylation is stable during replication
and cell cycle arrest. Sci Rep. 2015; 5:17911.
18. Zhou J, Yang L, Zhong T, Mueller M, Men Y, Zhang N,
Xie J, Giang K, Chung H, Sun X, Lu L. H19 lncRNA
alters DNA methylation genome wide by regulating
S-adenosylhomocysteine hydrolase. 2015; 6:10221.
19. Huang RC, Garratt ES, Pan H, Wu Y, Davis EA, Barton
SJ, Burdge GC, Godfrey KM, Holbrook JD, Lillycrop KA.
Genome-wide methylation analysis identifies differentially
methylated CpG loci associated with severe obesity in
childhood. Epigenetics. 2015; 10:995–1005.
20. Li T, Zheng Q, An J, Wu M, Li H, Gui X, Pu H, Lu D.
SET1A cooperates with CUDR to promote liver
cancer growth and hepatocyte-like stem cell malignant
transformation epigenetically. Mol Ther. 2015.
21. Kong B, Lv ZD, Wang Y, Jin LY, Ding L, Yang ZC.
Down-regulation of BRMS1 by DNA hypermethylation
and its association with metastatic progression in triplenegative breast cancer. Int J Clin Exp Pathol. 2015;
8:11076–11083.
22. Dhiman VK, Attwood K, Campbell MJ, Smiraglia DJ.
Hormone stimulation of androgen receptor mediates
dynamic changes in DNA methylation patterns at regulatory
elements. Oncotarget. 2015; 6:42575–89. doi: 10.18632/
oncotarget.6471.
23. Goto K, Ishikawa S, Honma R, Tanimoto K, Sakamoto N,
Sentani K, Oue N, Teishima J, Matsubara A, Yasui W. The

All authors declared no conflicts of interest.

Authors̕ contributions
L.-X.Q. and P.-Y.F. designed the experiments. L.Y. performed the in vitro experiments. M.-T.H. performed
the in vivo experiments. Z.-Y.J. and W.-W.D analyzed the
results, generated the figures and revised the paper. P.-Y.F.
wrote the paper. All authors reviewed the manuscript.

REFERENCES
1. Moore MA, Manan AA, Chow KY, Cornain SF, Devi CR,
Triningsih FX, Laudico A, Mapua CA, Mirasol-Lumague
MR, Noorwati S, Nyunt K, Othman NH, Shah SA, et al.
Cancer epidemiology and control in peninsular and island
South-East Asia - past, present and future. Asian Pac J
Cancer Prev. 2010; 11:81–98.
2. Li LD, Sun HF, Bai Y, Gao SP, Jiang HL, Jin W. Significant
prognostic values of nuclear genes encoding mitochondrial
complex I subunits in tumor patients. Neoplasma. 2016;
63:548–558.
3. Fu H, Ma Y, Yang M, Zhang C, Huang H, Xia Y, Lu L,
Jin W, Cui D. Persisting and Increasing Neutrophil
Infiltration Associates with Gastric Carcinogenesis and
E-cadherin Downregulation. Sci Rep. 2016; 6:29762.
4. Park JY, von Karsa L, Herrero R. Prevention strategies for
gastric cancer: a global perspective. Clin Endosc. 2014;
47:478–489.
5. Ye L, Jiang WG. Bone morphogenetic proteins in tumour
associated angiogenesis and implication in cancer therapies.
Cancer Lett. 2016; 380:586–97.
6. Wang Z, Shen Z, Li Z, Duan J, Fu S, Liu Z, Bai H, Zhang Z,
Zhao J, Wang X, Wang J. Activation of the BMP-BMPR
pathway conferred resistance to EGFR-TKIs in lung
squamous cell carcinoma patients with EGFR mutations.
Proc Natl Acad Sci U S A. 2015; 112:9990–9995.
7. Lei H, Wang J, Lu P, Si X, Han K, Ruan T, Lu J. BMP10
inhibited the growth and migration of gastric cancer cells.
Tumour Biol. 2016; 37:3025–31.
8. Long L, Ormiston ML, Yang X, Southwood M, Graf S,
Machado RD, Mueller M, Kinzel B, Yung LM, Wilkinson JM,
Moore SD, Drake KM, Aldred MA. et al. Selective
enhancement of endothelial BMPR-II with BMP9 reverses
pulmonary arterial hypertension. Nat Med. 2015; 21:777–785.
9. Jian J, Sun L, Cheng X, Hu X, Liang J, Chen Y. Calycosin7-O-beta-d-glucopyranoside
stimulates
osteoblast
differentiation through regulating the BMP/WNT signaling
pathways. Acta Pharm Sin B. 2015; 5:454–460.
10. Troilo H, Barrett AL, Wohl AP, Jowitt TA, Collins RF, Bayley
CP, Zuk AV, Sengle G, Baldock C. The role of chordin
fragments generated by partial tolloid cleavage in regulating
www.impactjournals.com/oncotarget

23165

Oncotarget

transcribed-ultraconserved regions in prostate and gastric
cancer: DNA hypermethylation and microRNA-associated
regulation. Oncogene. 2016; 35:3598–606.

BMP9 regulates cross-talk between breast cancer cells and
bone marrow-derived mesenchymal stem cells. Cell Oncol
(Dordr). 2014; 37:363–375.

24. Testillano PS, Risueno MC. Detection of Epigenetic
Modifications During Microspore Embryogenesis: Analysis
of DNA Methylation Patterns Dynamics. Methods Mol
Biol. 2016; 1359:491–502.

29. Goswami S, Sharma-Walia N. Osteoprotegerin secreted
by inflammatory and invasive breast cancer cells induces
aneuploidy, cell proliferation and angiogenesis. BMC
Cancer. 2015; 15:935.

25. Cui C, Gan Y, Gu L, Wilson J, Liu Z, Zhang B, Deng D.
P16-specific DNA methylation by engineered zinc finger
methyltransferase inactivates gene transcription and
promotes cancer metastasis. Genome Biol. 2015; 16:252.

30. Giri K, Pabelick CM, Mukherjee P, Prakash YS. Hepatoma
derived growth factor (HDGF) dynamics in ovarian cancer
cells. Apoptosis. 2016; 21:329–39.
31. Yang Y, Zhang J, Xia F, Zhang C, Qian Q, Zhi X, Yue C,
Sun R, Cheng S, Fang S, Jin W, Yang Y, Cui D. Human
CIK Cells Loaded with Au Nanorods as a Theranostic
Platform for Targeted Photoacoustic Imaging and Enhanced
Immunotherapy and Photothermal Therapy. Nanoscale Res
Lett. 2016; 11:285.

26. Peng J, Chen B, Shen Z, Deng H, Liu D, Xie X, Gan X,
Xu X, Huang Z, Chen J. DNA promoter hypermethylation
contributes to down-regulation of galactocerebrosidase gene
in lung and head and neck cancers. Int J Clin Exp Pathol.
2015; 8:11042–11050.
27. Yang Y, Yang C, Zhang J. C23 protein meditates bone
morphogenetic protein-2-mediated EMT via up-regulation
of Erk1/2 and Akt in gastric cancer. Med Oncol. 2015;
32:76.

32. Liu X, Hu Z, Zhou B, Li X, Tao R. Chinese Herbal
Preparation Xuebijing Potently Inhibits Inflammasome
Activation in Hepatocytes and Ameliorates Mouse
Liver Ischemia-Reperfusion Injury. PLoS One. 2015;
10:e0131436.

28. Wan S, Liu Y, Weng Y, Wang W, Ren W, Fei C, Chen Y,
Zhang Z, Wang T, Wang J, Jiang Y, Zhou L, He T, et al.

www.impactjournals.com/oncotarget

23166

Oncotarget

