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INTRODUCTION 
 
Gastric cancer (GC), a lethal disease, prevails 
worldwide [1]. In china, GC is the second most 
common cancer and the second leading cause of cancer-
related deaths [2, 3]. High incidence of death resulted 
from GC is mainly attributed to the lack of early 
diagnosis [2, 3]. Usually, GC patients diagnosed at an 
advanced stage suffer from distant invasion and 
metastasis, which largely increased cancer-associated 
deaths [4, 5]. Chemotherapy is the most common 
treatment for GC patients in China, but its efficacy is 
limited [6, 7]. Targeted therapy, as a new strategy, has  

 

been expected to a novel promising strategy to treat 
cancer patients [8, 9]. For instance, human epidermal 
growth factor receptor 2 (HER2) and vascular 
endothelial growth factor receptor (VEGFR) are two 
key prognostic biomarkers in GC [10, 11] and their 
monoclonal antibodies have been widely used to treat 
advanced GC patients and bring much survival benefit 
[12]. However, not all patients could benefit from anti-
HER2 or anti-VEGFR monoclonal antibody and the 
monoclonal antibodies are not suitable for GC patients 
with negative HER2 or VEGFR expression [12]. 
Therefore, it is imperative to further elucidate the 
molecular mechanisms underlying GC invasion and 
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ABSTRACT 
 
The therapeutic strategies for advanced gastric cancer (GC) remain unsatisfying and limited. Therefore, it is still 
imperative to fully elucidate the mechanisms underlying GC aggressive progression. The prognostic value and 
biological functions of low density lipoprotein receptor class A domain containing protein 2 (LDLRAD2) in GC 
have never been studied yet. We found that LDLRAD2 expression was significantly upregulated in GC and 
closely correlated with poor prognosis in GC patients. Functionally, LDLRAD2 promoted epithelial-mesenchymal 
transition, migration and invasion, and metastasis of GC cells. Mechanistically, LDLRAD2 interacted with and 
inhibited Axin1 from binding to cytoplasmic β-catenin, which facilitated the nuclear translocation of β-catenin, 
thereby activating Wnt/β-catenin pathway. Inhibition of β-catenin activity markedly abolished LDLRAD2-
induced migration, invasion and metastasis. Together, these results suggested that LDLRAD2 contributed to 
invasion and metastasis of GC through activating Wnt/β-catenin pathway. LDLRAD2/ Wnt/β-catenin axis may 
be a potential therapeutic target for GC treatment. 
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metastasis fully so as to identify novel effective 
therapeutic targets [13]. 
 
During epithelial-to-mesenchymal transition (EMT) 
process, epithelial cells lose their apical-basal polarity 
and cell-cell adhesion, ultimately transforming into the 
invasive mesenchymal cells [14]. EMT is accompanied 
by a reduced expression of epithelial markers including 
E-cadherin and γ-catenin, and meanwhile by an 
increased expression of mesenchymal markers such as 
N-cadherin and vimentin [14, 15]. EMT plays an 
important role in promoting tumor invasion and 
metastasis [15, 16]. Wnt/β-catenin signaling pathway 
has been demonstrated to regulate EMT of tumor cells 
[15–17]. Nuclear β-catenin accumulation is a hallmark 
of the activation of Wnt/β-catenin pathway [17]. 
Particularly, it was reported that nuclear β-catenin 
accumulation occurred in the invasive fronts of primary 
tumors, suggesting that activation of Wnt/β-catenin 
pathway closely correlated with tumor invasion and 
metastasis [18, 19]. Moreover, a body of evidence 
showed that activation of Wnt/β-catenin pathway could 
facilitate EMT to promote invasion and metastasis of 
various tumors [20–24]. Therefore, in order to develop 
novel therapeutic target for GC, it is imperative to 
elucidate the upstream molecular mechanisms 
underlying the activation of Wnt/β-catenin/EMT axis. 
 
LDLRAD2 (Low density lipoprotein receptor class A 
domain containing 2) gene, located on chromosome 
1p36.12, is mainly expressed on cellular membrane. To 
date, the xpression status, prognostic value and biological 
functions of LDLRAD2 in GC has never been 
investigated. In this study, we found that LDLRAD2 
expression was highly expressed in GC tissues and cell 
lines, which was significantly related to unfavorable 
prognosis in GC patients. Additionally, it was observed 
that LDLRAD2 promoted epithelial-mesenchymal 
transition, in vitro migration and invasion, and in vivo 
metastasis of GC cells. Mechanistically, LDLRAD2-
induced GC progression was dependent on the activation 
of Wnt/β-catenin pathway. Collectively, these findings 
revealed that LDLRAD2 facilitated migration, invasion 
and metastasis of GC by activating Wnt/β-catenin/EMT 
axis, suggesting that LDLRAD2/ Wnt/β-catenin axis may 
serve as a potential therapeutic target for GC treatment. 
 
RESULTS 
 
High LDLRAD2 expression correlates with poor 
prognosis and unfavorable clinical features in GC 
patients  
 
To explore the expression status and prognostic value 
of LDLRAD2 in GC, we firstly performed the 
bioinformatics analysis of data in GC dataset 

downloaded from The Cancer Genome Atlas (TCGA). 
We found that mRNA expression of LDLRAD2 was 
significantly upregulated in GC samples compared 
with normal samples (Figure 1A) and it was inversely 
correlated with overall survival (Figure 1B) and 
disease-free survival (Figure 1C) of GC patients. To 
validate the results of our bioinformatics analysis, we 
detected LDLRAD2 expression level in 180 GC 
sample tissues from our clinical center using 
immunohistochemical staining method. Consistently, 
the results of immunohistochemical staining also 
showed that LDLRAD2 expression was highly 
expressed in tumor tissues (Figure 1D). To assess the 
prognostic significance of LDLRAD2, we divided 180 
cases into high and low groups according to the 
median value of immunohistochemical staining scores 
for LDLRAD2 expressions. We found that patients 
with high LDLRAD2 expression had shorter overall 
survival (Figure 1E) than those with low LDLRAD2 
expression, which was also in line with the results of 
bioinformatics analysis. Additionally, our western 
blotting analysis also showed that LDLRAD2 
expression was significantly upregulated in GC 
tissues (Figure 1F) and GC cell lines compared with 
their counterparts (Figure 1G). Furthermore, we 
analyzed the correlation between LDLRAD2 
expression and clinical features of 180 GC cases. We 
observed that high LDLRAD2 expression was 
significantly associated with aggressive features such 
as advanced TNM stage, positive lymph node 
metastasis and distant metastasis (Table 1). Together, 
our results demonstrated that LDLRAD2 was highly 
expressed in GC, which may predict poor prognosis in 
GC patients. 
 
LDLRAD2 promotes migration and invasion in vitro 
of GC cells 
 
As the results above shown, MGC-803 and MKN-28 cell 
lines have the lowest LDLRAD2 expression, while BGC-
823 cell line has a relatively high LDLRAD2 expression 
(Figure 1G). Hence, to investigate the migration and 
invasion of LDLRAD2 in GC, we stably overexpressed 
LDLRAD2 in MGC-803 and MKN28 cell lines and 
silenced LDLRAD2 in BGC823 cell line (Figure 2A). 
Firstly, we determined whether LDLRAD2 expression 
has an effect on EMT, considering the role of epithelial-
mesenchymal transition (EMT) in tumor invasion. 
GSEA-GO analysis indicated that LDLRAD2 expression 
was closely related to EMT of GC cells (Supplementary 
Figure 1). Consistently, our experiments in vitro also 
showed that overexpression of LDLRAD2 significantly 
enhanced morphological characteristics of EMT of 
MGC-803 cell line (Figure 2B), which was featured 
 with a scattered distribution of cells in the culture  
and a spindle- or star-like morphology of the 
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cells. Instead, silence of LDLRAD2 inhibited 
morphological characteristics of EMT of BGC823 cell 
line (Figure 2B). To further support the role of 
LDLRAD2 in regulating EMT of GC cells, we  
used western blot to detect the expression levels of 
EMT-associated makers after overexpression or 
silence of LDLRAD2. In line with morphological 
alterations, our western blotting analysis showed that 
the expression levels of epithelial cell markers such as 
E-cadherin and γ-catenin were dramatically 

decreased, while mesenchymal cell markers such as 
N-cadherin and vimentin were significantly  
increased in LDLRAD2-overexpression cell lines 
(Figure 2C).  Inversely, in LDLRAD2-silence cell 
line, the expression levels of epithelial cell markers 
and mesenchymal cell markers were increased  
and decreased, respectively (Figure 2C). Additionally, 
we also observed the similar effects of  
LDLRAD2-overexpression or LDLRAD2-silence on 
the mRNA levels of the EMT markers, including 

 

 
 

Figure 1. High LDLRAD2 expression correlates with poor prognosis and unfavorable clinical features in GC patients. 
Bioinformatics analysis showed that LDLRAD2 mRNA expression was significantly higher in GC samples compared with normal samples (A). 
High LDLRAD2 expression was closely correlated with short overall survival (B) and disease-free survival (C). Immunohistochemical staining 
showed that LDLRAD2 expression was higher in GC samples than normal control (D). Kaplan-Meier survival analysis of 180 patients from our 
clinical center suggested that patients with high LDLRAD2 expression had a decreased overall survival (E). Western blotting analysis further 
confirmed that LDLRAD2 expression is upregulated in human GC (F) and GC cell lines (G). Three independent experiments were performed. 
*p < 0.05, **p < 0.01, ***p < 0.001. 
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Table 1. The relationship between LDLRAD2 expression and clinicopathological features of patients with gastric 
cancer. 

 LDLRAD2 expression  

Clinicopathological features Low High P value (χ2 test) 

Age (y)   0.520  

≤50 30 26  

>50 60 64  

Gender   0.739  
Male 64 66  

Female 26 24  

Lauren   0.230  
Intestinal 12 18  

Diffuse 78 72  

Clinical stage   0.013  

I 8 2  

II 27 16  

III 36 38  

IV 19 34  

T classification   0.151  
T1+T2+T3 24 16  

T4 66 74  

N classification   <0.001 
N0 33 13  

N1-N3 57 77  

Distant metastasis   0.023  

M0 84 74  

M1 6 16  

 

E-cadherin, N-cadherin, vimentin, Snail and Slug 
(Figure 2C). Subsequently, we performed Transwell 
assay to detect the in vitro migratory and invasive 
capabilities of GC cell lines. Consistent with results 
regarding EMT, it was observed that LDLRAD2-
overexpression MGC-803 cell exhibited significantly 
enhanced invasive capability (Figure 2D), while 
LDLRAD2-silence BGC-823 cell exhibited 
dramatically decreased invasive capability (Figure 2E). 
Besides, we also observed the similar results of 
migration and invasion when LDLRAD2 was 
overexpressed or silenced in MKN-28 cells 
(Supplementary Figure 2). Taken together, these results 
demonstrated that LDLRAD2 overexpression promotes 
in vitro migration and invasion of GC cells probably by 
enhancing EMT. 

LDLRAD2 promotes GC metastasis in vivo  
 
Based on the role of LDLRAD2 in facilitating migration 
and invasion, we further explored whether LDLRAD2 
could promote GC metastasis in vivo. We injected 
LDLRAD2-overexpresion MGC-803 cell and 
LDLRAD2-silence BGC-823 cell, as well as their 
corresponding vector/scramble control cells into nude 
mice by tail vein, separately, to explore the role of 
LDLRAD2 in GC metastasis in vivo. Four weeks later, 
the mice were sacrificed and the lung metastatic nodules 
were counted. Remarkably, the number of lung 
metastatic nodules from mice injected with LDLRAD2-
overexpresion MGC-803 cell was more than that from 
control mice, while the number of lung metastatic 
nodules from mice injected with LDLRAD2-silenced 
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Figure 2. LDLRAD2 promotes in vitro migration and invasion of GC cells. Overexpression of LDLRAD2 in MGC-803 and MKN28 cell 
lines and silenced LDLRAD2 in BGC823 cell line (A). Overexpression of LDLRAD2 significantly enhanced morphological characteristics of EMT 
of MGC-803 cell line, while silence of LDLRAD2 significantly inhibited morphological characteristics of EMT of BGC823 cell line (B). Western 
blotting analysis showed that the expression levels of epithelial cell markers such as E-cadherin and γ-catenin were dramatically decreased, 
while mesenchymal cell markers such as N-cadherin and vimentin were significantly increased in LDLRAD2-overexpression cell lines (C). The 
expression levels of epithelial cell markers were increased, while mesenchymal cell markers were decreased in LDLRAD2-silenced cell line, 
(C). LDLRAD2-overexpression MGC-803 cell exhibited significantly enhanced invasive capability (D), while LDLRAD2-silenced BGC-823 cell had 
dramatically decreased invasive capability (E). 
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BGC-823 cell was less than that from control mice, 
suggesting that LDLRAD2 could promote GC 
metastasis in vivo (Figure 3). 
 
Activation of Wnt/β-catenin signaling pathway is 
involved in LDLRAD2-meditaed migration, invasion 
and metastasis of gastric cancer 
 
To explore the potential molecular mechanism 
underlying the accelerative effect of LDLRAD2 on 
the migration, invasion and metastasis of GC, firstly 
we performed gene-set enrichment analysis (GSEA) 
to screen the LDLRAD2-associated signaling 
pathway. As shown in Figure 4A, GSEA suggested 
that there may be a close relationship between 
LDLRAD2 and Wnt/β-catenin signaling pathway. 
Consistently, our western blotting analysis showed 
that overexpression of LDLRAD2 significantly 
increased the nuclear expression of β-catenin, while 

silence of LDLRAD2 dramatically decreased the 
nuclear expression of β-catenin in GC cell lines 
(Figure 4B). Similarly, our Top/Fop flash assay also 
demonstrated that overexpression of LDLRAD2 
significantly activated Wnt/β-catenin signaling 
pathway, while silence of LDLRAD2 dramatically 
restrained Wnt/β-catenin signaling pathway (Figure 
4C). Additionally, using immunofluorescence assay 
we further confirmed that LDLRAD2 could promote 
the nuclear distribution of β-catenin in GC cells 
(Figure 4D). Moreover, we observed that 
overexpression of LDLRAD2 substantially 
upregulated the expression of downstream genes of 
Wnt/β-catenin such as c-myc, VEGF, Twist, and 
MMP7, while silence of LDLRAD2 inhibited the 
expressions of these genes (Figure 4E). Taken 
together, these results demonstrated that LDLRAD2 is 
involved in the activation of Wnt/β-catenin signaling 
pathway in GC cells.  

 

 
 

Figure 3. LDLRAD2 promotes GC metastasis in vivo. The number of lung metastatic nodules from mice injected with LDLRAD2-
overexpresion MGC-803 cell was much more than that from control mice, while the number of lung metastatic nodules from mice injected 
with LDLRAD2-silenced BGC-823 cell was less than that from control mice. 



www.aging-us.com 8957 AGING 

 
 

Figure 4. LDLRAD2 activates Wnt/β-catenin signaling pathway in GC. Gene-set enrichment analysis (GSEA) indicated that LDLRAD2 
expression was closely associated with Wnt/β-catenin pathway (A). Western blotting analysis showed that overexpression of LDLRAD2 
significantly increased the nuclear expression of β-catenin, while silence of LDLRAD2 dramatically decreased the nuclear expression of β-
catenin in GC cell lines (B). Top/Fop flash assay also demonstrated that overexpression of LDLRAD2 significantly activated Wnt/β-catenin 
signaling pathway, while silence of LDLRAD2 dramatically restrained Wnt/β-catenin signaling pathway (C). Immunofluorescence assay also 
showed that LDLRAD2 could promote the nuclear distribution of β-catenin in GC cells (D). Overexpression of LDLRAD2 significantly promoted 
the expression of downstream genes of Wnt/β-catenin signaling including c-myc, VEGF, Twist, and MMP7, while silence of LDLRAD2 inhibited 
the expression of these genes (E).  
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Then we further tried to elucidate the mechanism 
responsible for the LDLRAD2-induced activation of 
Wnt/β-catenin signaling pathway in GC cells. Nuclear 
translocation of β-catenin, is a typical hallmark of 
activated Wnt/β-catenin signaling pathway. 
Degradation of cytoplasmic β-catenin is a pivotal 
mechanism of inhibiting the nuclear translocation of 
cytoplasmic β-catenin, which negatively regulates 
Wnt/β-catenin signaling pathway. The destruction 
complex (DC) consisting of the tumor suppressor 
protein Axin1, APC, β-catenin and two constitutively 
active serine-threonine kinases (CK1α/δ and 
GSK3α/β) has been demonstrated to participate in the 
degradation of cytoplasmic β-catenin. Of these 
components, Axin1 plays a crucial role in maintaining 
the DC activity of degrading cytoplasmic β-catenin. 
Therefore, we hypothesized that LDLRAD2 might 
activate Wnt/β-catenin signaling pathway by targeting 
Axin1. Strikingly, co-immunoprecipitation assay 
showed that LDLRAD2 could bind to Axin1 (Figure 
5A). Furthermore, the interaction between LDLRAD2 
and Axin1 significantly prevented Axin1 from binding 
to β-catenin (Figure 5B–5C), which largely reduced 
the degradation of cytoplasmic β-catenin. Overall, 
these findings suggested that LDLRAD2 interacted 
with Axin1 to inhibit it from binding to cytoplasmic 

β-catenin, which inhibited the degradation of β-
catenin and thereby facilitated its nuclear 
translocation, ultimately activating Wnt/β-catenin 
signaling pathway. 
 
We further explored whether Wnt/β-catenin signaling 
pathway was involved in the effect of LDLRAD2 on 
migration, invasion and metastasis of GC cells. We 
observed that KYA1797, a Wnt/β-catenin signaling 
inhibitor, could significantly mitigate the accelerative 
effect of LDLRAD2 overexpression on the invasion of 
MGC803 cells (Figure 6A), while Δ-β-catenin, the 
activated form of β-catenin, could substantially inhibit 
the inhibitive effect of LDLRAD2 silence on the 
invasion of BGC823 cells (Figure 6B). Also, our wound 
healing assay showed that KYA1797 could dramatically 
counteract the accelerative effect of LDLRAD2 
overexpression (Figure 6C), while Δ-β-catenin 
markedly decreased the inhibitive effect of LDLRAD2 
silence on the migration of GC cells (Figure 6D). The 
similar results of migration and invasion were observed 
when KYA1797 was used to treat MKN-28 cells 
(Supplementary Figure 2). Taken together, these results 
demonstrated that LDLRAD2 promoted the migration 
and invasion of GC cells by activating Wnt/β-catenin 
signaling pathway.  

 

 
 

Figure 5. LDLRAD2 activates Wnt/β-catenin signaling pathway by targeting Axin1 in GC. Co-immunoprecipitation assay showed 
that LDLRAD2 could bind to Axin1 (A). LDLRAD2 inhibited Axin1 from binding to β-catenin (B–C).  
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Figure 6. LDLRAD2-dependent activation of Wnt/β-catenin signaling promotes migration and invasion of GC cells. KYA1797 
significantly inhibited the LDLRAD2-induced invasion of GC cells (A), while Δ-β-catenin markedly reversed the inhibitory effect of silence of 
LDLRAD2 on the invasion of GC cells (B). KYA1797 dramatically mitigated LDLRAD2-induced migration of GC cells (C), while Δ-β-catenin 
obviously reversed the inhibitory effect of silence of LDLRAD2 on the migration of GC cells (D).  
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DISCUSSION 
 
The tumorigenesis of GC is a complex process that 
involves aberrant expressions of multiple genes [25]. In 
recent years, an increasing number of studies focused on 
identifying novel tumorigenesis-associated genes by 
sequencing technique such as transcriptome sequencing 
and proteomic sequencing [26–28]. In this study, we 
found that LDLRAD2 expression was significantly 
upregulated in GC tissues compared with adjacent normal 
tissues, and it was closely correlated with positive lymph 
node metastasis, distant metastasis and poor survival in 
GC patients. Using in vitro and in vivo models, we further 
observed that LDLRAD2 overexpression promoted the 
epithelial-mesenchymal transition (EMT), migration, 
invasion and metastasis of GC cells. Additionally, it was 
found that LDLRAD2 could interact with Axin1, which 
facilitated the nuclear translocation of β-catenin and then 
activated Wnt/β-catenin signaling pathway. Hence, these 
results suggested that LDLRAD2 may act as a pro-
oncogene in GC development. 
 
The EMT, a highly conserved cellular program, can 
induce epithelial cells to lose their cell polarity and cell-
cell adhesion, by which epithelial cells transform into 
mesenchymal cells with migratory and invasive 
properties [15, 16]. EMT participates in maintaining 
many physiologic processes such as mesoderm 
formation and neural tube formation [29], and is also 
involved in numerous disease processes including organ 
fibrosis, wound healing as well as initiation of tumor 
invasion and metastasis [30]. In our study, GSEA-GO 
analysis of TCGA data suggested that LDLRAD2 
expression was closely associated with EMT of GC 
cells. Furthermore, our functional experiments in vitro 
showed that overexpression of LDLRAD2 induced GC 
cells to grow in a spindle shape. In addition, we found 
that silence of LDLRAD2 led to upregulation of 
epithelial markers including γ-catenin, Snail, Slug and 
E-cadherin, but downregulation of mesenchymal marker 
N-cadherin and vimentin, overexpression of LDLRAD2 
obtained the opposite results. These results revealed that 
LDLRAD2 could induce EMT of GC cells. Solid 
evidence shows that EMT exhibits accelerative effects 
on dissemination of human malignancies, thereby 
contributing to cancer progression [31, 32]. In 
accordance with this, our functional experiments 
showed that overexpression of LDLRAD2 significantly 
facilitated migration, invasion and metastasis of GC 
cells, whereas downregulation of LDLRAD2 inhibited 
these processes. Taken together, these results suggested 
that LDLRAD2 facilitated migration, invasion and 
metastasis of GC cells probably by inducing EMT. 
 
Numerous cancer-associated signaling pathways are 
involved in tumor invasion and metastasis [33–35]. To 

investigate the underlying mechanisms for the 
LDLRAD2-dependent migration, invasion and 
metastasis of GC cells, firstly we performed gene-set 
enrichment analysis (GSEA) based on TCGA data to 
screen the signaling pathway associated with 
LDLRAD2. The results of GSEA suggested that 
LDLRAD2 might regulate Wnt/β-catenin signaling 
pathway in GC. It has been proven that aberrant 
activation of Wnt/β-catenin pathway can promote EMT, 
invasion and metastasis of various cancers including 
GC [17, 36]. Therefore, we herein asked if LDLRAD2 
contributed to GC invasion and metastasis by activating 
Wnt/β-catenin signaling pathway. Increased nuclear 
expression of β-catenin is the hallmark of the activation 
of Wnt/β-catenin signaling pathway, which is largely 
dependent on the nuclear translocation of cytoplasmic 
β-catenin [17, 36]. Our results showed that 
overexpression of LDLRAD2 significantly increased 
the nuclear expression of β-catenin, while silence of 
LDLRAD2 dramatically decreased the nuclear 
expression of β-catenin of GC cells, suggesting 
LDLRAD2 acted as an activator of Wnt/β-catenin 
pathway. Additionally, we observed that overexpression 
of LDLRAD2 resulted in significant upregulation of the 
downstream genes of Wnt/β-catenin such as c-myc, 
VEGF, Twist, and MMP7, while silence of LDLRAD2 
showed the opposite effects, which further 
demonstrated that LDLRAD2 could activate Wnt/β-
catenin pathway in GC cells. More importantly, it was 
found that Wnt/β-catenin signaling inhibitor could 
reverse the accelerative effect of LDLRAD2 
overexpression on the in vitro migration and invasion of 
GC cells, while Δ-β-catenin could reverse the inhibitory 
effect of LDLRAD2 downregulation on the in vitro 
migration and invasion of GC cells. Overall, these 
results suggested that LDLRAD2 facilitated GC 
invasion and metastasis via activation of Wnt/β-catenin 
pathway. Of course, in vivo functional experiments 
should be performed to further validate the key role of 
Wnt/β-catenin pathway in LDLRAD2-induced invasion 
and metastasis in future. Evidence showed that 
activation of Wnt/β-catenin pathway promoted cell 
invasion and metastasis by inducing EMT in various 
cancers including GC [20–24, 37]. Albeit in this study 
we did not explore the effect of inhibition of EMT on 
LDLRAD2/Wnt/β-catenin signaling axis-induced 
invasion and metastasis of GC cells, we may deduce 
that LDLRAD2 activates Wnt/β-catenin to induce EMT, 
thereby promoting invasion and metastasis of GC cells. 
Of note, abnormal activation of Wnt/β-catenin pathway 
has been demonstrated to facilitate cancer progression 
by regulating multiple other processes of tumor 
phenotypes such as proliferation, stem cell-like 
properties, chemotherapy resistance and angiogenesis, 
in addition to invasion and metastasis [38–45]. 
Therefore, in future studies it is very interesting and 
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meaningful to further explore whether LDLRAD2 can 
also promote proliferation, drug resistance, 
angiogenesis and stem cell-like properties, or inhibit 
apoptosis of GC cells, because this would help us to get 
a thorough understanding of the role of LDLRAD2-
induced GC progression. 
 
Nuclear translocation of cytoplasmic β-catenin that 
increases the expression of nuclear β-catenin is a 
prerequisite event for the activation of Wnt/β-catenin 
pathway [17, 36]. Hence, we hypothesized that 
LDLRAD2 may activate Wnt/β-catenin pathway by 
facilitating nuclear translocation of cytoplasmic β-catenin. 
The degradation of cytoplasmic β-catenin has been proven 
to impede the nuclear translocation of cytoplasmic β-
catenin, thereby negatively meditating canonical Wnt/β-
catenin pathway [17, 36]. The destruction complex (DC) 
consisting of Axin1 and APC, β-catenin and two 
constitutively active serine-threonine kinases (CK1α/δ 
and GSK3α/β) plays a crucial role in degrading 
cytoplasmic β-catenin [38–45]. Axin1 is a key component 
favoring the DC activity and many upstream molecules of 
Wnt/β-catenin pathway could meditate its activation by 
targeting Axin1 in tumor cells [46–48]. Similar to these 
previous studies, in current study we also found that 
LDLRAD2 could bind to and inhibit Axin1 from binding 
to cytoplasmic β-catenin, which largely mitigate the 
degradation of cytoplasmic β-catenin thereby activating 
Wnt/β-catenin pathway.   
 
In summary, our findings demonstrate that high 
LDLRAD2 expression strongly correlates tumor 
aggressiveness and poor prognosis, and LDLRAD2 
activates Wnt/β-catenin pathway by interacting with 
Axin1 to EMT, invasion and metastasis of GC cells. In 
conclusion, these findings indicate that 
LDLRAD2/Wnt/β-catenin axis may be a potential 
therapeutic target for GC patients. 
 
MATERIALS AND METHODS 
 
Clinical tissue samples 
 
A total of 180 GC patients, who received radical 
gastrectomy and D2 lymphadenectomy followed with 
postoperative chemotherapy from April 2010 to June 
2012, were histopathologically and clinically diagnosed 
at Lanzhou University Second Hospital. All tumor 
tissues were confirmed as GC using hematoxylin and 
eosin (H&E) staining after surgical resection. The 
clinicopathologic staging of the patients were 
determined according to the American Joint Committee 
on cancer criteria. Normal GC tissues were obtained 
from a standard distance (2 cm) from the margin of 
resected neoplastic tissues of patients with GC cancer 
and confirmed by pathological evaluation. All the 

patients did not receive any anti-cancer therapy, such as 
chemotherapy and radiotherapy before surgical 
treatment. All patients were followed up for at least 5 
years. This study was approved by the Institute 
Research Ethics Committee of Lanzhou University 
Second Hospital and the approved study protocol 
number is 2019A-100. Written informed consent was 
signed by each patient. We performed all experiments 
using these samples strictly based on relevant 
regulations and laws. The clinical parameters of GC 
patients are summarized in Table 1. 
 
Bioinformatics analysis 
 
The Cancer Genome Atlas (TCGA) database is an 
online tool Gene Expression Profiling Interactive 
Analysis (GEPIA) (http://gepia.cancer-pku.cn/). In this 
study, we analyzed TCGA database to compare the 
mRNA levels of LDLRAD2 between in 29 GC tissues 
and in 29 normal tissues (TCGA-STAD). Additionally, 
OS and DFS analyses of GC patients in the TCGA-
STAD database were performed using the online tool 
GEPIA and the results were downloaded from the 
website. To explore the association of LDLRAD2 with 
cancer-associated signaling pathways, Global mRNA 
expression profiles of a subset of TCGA GC specimens 
were subjected to Gene set enrichment analysis 
(GSEA). The GSEA was fulfilled using GSEA software 
version 3.0. GSEA-GO analysis was performed using 
GSEA against c6.oncogenic signatures. gmt. The 
normalized enrichment score is the primary statistic for 
examining gene set enrichment results.  
 
Cell culture 
 
Human gastric cell lines, including GES-1, AGS, MKN-
28, BGC823, MKN45, MGC45, MGC803, SGC7901 
and HGC-27 were obtained from the Chinese Academy 
of Science Committee Type Culture Collection Cell 
Bank (Shanghai, China). All cell lines were cultured in 
Roswell Park Memorial Institute 1640 (RPMI-1640) 
medium with supplementation of 10% fetal bovine 
serum (FBS) (Invitrogen, Carlsbad, CA, USA) and 
appropriate amounts of penicillin (100U/ml) and 
streptomycin (100mg/ml). Cells were incubated in a 
humidified atmosphere of 5% CO2 at 37°C. 
 
Plasmid construction and RNA interference 
 
The LDLRAD2 ORF sequence was amplified and 
cloned into LV003-IRES-EGFP (Forevergen 
Biosciences Co., Ltd., Guangzhou, China). Lentiviruses 
were produced by co-transfecting the constructed 
plasmid with the packaging plasmids psPAX2 and 
pMD2.G (Addgene, Watertown, MA) into 293T cells 
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) 
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for approximately 72 hours. Next, we collected culture 
supernatants for filtration and concentration, and then 
we used the concentrate to infect MGC-803 and 
MKN28 cells. After 48 hours, the infected cells were 
selected by 2 µg/mL puromycin (540411; Merck 
Millipore, Burlington, MA), and successful 
establishment was validated using western blotting 
analysis. 
 
Two small interfering RNA (siRNA) duplexes targeting 
LDLRAD2 were bought from RiboB (Guangzhou, 
China). Then, we designed two shRNAs targeting 
LDLRAD2 based on the above siRNAs. BGC-823 cells 
were chosen to establish LDLRAD2-silenced GC cells. 
 
Cell invasion and wound healing assays 
 
Transwell Matrigel invasion assay was performed as 
previously described. After incubation for 24 hours, 
cells invading to the lower chambers were fixed, 
stained, photographed and quantified by counting them 
in five random 200× magnification fields. As to wound 
healing assay, we first starved cells seeded in six-well 
plates for 12 hours to leave them in cell cycle 
synchronization, and then scratched the confluent 
monolayer of cells with sterile 200-ml pipette tips for 
artificially creating wounds. The wound healing process 
was observed and photographed under 100× 
magnification at indicated time points. 
 
Animal studies  
 
To explore the role of LDLRAD2 in regulating GC 
metastasis, we evenly divided 25 BALB/c nude mice into 
5 groups in a random manner. 2 × 106 cells with 
MGC803-Vector, MGC803-LDLRAD2, BGC823-
Scramble, BGC823-LDLRAD2-Ri1 or BGC823-
LDLRAD2-Ri2 were injected intravenously through tail 
vein into nude mice. All mice were sacrificed for excision 
of lungs 6 weeks after injection. The surface metastatic 
sites on lung surface were counted. Animal protocols 
were approved by the Institutional Animal Care and Use 
Committee of Lanzhou University Second Hospital. 
Moreover, all animal experiments were also performed 
based on the Declaration of Helsinki and the guidelines 
established by the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals.  
 
TOP/FOP flash assay 
 
Cells were seeded in triplicate in 24-well plates. After 
24 hours, indicated plasmids (TOP flash or FOP flash) 
plus 1 ng pRL-TK Renilla plasmid were transfected into 
the cells using Lipofectamine 3000 Reagent (Life 
Technologies). 48 hours after transfection, Dual-
Luciferase Reporter Assay (Promega) was performed 

according to the manufacturer’s instructions, as 
previously described [49]. 
 
Western blot and immunofluorescence assays 
 
Protein was electrophoretically separated by 10% SDS-
PAGE and transferred to PVDF membranes (Millipore, 
Billerica, MA, USA). The membranes were blocked for 
2 hours with 5% skim milk in TBST at room 
temperature, and then incubated with specific primary 
antibodies (anti-LDLRAD2, anti-γ-catenin, anti-E-
cadherin, anti-Vimentin, anti-N-cadherin, and anti-
GAPDH) overnight at 4 °C. After incubated with 
primary antibodies, the membranes were washed with 
TBST for three times, incubated with rabbit or mouse 
radish peroxidase-coupled secondary antibodies for 2 
hours at room temperature, and then washed with TBST 
for three times. Antibody binding was detected by the 
enhanced chemiluminescence (Pierce, Waltham, MA). 
Immunofluorescence staining assay was performed 
using anti-β-catenin (dilution 1:200) and FITC-
conjugated goat anti-Rabbit secondary antibody 
(Thermo Fisher, Waltham, MA). Images were recorded 
with a fluorescence microscope. 
 
Total RNA extraction and RT-PCR analysis 
 
Samples were lysed with Trizol reagent (Invitrogen, Life 
Technologies), then total RNA was isolated based on the 
manufacturer’s instructions. The extracted RNA was re-
suspended in RNase-free water, and 1 μg RNA from each 
sample was used for cDNA synthesis primed with random 
hexamers. Then we used the synthesized cDNAs for 
Quantitative RT-PCR. All Quantitative RT-PCR reactions 
were fulfilled using LightCycler 480 (Roche). The fold 
change in expression was calculated using the 2-ΔΔCt 
method, in which with the GAPDH mRNA was used as 
an internal control. PCR amplification was performed 
using the SYBR Green PCR master mix Kit (Promega, 
USA). The primer sequences were as follows: GAPDH 
forward, 5′-GACTCATGACCACAGTCCATGC-3′, 
GAPDH reverse, 5′ AGAGGCAGGGATGATGTTCTG-
3′ MYC forward, 5′- GGCTCCTGGCAAAAGGTCA-3′, 
MYC reverse, 5′-CTGCGTAGTTGTGCTGATGT-3′ 
TWIST forward, 5′-TCCATTTTCTCCTTCTCTGGAA-
3′, TWIST reverse, 5′-GTCCGCGTCCCACTAGC-3′ 
MMP7 forward, 5′-GAGTGAGCTACAGTGGGAACA-
3′, MMP7 reverse, 5′ CTATGACGCGGGAGTTTAACA 
T-3′ VEGF forward, 5′-CTACCTCCACCATGCC 
AAGT-3′, VEGF reverse, 5′-AGCTGCGCTGATAGA 
CATCC-3′. 
 
Co-immunoprecipitation analysis 
 
Cells were transfected with various constructs and  
washed with PBS after 48hours, then lysed in an  
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NP-40-containing lysis buffer supplemented with 
protease inhibitor cocktail (Roche), and then 
immunoprecipitated, as instructed by the protocol of a 
standard method, as previously described [50], with 
the indicated antibodies.  
 
Immunohistochemical (IHC) staining 
 
Immunohistochemistry assays were performed on the 
paraffin-embedded GC samples, using the following 
primary antibodies: anti-LDLRAD2 (1:150; Abcam) 
and anti-b-catenin (1:200; Abcam). Three pathologists 
assessed the staining intensity and percent of each 
section independently, and graded it according to the 
criteria as described below. The staining intensity 
score was evaluated as: 0 = negative, 1 = weak, 2 = 
moderate, and 3 = strong. The staining area score was 
evaluated as: 0 = 0%, 1 = 1-25%, 2 = 26-50%, 3 = 51-
75%, and 4 = 76-100%. The scores of staining 
intensity and staining area were multiplied to produce 
the final score. The final staining scores ≤ 3 were 
regarded as low LDLRAD2 or β-catenin expression 
and the scores ≥ 4 were regarded as high expression. 
 
Statistical analysis 
 
Data analysis was performed by using the SPSS 19.0 
software (SPSS Inc., Chicago, IL, USA). Comparisons 
between any two groups were conducted using 
Student’s t-test (two-sided). To assess the association of 
LDLRAD2 expression with clinic-pathologic 
parameters of GC patients, they were divided into high 
and low LDLRAD2 expression groups according to the 
median value of LDLRAD2 expression. The clinic-
pathologic parameters of GC patients between high and 
low LDLRAD2 expression was compared using chi-
squared test. Kaplan-Meier method was used to 
establish survival curves for OS and DFS. The 
differences in survival of patients between high and low 
LDLRAD2 expression were assessed by log-rank test. P 
< 0.05 was regarded as statistically significance. 
 
AUTHOR CONTRIBUTIONS 
 
Yumin Li and Furong Wang were responsible for the 
design of this study. Furong Wang collected the clinical 
data, Yucai Wei and Yating Zhang carried out the vitro 
and vivo experiments. Fan Zhang undertook the data 
analysis and wrote the paper. Tong Zhang mainly took 
the additional experiments and revised the manuscript. 
Hao Chen revised the language. 
 
CONFLICTS OF INTEREST 
 
The authors declare that they have no competing 
interests. 

FUNDING 
 
This work was supported by the Fundamental Research 
Funds for the Central Universities (lzujbky-2019-kb13), 
the grants from National Natural Science Foundation of 
China (31770537), Cuiyin Scienticfic and Technology 
Invitation Program of Lanzhou University Second 
hospital (CY2018-MS15), The Provincial Natural 
Science Foundation of Gansu (No.18JR3RA306). 
 
REFERENCES 
 
1. Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, 

Jemal A. Global cancer statistics, 2012. CA Cancer J 
Clin. 2015; 65:87–108.  

 https://doi.org/10.3322/caac.21262 PMID:25651787  

2. Strong VE, Wu AW, Selby LV, Gonen M, Hsu M, Song 
KY, Park CH, Coit DG, Ji JF, Brennan MF. Differences in 
gastric cancer survival between the U.S. and China. J 
Surg Oncol. 2015; 112:31–37.  

 https://doi.org/10.1002/jso.23940 PMID:26175203  

3. Zong L, Abe M, Seto Y, Ji J. The challenge of screening for 
early gastric cancer in China. Lancet. 2016; 388:2606.  

 https://doi.org/10.1016/S0140-6736(16)32226-7 
PMID:27894662  

4. Massagué J, Obenauf AC. Metastatic colonization by 
circulating tumour cells. Nature. 2016; 529:298–306.  

 https://doi.org/10.1038/nature17038 PMID:26791720  

5. Mlecnik B, Bindea G, Kirilovsky A, Angell HK, Obenauf 
AC, Tosolini M, Church SE, Maby P, Vasaturo A, 
Angelova M, Fredriksen T, Mauger S, Waldner M, et al. 
The tumor microenvironment and Immunoscore are 
critical determinants of dissemination to distant 
metastasis. Sci Transl Med. 2016; 8:327ra26.  

 https://doi.org/10.1126/scitranslmed.aad6352 
PMID:26912905  

6. Nie Y, Wu K, Yu J, Liang Q, Cai X, Shang Y, Zhou J, Pan K, 
Sun L, Fang J, Yuan Y, You W, Fan D. A global burden of 
gastric cancer: the major impact of China. Expert Rev 
Gastroenterol Hepatol. 2017; 11:651–61. 

 https://doi.org/10.1080/17474124.2017.1312342 
PMID:28351219  

7. Sun W, Yan L. Gastric cancer: current and evolving 
treatment landscape. Chin J Cancer. 2016; 35:83.  

 https://doi.org/10.1186/s40880-016-0147-6 
PMID:27581465  

8. Thiel A, Ristimäki A. Targeted therapy in gastric cancer. 
APMIS. 2015; 123:365–72.  

 https://doi.org/10.1111/apm.12359 PMID:25706252  

9. Xu W, Yang Z, Lu N. Molecular targeted therapy for the 
treatment of gastric cancer. J Exp Clin Cancer Res. 
2016; 35:1.  

https://doi.org/10.3322/caac.21262
https://doi.org/10.3322/caac.21262
https://www.ncbi.nlm.nih.gov/pubmed/25651787
https://www.ncbi.nlm.nih.gov/pubmed/25651787
https://doi.org/10.1002/jso.23940
https://doi.org/10.1002/jso.23940
https://www.ncbi.nlm.nih.gov/pubmed/26175203
https://www.ncbi.nlm.nih.gov/pubmed/26175203
https://doi.org/10.1016/S0140-6736%2816%2932226-7
https://doi.org/10.1016/S0140-6736%2816%2932226-7
https://www.ncbi.nlm.nih.gov/pubmed/27894662
https://www.ncbi.nlm.nih.gov/pubmed/27894662
https://doi.org/10.1038/nature17038
https://doi.org/10.1038/nature17038
https://www.ncbi.nlm.nih.gov/pubmed/26791720
https://www.ncbi.nlm.nih.gov/pubmed/26791720
https://doi.org/10.1126/scitranslmed.aad6352
https://doi.org/10.1126/scitranslmed.aad6352
https://www.ncbi.nlm.nih.gov/pubmed/26912905
https://www.ncbi.nlm.nih.gov/pubmed/26912905
https://doi.org/10.1080/17474124.2017.1312342
https://doi.org/10.1080/17474124.2017.1312342
https://www.ncbi.nlm.nih.gov/pubmed/28351219
https://www.ncbi.nlm.nih.gov/pubmed/28351219
https://doi.org/10.1186/s40880-016-0147-6
https://doi.org/10.1186/s40880-016-0147-6
https://www.ncbi.nlm.nih.gov/pubmed/27581465
https://www.ncbi.nlm.nih.gov/pubmed/27581465
https://doi.org/10.1111/apm.12359
https://doi.org/10.1111/apm.12359
https://www.ncbi.nlm.nih.gov/pubmed/25706252
https://www.ncbi.nlm.nih.gov/pubmed/25706252


www.aging-us.com 8964 AGING 

 https://doi.org/10.1186/s13046-015-0276-9 
PMID:26728266  

10. Zhu X, Wang Y, Xue W, Wang R, Wang L, Zhu ML, 
Zheng L, Lei YY, Huang JY, Zhao QR, Jiang N, Xu HM, 
Wang ZN, et al. The VEGFR-2 protein and the VEGFR-2 
rs1870377 A>T genetic polymorphism are prognostic 
factors for gastric cancer. Cancer Biol Ther. 2019; 
20:497–504.  

 https://doi.org/10.1080/15384047.2018.1537575 
PMID:30380970 

11. Lei YY, Huang JY, Zhao QR, Jiang N, Xu HM, Wang ZN, Li 
HQ, Zhang SB, Sun Z. The clinicopathological 
parameters and prognostic significance of HER2 
expression in gastric cancer patients: a meta-analysis 
of literature. World J Surg Oncol. 2017; 15:68.  

 https://doi.org/10.1186/s12957-017-1132-5 
PMID:28327158  

12. Biagioni A, Skalamera I, Peri S, Schiavone N, Cianchi F, 
Giommoni E, Magnelli L, Papucci L. Update on gastric 
cancer treatments and gene therapies. Cancer 
Metastasis Rev. 2019. [Epub ahead of print]. 

 https://doi.org/10.1007/s10555-019-09803-7 
PMID:31486976  

13. Chen EB, Qin X, Peng K, Li Q, Tang C, Wei YC, Yu S, Gan 
L, Liu TS. HnRNPR-CCNB1/CENPF axis contributes to 
gastric cancer proliferation and metastasis. Aging 
(Albany NY). 2019; 11:7473–91.  

 https://doi.org/10.18632/aging.102254 
PMID:31527303 

14. Lamouille S, Xu J, Derynck R. Molecular mechanisms of 
epithelial-mesenchymal transition. Nat Rev Mol Cell 
Biol. 2014; 15:178–96.  

 https://doi.org/10.1038/nrm3758 PMID:24556840  

15. Du B, Shim JS. Targeting Epithelial-Mesenchymal 
Transition (EMT) to Overcome Drug Resistance in 
Cancer. Molecules. 2016; 21:21.  

 https://doi.org/10.3390/molecules21070965 
PMID:27455225  

16. Diepenbruck M, Christofori G. Epithelial-mesenchymal 
transition (EMT) and metastasis: yes, no, maybe? Curr 
Opin Cell Biol. 2016; 43:7–13.  

 https://doi.org/10.1016/j.ceb.2016.06.002 
PMID:27371787  

17. Nusse R, Clevers H. Wnt/β-Catenin Signaling, Disease, 
and Emerging Therapeutic Modalities. Cell. 2017; 
169:985–99.  

 https://doi.org/10.1016/j.cell.2017.05.016 
PMID:28575679  

18. Siar CH, Ishak I, Ng KH. Podoplanin, E-cadherin, β-
catenin, and CD44v6 in recurrent ameloblastoma: their 
distribution patterns and relevance. J Oral Pathol Med. 
2015; 44:51–58.  

 https://doi.org/10.1111/jop.12203  
PMID:25059841  

19. Padhi S, Saha A, Kar M, Ghosh C, Adhya A, Baisakh M, 
Mohapatra N, Venkatesan S, Hande MP, Banerjee B. 
Clinico-Pathological Correlation of β-Catenin and 
Telomere Dysfunction in Head and Neck Squamous 
Cell Carcinoma Patients. J Cancer. 2015; 6:192–202.  

 https://doi.org/10.7150/jca.9558 PMID:25653721  

20. Huang J, Xiao D, Li G, Ma J, Chen P, Yuan W, Hou F, Ge 
J, Zhong M, Tang Y, Xia X, Chen Z. EphA2 promotes 
epithelial-mesenchymal transition through the Wnt/β-
catenin pathway in gastric cancer cells. Oncogene. 
2014; 33:2737–47. 

 https://doi.org/10.1038/onc.2013.238  
PMID:23752181  

21. Jia S, Qu T, Wang X, Feng M, Yang Y, Feng X, Ma R, Li 
W, Hu Y, Feng Y, Ji K, Li Z, Jiang W, Ji J. KIAA1199 
promotes migration and invasion by Wnt/β-catenin 
pathway and MMPs mediated EMT progression and 
serves as a poor prognosis marker in gastric cancer. 
PLoS One. 2017; 12:e0175058.  

 https://doi.org/10.1371/journal.pone.0175058 
PMID:28422983  

22. Qi J, Yu Y, Akilli Öztürk Ö, Holland JD, Besser D, 
Fritzmann J, Wulf-Goldenberg A, Eckert K, Fichtner I, 
Birchmeier W. New Wnt/β-catenin target genes 
promote experimental metastasis and migration of 
colorectal cancer cells through different signals. Gut. 
2016; 65:1690–701.  

 https://doi.org/10.1136/gutjnl-2014-307900 
PMID:26156959  

23. Song Y, Li ZX, Liu X, Wang R, Li LW, Zhang Q. The 
Wnt/β-catenin and PI3K/Akt signaling pathways 
promote EMT in gastric cancer by epigenetic regulation 
via H3 lysine 27 acetylation. Tumour Biol. 2017; 
39:1010428317712617.  

 https://doi.org/10.1177/1010428317712617 
PMID:28671020 

24. Yang S, Liu Y, Li MY, Ng CS, Yang SL, Wang S, Zou C, 
Dong Y, Du J, Long X, Liu LZ, Wan IY, Mok T, et al. 
FOXP3 promotes tumor growth and metastasis by 
activating Wnt/β-catenin signaling pathway and EMT in 
non-small cell lung cancer. Mol Cancer. 2017; 16:124.  

 https://doi.org/10.1186/s12943-017-0700-1 
PMID:28716029  

25. Röcken C. Molecular classification of gastric cancer. 
Expert Rev Mol Diagn. 2017; 17:293–301.  

 https://doi.org/10.1080/14737159.2017.1286985 
PMID:28118758  

26. Liu J, McCleland M, Stawiski EW, Gnad F, Mayba O, 
Haverty PM, Durinck S, Chen YJ, Klijn C, Jhunjhunwala 
S, Lawrence M, Liu H, Wan Y, et al. Integrated exome 

https://doi.org/10.1186/s13046-015-0276-9
https://doi.org/10.1186/s13046-015-0276-9
https://www.ncbi.nlm.nih.gov/pubmed/26728266
https://www.ncbi.nlm.nih.gov/pubmed/26728266
https://doi.org/10.1080/15384047.2018.1537575
https://doi.org/10.1080/15384047.2018.1537575
https://www.ncbi.nlm.nih.gov/pubmed/30380970
https://www.ncbi.nlm.nih.gov/pubmed/30380970
https://doi.org/10.1186/s12957-017-1132-5
https://doi.org/10.1186/s12957-017-1132-5
https://www.ncbi.nlm.nih.gov/pubmed/28327158
https://www.ncbi.nlm.nih.gov/pubmed/28327158
https://doi.org/10.1007/s10555-019-09803-7
https://doi.org/10.1007/s10555-019-09803-7
https://www.ncbi.nlm.nih.gov/pubmed/31486976
https://www.ncbi.nlm.nih.gov/pubmed/31486976
https://doi.org/10.18632/aging.102254
https://doi.org/10.18632/aging.102254
https://www.ncbi.nlm.nih.gov/pubmed/31527303
https://www.ncbi.nlm.nih.gov/pubmed/31527303
https://doi.org/10.1038/nrm3758
https://doi.org/10.1038/nrm3758
https://www.ncbi.nlm.nih.gov/pubmed/24556840
https://www.ncbi.nlm.nih.gov/pubmed/24556840
https://doi.org/10.3390/molecules21070965
https://doi.org/10.3390/molecules21070965
https://www.ncbi.nlm.nih.gov/pubmed/27455225
https://www.ncbi.nlm.nih.gov/pubmed/27455225
https://doi.org/10.1016/j.ceb.2016.06.002
https://doi.org/10.1016/j.ceb.2016.06.002
https://www.ncbi.nlm.nih.gov/pubmed/27371787
https://www.ncbi.nlm.nih.gov/pubmed/27371787
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1016/j.cell.2017.05.016
https://www.ncbi.nlm.nih.gov/pubmed/28575679
https://www.ncbi.nlm.nih.gov/pubmed/28575679
https://doi.org/10.1111/jop.12203
https://doi.org/10.1111/jop.12203
https://doi.org/10.1111/jop.12203
https://www.ncbi.nlm.nih.gov/pubmed/25059841
https://www.ncbi.nlm.nih.gov/pubmed/25059841
https://doi.org/10.7150/jca.9558
https://doi.org/10.7150/jca.9558
https://www.ncbi.nlm.nih.gov/pubmed/25653721
https://www.ncbi.nlm.nih.gov/pubmed/25653721
https://doi.org/10.1038/onc.2013.238
https://doi.org/10.1038/onc.2013.238
https://www.ncbi.nlm.nih.gov/pubmed/23752181
https://www.ncbi.nlm.nih.gov/pubmed/23752181
https://doi.org/10.1371/journal.pone.0175058
https://doi.org/10.1371/journal.pone.0175058
https://www.ncbi.nlm.nih.gov/pubmed/28422983
https://www.ncbi.nlm.nih.gov/pubmed/28422983
https://doi.org/10.1136/gutjnl-2014-307900
https://doi.org/10.1136/gutjnl-2014-307900
https://www.ncbi.nlm.nih.gov/pubmed/26156959
https://www.ncbi.nlm.nih.gov/pubmed/26156959
https://doi.org/10.1177/1010428317712617
https://doi.org/10.1177/1010428317712617
https://www.ncbi.nlm.nih.gov/pubmed/28671020
https://www.ncbi.nlm.nih.gov/pubmed/28671020
https://doi.org/10.1186/s12943-017-0700-1
https://doi.org/10.1186/s12943-017-0700-1
https://www.ncbi.nlm.nih.gov/pubmed/28716029
https://www.ncbi.nlm.nih.gov/pubmed/28716029
https://doi.org/10.1080/14737159.2017.1286985
https://doi.org/10.1080/14737159.2017.1286985
https://www.ncbi.nlm.nih.gov/pubmed/28118758
https://www.ncbi.nlm.nih.gov/pubmed/28118758


www.aging-us.com 8965 AGING 

and transcriptome sequencing reveals ZAK isoform 
usage in gastric cancer. Nat Commun. 2014; 5:3830.  

 https://doi.org/10.1038/ncomms4830 PMID:24807215  

27. Qi X, Zhang DH, Wu N, Xiao JH, Wang X, Ma W. ceRNA 
in cancer: possible functions and clinical implications. J 
Med Genet. 2015; 52:710–18.  

 https://doi.org/10.1136/jmedgenet-2015-103334 
PMID:26358722  

28. Kamps R, Brandão RD, Bosch BJ, Paulussen AD, 
Xanthoulea S, Blok MJ, Romano A. Next-Generation 
Sequencing in Oncology: Genetic Diagnosis, Risk 
Prediction and Cancer Classification. Int J Mol Sci. 
2017; 18:18.  

 https://doi.org/10.3390/ijms18020308 
PMID:28146134  

29. Wang S, Zhang D, Han S, Gao P, Liu C, Li J, Pan X. 
Fibulin-3 promotes osteosarcoma invasion and 
metastasis by inducing epithelial to mesenchymal 
transition and activating the Wnt/β-catenin signaling 
pathway. Sci Rep. 2017; 7:6215.  

 https://doi.org/10.1038/s41598-017-06353-2 
PMID:28740094  

30. Zhou F, Geng J, Xu S, Meng Q, Chen K, Liu F, Yang F, Pan 
B, Yu Y. FAM83A signaling induces epithelial-
mesenchymal transition by the PI3K/AKT/Snail pathway 
in NSCLC. Aging (Albany NY). 2019; 11:6069–88.  

 https://doi.org/10.18632/aging.102163 
PMID:31444970  

31. Li C, Zhou D, Hong H, Yang S, Zhang L, Li S, Hu P, Ren H, 
Mei Z, Tang H, Zhou T, Yu L, Huang J, et al. TGFβ1- miR-
140-5p axis mediated up-regulation of Flap 
Endonuclease 1 promotes epithelial-mesenchymal 
transition in hepatocellular carcinoma. Aging (Albany 
NY). 2019; 11:5593–612.  

 https://doi.org/10.18632/aging.102140 
PMID:31402791 

32. Zhou T, Yu L, Huang J, Zhao X, Li Y, Hu Y, Lei Y. GDF10 
inhibits proliferation and epithelial-mesenchymal 
transition in triple-negative breast cancer via 
upregulation of Smad7. Aging (Albany NY). 2019; 
11:3298–314.  

 https://doi.org/10.18632/aging.101983 
PMID:31147529  

33. Zhang Z, Li Z, Li Y, Zang A. MicroRNA and signaling 
pathways in gastric cancer. Cancer Gene Ther. 2014; 
21:305–16.  

 https://doi.org/10.1038/cgt.2014.37  
PMID:25060632  

34. Yong X, Tang B, Li BS, Xie R, Hu CJ, Luo G, Qin Y, Dong 
H, Yang SM. Helicobacter pylori virulence factor CagA 
promotes tumorigenesis of gastric cancer via multiple 
signaling pathways. Cell Commun Signal. 2015; 13:30.  

 https://doi.org/10.1186/s12964-015-0111-0 
PMID:26160167  

35. Zhao L, Liu Y, Tong D, Qin Y, Yang J, Xue M, Du N, Liu L, 
Guo B, Hou N, Han J, Liu S, Liu N, et al. MeCP2 Promotes 
Gastric Cancer Progression Through Regulating 
FOXF1/Wnt5a/β-Catenin and MYOD1/Caspase-3 
Signaling Pathways. EBioMedicine. 2017; 16:87–100. 

 https://doi.org/10.1016/j.ebiom.2017.01.021 
PMID:28131747  

36. Duñach M, Del Valle-Pérez B, García de Herreros A. 
p120-catenin in canonical Wnt signaling. Crit Rev 
Biochem Mol Biol. 2017; 52:327–39.  

 https://doi.org/10.1080/10409238.2017.1295920 
PMID:28276699  

37. Dong J, Wang R, Ren G, Li X, Wang J, Sun Y, Liang J, Nie 
Y, Wu K, Feng B, Shang Y, Fan D. HMGA2-FOXL2 Axis 
Regulates Metastases and Epithelial-to-Mesenchymal 
Transition of Chemoresistant Gastric Cancer. Clin 
Cancer Res. 2017; 23:3461–73.  

 https://doi.org/10.1158/1078-0432.CCR-16-2180 
PMID:28119367  

38. Arqués O, Chicote I, Puig I, Tenbaum SP, Argilés G, 
Dienstmann R, Fernández N, Caratù G, Matito J, 
Silberschmidt D, Rodon J, Landolfi S, Prat A, et al. 
Tankyrase Inhibition Blocks Wnt/β-Catenin Pathway 
and Reverts Resistance to PI3K and AKT Inhibitors in 
the Treatment of Colorectal Cancer. Clin Cancer Res. 
2016; 22:644–56.  

 https://doi.org/10.1158/1078-0432.CCR-14-3081 
PMID:26224873  

39. Chen Y, Rao X, Huang K, Jiang X, Wang H, Teng L. 
FH535 Inhibits Proliferation and Motility of Colon 
Cancer Cells by Targeting Wnt/β-catenin Signaling 
Pathway. J Cancer. 2017; 8:3142–53.  

 https://doi.org/10.7150/jca.19273  
PMID:29158786  

40. Wan L, Zhang L, Fan K, Cheng ZX, Sun QC, Wang JJ. 
Circular RNA-ITCH Suppresses Lung Cancer 
Proliferation via Inhibiting the Wnt/β-Catenin Pathway. 
Biomed Res Int. 2016; 2016:1579490.  

 https://doi.org/10.1155/2016/1579490 
PMID:27642589  

41. Wang Z, Li B, Zhou L, Yu S, Su Z, Song J, Sun Q, Sha O, 
Wang X, Jiang W, Willert K, Wei L, Carson DA, Lu D. 
Prodigiosin inhibits Wnt/β-catenin signaling and exerts 
anticancer activity in breast cancer cells. Proc Natl 
Acad Sci USA. 2016; 113:13150–55.  

 https://doi.org/10.1073/pnas.1616336113 
PMID:27799526  

42. Wickström M, Dyberg C, Milosevic J, Einvik C, Calero R, 
Sveinbjörnsson B, Sandén E, Darabi A, Siesjö P, Kool M, 
Kogner P, Baryawno N, Johnsen JI. Wnt/β-catenin 

https://doi.org/10.1038/ncomms4830
https://doi.org/10.1038/ncomms4830
https://www.ncbi.nlm.nih.gov/pubmed/24807215
https://www.ncbi.nlm.nih.gov/pubmed/24807215
https://doi.org/10.1136/jmedgenet-2015-103334
https://doi.org/10.1136/jmedgenet-2015-103334
https://www.ncbi.nlm.nih.gov/pubmed/26358722
https://www.ncbi.nlm.nih.gov/pubmed/26358722
https://doi.org/10.3390/ijms18020308
https://doi.org/10.3390/ijms18020308
https://www.ncbi.nlm.nih.gov/pubmed/28146134
https://www.ncbi.nlm.nih.gov/pubmed/28146134
https://doi.org/10.1038/s41598-017-06353-2
https://doi.org/10.1038/s41598-017-06353-2
https://www.ncbi.nlm.nih.gov/pubmed/28740094
https://www.ncbi.nlm.nih.gov/pubmed/28740094
https://doi.org/10.18632/aging.102163
https://doi.org/10.18632/aging.102163
https://www.ncbi.nlm.nih.gov/pubmed/31444970
https://www.ncbi.nlm.nih.gov/pubmed/31444970
https://doi.org/10.18632/aging.102140
https://doi.org/10.18632/aging.102140
https://www.ncbi.nlm.nih.gov/pubmed/31402791
https://www.ncbi.nlm.nih.gov/pubmed/31402791
https://doi.org/10.18632/aging.101983
https://doi.org/10.18632/aging.101983
https://www.ncbi.nlm.nih.gov/pubmed/31147529
https://www.ncbi.nlm.nih.gov/pubmed/31147529
https://doi.org/10.1038/cgt.2014.37
https://doi.org/10.1038/cgt.2014.37
https://www.ncbi.nlm.nih.gov/pubmed/25060632
https://www.ncbi.nlm.nih.gov/pubmed/25060632
https://doi.org/10.1186/s12964-015-0111-0
https://doi.org/10.1186/s12964-015-0111-0
https://doi.org/10.1186/s12964-015-0111-0
https://www.ncbi.nlm.nih.gov/pubmed/26160167
https://www.ncbi.nlm.nih.gov/pubmed/26160167
https://doi.org/10.1016/j.ebiom.2017.01.021
https://doi.org/10.1016/j.ebiom.2017.01.021
https://www.ncbi.nlm.nih.gov/pubmed/28131747
https://www.ncbi.nlm.nih.gov/pubmed/28131747
https://doi.org/10.1080/10409238.2017.1295920
https://doi.org/10.1080/10409238.2017.1295920
https://www.ncbi.nlm.nih.gov/pubmed/28276699
https://www.ncbi.nlm.nih.gov/pubmed/28276699
https://doi.org/10.1158/1078-0432.CCR-16-2180
https://doi.org/10.1158/1078-0432.CCR-16-2180
https://www.ncbi.nlm.nih.gov/pubmed/28119367
https://www.ncbi.nlm.nih.gov/pubmed/28119367
https://doi.org/10.1158/1078-0432.CCR-14-3081
https://doi.org/10.1158/1078-0432.CCR-14-3081
https://www.ncbi.nlm.nih.gov/pubmed/26224873
https://www.ncbi.nlm.nih.gov/pubmed/26224873
https://doi.org/10.7150/jca.19273
https://doi.org/10.7150/jca.19273
https://www.ncbi.nlm.nih.gov/pubmed/29158786
https://www.ncbi.nlm.nih.gov/pubmed/29158786
https://doi.org/10.1155/2016/1579490
https://doi.org/10.1155/2016/1579490
https://www.ncbi.nlm.nih.gov/pubmed/27642589
https://www.ncbi.nlm.nih.gov/pubmed/27642589
https://doi.org/10.1073/pnas.1616336113
https://doi.org/10.1073/pnas.1616336113
https://www.ncbi.nlm.nih.gov/pubmed/27799526
https://www.ncbi.nlm.nih.gov/pubmed/27799526


www.aging-us.com 8966 AGING 

pathway regulates MGMT gene expression in cancer 
and inhibition of Wnt signalling prevents 
chemoresistance. Nat Commun. 2015; 6:8904.  

 https://doi.org/10.1038/ncomms9904 PMID:26603103  

43. Yang L, Tang H, Kong Y, Xie X, Chen J, Song C, Liu X, Ye 
F, Li N, Wang N, Xie X. LGR5 Promotes Breast Cancer 
Progression and Maintains Stem-Like Cells Through 
Activation of Wnt/β-Catenin Signaling. Stem Cells. 
2015; 33:2913–24.  

 https://doi.org/10.1002/stem.2083 PMID:26086949  

44. Zhang Y. Ganoderma lucidum (Reishi) suppresses 
proliferation and migration of breast cancer cells via 
inhibiting Wnt/β-catenin signaling. Biochem Biophys 
Res Commun. 2017; 488:679–84.  

 https://doi.org/10.1016/j.bbrc.2017.04.086 
PMID:28427938  

45. Zhu JY, Yang X, Chen Y, Jiang Y, Wang SJ, Li Y, Wang XQ, 
Meng Y, Zhu MM, Ma X, Huang C, Wu R, Xie CF, et al. 
Curcumin Suppresses Lung Cancer Stem Cells via 
Inhibiting Wnt/β-catenin and Sonic Hedgehog 
Pathways. Phytother Res. 2017; 31:680–88.  

 https://doi.org/10.1002/ptr.5791  
PMID:28198062  

46. Castellone MD, Teramoto H, Williams BO, Druey KM, 
Gutkind JS. Prostaglandin E2 promotes colon cancer 
cell growth through a Gs-axin-beta-catenin signaling 
axis. Science. 2005; 310:1504–10. 

 https://doi.org/10.1126/science.1116221 
PMID:16293724  

 

47. de la Roche M, Ibrahim AE, Mieszczanek J, Bienz M. 
LEF1 and B9L shield β-catenin from inactivation by 
Axin, desensitizing colorectal cancer cells to tankyrase 
inhibitors. Cancer Res. 2014; 74:1495–505.  

 https://doi.org/10.1158/0008-5472.CAN-13-2682 
PMID:24419084  

48. Yang WH, Ding MJ, Cui GZ, Yang M, Dai DL. 
Heterogeneous nuclear ribonucleoprotein M promotes 
the progression of breast cancer by regulating the 
axin/β-catenin signaling pathway. Biomed 
Pharmacother. 2018; 105:848–55.  

 https://doi.org/10.1016/j.biopha.2018.05.014 
PMID:30021377  

49. Cai J, Guan H, Fang L, Yang Y, Zhu X, Yuan J, Wu J, Li M. 
MicroRNA-374a activates Wnt/β-catenin signaling to 
promote breast cancer metastasis. J Clin Invest. 2013; 
123:566–79.  

 https://doi.org/10.1172/JCI65871 PMID:23321667  

50. Maddika S, Chen J. Protein kinase DYRK2 is a scaffold 
that facilitates assembly of an E3 ligase. Nat Cell Biol. 
2009; 11:409–19.  

 https://doi.org/10.1038/ncb1848 PMID:19287380   

  

https://doi.org/10.1038/ncomms9904
https://doi.org/10.1038/ncomms9904
https://www.ncbi.nlm.nih.gov/pubmed/26603103
https://www.ncbi.nlm.nih.gov/pubmed/26603103
https://doi.org/10.1002/stem.2083
https://doi.org/10.1002/stem.2083
https://www.ncbi.nlm.nih.gov/pubmed/26086949
https://www.ncbi.nlm.nih.gov/pubmed/26086949
https://doi.org/10.1016/j.bbrc.2017.04.086
https://doi.org/10.1016/j.bbrc.2017.04.086
https://www.ncbi.nlm.nih.gov/pubmed/28427938
https://www.ncbi.nlm.nih.gov/pubmed/28427938
https://doi.org/10.1002/ptr.5791
https://doi.org/10.1002/ptr.5791
https://www.ncbi.nlm.nih.gov/pubmed/28198062
https://www.ncbi.nlm.nih.gov/pubmed/28198062
https://doi.org/10.1126/science.1116221
https://doi.org/10.1126/science.1116221
https://www.ncbi.nlm.nih.gov/pubmed/16293724
https://www.ncbi.nlm.nih.gov/pubmed/16293724
https://doi.org/10.1158/0008-5472.CAN-13-2682
https://doi.org/10.1158/0008-5472.CAN-13-2682
https://www.ncbi.nlm.nih.gov/pubmed/24419084
https://www.ncbi.nlm.nih.gov/pubmed/24419084
https://doi.org/10.1016/j.biopha.2018.05.014
https://doi.org/10.1016/j.biopha.2018.05.014
https://www.ncbi.nlm.nih.gov/pubmed/30021377
https://www.ncbi.nlm.nih.gov/pubmed/30021377
https://doi.org/10.1172/JCI65871
https://doi.org/10.1172/JCI65871
https://www.ncbi.nlm.nih.gov/pubmed/23321667
https://www.ncbi.nlm.nih.gov/pubmed/23321667
https://doi.org/10.1038/ncb1848
https://doi.org/10.1038/ncb1848
https://www.ncbi.nlm.nih.gov/pubmed/19287380
https://www.ncbi.nlm.nih.gov/pubmed/19287380


www.aging-us.com 8967 AGING 

SUPPLEMENTARY MATERIALS 
 
 
Supplementary Figures 
 

 
 

Supplementary Figure 1. Gene-set enrichment analysis (GSEA)-GO analysis based on TCGA data suggests that LDLRAD2 
correlates with EMT. 
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Supplementary Figure 2. LDLRAD2 promotes the migration and invasion of MKN-28 cells by activating Wnt/β-catenin 
signaling pathway. 
 


