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Cullin 4A (CUL4A), a direct target of miR-9 and miR-137, 
promotes gastric cancer proliferation and invasion by regulating 
the Hippo signaling pathway
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ABSTRACT
Although Cullin 4A (CUL4A) is mutated or amplified in several human cancer 

types, its role in gastric cancer (GC) and the mechanisms underlying its regulation 
remain largely uncharacterized. In the present study, we report that the expression 
of CUL4A significantly correlated with the clinical stage of the tumor and lymph node 
metastasis, and survival rates were lower in GC patients with higher levels of CUL4A 
than in patients with lower CUL4A levels. The upregulation of CUL4A promoted GC cell 
proliferation and epithelial-mesenchymal transition (EMT) by downregulating LATS1-
Hippo-YAP signaling. Knocking down CUL4A had the opposite effect in vitro and in vivo. 
Interestingly, CUL4A expression was inhibited by the microRNAs (miRNAs), miR-9 and 
miR-137, which directly targeted the 3′-UTR of CUL4A. Overexpression of miR-9 and 
miR-137 downregulated the CUL4A-LATS1-Hippo signaling pathway and suppressed GC 
cell proliferation and invasion in vitro. Taken together, our findings demonstrate that 
perturbations to miR-9/137-CUL4A-Hippo signaling contribute to gastric tumorigenesis, 
and suggest potential therapeutic targets for the future treatment of GC.

INTRODUCTION

Gastric cancer (GC) is the fourth most common 
malignant carcinoma and ranks second worldwide as a 
cause of cancer-related deaths [1]. The incidence of GC 
is the highest in China, accounting for nearly 42% of 
cases[2]. Despite advances in surgical, chemotherapeutic, 
radiation, and anti-ERBB2 molecular targeted therapies, 
5-year survival rates have improved only minimally during 
the past few decades. Although mutations and alterations in 
a large number of oncogenes and cancer suppressor genes 
have been identified in gastric carcinomas, the molecular 
mechanisms underlying GCs are still poorly understood.

Cullin 4A (CUL4A) is an E3 ubiquitin ligase that 
regulates several well-defined tumor suppressor genes, 
such as p53, p73, and CDKN1B (p27)[3–5]. Besides being 
involved in the ubiquitin-proteasome pathway, CUL4A is 
a transcriptional co-activator mediating EGFR and ZEB1 
activation, which can promote cancer cell proliferation and 
EMT through epigenetic mechanisms [6, 7]. Recent data 

support that the high expression of CUL4A is associated 
with adverse clinical outcomes in several cancer types, 
including breast, lung, and bone cancer [6–8]. However, 
the involvement of CUL4A in GC and the mechanisms 
that regulate its expression remain poorly characterized.

MicroRNAs (miRNAs) constitute a class of small 
non-coding RNAs (19-24 nucleotides) that regulate 
gene expression post-transcriptionally by targeting the 3′ 
untranslated regions (3′-UTRs) of expressed mRNAs [9–11]. 
In GC, oncogenic miRNAs such as miR-21 [12], miR-362 
[13] and miR-296-5p [14] are abnormally upregulated, and 
tumor suppressing miRNAs such as miR-506 [15], miR-129-
5p [16] and miR-361-5p [17] are significantly downregulated. 
However, whether miRNAs can regulate the expression of 
CUL4A has not been reported.

In the present study, we show that CUL4A 
expression is correlated with tumor-node-metastasis 
(TNM) clinical stages of GC. In addition, we demonstrate 
that CUL4A promotes GC proliferation, EMT, and 
invasion by inactivating the Hippo signaling pathway. 
We also identified that miR-137 and miR-9 directly 





Oncotarget10039www.impactjournals.com/oncotarget

line (Figure 4A). We investigated the effects of knocking 
down CUL4A or overexpressing CUL4A on proteins of 
the Hippo-YAP signaling pathway by western blotting. The 
downregulation of CUL4A in HGC-27 cells using a set of 
3 siRNAs resulted in an upregulation of LATS1 and P-YAP 
levels but did not affect MST1/2 and total YAP levels. 
Opposite effects were observed in MGC-803 cells when 
CUL4A was overexpressed (Figure 4B). Quantitative PCR 

results showed that after knocking down CUL4A in HGC-
27 cells, the mRNAs of some Hippo-YAP target genes, such 
as CTGF, CYR61, CDX2, and c-Myc were reduced, but 
others such as MST1/2, LATS1, and YAP were unaffected 
(Figure 4C). Furthermore, immunofluorescence results 
demonstrated that the nuclear distribution of YAP was 
reduced after knocking down CUL4A and was enhanced 
after overexpressing CUL4A (Figure 4D).

Figure 1: Expression of CUL4A is upregulated in gastric cancer tissues and cell lines. A. Western blotting results of CUL4A 
protein levels in different GC cell lines. CUL4A protein levels are higher in the six GC cell lines than in the human immortalized gastric 
epithelial cell line (GES-1). B. Western blotting results of CUL4A protein levels in GC tissues and adjacent noncancerous gastric tissues. 
CUL4A protein levels are higher in GC tissues (T) than in adjacent noncancerous gastric tissues (ANT) from the same patient (n=4). 
C. IHC staining of CUL4A protein in human GC (clinical stages I-IV) and normal gastric tissues. D. GC patient samples were stratified by 
CUL4A protein expression into low (45%) and high (55%) groups (n=124). E. Kaplan-Meier survival curves indicated that higher levels of 
CUL4A (n=68) are associated with lower patient survival rates than lower levels of CUL4A (n=56). Each bar represents the mean±SD of 
three independent experiments. *p-value <0.05.
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LATS1 is ubiquitinated and degraded by several 
E3 ubiqutin ligases [22]. Thus we examined whether 
LATS1 is a binding partner of CUL4A and hypothesized 
that CUL4A overexpression might enhance the 
proteasomal degradation of LATS1. Our data from co-
immunoprecipitation (co-IP) assays showed that CUL4A 
interacts with LATS1 in HGC-27 cells (Figure 4E). 
Moreover, overexpressing CUL4A, with MG-132 (10 and 
20 μmol/L), a cell permeable proteasome inhibitor, for 6 h 
restored normal LATS1 protein levels, providing evidence 
that CUL4A promotes the proteasomal degradation of 
LATS1 in MGC-803 cells (Figure 4F).

These findings suggest that CUL4A might regulate 
YAP in GC tissues; therefore, we tested whether their 
expression were correlated in GC samples. Indeed, we 
observed that CUL4A and YAP protein levels were highly 
correlated in GC samples (Figure 4G, n=50, R=0.596, P < 
0.001). These results suggest that CUL4A is involved in 
the inactivation of the Hippo signaling pathway.

CUL4A is a direct target of miR-9 and miR-137

The mechanisms that regulate CUL4A expression 
have been largely uncharacterized. We identified putative 

Figure 2: CUL4A promotes GC cell proliferation. A. MTT assay results after knocking down or overexpressing CUL4A. Knocking 
down CUL4A inhibited cell proliferation of HGC-27 cells compared to cells in the control mock-treated group; whereas, overexpressing 
CUL4A enhanced MGC-803 cell proliferation. B. Clone formation assay results after knocking down or overexpressing CUL4A. Knocking 
down CUL4A suppressed SGC-7901 and HGC-27 cell proliferation in clone formation assays; whereas, MGC-803 cell proliferation was 
enhanced by overexpressing CUL4A. C. Knocking down CUL4A resulted in the upregulation of p21 and p27 in SGC-7901 cells; whereas, 
overexpressing CUL4A led to opposite results in MGC-803 cells. D. Representative images of tumors from mice in each group. Tumor 
volumes were measured on the indicated days. Each bar represents the mean±SD of three independent experiments. *p-value <0.05.
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miRNAs that might regulate CUL4A using bioinformatics 
methods. Four miRNAs, including miR-103, miR-107, 
miR-9, and miR-137 (Figure 5A), were predicted using two 
independent miRNA databases: TargetScan (http://www.
targetscan.org/) and microRNA.org (http://www.microrna.
org/). Western blotting results showed that overexpressing 
miR-9 and miR-137 significantly reduced CUL4A protein 
expression in HGC-27 cells; whereas, overexpressing 
miR-103 and miR-107 had no effect on CUL4A protein 
expression (Figure 5B). Moreover, overexpression of miR-
9 and miR-137 significantly reduced CUL4A protein levels 
in two other cell lines, SGC-7901 and BGC-823 (Figure 
5B). Quantitative RT-PCR results demonstrated that 
overexpressing these two miRNAs had no effect on CUL4A 
mRNA levels (Figure 5C).

To determine whether miR-9 and miR-137 
repressed CUL4A expression by targeting its 3′-UTR, 

wherein the predicted binding sites were disrupted, 
were cloned into luciferase reporter vectors and tested 
using luciferase activity assays (Figure 5D). Luciferase 
expression from the wild-type but not from mutant 3′-
UTR constructs was significantly suppressed by miR-9 
and miR-137 (Figure 5E). These data support that the 
CUL4A 3′-UTR is a direct target of miR-9 and miR-137 
in GC cells.

miR-9 and miR-137 regulate Hippo-YAP 
signaling

Several studies have demonstrated that miR-
9 and miR-137 are decreased in human GC tissues 
and cell lines, suggesting that they function as 
tumor suppressors [23, 24]. This is supported by our 
observation that overexpressing miR-9 and miR-137 

Figure 3: CUL4A promotes GC invasion and EMT. A. Knockdown of CUL4A with a set of 3 siRNAs significantly inhibited HGC-
27 and BGC-823 cell invasion. B. Overexpressing CUL4A promoted MGC-803 cell invasion. C. Knockdown of CUL4A with siR-1 (10 
nM, 20 nM, 50 nM) increased E-cadherin expression, and inhibited N-cadherin, fibronectin and vimentin protein expression in HGC-27 
cells. Conversely, overexpressing CUL4A led to opposite results in MGC-803 cells. D. Immunofluorescence results for EMT markers after 
GC cells were transfected with CUL4A-siR-1 or infected with lentivirus overexpressing CUL4A. Each bar represents the mean±SD of three 
independent experiments. *p-value <0.05.


