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Abstract. Yes‑associated protein (YAP), as a major down‑
stream effector in the Hippo signaling pathway, is considered as 
an oncogene in cancer. The present study aimed to investigate 
the potential role of YAP in the development and progression 
of colorectal cancer (CRC). The mRNA and protein expres‑
sion levels of YAP in human CRC tissue samples and adjacent 
normal tissue were analyzed using public databases, as well 
as clinical samples. The potential roles of YAP and the under‑
lying mechanism regulating the proliferation and migration of 
CRC cells were examined using genetic manipulation in vitro. 
The correlation between the expression of the YAP gene and 
epithelial‑to‑mesenchymal transition (EMT) markers was 
investigated in order to determine the mechanism underlying 
the observed effects of YAP. YAP mRNA expression levels 
were significantly upregulated in CRC tissue compared with 
in normal tissue, as determined using datasets obtained 
from Oncomine. Similarly, in clinical samples, the protein 
expression levels of YAP were significantly upregulated in 
CRC tissue samples compared with in normal tissue samples. 
YAP knockdown inhibited the proliferation and migration of 
CRC cells in vitro, whereas its overexpression resulted in the 
opposite effect. The expression levels of the YAP gene were 
positively correlated with those of EMT markers (such as 
vimentin and N‑cadherin) and EMT‑inducing transcription 
factors (such as Snail1, Slug and zinc finger E‑box binding 
homeobox 1 and 2) in CRC samples from Gene Expression 
Profiling Interactive Analysis. Furthermore, YAP silencing 
increased the protein expression of E‑cadherin and decreased 
that of vimentin in CRC cells. By contrast, the overexpression 
of YAP had the opposite effect. YAP promoted the glucose 

transporter 3 (Glut3)/AMP‑activated protein kinase (AMPK) 
signaling pathway in CRC cells. In conclusion, YAP promoted 
the proliferation and migration of CRC cells, as well as the 
expression of EMT markers, possibly by regulating the 
Glut3/AMPK signaling pathway.

Introduction

Colorectal cancer (CRC) is one of the most common types of 
malignant cancer of the gastrointestinal tract and was ranked 
as the fourth leading cause of cancer‑associated deaths 
worldwide in 2019 (1,2). Liver metastasis often develops in 
patients with CRC. Only 15‑20% of patients with CRC with 
liver metastases are considered resectable, resulting in low 
survival rates (3). In China, CRC is the fourth most common 
type of cancer and fifth leading cause of cancer‑related 
deaths, and a calculated 370,000 newly‑diagnosed patients 
and 191,000 deaths occurred in 2015 (4). Moreover, the inci‑
dence and mortality rates have continuously increased over 
the last decades  (1). Therefore, elucidating the molecular 
mechanisms underlying the progression and metastasis of 
CRC and identifying new biomarkers for the treatment of 
CRC is essential.

In mammals, the Hippo signaling pathway is involved in 
tissue repair, cell regeneration, proliferation and apoptosis. 
Impaired Hippo signaling contributes to the development and 
progression of cancer, including CRC (5‑8). Yes‑associated 
protein (YAP) is a major downstream effector in the Hippo 
signaling pathway (5). Through a kinase cascade, the Hippo 
signaling pathway results in the phosphorylation of YAP and 
inactivates it by cytoplasmic retention or proteasomal degra‑
dation (5). This prevents YAP translocation to the nucleus, 
where it normally functions as a transcriptional co‑activator by 
interacting with TEA domain family members 1‑4 and other 
transcription factors (5). The YAP gene has been proposed as a 
candidate oncogene, which may be closely associated with the 
initiation and progression of several types of cancer, including 
pancreatic cancer  (9), breast cancer  (10), hepatocellular 
carcinoma (11), esophageal cancer (12), cervical cancer (13), 
ovarian cancer (14) and gastric cancer (15,16). Recently, several 
studies have focused on the role of YAP in CRC. These studies 
demonstrated that YAP was overexpressed in CRC tissue, and 
promoted the proliferation, migration and epithelial‑to‑mesen‑
chymal transition (EMT) of CRC cells (17‑20). However, the 
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underlying mechanism remains unclear and requires further 
study.

In the present study, the mRNA and protein expression 
levels of YAP in human CRC tissue and adjacent normal tissue 
were examined using public datasets and western blot analysis, 
and their potential role in the proliferation and migration of 
CRC cells was investigated in vitro. Moreover, the correlation 
of YAP with EMT‑related genes was studied and confirmed 
using western blot analysis. In vitro studies further illustrated 
that YAP functioned as a regulator of glucose transporter 3 
(Glut3)/AMP‑activated protein kinase (AMPK) in order to 
mediate the proliferation and migration of CRC cells. Thus, 
YAP may serve as a candidate for the development of new 
strategies for CRC treatment.

Materials and methods

Clinical data and CRC tissue samples. Clinical data were 
obtained from public databases, including Gene Expression 
Omnibus (GEO; https://www.ncbi.nlm.nih.gov/gds/; acces‑
sion nos. GSE74602 and GSE44076), Oncomine [Kaiser (21), 
Hong  (22) and Sabates‑Bellver  (23) datasets; https://www.
oncomine.org/], Human Protein Atlas (http://www.protein‑
atlas.org/), Gene Expressing Profiling Interactive Analysis 
[GEPIA; colon adenocarcinoma (COAD) and rectum adeno‑
carcinoma (READ); http://gepia.cancer‑pku.cn/].

Additionally, 18 pairs of colorectal adenocarcinoma and 
adjacent normal mucosal tissue samples (5 cm from tumor 
edge) were collected from patients who had not received radio‑
therapy and chemotherapy prior to surgery between January 
2016 and January 2017 at the Department of General Surgery, 
The First Affiliated Hospital of Soochow University (Suzhou, 
China). The clinical specimens were histologically confirmed 
in the pathology department. The clinicopathological features 
of these patients are shown in Table I. Ethics approval was 
granted by The Ethics Committee of The First Affiliated 
Hospital of Soochow University. In addition, the study was 
conducted in compliance with the Declaration of Helsinki. 
Written informed consent was obtained from all patients.

Cell lines. The human CRC cell lines (HCT116, CCL244, 
CaCo2, SW480, LoVo and RKO) were purchased from the 
Cell Bank of Type Culture Collection of Chinese Academy 
of Sciences. The cell cultures were routinely maintained in 
RPMI‑1640 medium (HyClone; Cytiva) or DMEM (Hyclone; 
Cytiva) containing 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.), 100 U/ml penicillin G sodium and 100 µg/ml strepto‑
mycin sulfate (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C 
in a humidified atmosphere containing 5% CO2.

Protein extraction and western blotting. CRC tissues or cells 
were lysed in RIPA lysis buffer (Sigma‑Aldrich; Merck KGaA). 
Protein concentration was quantified using a BCA Protein 
Assay kit (Pierce; Thermo Fisher Scientific, Inc.). Following 
protein separation (10 µg/lane) via 8% SDS‑PAGE, proteins 
were transferred onto polyvinylidene difluoride membranes 
(Bio‑Rad Laboratories, Inc.) and were then blocked in 5% 
skimmed milk for 1 h at room temperature. Subsequently, the 
membranes were incubated with primary antibodies overnight 
at 4˚C and then with HRP‑conjugated secondary antibodies 

(1:5,000; cat.  nos.  SA00001‑2 or SA00001‑1; ProteinTech 
Group, Inc.) for 1 h at room temperature. Next, the proteins were 
visualized using a chemiluminescence kit (EMD Millipore) and 
signals were quantified using ImageJ software (v1.46; National 
Institutes of Health). The antibodies used in this study included 
anti‑YAP (1:1,000; cat. no. 14074; Cell Signaling Technology, 
Inc.), anti‑E‑cadherin (1:1,000; cat. no. 3195; Cell Signaling 
Technology, Inc.), anti‑vimentin (1:1,000; cat.  no.  5741; 
Cell Signaling Technology, Inc.), anti‑Glut3 (1:1,000; 
cat.  no.  20403‑1‑AP; ProteinTech Group, Inc.), anti‑phos‑
phorylated (p)‑AMPK Thr172 (1:1,000; cat.  no.  2535; Cell 
Signaling Technology, Inc.), anti‑AMPK (1:1,000; cat. no. 2532; 
Cell Signaling Technology, Inc.) and anti‑GAPDH (1:5,000; 
cat. no. AG019; Beyotime Institute of Biotechnology).

Plasmid and small interfering RNA (siRNA) transfection. 
The siRNA against YAP (specific target sequence, 5'‑GGU​
CAG​AGA​UAC​UUC​UUA​AAU‑3'), siRNA against Glut3 
(specific target sequence, 5'‑UAG​CCA​AAU​UGG​AAA​GAG​
CTT‑3') and their scrambled siRNA (target sequence, 5'‑UUC​
UCC​GAA​CGU​GUC​ACG​UTT‑3') were synthesized by 
Shanghai GenePharma Co., Ltd. SW480 and HCT116 cells 
were transfected with the aforementioned siRNAs at a final 
concentration of 20 nM using Lipofectamine™ RNAiMax 
(Invitrogen; Thermo Fisher Scientific, Inc.) at 4˚C according 
to the manufacturer's protocol. After 48‑72 h of transfection, 
the cells were used for subsequent experiments. Plasmids 
encoding the human YAP protein and the empty pcDNA3.1 
vector were purchased from Shanghai GenePharma Co., Ltd. 
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.) was used to transfect HCT116 cells according to the 
manufacturer's instructions and as described previously (16). 
After 48‑72 h of cell transfection, the cells were used for 
subsequent experiments.

Colony formation assay. In brief, ~1x103 transfected SW480 
or HCT116 cells were seeded in 6‑well plates and cultured for 
7‑10 days, then fixed with 4% paraformaldehyde (Beyotime 
Institute of Biotechnology) at room temperature for 30 min 
and stained with 0.1% crystal violet (Beyotime Institute of 
Biotechnology) at room temperature for 15 min. The number 
of colonies containing >100 cells was determined using a 
light microscope (magnification, x40; Nikon Corporation).

Cell migration assay. Cell migration was assessed using 
Transwell™ chambers (pore size, 8.0  µm; Corning, Inc.). 
Briefly, 200 µl serum‑free DMEM containing 5x104 trans‑
fected SW480 or HCT116 cells was seeded onto the filters in 
24‑well chambers and 750 µl medium containing 10% FBS 
was placed in the lower chambers as a chemoattractant. After 
24 h at 4˚C, the filters were fixed with 4% paraformaldehyde 
(Beyotime Institute of Biotechnology) at room temperature for 
30 min and stained with 0.1% crystal violet solution (Beyotime 
Institute of Biotechnology) at room temperature for 15 min. 
Stained cells were visualized in three randomly selected fields 
using a light microscope (magnification, x200). The detailed 
procedure has been described previously (24).

ATP measurement. Relative ATP levels were measured using 
an enhanced ATP assay kit (cat. no. S0027; Beyotime Institute 
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of Biotechnology) according to the manufacturer's instruc‑
tions. Total ATP levels were calculated from the luminescence 
signals and were normalized by the protein concentrations.

Statistical analysis. Continuous data are presented as the 
mean ± SEM, whereas categorical variables are presented 
as numbers and frequencies. Two‑tailed paired or unpaired 
Student's t‑tests were used for the comparison of two groups. 
One‑way ANOVA followed by Tukey's post hoc test were used 
for multi‑group comparisons. Fisher's exact test was used to 
analyze the relationships between YAP expression and clini‑
copathological characteristics. Spearman's correlation was 
used to analyze the association between the expression levels 
of two genes. P<0.05 was considered to indicate a statistically 
significant difference.

Results

YAP is upregulated in human CRC tissue samples. In order to 
determine the function of YAP in CRC, its mRNA expression 
was analyzed using public GEO datasets. The results showed 
that YAP mRNA expression levels were significantly upregu‑
lated in human CRC tumor samples compared with in adjacent 
normal tissue samples (Fig. 1A).

The transcriptional levels of the YAP gene were also 
measured in public datasets from the Oncomine database. In 
the Kaiser (21) dataset (Fig. 1B and C), YAP mRNA expression 
levels were higher in cecum adenocarcinoma (n=17) and colon 
adenocarcinoma (n=41) compared with in normal colon tissue 
samples (n=5) (P=8.18x10‑9 and P=2.89x10‑12, respectively). 
Moreover, in the Hong (22) Oncomine dataset (Fig. 1D), the 
mRNA expression levels of YAP in colorectal carcinoma tissue 
(n=70) were higher than in normal colon (n=12; P=9.10x10‑14). 

In addition, YAP mRNA expression levels in rectal adenoma 
tissue (n=7) were higher than those in normal colorectal 
tissue in the Sabates‑Bellver (23) Oncomine dataset (Fig. 1E; 
P=2.10x10‑8). However, no significant differences were 
observed in the expression of the YAP gene between normal 
ascending colon, descending colon, sigmoid colon, transverse 
colon and normal rectum samples (Fig. 1E).

Consistent with the public datasets, YAP protein expres‑
sion levels in clinical samples were significantly higher in 
CRC tissue than in normal tissue (Fig. 1F and G; n=18 in each 
group). The relationship between YAP expression levels and 
the clinicopathological parameters of patients with CRC was 
then evaluated. Notably, there were no significant associations 
between YAP and age, sex, tumor size, lymph node metastasis 
or TNM stage (Table I). In order to further determine the 
clinical relevance of YAP, the expression of the YAP protein in 
histological specimens from the Human Protein Atlas program 
was analyzed. The results indicated a weak expression of YAP 
in normal colorectal tissue but a strong expression in CRC 
tissue (Fig. 1H). Collectively, these results suggested that YAP 
expression was upregulated in human CRC tissue both at the 
mRNA and the protein levels, regardless of the tumor location.

YAP expression in the CRC cell lines. The expression of the 
YAP protein was examined in six CRC cell lines (HCT116, 
CCL244, CaCo2, SW480, LoVo and RKO) using western 
blot analysis. The results indicated that the YAP protein was 
expressed at high levels in the SW480 and CaCo2 cell lines but 
at relatively lower levels in HCT116 and RKO cells (Fig. 2A). 
Therefore, the expression of YAP was silenced in SW480 cells 
(since they displayed high endogenous expression of YAP) 
and overexpressed in HCT116 cells (due to their low endog‑
enous expression of YAP protein). The efficiency of YAP gene 

Table I. Association between YAP expression and clinicopathological parameters in patients with colorectal cancer.

	 YAP expression, n (%)
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Clinicopathological parameters	 Total, n (%)	 Low, n=9	 High, n=9	 P‑value

Age, years				    0.319
  <65	 8 (44.4)	 3 (33.3)	 5 (55.6)	
  ≥65	 10 (55.6)	 6 (66.7)	 4 (44.4)	
Sex				    0.500
  Male	 13 (72.2)	 6 (66.7)	 7 (77.8)	
  Female	 5 (27.8)	 3 (33.3)	 2 (22.2)	
Tumor size, cm				    0.500
  <5	 9 (50.0)	 5 (55.6)	 4 (44.4)	
  ≥5	 9 (50.0)	 4 (44.4)	 5 (55.6)	
Lymph node metastasis				    0.167
  No	 11 (61.1)	 7 (77.8)	 4 (44.4)	
  Yes	 7 (38.9)	 2 (22.2)	 5 (55.6)	
TNM stage				    0.167
  I/II	 11 (61.1)	 7 (77.8)	 4 (44.4)	
  III/IV	 7 (38.9)	 2 (22.2)	 5 (55.6)	

TNM, tumor‑node‑metastasis; YAP, Yes‑associated protein.

https://www.spandidos-publications.com/10.3892/ol.2021.12573
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knockdown and overexpression was confirmed using western 
blot analysis. As shown in Fig. 2B, YAP protein expression 
was significantly decreased in SW480 cells transfected with 
YAP‑specific siRNA compared with that in cells transfected 
with siRNA NC. Conversely, YAP protein expression was 
significantly increased in HCT116 cells transfected with a 
plasmid encoding the human YAP protein compared with a 
control vector (Fig. 2C).

YAP enhances the proliferation and migration of CRC cells 
in vitro. In order to determine whether YAP played an onco‑
genic role in CRC, functional experiments were performed to 
evaluate the effects of YAP on the proliferation and migration 

of CRC cells in vitro. Colony formation assays demonstrated 
that YAP silencing inhibited the ability of SW480 cells to form 
colonies (Fig. 3A). By contrast, the proliferation of HCT116 
cells was significantly enhanced following the overexpression 
of YAP (Fig. 3B).

Transwell assays were conducted to measure the migratory 
ability of CRC cells. The results suggested that the migration 
of SW480 cells was significantly impaired following transfec‑
tion with YAP‑specific siRNA compared with NC siRNA 
(Fig. 3C). However, the migration of HCT116 cells transfected 
with the YAP overexpression plasmid doubled compared with 
cells transfected with the empty vector (Fig. 3D). These results 
indicated that YAP served an oncogenic role in CRC cells.

Figure 1. YAP is upregulated in human CRC. (A) Column dot plots indicating a difference in YAP mRNA expression between human CRC tissue and normal 
tissue based on two public microarray datasets (accession nos. GSE74602 and GSE44067). (B and C) Relative YAP mRNA expression in (B) normal colon 
and cecum adenocarcinoma tissue or (C) normal colon and colon adenocarcinoma tissue in the Oncomine dataset by Kaiser et al (21). (D) Relative YAP 
mRNA expression in normal colon or colorectal carcinoma tissue in the Oncomine dataset by Hong et al (22). (E) Relative YAP mRNA expression in normal 
ascending colon, descending colon, rectum, sigmoid colon, transverse colon or rectal adenoma tissue in the Oncomine dataset by Sabates‑Bellver et al (23). 
(F) Western blot analysis of YAP protein expression levels in 18 pairs of CRC tumor and normal adjacent tissue samples. (G) Semi‑quantitative analysis 
of YAP expression levels (relative to GAPDH) in 18 pairs of CRC tumor and normal adjacent tissue samples. ***P<0.001, two‑tailed paired Student's 
t‑test. (H) YAP expression in human colorectal tumor and normal tissue. Images were taken from the Human Protein Atlas online database (magni‑
fication, x100 and x400) and are available from https://www.proteinatlas.org/ENSG00000137693‑YAP1/tissue/colon#img and https://www.proteinatlas.
org/ENSG00000137693‑YAP1/pathology/colorectal+cancer#img. CRC, colorectal cancer; GEPIA, Gene Expression Profiling Interactive Analysis; N, normal 
adjacent tissue; T, tumor tissue; YAP, Yes‑associated protein.
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Expression of YAP is associated with the EMT. Considering 
that YAP promotes the migration of CRC cells and that 
EMT is an early event in the metastasis of cancer  (25,26), 
the regulation of EMT progression by YAP was examined. 
The correlation between YAP mRNA expression levels and 
EMT‑related gene expression was analyzed in CRC specimens 
from GEPIA datasets. The results showed that YAP mRNA 
expression levels were positively correlated with those of 
EMT‑related genes, including vimentin (Fig.  4A; ρ=0.37; 
P=4.2x10‑13), cadherin‑2 (also known as N‑cadherin; Fig. 4B; 
ρ=0.35; P=8.4x10‑12), Snail family transcriptional repressor 1 
(SNAI1; Fig. 4C; ρ=0.36, P=7x10‑13), SNAI2 (also known as 
Slug; Fig. 4D; ρ=0.4; P=1.3x10‑15), zinc finger E‑box binding 
homeobox (ZEB1; Fig. 4E; ρ=0.51; P=4.2x10‑26) and ZEB2 
(Fig. 4F; ρ=0.43; P=2.5x10‑18). Furthermore, the expression 
levels of the epithelial marker E‑cadherin and mesenchymal 

marker vimentin were detected using western blot analysis. 
As shown in Fig. 4G, YAP silencing significantly increased 
the expression of E‑cadherin and decreased that of vimentin. 
By contrast, YAP overexpression had the opposite effect on 
the expression of these EMT markers (Fig. 4H). These results 
indicated that YAP played a role in the regulation of EMT in 
CRC cells.

YAP regulates the Glut3/AMPK pathway in CRC cells. It has 
previously been reported that YAP transcriptionally regulates 
the SLC2A3 gene (encoding the Glut3 protein) and that the 
expression levels of these two molecules are positively corre‑
lated in CRC tissue (27,28). To confirm this, the correlation 
between the mRNA expression levels of YAP and SLC2A3 
in CRC specimens was examined using GEPIA datasets. A 
positive correlation was observed between the mRNA expres‑
sion of YAP and that of SLC2A3 (Fig. 5A; ρ=0.3; P=7.4x10‑9). 
Furthermore, the results from western blot analysis indicated 
that YAP silencing significantly decreased the expression of 
Glut3 (Fig. 5B). By contrast, YAP overexpression significantly 
increased Glut3 expression levels (Fig. 5C). Moreover, the 
regulation of Glut3 by YAP was also evidenced by the fact that 
YAP silencing increased the levels of p‑AMPK and decreased 
cellular ATP levels (Fig. 5B and D). Notably, YAP overexpres‑
sion had the opposite effects on the levels of p‑AMPK and 
ATP (Fig. 5C and D).

In order to further explore whether Glut3 was involved in 
the regulation of YAP during cell migration, Glut3‑specific 
siRNA (siGlut3) was used to silence the expression of Glut3 
in YAP‑overexpressing HCT116 cells. The results of western 
blot analysis showed that Glut3 protein expression levels were 
markedly decreased in cells transfected with siRNA compared 
with the control group (Fig. 5E). As shown in Fig. 5F, YAP 
overexpression increased Glut3 expression compared with 
the control group, which was then decreased in HCT116 
cells following Glut3 siRNA treatment. Moreover, migration 
assays suggested that the overexpression of YAP significantly 
enhanced the migration ability of cells transfected with 
a control siRNA, but this effect was inhibited following 
co‑transfection with siGlut3 (Fig. 5G).

Discussion

Several lines of evidence have suggested that the Hippo 
signaling pathway has a tumor‑suppressive role and that 
impaired Hippo signaling contributes to the development and 
progression of cancer, including CRC (5‑8). YAP, as a major 
downstream effector in the Hippo signaling pathway, has been 
identified as an oncogene that is frequently overexpressed in 
several common human cancer types (9‑16). The upregulation 
of YAP has been reported to promote the proliferation, migra‑
tion and chemoresistance of tumor cells in multiple types of 
cancer, including pancreatic cancer (9), breast cancer (10), 
hepatocellular carcinoma (11), esophageal cancer (12), cervical 
cancer (13), ovarian cancer (14) and gastric cancer (15,16). 
Although previous studies focusing on the role of YAP in 
CRC have shown that YAP is expressed at high levels in CRC 
tissue, and promotes the proliferation and migration of CRC 
cells (17‑20), the underlying mechanism is not fully under‑
stood and remains to be examined. Using public databases 

Figure 2. YAP protein expression levels in human CRC cells. (A) Western 
blot analysis of YAP protein levels in six CRC cell lines (HCT116, CCL244, 
CaCo2, SW480, LoVo and RKO) performed in triplicate. (B) Western blot 
analysis of YAP protein expression in SW480 cells transfected with NC or 
KD. The bands were semi‑quantified and the results are presented as the 
mean ± SEM. n=3. (C) Western blot analysis of YAP in HCT116 cells trans‑
fected with VEC or YAP‑OE. The bands were semi‑quantified and the results 
are presented as the mean ± SEM. n=3. ***P<0.001, two‑tailed unpaired 
Student's t‑test. CRC, colorectal cancer; KD, YAP siRNA knockdown; NC, 
siRNA negative control; OE, overexpression; VEC, empty vector; YAP, 
Yes‑associated protein; siRNA, small interfering RNA.

https://www.spandidos-publications.com/10.3892/ol.2021.12573
https://www.spandidos-publications.com/10.3892/ol.2021.12573
https://www.spandidos-publications.com/10.3892/ol.2021.12573
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Figure 4. YAP is associated with EMT. (A) Correlation analysis of YAP1 and VIM gene expression levels in patients with CRC using GEPIA datasets (COAD 
and READ). (B) Correlation analysis of YAP1 and CDH2 gene expression levels using CRC datasets from GEPIA. (C) Correlation analysis between YAP1 and 
SNAI1 gene expression in patients with CRC using GEPIA datasets. (D) Correlation analysis between YAP1 and SNAI2 gene expression in patients with CRC 
using GEPIA datasets. (E) Correlation analysis between YAP1 and ZEB1 gene expression in patients with CRC using GEPIA datasets. (F) Correlation analysis 
between YAP1 and ZEB2 gene expression in patients with CRC using GEPIA datasets. Western blot analysis of E‑cadherin and vimentin protein expression 
in (G) SW480 cells transfected with NC or KD and (H) HCT116 transfected with VEC or YAP‑OE. GAPDH was used as a loading control. The bands were 
semi‑quantified and the results are presented as the mean ± SEM (right). n=3. **P<0.01, two‑tailed unpaired Student's t‑test. CRC, colorectal cancer, CDH2, 
N‑cadherin; GEPIA, Gene Expression Profiling Interactive Analysis; SNAI1/2, Snail family transcriptional repressor 1/2; ZEB1/2, zinc finger E‑box binding 
homeobox 1/2; TPM, transcripts per million; KD, YAP siRNA knockdown; NC, siRNA negative control; OE, overexpression; VEC, empty vector; YAP, 
Yes‑associated protein; siRNA, small interfering RNA; COAD, colon adenocarcinoma; READ, rectum adenocarcinoma.

Figure 3. Effects of YAP on CRC cell proliferation and migration in vitro. Colony formation assays were performed in (A) SW480 cells transfected with 
NC or KD and (B) HCT116 cells transfected with VEC or YAP‑OE. Representative images of the wells are presented (left). The number of colony‑forming 
units (right) is presented as the mean ± SEM. n=3. Migration assays were conducted in (C) SW480 cells transfected with NC or KD and (D) HCT116 cells 
transfected with VEC or YAP‑OE. Representative images are presented (left). Magnification, x200. The number of migratory cells (right) is presented as the 
mean ± SEM. n=3. *P<0.05, **P<0.01, two‑tailed unpaired Student's t‑test. CRC, colorectal cancer; KD, YAP siRNA knockdown; NC, siRNA negative control; 
OE, overexpression; VEC, empty vector; YAP, Yes‑associated protein; siRNA, small interfering RNA.
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and western blot analysis of clinical samples, the present study 
demonstrated that both the mRNA and protein expression 
levels of YAP were significantly upregulated in human CRC 
tissue compared with in normal tissue. Moreover, in vitro data 
showed that YAP not only regulated the proliferative ability of 
CRC cells but also enhanced their migration, indicating that 
the upregulation of YAP contributed to the proliferation and 
migration of CRC cells after malignant transformation.

The induction of EMT has been proposed to play a critical 
role in tumor metastasis and stemness of cancer cells, and is 
involved in tumor initiation (20,25,26). EMT is triggered by 
several transcription factors, including zinc‑finger binding 
transcription factors, such as Snail1 and ‑2 (also known as 
Slug), and ZEB1 and ‑2 (25,29). The progression of EMT is 
accompanied by the upregulation of mesenchymal markers, 
including vimentin and N‑cadherin, and the downregula‑
tion of epithelial markers, such as E‑cadherin (25,29). In the 
present study, the expression of the YAP gene was positively 

correlated with the EMT markers VIM and CDH2, as well 
as the EMT‑inducing transcription factors SNAI1, SNAI2, 
ZEB1 and ZEB2 in CRC specimens from public datasets. 
Furthermore, it was demonstrated that YAP silencing caused 
an increase in the protein expression of the epithelial marker 
E‑cadherin and a decrease in that of the mesenchymal marker 
vimentin in CRC cells. However, the overexpression of YAP 
resulted in the opposite effect. These findings indicated that 
YAP might serve a crucial role in the regulation of EMT.

Previous studies have demonstrated that YAP expression 
may be positively correlated with Glut3 and could regulate 
its transcription in CRC tissue  (27,28). The present study 
confirmed the positive correlation between the expression 
levels of the YAP and SLC2A3 genes in CRC specimens from 
public datasets. Furthermore, it was demonstrated that YAP 
promoted the expression of the Glut3 protein, leading to an 
increase in ATP levels, which may lead to decreased AMPK 
phosphorylation. Furthermore, a recent study indicated that 

Figure 5. YAP regulates the Glut3/AMPK pathway in CRC cells. (A) Correlation analysis between YAP1 and SLC2A3 (Glut3) gene expression levels in patients 
with CRC using GEPIA datasets. Western blot analysis of Glut3, p‑AMPK and AMPK in (B) SW480 cells transfected NC or KD and (C) HCT116 cells 
transfected with VEC or YAP‑OE. GAPDH was used as a loading control. The bands were semi‑quantified and the results are presented as the mean ± SEM 
(right). n=3. (D) Relative ATP levels in SW480 cells transfected with NC or KD and HCT116 cells transfected with VEC or YAP‑OE. (E) Western blot analysis 
of Glut3 protein expression in HCT116 cells transfected with siGlut3 or NC. (F) Western blot analysis of Glut3 expression in HCT116 cells co‑transfected with 
siGlut3 or NC together with YAP‑OE or VEC. (G) Migration ability of HCT116 cells in HCT116 cells co‑transfected with siGlut3 or NC together with YAP‑OE 
or VEC. Representative images are presented (left). Magnification, x200. The number of migratory cells (right) is presented as the mean ± SEM. n=3. *P<0.05; 
**P<0.01; NS, not significant, two‑tailed unpaired Student's t‑test. AMPK, AMP‑activated protein kinase; CRC, colorectal cancer; Glut3, glucose transporter 3; 
KD, YAP siRNA knockdown; NC, siRNA negative control; p‑; phosphorylated; OE, overexpression; SLC2A3, solute carrier family 2 member 3; VEC, empty 
vector; YAP, Yes‑associated protein; siRNA, small interfering RNA.
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Glut3 had a greater impact on the proliferation of CRC cells 
than Glut1 under glucose‑limiting stress conditions, and that 
high Glut3 expression markedly increased the sensitivity of 
CRC cells to treatment with vitamin C (30), highlighting the 
therapeutic potential of targeting Glut3 in the treatment of 
CRC.

There are certain limitations in the present study. Firstly, 
the expression of YAP protein was measured using western 
blot analysis in a small number of CRC tissue samples. More 
samples should be examined and the correlation between the 
expression of YAP and clinicopathological parameters of 
patients with CRC should be assessed. Secondly, the expres‑
sion of Glut3 or AMPK activity was not detected in CRC 
tissue. Thirdly, the effect of YAP on CRC tumorigenesis and 
metastasis was not examined in vivo in the present study, and 
studies involving subcutaneous xenograft models should be 
further performed in the future.

In conclusion, the present study demonstrated the upregu‑
lation of YAP in CRC tissue, and emphasized the regulatory 
role of YAP in the proliferation and migration of CRC cells. 
Moreover, a potential mechanism was revealed through which 
YAP could induce proliferation and migration of CRC cells 
and EMT progression via Glut3/AMPK signaling. These 
findings may provide insight into novel approaches for the 
treatment of CRC involving YAP targeting.
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