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Abstract. WD‑repeat domain phosphoinositide‑interacting 
protein 2 (WIPI2) is a protein that regulates the assembly 
of multiprotein complexes by presenting a beta‑propeller 
platform for simultaneous and reversible protein‑protein 
interactions. This study was designed to investigate the asso-
ciation between the expression of WIPI2 and the growth of 
hepatocellular carcinoma (HCC). Publicly‑available data from 
the UALCAN platform revealed that WIPI2 is upregulated 
in tumor tissues compared with that noted in normal tissues 
in many types of tumors especially in HCC, and high WIPI2 
expression predicts a poor patient prognosis. WIPI2 expres-
sion was significantly higher in tumor tissues compared with 
that in the corresponding adjacent normal tissues. Depletion of 
WIPI2 inhibited the proliferation and promoted the apoptosis 

both in HCC Huh7 and Hep3B cells. In order to explore the 
mechanisms of WIPI2 in HCC, WIPI2 was depleted in HCC 
cell lines and a gene microarray was constructed. The bioinfor-
matic analysis showed that WIPI2 regulated the proliferation 
of HCC cells mainly through the AMPK signaling pathway. 
Further analysis indicated that the downstream factors of the 
AMPK signaling pathway were downregulated after WIPI2 
depletion. Collectively, our study revealed that WIPI2 plays an 
important role in the pathogenesis of HCC mainly through the 
AMPK signaling pathway.

Introduction

Hepatocellular carcinoma (HCC) is one of the leading causes 
of cancer‑related deaths worldwide and more than 600,000 
deaths are attributed to HCC every year (1). In the last decade, 
many novel molecules targeting the HCC pathway have been 
discovered, exhibiting promising results (2). Although early 
detection and diagnosis play a critical role in reducing the inci-
dence and mortality of HCC, the 5‑year overall survival (OS) 
rate of HCC remains unsatisfactory  (3). Previous research 
indicates that only 10‑20% of HCC patients can undergo cura-
tive treatment at initial diagnosis, while the remaining patients 
are inoperable due to a poor prognosis (4,5). Therefore, it is 
urgently necessary to explore new molecular targets for HCC 
treatment.

The family of WD‑repeat proteins consists of more than 30 
regulatory proteins within the beta‑propeller fold. Originally, 
the WD‑repeat has been identified as a core unit composed of 
approximately 40 amino acids, which ends with the residues, 
tryptophan and aspartic acid. The WD‑repeat proteins regu-
late the assembly of multiprotein complexes by presenting a 
stable platform for simultaneous and reversible protein‑protein 
interactions  (6). By this means, WD‑repeat proteins play 
important roles in many biological processes, including signal 
transduction, cell cycle control, apoptosis and chromatin 
assembly (7). The association between WD‑repeat proteins and 
tumor phenotypes has been further studied by researchers (8). 
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WD‑repeat proteins are associated with the cell death pathway 
since previous studies have shown that mouse Apg16L acts as 
a scaffold in mammalian autophagy (9‑11). WD‑repeat domain 
phosphoinositide‑interacting protein 2 (WIPI2) is reported to 
be regulated by mTORC1 to control autophagic flux (12).

In our previous study, we found that WIPI2 expression in 
HCC tissues was markedly increased when compared with that 
in adjacent normal cells, and WIPI was found to be associated 
with patient survival rate. Then we showed that the prolifera-
tion of cells was inhibited and the apoptosis rate was promoted 
after depletion of WIPI2 in HCC cell lines. Furthermore, 
we explored the molecular mechanisms underlying the 
WIPI2‑mediated tumor cell growth using WIPI2‑depleted and 
control cells. The results showed that the AMPK signaling 
pathway was significantly altered after WIPI2 depletion. We 
also detected the downstream factors of the AMPK signaling 
pathway and found that the variation tendency was consistent 
with our hypothesis. Taken together, our findings support that 
WIPI2 regulates the growth of HCC cells mainly through the 
AMPK signaling pathway.

Materials and methods

Extraction and analysis of TCGA datasets. Data for WIPI2 
expression and clinical information in the The Cancer Genome 
Atlas (TCGA) (https://www.cancer.gov/tcga) were extracted 
and analyzed in the UALCAN platform (http://ualcan.path.
uab.edu) (13).

Tissue array and immunohistochemistry (IHC) assay. HCC 
tissue arrays were purchased from the National Engineering 
Center for Biochips (Shanghai, China). The expression of 
WIPI2 in the tissues was evaluated by IHC assay using the 
WIPI2 antibody (dilution 1:150; cat. no. ab105459; Abcam). 
The tissue sections were collected, dewaxed in xylene, and 
rehydrated in graded ethanol solutions. All the following steps 
were carried out in a moist chamber. Then the tissue sections 
were blocked with 3% peroxide‑methanol at room tempera-
ture for endogenous peroxidase ablation and incubated with 
blocking buffer (normal goat serum) at room temperature. 
After that, the blocking buffer was discarded and the sections 
were washed with PBS for 3 times. The sections were then 
incubated with purified primary antibody overnight at 4̊C, 
and incubated with the corresponding secondary antibody 
(dilution 1:200; cat. no. KGAA35; Nanjing KeyGen Biotech. 
Co. Ltd.). Finally, the sections were stained with DAB and 
hematoxylin. The staining was scored according to the staining 
intensity (no color, 0; faint yellow, 1; claybank, 2; brown, 3) 
and the proportion of positive cells (0, <5; 1, <5 and <25%; 2, 
<25 and <50%, 3, <50 and <75%; 4, <75% positive cells), and 
the final staining scores were calculated as the score of the 
staining intensity multiplied by the score of the proportion of 
positive cells [score of 0 indicates negative staining (0+); 1‑4 is 
weak staining (1+); 5‑8 is moderate staining (2+); 9‑12 scores 
indicates strong staining (3+)].

Cell culture. Huh7 and Hep3B cells were purchased from the 
Shanghai Institutes for Biological Sciences (China). The cells 
were maintained in DMEM (cat. no. 11965; Gibco; Thermo 
Fisher Scientific, Inc.) supplemented with 10% fetal bovine 

serum (FBS), 100 U/ml of penicillin and 100 µg/ml of strepto-
mycin (complete medium) at 37˚C in a humidified atmosphere 
containing 5% CO2.

Small interfering RNA and transfection. The siRNAs targeting 
the WIPI2 sequence (KD, TAC​GGA​AGA​TGT​GTG​CAT​T) 
and the non‑silencing sequence (NC, TTC​TCC​GAA​CGT​GTC​
ACG​T) were purchased from Guangzhou RiboBio Co., Ltd. 
Transfection with siRNAs was completed using riboFECT CP 
transfection reagent (Guangzhou RiboBio Co., Ltd) according 
to the manufacturer's instructions.

MTT assay. Human cell lines (1x105 cells in 0.2 ml/well) were 
seeded into 96‑well plates and transfected with the siRNA 
and the non‑silencing sequence. The cells were cultured at 
37˚C for 1‑5 days. Then 100 µl (5 mg/ml) of MTT solution 
was added into each well, followed by incubation at 37˚C for 
4 h. Subsequently, the supernatant was removed, and 150 µl 
of dimethyl sulfoxide (DMSO) was added into each well. The 
plate was oscillated at room temperature for 30 min, and then 
the absorbance at a wavelength of 490 nm was determined by 
a multifunctional microplate reader (Tecan). The values were 
calculated after background subtraction. All the MTT experi-
ments were repeated at least three times.

EdU incorporation assay. The cell proliferation was deter-
mined by the incorporation of 5‑ethynyl‑2'‑deoxyuridine 
(EdU) into newly synthesized DNA strands, using a Click‑iT 
EdU microplate assay kit (Beyotime Institute of Biotechnology) 
according to the manufacturer's instructions. The HCC cell 
lines were resuspended and seeded into a 6‑well plate and 
transfected with the siRNA and negative control, respectively. 
Two hours before cell collection, EdU was added to the cells at 
a final concentration of 10 µM. After 2 h, the incorporated EdU 
in DNA was coupled with Azide 488 dye, and subsequently 
the nuclei were stained with Hoechst 33342. The cells were 
observed by fluorescence microscope at x100 magnification. 
The experiments were repeated at least three times.

TUNEL assay. Analysis of cell apoptosis was performed 
by terminal deoxynucleotidyl transferase‑mediated dUTP 
nick‑end labeling (TUNEL) assay (Nanjing KeyGen Biotech 
Co., Ltd.) according to the manufacturer's instructions. 
Following transfection for 24  h, the cells were collected 
and fixed with 40 g/l paraformaldehyde for 30 min at room 
temperature. The TdT enzyme solution was prepared and 
incubated with cells for 60 min at 37̊C. Next, the cells were 
washed with PBS and incubated with streptavidin‑TRITC for 
30 min at 37̊C. The cell nuclei were then stained with DAPI 
(dilution 1:1,000) at room temperature for 10 min. Finally, the 
cells were mounted in anti‑fade mounting medium and were 
observed with a fluorescence microscope at x100 magnifica-
tion. The experiments were repeated at least three times.

Quantitative real‑time PCR (RT‑qPCR). Total RNA 
was extracted from HCC cell lines using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) following the 
manufacturer's instructions. RT‑qPCR was performed as 
previously reported (14,15). Briefly, 1 µg of total RNA was 
reversely transcribed into cDNA using random primers and 
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Table I. Primary and secondary antibodies used in the WB analysis.

Antibody	 Dilution	 Catalog no.	 Supplier

WIPI2	 1:1,000	 ab105459	 Abcam
GAPDH	 1:1,000	 5174	 Cell Signaling Technology
β‑actin	 1:1,000	 3700	 Cell Signaling Technology
AMPK	 1:1,000	 5831	 Cell Signaling Technology
p‑AMPK	 1:1,000	 50081	 Cell Signaling Technology
AKT	 1:1,000	 4691	 Cell Signaling Technology
p‑AKT	 1:1,000	 5012	 Cell Signaling Technology
Caspase 3	 1:1,000	 9662	 Abcam
Bcl2	 1:1,000	 ab32124	 Abcam
Bax	 1:1,000	 ab32503	 Abcam
Cyclin D1	 1:8,000	 ab134175	 Abcam
Goat anti‑mouse IgG H&L (HRP)	 1:10,000	 ab205719	 Abcam
Goat anti‑rabbit IgG H&L (HRP) 	 1:10,000	 ab205718	 Abcam

WB, western blot; WIPI2, WD‑repeat domain phosphoinositide‑interacting protein 2; GAPDH, glyceraldehyde‑3‑phosphate dehydrogenase; 
AMPK, AMP‑activated protein kinase; AKT, protein kinase B; Bcl2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated X protein; p‑, phosphorylated.

Figure 1. Expression analysis of WIPI2 based on the UALCAN platform. (A) Pan‑cancer analysis of WIPI2 expression across cancers from the UALCAN 
platform. BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarci-
noma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck 
squamous cell carcinoma; KICH, Kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver 
hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adeno-
carcinoma; PCPG, pheochromocytoma and paraganglioma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; THCA, 
thyroid carcinoma; THYM, thymoma; STAD, stomach adenocarcinoma; UCEC, uterine corpus endometrial carcinoma. **P<0.01, ***P<0.001. (B) The WIPI2 
level was higher in tumor tissues compared with that in normal tissues. ***P<0.001. (C) Survival probability revealed that high WIPI2 expression predicted poor 
prognosis, P<0.05. WIPI2, WD repeat domain phosphoinositide‑interacting protein 2.
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Figure 2. Immunohistochemical analysis of WIPI2 expression in human tissue microarrays. (A) Representative staining of WIPI2 expression in cancer 
tissues and corresponding adjacent normal tissues. Scale bar, 200 µm. (B) Integrated optical density (IOD) statistical analysis of WIPI2 in cancer tissues and 
corresponding adjacent normal tissues. ***P<0.001. WIPI2, WD repeat domain phosphoinositide‑interacting protein 2; HCC, hepatocellular carcinoma.

Figure 3. Efficiency of the silencing of WIPI2 in HCC cells. Expression of WIPI2 mRNA in (A) Hep3B and (B) Huh7 cells was examined by real‑time 
PCR. Expression of WIPI2 protein in (C) Hep3B and (D) Huh7 cells was examined by western blot analysis. *P<0.05, **P<0.01. WIPI2, WD repeat domain 
phosphoinositide‑interacting protein 2; HCC, hepatocellular carcinoma; si‑WIPI2, WIPI2‑knockdown group; si‑NC, negative control group.
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Primescript reverse transcriptase (Takara). RT‑qPCR for 
the indicated genes was carried out using the SYBR Green 
qPCR kit (Takara Dalian) on a fluorescent temperature cycler 
(Applied Biosystems ABI™ Vii7 Real Time PCR System; 
Thermo Fisher Scientific, Inc.). The following primers were 
used to detect the expression of WIPI2 (forward, 5'‑CCA​TCG​
TCA​GCC​TTA​AAG​CAC‑3' and reverse, 5'‑TCC​AGG​CAT​
ACT​ATC​AGC​CTC‑3') and GAPDH (forward, 5'‑TGA​CTT​
CAA​CAG​CGA​CAC​CCA‑3' and reverse, 5'‑CAC​CCT​GTT​
GCT​GTA​GCC​AAA‑3'). Briefly, after an initial denaturation 
step at 95̊C for 5 min, amplifications were carried out with 
45 cycles at a melting temperature of 95̊C for 15 sec and an 
annealing temperature of 60̊C for 1 min. GAPDH was selected 
as an endogenous control, and the relative gene expression was 
determined by the comparative Ct method. The experiment 
was repeated at least three times.

Flow cytometry (FCM). Cells transfected with the siRNA and 
control were harvested, and washed twice with cold PBS. Then 
the cells were stained with Annexin V‑FITC and PI (eBiosci-
ence Inc.) and incubated for 15 min at room temperature, and 
then determined using a BD FACSCalibur Flow Cytometer 

(BD Biosciences) and analyzed using FlowJo software (v10.0; 
TreeStar). The experiment was repeated at least three times.

Western blot analysis. Cells transfected with siRNA were 
harvested and total proteins were extracted from tumor cell 
lines using RIPA buffer containing fresh protease and phos-
phatase inhibitors. The protein concentration was determined 
using the BCA assay (Pierce; Thermo Fisher Scientific, Inc.). 
Briefly, equal amounts of proteins (50 µg) were subjected to 
10% SDS‑PAGE and transferred onto PVDF membranes. 
The membranes were blocked with 3% BSA in 10  mM 
Tris‑HCl (pH 7.4) containing 0.05% Tween‑20 and incubated 
with a primary antibody at 4̊C for 12 h. After washing with 
Tris‑HCl buffer for three times, the membranes were incu-
bated with a corresponding peroxidase‑conjugated secondary 
antibody (Abcam). Immunoreactive bands were visualized 
using Super‑Signal West Pico Chemiluminescent Substrate 
(Pierce; Thermo Fisher Scientific, Inc.). The densitometry of 
the protein bands was quantified by ImageJ software (1.8.0; 
National Institutes of Health). The experiment was repeated at 
least three times. The details of the primary antibodies used in 
the experiments are documented in Table I.

Table II. Correlation of WIPI2 expression and clinicopathological features in the HCC tissue array.

	 WIPI2 expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics	 N	 0	 1	 2	 3	 None	 Mean rank	 Z	 P‑value

Sex									       
  Male	 65	 1	 12	 23	 27	 2	 39.82	‑ 1.904	 0.057
  Female	 21	 1	 2	 3	 15	 0	 50.55		
Age (years)									       
  <60	 28	 2	 12	 7	 6	 1	 32.02	‑ 2.989	 0.003
  ≥60	 58	 3	 15	 1	 38	 1	 47.46		
Tumor size (cm)									       
  <5	 43	 2	 9	 3	 27	 2	 42.39	‑ 0.048	 0.962
  ≥5	 43	 1	 10	 4	 28	 0	 42.60		
Differentiation									       
  1	 7	 1	 3	 1	 2	 0	 31.07	‑ 0.608	 0.543
  2	 24	 3	 2	 7	 11	 1	 25.24		
  3	 52	 1	 21	 0	 29	 1	 51.74		
  4	 3	 0	 0	 2	 1	 0	 44.50		
TNM stage									       
  I	 17	 0	 2	 1	 13	 1	 14.25	‑ 0.581	 0.561
  II	 28	 2	 13	 1	 12	 0	 30.32		
  III	 40	 1	 4	 14	 20	 1	 63.00		
  IV	 1	 0	 0	 1	 0	 0	 36.00		
Location									       
  Tumor tissue	 86	 1	 17	 10	 56	 2	 109.79	‑ 6.800	 0.000
  Adjacent tissue	 86	 44	 13	 6	 23	 0	 61.77		

A tissue microarray was stained with the anti‑human WIPI2 antibody (dilution 1:150, cat. no., ab105459, Abcam). The staining intensity was 
scored on a scale of five as follows: Negative (0+), weak (1+), moderate (2+) and strong (3+). None means that the site was lost in the section. 
P‑value denoted in bold indicates a significant difference. HCC, hepatocellular carcinoma; WIPI2, WD repeat domain phosphoinositide‑inter-
acting protein 2.
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Microarray and analysis. Total RNA was isolated from 
Hep3B cells transfected with si‑WIPI2 (n=3) and Hep3B cells 
transfected with si‑NC (n=3). RNA samples were analyzed by 
microarray expression profiling using the Affymetrix Human 
GeneChip PrimeView (Affymetrix) according to the manu-
facturer's instructions. Briefly, cDNA target preparation and 
in vitro transcription were conducted using the GeneChip 3' 
IVT PLUS Kit (Affymetrix). Arrays were washed, stained 
and processed using the GeneChip Hybridization Wash and 
Stain Kit (Affymetrix), after which they were imaged using 
the Affymetrix GeneChip Scanner 3000 (Affymetrix) for 
subsequent generation of raw data. Genes significantly differ-
entially expressed between the Hep3B/KD and Hep3B/NC 
cells were selected based on a threshold setting of fold change 
>1.3 and P<0.05. Functional pathway analysis was conducted 
using Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis (16) and Gene Ontology (GO) 
analysis (17) according to the manufacturer's instructions.

Statistical analysis. Data are presented as the mean ± standard 
deviation (SD) of three independent experiments. All statistical 

analyses were performed using SPSS 18.0 software (SPSS 
Inc.). P<0.05 was considered statistically significant; P<0.01 
was considered statistically very significant. Differences 
among categorical variables were analyzed using one‑way 
ANOVA/SNK test or independent‑sample Student's t‑test. 
The immunoreactive scores for WIPI2 for tissue array 
were analyzed using non‑parametric Mann‑Whitney U, 
Kruskal‑Wallis H and Wilcoxon tests.

Results

Expression of WIPI2 is upregulated in HCC tumor tissues 
and WIPI2 predicts a poor prognosis. In all 24 types of 
cancers included in the UACLAN platform, WIPI2 expression 
was higher in tumor tissues compared with normal tissues 
(Fig. 1A and B). The survival rate showed that high WIPI2 
expression predicted a poor patient prognosis (Fig. 1C).

WIPI2 expression was then detected in HCC tissue array 
by IHC assay. The array consisted of 86 HCC tissue pairs, 
including tumor and corresponding adjacent normal tissues. 
Among these samples, 65 tissue samples were obtained from 

Figure 4. WIPI2 knockdown suppresses the proliferation of HCC cells. (A) MTT assay was used to assess the cell proliferation in the HCC (A) Hep3B 
and (B) Huh7 cells following transfection with si‑WIPI2 or si‑NC. *P<0.05, **P<0.01. EdU assays were conducted after WIPI2 depletion in (C) Hep3B 
and (D) Huh7 cells. Scale bar, 100 µm. (E) Statistical analysis of the EdU assay in (E) Hep3B and (F) Huh7 cells. **P<0.01. WIPI2, WD repeat domain 
phosphoinositide‑interacting protein 2; HCC, hepatocellular carcinoma; si‑WIPI2 or KD, WIPI2‑knockdown group; si‑NC or NC, negative control group.
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male patients, while 21 samples were collected from female 
patients, with a median age of 67 years (range, 26‑88 years). 
Table II and Fig. 2A show that WIPI2 was highly enriched 
in HCC tumor tissue samples, evidenced by the fact that 66 
tumor tissue samples showed a score of ≥2. However, adjacent 

normal tissue samples displayed significantly reduced WIPI2 
expression compared with tumor tissues (P<0.001). The results 
also indicated that WIPI2 expression was markedly elevated 
in patients older than 60 years (Table II). In addition, WIPI2 
expression was not associated with other factors. However, 

Figure 5. WIPI2 knockdown enhances the apoptosis of HCC cells. (A) TUNEL assay demonstrated that apoptosis was significantly enhanced in the (A) Hep3B 
and (B) Huh7 cell lines after WIPI2 knockdown. Arrows indicate TUNEL‑positive cells. Scale bar, 100 µm. Statistical analyses of the TUNEL positive 
rate in the (C) Hep3B and (D) Huh7 cells. **P<0.01. (E) Flow cytometry (FCM) analyses indicated that the cell apoptosis rate in the Hep3B and Huh7 
cells was significantly enhanced after WIPI2 knockdown. FCM statistical analysis in (F) Hep3B and (G) Huh7 cells. *P<0.05. WIPI2, WD repeat domain 
phosphoinositide‑interacting protein 2; HCC, hepatocellular carcinoma; KD, WIPI2‑knockdown group; NC, negative control group.
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the statistical analysis indicated that WIPI2 was significantly 
higher in tumor tissues than that in the corresponding adjacent 
normal tissues (P<0.001) (Fig. 2B).

Downregulation of WIPI2 suppresses the proliferation and 
increases the cytotoxicity of HCC cells. In the present study, 
siRNA targeting WIPI2 was employed to suppress WIPI2 
expression in the HCC cell lines in order to verify its roles 
in the tumorigenesis of HCC in vitro. After transfection with 
siRNA, the expression of WIPI2 at the mRNA and protein 
levels were both decreased in the HCC Huh7 and Hep3B cell 
lines (Fig. 3A‑D).

In order to determine the effect of WIPI2 on the cell prolif-
eration of HCC cells, MTT and EdU assays were used after 
WIPI2 downregulation. MTT results showed that the prolif-
eration of HCC cells was increased following WIPI2 depletion 
(si‑WIPI2) (Fig. 4A and B). In addition, the EdU assay indicated 
that cell proliferation was significantly decreased after WIPI2 
ablation. The number of EdU‑positive cells was significantly 
reduced upon WIPI2 knockdown (KD) in contrast to the nega-
tive control (NC) cells (Fig. 4C‑F).

Knockdown of WIPI2 increases the apoptosis of HCC cells. 
To explore the role of WIPI2 in regulating the growth of 
HCC cells, we assessed the changes in apoptosis after WIPI2 
depletion by TUNEL assay and FCM. The results of TUNEL 
staining revealed that the percentage of TUNEL‑positive 
cells was significantly increased after WIPI2 knockdown 
(KD) compared with the negative control (NC) cells 
(Fig. 5A‑D). Consistently, the FCM results indicated that the 
apoptotic rate of HCC cells was significantly increased after 

WIPI2 knockdown both in the Huh7 and Hep3B cell lines 
(Fig. 5E and F). These results showed that WIPI2 ablation 
could promote the apoptosis of HCC cells.

Depletion of WIPI2 inhibits cell proliferation through the 
AMPK signaling pathway. To uncover the mechanism 
underlying the WIPI2‑induced proliferation and apoptosis, 
we conducted a microarray analysis to identify differentially 
expressed genes upon WIPI2 depletion using Hep3B/KD and 
Hep3B/NC cell lines (Fig. 6). The results showed that a total 
of 63 genes were upregulated, and 199 genes were downregu-
lated after WIPI2 depletion (P<0.05 and fold change >1.3), and 
all the details of the 216 gene symbols and the fold changes 
are shown in Table SI. Supervised analysis was conducted 
following the KEGG and GO technical route (Fig. 7A and B). 
We found that the AMPK signaling pathway was markedly 
modified after WIPI2 depletion.

In regards to the downstream factors of the AMPK pathway, 
AKT is associated with cell proliferation and apoptosis. Thus, 
we hypothesized that AKT may be involved in the inhibition of 
HCC cells. Further verification was conducted by western blot 
analysis. Phosphorylation of AKT (p‑AKT) was significantly 
decreased, while total AKT remained unchanged after WIPI 
depletion (Fig. 8A and C) in the Hep3B cells. The results also 
revealed that the ratios of p‑AMPK/AMPK and p‑AKT/AKT 
were reduced after WIPI2 knockdown (Fig. 8E). Cyclin D1 
is associated with cell proliferation; thus, we detected the 
expression of cyclin D1 and found that it was significantly 
decreased after WIPI2 depletion (Fig  8A  and  C) in the 
Hep3B cells. Since TUNEL assay indicated that the apoptosis 
was increased, we also determined the levels of Bcl2, Bax, 

Figure 6. Heatmap of the expression levels of 262 dysregulated proteins. Gene microarray heatmap of Hep3B cells after WIPI2 downregulation. The red‑colored 
clusters represent upregulated proteins, and the green‑colored clusters represent downregulated proteins. WIPI2, WD repeat domain phosphoinositide‑inter-
acting protein 2; si‑WIPI2, WIPI2‑knockdown group; si‑NC, negative control group.
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caspase‑3 and cleaved‑caspase 3, key biomarkers of apoptosis 
(Fig. 8B and D). The results indicated that the Bcl2/Bax ratio 
was decreased (Fig.  8F) and cleaved‑caspase 3 was also 
evaluated and caspase‑3 was not altered (Fig. 8B and D) after 
WIPI2 knockdown. Similar results were observed in the Huh7 
cells (Fig. 8G‑L). Taken together, our data revealed that WIPI2 
regulated the growth of HCC cells mainly through the AMPK 
pathway.

Discussion

In the present study, we first demonstrated the association 
between WD repeat domain phosphoinositide‑interacting 
protein 2 (WIPI2) expression and prognosis of HCC patients. 
We found that WIPI2 expression was increased in human 
HCC tissues when compared with that in adjacent normal 
tissues. In vitro experiments showed that knockdown of WIPI2 

Figure 7. Canonical pathway and Gene Ontology (GO) enrichment analysis of gene microarray. (A) Distribution of enriched canonical pathway analysis 
indicates that the AMPK pathway is significantly downregulated after WIPI2 knockdown. (B) An overview of the GO annotations of the 262 dysregu-
lated proteins in three categories: Biological process (GO‑BP), molecular function (GO‑MF) and cellular component (GO‑CC). WIPI2, WD repeat domain 
phosphoinositide‑interacting protein 2; AMPK, adenosine 5'‑monophosphate (AMP)‑activated protein kinase.
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significantly inhibited the proliferation and promoted the 
apoptosis of HCC cell lines.

In order to reveal how WIPI2 regulated the pathogen-
esis of HCC, we performed RNA microarray and western 
blot analysis. The bioinformatic analysis indicated that 
the AMPK signaling pathway is significantly modified 
after WIPI2 depletion. As a heterotrimer, AMPK consists 
of a catalytic subunit (α) and two regulatory subunits 
(β and γ) (18). Compound C [6‑(4‑(2‑piperidin‑1‑ylethoxy)

phenyl)‑3‑pyridin‑4‑ylpyrazolo(1,5‑a)pyrimidine] is a selec-
tive AMPK inhibitor (19). Moreover, inhibition of AMPK 
induced by compound C can lead to cell cycle arrest and 
apoptosis (19). Glioma cell growth was found to be inhib-
ited by treatment of compound C, and the apoptotic effect 
was also observed after AMPK knockdown (20). Further 
research revealed that human glioma treated with inhibitor 
of AMPK could be suppressed by multiple mechanisms 
containing inhibition of AKT/mTOR, G2‑M cell cycle arrest, 

Figure 8. Mechanisms underlying the WIPI2‑mediated regulation of the proliferation of HCC cells. (A) Determination of various downstream factors associ-
ated with cell proliferation of the AMPK pathway by western blot analysis in the Hep3B cells in the WIPI2‑knockdown (KD) or negative control (NC) groups. 
(B) Detection of various apoptotic biomarkers by western blot analysis in the Hep3B cells in the two groups. (C) Statistical analysis of proteins in the Hep3B 
cells. *P<0.05. (D) Statistical analysis of apoptosis biomarkers in the Hep3B cells. **P<0.01. (E) Phosphorylated protein/total protein ratio analysis after WIPI2 
knockdown in the Hep3B cells. *P<0.05, **P<0.01. (F) Bcl2/Bax ratio analysis after WIPI2 knockdown in the Hep3B cells. **P<0.01. (G) Determination of 
various downstream factors associated with cell proliferation of the AMPK pathway by western blot analysis in the Huh7 cells in the WIPI2‑knockdown (KD) 
or negative control (NC) groups. (H) Detection of various apoptotic biomarkers by western blot analysis in the Huh7 cells in the two groups. (I) Statistical 
analysis of proteins in the Huh7 cells. *P<0.05, **P<0.01. (J) Statistical analysis of apoptosis biomarker in the Huh7 cells. *P<0.05, **P<0.01. (K) Phosphorylated 
protein/total protein ratio analysis after WIPI2 knockdown in the Huh7 cells, *P<0.05, **P<0.01. (L) Bcl2/Bax ratio analysis after WIPI2 knockdown in the 
Huh7 cells. **P<0.01. WIPI2, WD repeat domain phosphoinositide‑interacting protein 2; AMPK, adenosine 5'‑monophosphate (AMP)‑activated protein kinase; 
AKT, protein kinase B; Bcl2, B‑cell lymphoma 2; Bax, Bcl‑2‑associated X protein.
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and induction of apoptosis mediated with caspase 3 and 
Bcl2 (20). AMPK downregulation was able to reduce the 
proliferation of many solid cancer cell lines such as HeLa, 
PC12 and prostate cancer cells (21,22). We hypothesize that 
the AMPK/AKT axis is important for cell proliferation and 
apoptosis. In the present study, we further detected the levels 
of AMPK, p‑AMPK, AKT and p‑AKT and found that the 
AMPK pathway was significantly inhibited after WIPI2 
ablation. And these results were consistent with the above 
microarray assay.

The AKT pathway plays a vital role in many fundamental 
cellular progresses including proliferation, survival, apoptosis 
and metabolism (23,24). AKT is activated by AMPK phos-
phorylation (25,26). After activation, AKT translocates to the 
cytoplasm or nucleus to phosphorylate its substrates. Cyclin 
D1 is a key molecule that is involved in G1‑S phase transition, 
and its expression is associated with cell proliferation (27). 
Cyclin D1 is an important downstream factor of the AKT 
pathway (28), thus we detected cyclin D1 expression. Western 
blot analysis indicated that cyclin D1 was significantly 
decreased accompanied by a decrease in p‑AMPK and p‑AKT 
after WIPI2 knockdown.

Apoptosis is a process of programmed cell death 
mainly through the caspase cascade and the Bcl2 gene 
family. The caspases consist of ‘initiator’ caspases such 
as caspase‑6, capase‑8, caspase‑9 and ‘effector’ caspases 
including caspase‑2, caspase‑3 and caspase 7 (29). When apop-
tosis starts, caspase‑3 functions as an effector. The apoptosis 
induced by the Bcl2 gene family is determined by the ratio 
of Bcl2/Bax. A higher ratio of Bcl2/Bax reduces cell apop-
tosis (30). In the present study, flow cytometry and TUNEL 
assay showed that knockdown of WIPI2 induced apoptosis, 
and AMPK inhibition also induced apoptosis (20). We further 
determined the level of Bcl2, Bax and cleaved‑caspase‑3, and 
found that apoptosis was increased after WIPI2 downregula-
tion. Taken together, the study indicated that WIPI2 regulates 
the growth of HCC cells, at least partly, through the AMPK 
pathway.

Collectively, our present study identified that WIPI2 
expression is increased in HCC tissues when compared 
with that in adjacent normal tissues and high WIPI2 expres-
sion predicts a poor patient prognosis. Moreover, WIPI2 
modulates the growth of HCC cells mainly through the 
AMPK/AKT/cyclin D1 axis and induces apoptosis via 
caspase‑3 and Bcl2. Therefore, WIPI2 may be employed as a 
potential therapeutic target for HCC.
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