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Abstract. Drug resistance to cisplatin with continuous drug 
treatment is one of the most common causes of chemotherapy 
failure in hepatic carcinoma. Accumulating evidence suggests 
that WEE1 G2 checkpoint kinase (WEE1) is involved in 
cisplatin resistance, which has been demonstrated to correlate 
with cancer initiation and progression. However, the role and 
molecular mechanism of WEE1 in the drug resistance of 
hepatic cancer remains unclear. In the present study, using the 
WEE-knockdown hepatic cancer cell line HepG2/DDP, the 
role of WEE1 and its molecular mechanism were investigated. 
It was demonstrated that silencing WEE1 expression resulted 
in an increased cisplatin sensitivity of HepG2/DDP, in addition 
to an increased rate of apoptosis and intracellular concentra-
tion of rhodamine 123. The expression levels of P-gp, MDR1, 
MRP1, LRP, BCL-2, survivin and GST in WEE1-silenced 
HepG2/DDP cells were significantly reduced, and phosphoryla-
tion levels of MEK and ERK were significantly downregulated. 
The results demonstrated that WEE1 negatively regulated the 
multidrug resistance potential of human hepatic cancer cells 
by modulating the expression of relevant drug resistance genes 
and the activity of the MEK/ERK pathway. Therefore, WEE1 
may be a monitoring bio-marker for drug resistance, and a 
therapeutic target in hepatic cancer.

Introduction

Hepatic cancer is the most common malignancy and is respon-
sible for the highest number of cancer-associated mortalities 
worldwide (1). Platinum-based agents are an important class 
of chemotherapy drugs for hepatic cancer, among which 
cisplatin is typical. This class of drugs are DNA alkylating 
agents that cross-link the DNA molecules to affect their replica-
tion, transcription and other normal functions, leading to cell 
growth arrest, apoptosis and death (2). Cisplatin is indicated for 

patients with advanced inoperable diseases, and also as part of 
comprehensive therapeutic regimens, including surgical opera-
tion (3). However, tumor cells tend to develop drug resistance to 
cisplatin with continuous drug treatment, resulting in treatment 
failure (4). At this point, the only option for these patients is 
to select other chemotherapeutic drugs, despite their limited 
clinical benefits. One of the reasons for the limited benefits of 
other drugs is that tumor cells are likely to develop resistance 
to the other chemotherapeutic drugs as they develop resistance 
to cisplatin; this is called multidrug resistance (5). Several key 
regulatory proteins have been identified in the past decade as a 
result of the considerable progress in the biological studies of 
tumorigenesis and tumor progression; and a number of successes 
have been achieved regarding the therapies targeting these 
proteins in clinical practice (6). These key proteins, including 
WEE1 G2 checkpoint kinase (WEE1), regulate tumor cell 
growth and metastasis, and serve a role in the development of 
drug resistance in tumor cells. WEE1 is a cell cycle-associated 
kinase (7) and has been demonstrated to be expressed in certain 
cisplatin-resistant cells from human epidermal carcinoma (8). 
To investigate the role of WEE1 in the cisplatin-resistant hepatic 
cancer cell line HepG2/DDP, the current study examined the 
reversal of cisplatin resistance in HepG2/DDP by silencing 
WEE1, and explored the mechanisms of triptolide-mediated 
reversal of drug resistance by probing the aspects associated 
with the mechanisms of tumor drug resistance.

Materials and methods

Cells and cell culture. The multidrug resistant human hepatic 
cancer cell line HepG2/DPP was obtained from The Third 
Affiliated Hospital of Xinxiang Medical University (Xinx-
iang, China) and cultured with RPMI 1640 (containing 10% 
calf serum; Corning Life Sciences, Manassas, VA, USA) in 
an incubator under 37˚C, 5% CO2 and saturated humidity 
conditions. Trypsin-EDTA [0.25% in phosphate-buffered 
saline (PBS); Corning Life Sciences] was used for digestion 
and passaging. Cells in the logarithmic growth phase were 
used in all experiments. The present study was approved by 
the ethics committee of Luoyang Central Hospital Affiliated 
to Zhengzhou University (Luoyang, China).

Silencing of WEE1 expression with lentivector‑wee1 
short hairpin (sh)RNA. The cells were cultured in 24-well 
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plates, at a density of 3x104 cells/well. The culture was continued 
until ~70% cells reached confluence. The wee1 shRNA (h) viral 
vectors (Lentiviral Particles; Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA, USA) were prepared in accordance with the 
procedures described in the manufacturer's instructions. The 
cells were transfected with different multiplicity of infection 
(MOI) values (10 and 20). The culture medium was switched 
to virus-free medium (PT3414-1; Corning Life Sciences) 24 h 
following transfection. The culture was continued for 48 h for 
passaging. The silencing status of WEE1 was evaluated by 
western blotting and quantitative polymerase chain reaction 
(qPCR). The HepG2/DDP cells were the parental control group, 
the HepG2/DDP cells transfected with blank vector were the 
negative control group and the HepG2/DDP cells transfected 
with WEE1 short hairpin (sh)RNA were the shRNA#1 (MOI, 10) 
and shRNA#2 (MOI, 20) silencing groups.

Determination of cell sensitivity to cisplatin with MTS assay. 
Cells (5x104 cells/ml) were seeded in 96‑well microplates, at 
100 µl/well and cultured overnight to allow cell adherence. 
Next, different concentrations of cisplatin (0, 30, 60, 90, 120, 
150, 180, 210, 240, 270 and 300 µM; Sigma-Aldrich, St. Louis, 
MO, USA) were added and the culture was continued for 
72 h. Following aspiration of the culture medium, 50 µl MTS 
(Promega Corporation, Madison, WI, USA) was added in 
accordance with the reagent instructions and cultured for 4 h. 
The optical density (OD) was measured at 490 nm wavelength 
with a Bio-Rad 3550 microplate reader (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA) and the inhibition rate of the drug on 
the cells was calculated as follows: Inhibition rate = (1 - OD 
of experimental group/OD of control group) x 100. Using the 
cisplatin concentration as abscissa and the inhibition rate as 
ordinate, the inhibition curve was plotted and fitted to obtain 
the half maximal inhibitory concentration (IC50). Reversal fold 
(RF) was defined as RF = IC50 (silence group)/IC50 (parental 
group).

Determination of intracellular rhodamine‑123 (Rh‑123) 
content, cell surface P‑glycoprotein (P‑gp) expression, apop‑
tosis and caspase ‑3/8 activity with flow cytometry. Following 
addition of 100 µl of 10 µM Rh-123 staining solution (Beyotime 
Institute of Biotechnology, Shanghai, China), the cells in loga-
rithmic growth phase were cultured for 1 h and harvested. The 
fluorescence intensity of intracellular Rh‑123 was detected with 
a flow cytometer (FACSAria™ I; BD Biosciences, Franklin 
Lakes, NJ, USA) to indicate intracellular Rh-123 content. P-gp 
expression was determined with flow cytometry using specific 
procedures as follows: 106 cells were added to 0.1 ml culture 
medium for each sample and stained in accordance with the 
kit instructions [Anti-P-gp/fluorescein isothiocyanate (FITC) 
fluorescent antibody kit; Abcam, Cambridge, MA, USA]; cell 
fluorescence intensity was detected with a flow cytometer to 
indicate the P-gp expression level. Apoptosis was detected using 
the annexin V-FITC/propidium iodide (PI; BD Biosciences, 
Franklin Lakes, NJ, USA) double-staining technique; the cells 
were treated with 20 µM cisplatin for 24 h and harvested to 
determine apoptosis in accordance with the manufacturer's 
instructions. Following similar cisplatin treatment, intra-
cellular caspase-3 and -8 activities were determined with 
phycoerythrin-labeled anti-active rabbit IgG caspase-3 (cat 

no. sc‑7147) and ‑8 antibodies (cat no. sc‑7890; 1:1,000 dilu-
tion; Santa Cruz Biotechnology, Inc.) using the flow cytometer 
in accordance with the manufacturer's instructions.

Determination of protein levels of WEE1 G2 checkpoint 
kinase (WEE1), multidrug resistance protein 1 (MDR1), 
multidrug resistance associated protein 1 (MRP1), lipoprotein 
receptor‑related protein (LRP), B‑cell lymphoma 2 (BCL‑2), 
survivin and glutathione S‑transferase (GST); and phos‑
phorylation levels of mitogen‑activated protein kinase kinase 
(MEK) and extracellular‑signal‑regulated kinase (ERK) in 
HepG2/DPP cells using western blotting. Cells in the loga-
rithmic growth phase were lysed using a cell lysis kit (Beyotime 
Institute of Biotechnology) to extract the total protein content. 
The proteins were separated in 12% SDS-PAGE (Beyotime 
Institute of Biotechnology) at 220 V and transferred onto a 
polyvinylidene difluoride (PVDF) membrane (Beyotime 
Institute of Biotechnology). Antibodies for WEE1 (cat 
no. sc‑9037; rabbit anti‑human IgG; 1:2,000 dilution), MDR1 
(cat no. sc-55510; mouse anti-human IgG; 1:2,000 dilution), 
MRP1 (cat no. sc‑13960; rabbit anti‑human IgG; 1:2,000 dilu-
tion), LRP (cat no. sc‑390134; mouse anti‑human IgG; 
1:2,000 dilution), BCL‑2 (cat no. sc‑492; rabbit anti‑human 
IgG; 1:2,000 dilution), survivin (cat no. sc-10811; rabbit 
anti‑human IgG; 1:2,000 dilution), GST (cat no. sc‑459; rabbit 
anti-human IgG; 1:2,000 dilution), p-MEK (cat no. sc-130203; 
rabbit anti-human IgG; 1:1,500 dilution) and p-ERK (cat 
no. sc-13073; rabbit anti-human IgG; 1:1,500 dilution) were 
used to detect the target proteins, and β-actin (cat no. sc-1616; 
goat anti‑human IgG; 1:5,000 dilution) and ERK (cat no. sc‑94; 
rabbit anti-human IgG; 1:2,000 dilution) were used as the 
internal reference genes. All antibodies were purchased from 
Santa Cruz Biotechnology, Inc. Cells were incubated with 
the antibodies at 4˚C overnight. Subsequent to washing off 
the primary antibody with 10% PBS, horseradish peroxidase 
(HRP)-conjugated secondary antibody (cat no. sc-2005; goat 
anti-mouse IgG-HRP; 1:2,000 dilution; and cat no. sc-2004; 
goat anti-rabbit IgG-HRP; 1:2000 dilution) was added to the 
cells and incubated for 1 h. Cells were washed with 10% PBS, 
then an enhanced chemiluminescence (ECL) kit (Millipore, 
Boston, MA, USA) was used to identify the immunoreactive 
bands using methods according to the manufacturer's instruc-
tions.

Determination of the mRNA levels of WEE1, MDR1, MRP1, 
LRP, BCL‑2, survivin and GST in HepG2/DPP tumor cells 
using reverse transcription (RT)‑qPCR. Following the 
extraction of total RNA from each group of cells in the 
logarithmic growth phase using TRIzol (Invitrogen Life 
Technologies, Carslbad, CA, USA), RT was conducted with 
Real-Time PCR kit (Ambion, Austin, TX, USA) to obtain 
the cDNA. The primer sequences were as follows: WEE1, 
F 5'-GAT GAG CAG AAC GCT TTG AGAG-3' and R 5'-CAG 
AGG CAG CAT TTG GGATT-3'; MDR1, F 5'-AAA AAG 
ATC AAC TCG TAC CACTC-3' and R 5'-GCA CAA AAT 
ACA CCA ACAA-3'; MRP1, F 5'-ACT TCC ACA TCT GCT 
TCG TCAGTG-3' and R 5'-ATT CAG CCA CAG GAG GTA 
GAG AGC-3'; LRP, F 5'-AGT CAG AAG CCG AGA AAG-3' 
and R 5'-CCC AGC CAC AGC AAGGT-3'; BCL-2, F 5'-ACG 
GGG TGA ACT GGG GGA GGA-3' and R 5'-TGT TTG GGG 
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CAG GCA TGT TGA CTT-3'; survivin, F 5'-GCA TGG GTG 
CCC CGA CGT TG-3' and R 5'-GCT CCG GCC AGA GGC 
CTCAA-3'; GST, F 5'-ACG TGG CAG GAG GGC TCA CTC-3' 

and R 5'-TAC TCA GGG GAG GCC AGC AA-3'; GAPDH, 
F 5'-CTT AGA TTT GGT CGT ATT GG-3' and R 5'-GAA GAT 
GGT GAT GGG ATT‑3'. Following denaturation at 94˚C for 

Figure 1. Lentivector‑wee1 shRNA significantly downregulated WEE1 expression in HepG2/DDP cells. (A) RT‑qPCR assay indicated reduced mRNA 
expression levels of WEE1 in the shRNA#1 and shRNA#2 groups compared with the parental and negative groups. Data are presented as the mean ± stan-
dard deviation. #P>0.05 and **P<0.05 vs. the parental group, n=5. (B) Western blot assay demonstrated that there were reduced levels of WEE1 protein in 
WEE1-silenced shRNA#1 and shRNA#2 groups compared with the parental and negative groups. β-actin was used as an internal control. WEE1, WEE1 G2 
checkpoint kinase; shRNA, short hairpin RNA; shRNA#1, WEE1-silenced group 1; shRNA#2, WEE1-silenced group 2.

Figure 2. WEE1 silencing increased the cisplatin sensitivity of HepG2/DPP cells. (A) MTS assay demonstrated that there was an increased cisplatin sensitivity 
in the shRNA#1 and shRNA#2 groups compared with the parental and negative groups. (B) Fluorescence assay demonstrating increased levels of Rh123 in 
the shRNA#1 and shRNA#2 groups compared with the parental and negative groups. (C) Flow cytometry assay demonstrated a decreased P-gp content in the 
shRNA#1 and shRNA#2 groups compared with the parental and negative groups. (D) Flow cytometry assay demonstrated that there were increased levels of 
cell apoptosis in the shRNA#1 and shRNA#2 groups compared with the parental and negative groups. Data are presented as the mean ± standard deviation. 
#P>0.05 and **P<0.05 vs. the parental group, n=3. shRNA, short hairpin RNA; shRNA#1, WEE1-silenced group 1; shRNA#2, WEE1-silenced group 2; Rh123, 
rhodamine 123; PI, propidium iodide; FITC, fluorescein isothiocyanate; P‑gp,P‑glycoprotein.
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3 min, 40 cycles of amplification were conducted under the 
following conditions: 95˚C for 5 sec, 65˚C for 35 sec, 72˚C for 
60 sec, and extension at 72˚C for 5 min.

Statistical analysis. The experimental data are presented as 
the mean ± standard deviation and analyzed with SPSS soft-
ware, version 13.0 (SPSS, Inc., Chicago, IL, USA). One‑way 

analysis of variance was used for comparison; P<0.05 was 
considered to indicate a statistically significant difference.

Results

Lentivector‑wee1 shRNA significantly downregulated WEE1 
expression in HepG2/DDP cells. Transfection of HepG2/DDP 

Figure 3. WEE1 silencing downregulated the expression of drug resistance-associated genes in HepG2/DPP cells. (A) Reverse transcription-quantitative poly-
merase chain reaction demonstrated decreased mRNA expression levels of survivin, BCL-2, GST, LRP, MRP1 and MDR1 in the shRNA#1 and shRNA#2 groups 
compared with parental and negative groups. Data are presented as the mean ± standard deviation. #P>0.05 and **P<0.05 vs. the parental group, n=5. (B) Western 
blot assay demonstrated reduced expression levels of survivin, BCL-2, GST, LRP, MRP1, MDR1 p-MEK, p-ERK in the shRNA#1 and shRNA#2 groups compared 
with the parental and negative groups. β-actin and ERK were used as internal controls. (C and D) Flow cytometry demonstrated an increased activity of caspase-3/8 
in the shRNA#1 and shRNA#2 groups compared with the parental and negative groups. Data are presented as the mean ± standard deviation. #P>0.05 and **P<0.05 
vs. the parental group, n=3. shRNA, short hairpin RNA; shRNA#1, WEE1-silenced group 1; shRNA#2, WEE1-silenced group 2; BCL-2, B-cell lymphoma 2; GST, 
glutathione S-transferase; LRP, lipoprotein receptor-related protein; MRP1, multidrug resistance associated protein 1; MDR1, multidrug resistance protein 1; p-, 
phosphorylated; MEK, mitogen-activated protein kinase kinase; ERK, extracellular-signal-regulated kinase; PE, phycoerythrin.
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cells with different MOI values resulted in varying degrees 
of WEE1 silencing. Subsequent to screening, cells trans-
fected with the MOI values of 10 and 20 were selected for 
subsequent studies. As presented in Fig. 1, WEE1 expression 
levels in the shRNA#1 (MOI, 10) and shRNA#2 (MOI, 20) 
groups were 53 and 22% of the parental group cells, respec-
tively (P<0.05). Blank vector shRNA cells (negative group) 
were observed to have no effect on WEE1 expression levels 
(P>0.05).

WEE1 silencing increased the sensitivity of HepG2/DPP cells 
to cisplatin. MTS assay results (Fig. 2A) demonstrated that 
the IC50 of cisplatin-mediated inhibition on HepG2/DPP cell 
proliferation was 156 µM, while the IC50s for the shRNA#1 
and shRNA#2 groups were 70.2 and 43.5 µM, respectively, 
suggesting that silencing WEE1 enabled an increase in the 
sensitivity of HepG2/DPP cells to cisplatin. The RFs calcu-
lated based on the IC50s for shRNA#1 and shRNA#2 groups 
were 2.2 and 3.6 fold, respectively.

WEE1 silencing increased Rh‑123 content, downregulated P‑gp 
expression, and increased the rate of apoptosis and caspase‑3/8 
activity in HepG2/DPP cells. The fluorescence intensity of 
intracellular Rh-123 in the shRNA#1 and shRNA#2 groups 
increased by 1.75- and 2.23-fold compared with the parental 
control group (Fig. 2B). By contrast, P-gp expression was down-
regulated to 73.2 and 34.5% of the control group, respectively 
(Fig. 2C), suggesting that elevation of intracellular Rh-123 was 
associated with the downregulation of P-gp, which may increase 
intracellular cisplatin. In addition, following treatment with 
20 µM cisplatin for 24 h, the apoptosis rate of the HepG2/DDP 
parental group was 15.3%, while those of the shRNA#1 and 
shRNA#2 groups were 28.4 and 39.8% (Fig. 2D; P<0.05).

WEE1 silencing downregulated the expression of drug 
resistance‑associated genes and the phosphorylation of 
MEK and ERK, and upregulated the activity of caspase‑3/8 
in HepG2/DPP cells. RT-qPCR analysis demonstrated that 
the gene transcription levels of MDR1, MRP1, LRP and GST 
decreased significantly following WEE1 silencing (Fig. 3A). 
Western blot results demonstrated that, compared with the 
control group, the protein levels were also reduced (Fig. 3B). 
These results indicate that the downregulation of protein 
expression was regulated at the transcriptional level.

Since WEE1 silencing enhanced apoptosis, the expression 
of 2 anti-apoptotic proteins, BCL-2 and survivin, were assessed. 
Western blotting indicated that WEE1 silencing was accom-
panied by downregulation of BCL-2 and survivin expression. 
RT-qPCR analysis demonstrated that the downregulation of 
expression was achieved at transcriptional level (P<0.05).

In order to explain these results, the MEK/ERK pathway 
was considered as the possible intracellular signaling pathway 
regulated by WEE1. Western blotting demonstrated that levels 
of phosphorylated MEK and ERK decreased following WEE1 
silencing, indicating that the activity of this pathway was 
significantly suppressed.

Furthermore, the shRNA#1 and shRNA#2 groups were 
treated with 20 µM cisplatin for 24 h, and the activated 
caspase-3 content was increased by 10.3 and 18.7-fold, 
respectively, compared with the control group; the activated 

caspase-8 content increased 12.1 and 21.5-fold, compared with 
the control group (Fig. 3).

Discussion

In the present study, WEE1-silenced HepG2/DDP cell lines 
were constructed using the lentiviral vector transfection tech-
nique and then 2 representative cell lines with different degrees 
of WEE1 silencing were selected for subsequent studies. 
Previous studies have demonstrated the correlation between 
WEE1 and the resistance to certain tumor drugs (9,10). The 
MTS assay results of the present study confirmed that WEE1 
silencing increased the sensitivity of HepG2/DDP to cisplatin. 
Further experiments demonstrated that WEE1 silencing 
resulted in the elevation of intracellular Rh-123 concentration 
and apoptosis. The 2 main mechanisms for tumor cells in the 
development of resistance to drugs include the overexpression 
of a variety of multidrug resistance genes to enhance drug 
efflux and lower intracellular drug concentration, and the 
resistance to drug-induced apoptosis (11). Thus, the current 
study hypothesized that WEE1 also reversed the drug resis-
tance of HepG2/DDP through the regulation of these 2 drug 
resistance mechanisms.

To assess this hypothesis, the effects of WEE1 silencing 
on the expression of various multidrug resistant proteins were 
detected. The expression of cell surface P-gp was examined 
with flow cytometry; the results demonstrated that its expres-
sion was significantly downregulated. In addition, MDR1 and 
MRP1 expression levels were detected with western blot-
ting; the results demonstrated that these proteins were also 
significantly downregulated. These 2 proteins belong to the 
ABC super-family and are able to pump chemotherapeutic 
drugs out of the cells (12). Furthermore, the present study also 
demonstrated that LRP protein expression was downregu-
lated. Although LRP is not a member of the ABC family, it is 
also able to pump drugs out of the cells (13). We hypothesized 
that downregulation of the expression of these proteins may 
increase the concentration of intracellular chemotherapeutic 
drugs. This is consistent with the elevation of intracellular 
drug concentration of Rh-123 observed in the present study. 
RT-qPCR analysis demonstrated that the regulation of these 
expression levels was achieved at the transcriptional level.

The effects of WEE1 suppression on apoptosis-associated 
proteins was also analyzed. BCL-2 and survivin are two 
common anti-apoptotic proteins (14). It has previously been 
demonstrated that the BCL-2 protein expression level is signif-
icantly higher in drug-resistant HepG2/DDP cells compared 
with non‑drug‑resistant mother cells (15); this was confirmed 
in the current study. Western blotting results indicated that 
BCL‑2 and survivin levels declined significantly following 
WEE1 silencing; RT-qPCR analysis demonstrated that the 
regulation of these expression levels was achieved at the 
transcriptional level. Flow cytometry analysis demonstrated 
that WEE1 silencing enhanced apoptosis and also significantly 
increased caspase-3/8 activity, clarifying the pathway of apop-
tosis.

Tumor cells can also develop resistance to chemotherapeutic 
drugs through another mechanism by which chemotherapeutic 
drugs are inactivated in metabolism. For example, GST can 
acylate and inactivate cisplatin (16,17). The current study 
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demonstrated that GST levels significantly increased in 
HepG2/DDP cells and significantly decreased subsequent to 
WEE1 silencing, suggesting that GST was also involved in 
WEE1-mediated drug resistance to cisplatin.

Since WEE1 is able to interact with multiple cell 
signaling pathways (7), the present study assessed the key 
ERK/MEK signaling pathway, which is closely associated with 
cell growth (18) and drug resistance to cisplatin (19). Western 
blotting demonstrated that ERK and MEK phosphorylation 
levels significantly decreased with the silencing of WEE1, 
suggesting that the activity of this signaling pathway declined 
and it was involved in WEE1-mediated cisplatin drug resistance.

In summary, the current study demonstrated that silencing 
WEE1 is able to reverse the multidrug resistance of HepG2/DDP 
cells. The mechanisms of action may be associated with the 
downregulation of multidrug resistance genes to inhibit drug 
efflux, the enhancement of apoptosis, and the inhibition of 
MEK/ERK pathway activity.
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