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Abstract: Hepatocellular carcinoma (HCC) is a malignant tumor with high morbidity and mortality globally. It accounts 
for the majority of primary liver cancer cases. Amyloid precursor protein (APP), a cell membrane protein, plays a vital 
role in the pathogenesis of Alzheimer’s disease, and has been found to be implicated in tumor growth and metastasis. 
Therefore, to understand the relationship between APP and 5-fluorouracil (5-FU) resistance in liver cancer, Cell 
Counting Kit-8, apoptosis and cell cycle assays, western blotting, and reverse transcription-quantitative polymerase 
chain reaction (qPCR) analysis were performed. The results demonstrated that APP expression in Bel7402-5-FU cells 
was significantly up-regulated, as compared with that in Bel7402 cells. Through successful construction of APP-silenced 
(siAPP) and overexpressed (OE) Bel7402 cell lines, data revealed that the Bel7402-APP751-OE cell line was insensitive, 
while the Bel7402-siAPP cell line was sensitive to 5-FU in comparison to the matched control group. Furthermore, APP 
overexpression decreased, while APP silencing increased 5-FU-induced apoptosis in Bel7402 cells. Mechanistically, 
APP overexpression and silencing can regulate the mitochondrial apoptotic pathway and the expression of apoptotic 
suppressor genes (B-cell lymphoma-2 (Bcl-2) and B-cell lymphoma-extra large (Bcl-xl)). Taken together, these results 
preliminarily revealed that APP overexpression contributes to the resistance of liver cancer cells to 5-FU, providing a 
new perspective for drug resistance. 
 
Key words: Amyloid precursor protein; 5-Fluorouracil resistance; Mitochondrial apoptotic pathway; Hepatocellular carcinoma 
https://doi.org/10.1631/jzus.B1900413                                   CLC number: R735.7 
 
 
1  Introduction 
 

A liver cancer is a clinically challenging malig-
nancy with high morbidity and mortality rates, of 
which hepatocellular carcinoma (HCC) accounts for 
most cases of liver cancer worldwide (Allemani et al., 
2018). Recent cancer epidemiology statistics have 
indicated that hundreds of thousands of patients de-
velop liver cancer in China every year (Siegel et al., 

2018). Chemotherapy is a common treatment for liver 
cancer (Song, 2015; Ikeda et al., 2018), but the re-
sistance of tumor cells limits its efficacy (Li et al., 
2017; Niu et al., 2017). Drug resistance in hepato-
carcinoma is a multi-step and multi-factor process, 
including a high expression level of multidrug re-
sistance proteins (Ceballos et al., 2018), abnormal 
initiation of the apoptosis pathways (Li et al., 2018), 
and regulation of intracellular signaling pathways 
(Wang et al., 2018). However, existing research has 
not fully elucidated the mechanism of drug resistance 
in liver cancer. Therefore, further study of the un-
derlying molecular mechanisms of drug resistance 
will help to identify novel drug targets. 
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Amyloid precursor protein (APP), a cell mem-
brane protein, plays an important role in the patho-
genesis of Alzheimer’s disease (Bukhari et al., 2017; 
Hardy, 2017). APP can be cleaved by β- and γ- 
secretase to produce β-amyloid (Aβ), the primary 
component of senile plaques. The soluble oligomer 
produced by APP exhibits neurotoxicity, which can 
inhibit the proliferation and differentiation of nerve 
cells; this can ultimately lead to cell dysfunction and 
apoptosis (Kallop et al., 2014; Rodríguez-Ruiz et al., 
2017). This is the basis for one of the theories behind 
the etiology of Alzheimer’s disease. Previous studies 
have demonstrated that APP is expressed in certain 
neuronal stromal cells, and that it binds to death re-
ceptors on the surface of neuronal membranes through 
ectodomain fragments; this activates classical and 
non-canonical apoptotic pathways, inducing neuronal 
cell death, and promotes the occurrence and devel-
opment of neurodegenerative diseases (Nikolaev et al., 
2009; Kallop et al., 2014; Rodríguez-Ruiz et al., 2017). 

In recent years, notably high expression levels of 
APP have been indicated in tumors, including breast 
(Harder et al., 2017; Gehrke et al., 2018), prostate 
(Takayama et al., 2009; Gough et al., 2014; Miyazaki 
et al., 2014), colorectal (Meng et al., 2001; Zhao et al., 
2015), and pancreatic cancers (Hansel et al., 2003; 
Woods and Padmanabhan, 2013). Furthermore, ele-
vated APP expression was found to negatively cor-
relate with patient prognosis. Additional studies have 
shown that APP is involved in tumor hematogenous 
metastasis, and that cellular metastatic ability is sig-
nificantly increased in tumor cells overexpressing APP 
(Strilic et al., 2016). In the present study, we found 
that APP expression was significantly up-regulated in 
5-fluorouracil (5-FU)-resistant HCC cell lines relative 
to the parental cells, suggesting that APP may be 
involved in the drug-resistance process. Herein, the 
major aim of this study was to investigate the mech-
anism(s) responsible for APP-associated drug resistance 
in liver cancer cells.  
 
 
2  Materials and methods 

2.1  Cells 

Human liver cancer Bel7402 and Bel7402-5-FU 
cell lines were obtained from and authenticated by the 
Cell Bank of Type Culture Collection of the Chinese 

Academy of Sciences (CAS, Shanghai, China), and 
maintained in our laboratory. 

2.2  Reagents 

Roswell Park Memorial Institute (RPMI) 1640 
medium and fetal bovine serum (FBS) were pur-
chased from Hyclone, GE Healthcare Life Sciences 
(Logan, UT, USA). Polyethylenimine (PEI) was pur-
chased from Sangon Biotech Co., Ltd. (Shanghai, 
China), and 5-FU was purchased from Sigma-Aldrich, 
Merck KGaA (Darmstadt, Germany). Reverse tran-
scription kits, Cell Counting Kit (CCK)-8 reagent and 
SYBR Green quantitative polymerase chain reaction 
(qPCR) kits were acquired from Beijing TransGen 
Biotech Co., Ltd. (Beijing, China). Rabbit anti-human 
APP (catalog No. 2452), BH3 interacting domain death 
agonist (BID; catalog No. 8762), B-cell lymphoma-2 
(Bcl-2; catalog No. 4223), Bcl-2-associated X protein 
(BAX; catalog No. 5023), B-cell lymphoma-extra 
large (Bcl-xl; catalog No. 2764), c-Jun N-terminal ki-
nase 3 (JNK3; catalog No. 2305), phosphorylated JNK3 
(p-JNK3; catalog No. 8206), caspase-3 (catalog No. 
9662), cleaved caspase-3 (catalog No. 9661), caspase-9 
(catalog No. 9502), cleaved caspase-9 (catalog No. 
9509), poly(ADP-ribose) polymerase 1 (PARP; cat-
alog No. 9532), and cleaved PARP (catalog No. 9185), 
as well as mouse anti-human mixed-lineage kinase 3 
(MLK3; catalog No. 2817) primary antibodies were 
purchased from Cell Signaling Technology, Inc. (Dan-
vers, MA, USA). Rabbit anti-BID (catalog No. 
ab10640), p-MLK3 (catalog No. ab191530) and β-actin 
(catalog No. ab179467) primary antibodies, as well as 
horseradish peroxidase (HRP)-conjugated goat anti- 
rabbit (catalog No. ab6721) and HRP-conjugated goat 
anti-mouse (catalog No. ab6789) secondary antibodies 
were purchased from Abcam (Cambridge, UK). TRIzol® 
reagent was acquired from Thermo Fisher Scientific, 
Inc. (Waltham, MA, USA) and qPCR primers were 
synthesized by Sangon Biotech Co., Ltd. Polybrene 
was purchased from Tiangen Biotech Co., Ltd. (Bei-
jing, China). 

2.3  Cell culture 

The human liver cancer Bel7402 and Bel7402- 
5-FU cells were cultured in RPMI 1640 medium 
supplemented with 10% (0.1 g/mL) FBS and 1% 
(0.01 g/mL) penicillin-streptomycin, at 37 °C in an 
incubator with 5% CO2. 
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2.4  CCK-8 assay 

Human liver cancer cells were seeded into 96-well 
plates at a density of 1×104 cells per well and treated with 
0.0 (control), 2.5, 5.0, 10.0, 20.0, 40.0, or 80.0 μg/mL 
5-FU for 48 h. The supernatant was then discarded 
and 10% (0.1 g/mL) CCK-8 reagent was added, prior 
to a further 2-h incubation period. Absorbance values 
were measured at 450 nm using the iMark Microplate 
Reader (Bio-Rad Laboratories, Inc., Hercules, CA, 
USA). The assay was conducted three times per group. 

2.5  Plasmid construction and lentiviral infection 

The human APP was synthesized and cloned 
into the multiple cloning sites (MCSs) of ampicillin- 
resistant plasmid pLV-CS (Shanghai Genechem Co., 
Ltd., China) to construct the pLV-CS-APP751-IRES 
(internal ribosome entry site)-GFP (green fluorescent 
protein) plasmid. A total of 1.5 μg pLV-CS-APP751- 
IRES-GFP plasmid and 1.5 μg packaging plasmid 
with ampicillin resistance (Shanghai Genechem Co., 
Ltd.) were added into 100 μL medium. Three 
packaging plasmids were added at a ratio of 5:3:2 
(plasmid-encoded Gag-Pol precursor protein (pMDLg/ 
pRRE): 0.75 μg; plasmid-encoded vesicular stomati-
tis virus G glycoprotein (pVSVG): 0.45 μg; plasmid- 
encoded regulator of expression of virion protein 
(pRSV-REV): 0.30 μg). Simultaneously, 6 μL PEI 
(10 μmol/L) was added and the solution was mixed, 
followed by incubation for 30 min at room tempera-
ture. Next, 900 μL complete culture medium was 
added to the mixed solution (PEI, 1 μmol/L). Sub-
sequently, 1 mL of mixture was incubated with 293T 
cells. The medium was replaced after 12 h, and the 
supernatant was collected after 24 h. Subsequently, to 
construct the Bel7402-APP751-OE (APP overexpres-
sion) cell line, the supernatant was used for infection, 
where the supernatant was mixed with fresh medium 
at a ratio of 1:1 (v:v) and added into 293T cells. 
Polybrene was added to the cells at a final concentra-
tion of 10 μg/mL, followed by centrifugation at 37 °C, 
400g for 30 min. Afterwards, they were incubated 
with 2 μg/mL of puromycin for 3 d to obtain the 
APP751-OE cell line. Additionally, the Bel7402-siAPP 
(APP-silenced) cell line was constructed using the 
pLVX-siAPP plasmid in the aforementioned manner. 

2.6  Apoptosis and cycle cell assays 

Human liver cancer Bel7402 and Bel7402-5-FU 
cells were seeded into a six-well plate at a density of 

8.0×105 cells/well. Following adhesion, the superna-
tant was collected and the adherent cells were tryp-
sinized; both were centrifuged at 250g for 3 min. 
After discarding the supernatant, the cells were fixed 
with pre-cooled ethanol (70% in phosphate-buffered 
saline (PBS)) at 4 °C overnight, and then harvested by 
centrifugation at 700g for 3 min. The cells were 
washed once and resuspended in 1 mL pre-cooled 
PBS, adjusted to a cell concentration of 1.0×106 cells/mL. 
Then RNase A enzyme was added, followed by pro-
pidium iodide (PI) staining for 10 min at room tem-
perature. Subsequently, the cells were collected by 
centrifugation at 700g for 3 min, washed once, and 
resuspended in 1 mL pre-cooled PBS. Finally, the 
cells were filtered with a 75-micron nylon mesh be-
fore apoptosis and cell cycle analysis. The data were 
analyzed using FlowJo10 software (Tree Star, Inc., 
Ashland, OR, USA) and the experiments were con-
ducted three times per group. In addition, apoptosis 
was detected using an Annexin V/PI staining kit 
(Beijing Zoman Biotechnology Co., Ltd., China) ac-
cording to the manufacturer’s instructions, where the 
cells were treated as aforementioned, and detected by 
flow cytometry. 

2.7  qPCR analysis 

Total RNA was extracted from each group using 
TRIzol® reagent (Thermo Fisher Scientific, Inc.), ac-
cording to the manufacturer’s instructions. The purity 
and concentration of the total RNA were determined 
using the SmartSpec Plus Spectrophotometer (Bio-Rad, 
USA). A ratio of absorbance at 260 nm to that at 280 nm 
(A260/A280) in the range of 1.8–2.0 was considered ac-
ceptable. One microgram of total RNA was reverse- 
transcribed into complementary DNA (cDNA) using a 
reverse transcription kit according to the manufacturer’s 
protocol. Reverse transcription was performed at 37 °C 
for 15 min and 85 °C for 5 s, and the reactions were 
held at 4 °C. Subsequently, the cDNA was used as a 
template for qPCR. The reaction procedure was con-
ducted using the ABI7500 qPCR instrument (Applied 
Biosystems, Thermo Fisher Scientific, Inc.) with the 
following thermocycling conditions: pre-denaturation 
at 95 °C for 5 min, denaturation at 95 °C for 15 s, and 
annealing at 60 °C for 15 s, for a total of 40 cycles. 
The relative quantitative expression of target genes 
was normalized to that of β-actin and calculated using 
the 2−ΔΔCT method. All experiments were conducted 
three times. The primer sequences were as follows: 
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APP forward, TCTCGTTCCTGACAAGTGCAA and 
reverse, GCAAGTTGGTACTCTTCTCACTG; caspase-3 
forward, CATGGAAGCGAATCAATGGACT and 
reverse, CTGTACCAGACCGAGATGTCA; caspase-9 
forward, CCTGGAGCGGATTACCCCT and reverse, 
CTGTATGCTGGTGTCTAGGAGA; BAX forward, 
CCCGAGAGGTCTTTTTCCGAG and reverse, CC 
AGCCCATGATGGTTCTGAT; BID forward, ATG 
GACCGTAGCATCCCTCC and reverse, GTAGGT 
GCGTAGGTTCTGGT; Bcl-2 forward, GGTGGGG 
TCATGTGTGTGG and reverse, CGGTTCAGGTAC 
TCAGTCATCC; Bcl-xl forward, GAGCTGGTGGTT 
GACTTTCTC and reverse, TCCATCTCCGATTCAG 
TCCCT; MLK3 forward, AAGGAAAAGGAACTA 
CTGAGCCG and reverse, GCTCGAACACCTCTA 
GCTCC; JNK3 forward, TATGTGGAGAATCGGC 
CCAAG and reverse, GCTTTGAGTTTATTGTGC 
TCGG; β-actin forward, CCTCGCCTTTGCCGAT 
CC and reverse, GGATCTTCATGAGGTAGTCAGTC. 

2.8  Western blot analysis 

Liver cancer cells were seeded into a six-well 
plate at a density of 5.0×105 cells per well. The cells 
were then treated with 20 μg/mL 5-FU for 24 h, and 
the total protein was extracted from each group using 
radioimmunoprecipitation assay (RIPA) buffer, prior 
to quantification using the bicinchoninic acid (BCA) 
method. Proteins were isolated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
using a 10% (0.1 g/mL) gel, and transferred onto 
polyvinylidene difluoride membranes (EMD Milli-
pore, Billerica, MA, USA). The membranes were 
then blocked with 5% bovine serum albumin (BSA; 
Solarbio, Beijing, China) for 2  h at room temperature,  
 
 
 

 
 
 
 
 
 
 
 
 
 
 

and subsequently incubated with the corresponding 
primary antibodies overnight at 4 °C. After washing 
with Tris-buffered saline with Tween 20 (TBST), the 
secondary antibodies were added and the membranes 
were incubated for 2  h at room temperature. The bands 
were developed with chemiluminescence reagents 
(EMD Millipore) and imaged using the ImageQuant 
LAS 4000 mini (GE Healthcare Life Sciences). The 
experiments were repeated three times. 

2.9  Statistical analysis 

SPSS 21.0 (IBM Corp., Armonk, NY, USA) was 
used to perform all statistical data analyses. The two- 
tailed Student’s t-test was used to compare the dif-
ferences between two groups, and one-way analysis 
of variance (ANOVA) with least significant differ-
ence (LSD) test was performed to analyze those 
between multiple groups. The data are presented  
as the mean±standard deviation (SD), and P<0.05  
was considered to indicate a statistically significant 
difference. 

 
 

3  Results 

3.1  Expression of APP in Bel7402-5-FU HCC cells 

To understand the mechanism of APP in the 
5-FU-resistance of liver cancer cells, the expression 
level of APP was determined by qPCR and western 
blotting. The results showed that compared with Bel7402 
cells, the APP expression in Bel7402-5-FU cells was 
significantly up-regulated at both the transcriptional 
and translational levels (P<0.05; Fig. 1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Significantly up-regulated expression of APP in Bel7402-5-FU HCC cells 
(a) mRNA expression levels of APP in Bel7402 and Bel7402-5-FU cells. (b, c) Protein expression levels of APP in 
Bel7402-5-FU cells were higher than those in Bel7402 cells. (a, c) Data are expressed as mean±SD (n=3). * P<0.05, com-
pared with the control group. APP: amyloid precursor protein; 5-FU: 5-fluorouracil 
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3.2  Successful construction of APP-silenced and 
-overexpressed Bel7402 cell lines 

Virus infection efficiency was validated by qPCR, 
western blotting, and immunofluorescence analysis. 
As presented in Fig. 2, APP overexpression (Figs. 2a–2d) 
and silencing were observed at both the transcrip-
tional and translational levels, compared with the 
matched control group (Figs. 2e–2g; P<0.05), sug-
gesting that Bel7402-APP751-OE and Bel7402-siAPP cell 
lines were successfully constructed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

3.3  Effect of 5-FU on Bel7402-APP751-OE and 
Bel7402-siAPP cell lines 

Cells were treated with various concentrations of 
5-FU (0.0, 2.5, 5.0, 10.0, 20.0, 40.0, and 80.0 μg/mL) 
for 48 h, and the absorbance value was determined 
after incubation with CCK-8 reagent. Fig. 3 indicates 
that 5-FU treatment significantly inhibited the pro-
liferation of Bel7402 cells (P<0.05), but no obvious 
difference was observed in Bel7402-APP751-OE cells, 
compared with that in Bel7402 cells (Fig. 3a). Moreover,  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2  Successful construction of Bel7402-APP751-OE and Bel7402-siAPP cell lines 
(a) Statistical analysis of the mRNA expression levels of APP in Bel7402-APP751-OE cells. (b, c) Representative western blot 
analysis of APP protein expression in Bel7402-APP751-OE cells. (d) Representative immunofluorescence images of GFP 
expression in Bel7402-APP751-OE cells. (e) Statistical analysis of the mRNA expression levels of APP in Bel7402-siAPP 
cells. (f, g) Representative western blot analysis of APP protein expression in Bel7402-siAPP cells. (a, c, e, g) Data are ex-
pressed as mean±SD (n=3). *** P<0.001, compared with the control group. BF: bright field; GFP: green fluorescent protein; 
APP: amyloid precursor protein; OE: overexpression; siAPP: silenced APP 
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the half maximal inhibitory concentration (IC50) of 
5-FU in Bel7402-APP751-OE cells was markedly 
higher than that in the Bel7402 cells (Fig. 3b; P<0.01). 
By contrast, when compared with the control group, 
the opposite effect was observed in Bel7402-siAPP 
cells (Figs. 3c and 3d). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.4  Effect of APP on 5-FU-induced apoptosis in 
Bel7402 cells  

The results in Fig. 4 reveal that 5-FU-induced 
apoptosis in Bel7402-APP751-OE cells was signifi-
cantly lower than that in Bel7402 cells (Figs. 4a and 
4b; P<0.05), though no significant effect on the cell 
cycle was observed in either cell type (Fig. 4c; P>0.05). 
By contrast, 5-FU-induced apoptosis was signifi-
cantly increased in Bel7402-siAPP cells compared 
with the control group (Figs. 4d and 4e; P<0.05). 

3.5  Effect of APP on the mitochondrial apoptotic 
pathway 

Bel7402, Bel7402-siAPP, and Bel7402-APP751-OE 
cells were cultured in 6-well plates, and incubated 
with 40 μg/mL of 5-FU. The expression levels and 
activation of caspase family-related molecules were 
determined. The results suggested that when treated 
with 5-FU, the activation of caspase-3, caspase-9, and 
their substrate PARP were markedly attenuated in 
Bel7402-APP751-OE cells compared with Bel7402 
cells (Fig. 5c; P<0.05); no significant difference in the 
mRNA or protein expression level was observed in 
either cell line (Figs. 5a and 5b; P>0.05). Conversely, 
the activation of caspase-3, caspase-9, and PARP was 
markedly up-regulated in Bel7402-siAPP cells com-
pared with that in Bel7402 cells (Figs. 5d and 5e; 
P<0.05).  

3.6  Effect of APP on the expression of apoptotic 
suppressor genes 

The results in Fig. 6 show that compared with 
those in Bel7402 cells, the mRNA and protein ex-
pression levels of mitochondrial pathway-related mol-
ecules BID and BAX were significantly down-regulated 
in Bel7402-APP751-OE cells (Figs. 6d–6f; P<0.05), 
while those of the survival-related genes Bcl-2 and 
Bcl-xl were significantly up-regulated (Figs. 6a–6c; 
P<0.05). Moreover, activation of mitogen-activated 
protein kinase (MAPK) pathway-related proteins MLK3 
and JNK3 was highly elevated when compared with 
the control group (Fig. 6i; P<0.05), even though the 
mRNA or protein expression level did not change 
significantly (Figs. 6g and 6h; P>0.05). Rather, 
western blotting revealed that the protein expression 
of Bcl-2 and Bcl-xl was remarkably attenuated after 
APP silencing as compared with the control group 
(Figs. 6j and 6k; P<0.05). 
 
 
4  Discussion 
 

In this study, our findings revealed that APP 
expression was significantly up-regulated in 5-FU- 
resistant liver cancer cells. Moreover, an attenuation 
in 5-FU toxicity was observed in liver cancer cells 
following APP overexpression. In addition, APP over-
expression inhibited the activation of apoptosis path-
ways, thereby inhibiting 5-FU-induced apoptosis in  

Fig. 3  Opposite effect of 5-FU treatment on Bel7402-
APP751-OE and Bel7402-siAPP cell lines 
(a) Statistical analyses of 5-FU cytotoxicities in Bel7402 
and Bel7402-APP751-OE cells using the CCK-8 assay. (b) IC50 
value of 5-FU in Bel7402 and Bel7402-APP751-OE cells. 
(c) Statistical analyses of 5-FU cytotoxicities in Bel7402 and 
Bel7402-siAPP cells using the CCK-8 assay. (d) IC50 value 
of 5-FU in Bel7402 and Bel7402-siAPP cells. Data are ex-
pressed as mean±SD (n=3). * P<0.05 and ** P<0.01, com-
pared with the control group. APP: amyloid precursor protein; 
CCK-8: Cell Counting Kit-8; 5-FU: 5-fluorouracil; OD450: 
optical density value in 450 nm; IC50: half maximal inhibitory 
concentration; OE: overexpression; siAPP: silenced APP 



Wu et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2020 21(3):234-245 
 

240

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
HCC cells, which was related to the regulation of the 
mitochondrial apoptotic pathway. In contrast to what 
was observed in Bel7402-APP751-OE cells, silencing 
APP in Bel7402 cells led to opposite results. Target-
ing APP may be a new perspective for drug resistance 
in liver cancer. 

Drug resistance seriously restricts the success 
rate of liver cancer treatment, and subsequently affects  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
patient prognosis (Hirata et al., 2015; Liu et al., 2016; 
Sun et al., 2017; Zhang et al., 2017). Studies have 
shown that liver cancer resistance is associated with a 
variety of factors (Hirata et al., 2015; Zhang et al., 
2017). Thus, investigating the mechanisms of drug 
resistance and identifying new drug resistance-related 
genes are still of great clinical value. In the present 
study, we found that the expression of APP in human  

Fig. 4  Effect of APP on 5-FU-induced apoptosis in Bel7402 cells 
(a, b) 5-FU (40 μg/mL) induced apoptosis in Bel7402 and Bel7402-APP751-OE cells, as assessed by flow cytometry. 
(c) Statistical analysis of the cell cycle in Bel7402 and Bel7402-APP751-OE cells following treatment with 5-FU (40 μg/mL). 
(d, e) 5-FU (40 μg/mL) induced apoptosis in Bel7402 and Bel7402-siAPP cells, as determined by Annexin V/propidium 
iodide staining. (b, c, e) Data are expressed as mean±SD (n=3). ** P<0.01, compared with the control. APP: amyloid pre-
cursor protein; 5-FU: 5-fluorouracil; OE: overexpression; siAPP: silenced APP; PI: propidium iodide 
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Fig. 5  Effects of APP on the activation of the caspase family proteins and PARP 
(a) mRNA expression levels of caspase-3, caspase-9, and PARP were detected by qPCR, and no statistical differences were 
revealed between the two groups. (b, c) Protein expression levels of caspase-3, caspase-9, PARP, cleaved caspase-3, cleaved 
caspase-9, and cleaved PARP were analyzed by western blot assay, of which protein expression levels of cleaved caspase-3, 
cleaved caspase-9, and cleaved PARP were significantly down-regulated in Bel7402-APP751-OE cells, while caspase-3, 
caspase-9, and PARP expression levels were greatly up-regulated, as compared to those in Bel7402 cells. (d, e) Protein 
expression levels of cleaved caspase-3, cleaved caspase-9, and cleaved PARP were significantly increased in Bel7402-siAPP 
cells, whereas protein expression levels of caspase-3, caspase-9, and PARP were dramatically decreased, as compared with 
those in Bel7402 cells. (a, c, e) Data are presented as the mean±SD of three experiments with replicates. * P<0.05 and 
** P<0.01, compared with the control. APP: amyloid precursor protein; OE: overexpression; siAPP: silenced APP; PARP: 
poly(ADP-ribose) polymerase 1; 5-FU: 5-fluorouracil 
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Fig. 6  Effects of APP on the expression of mitochondrial pathway- and MAPK pathway-related molecules 
(a, c) Protein expression levels of Bcl-2 and Bcl-xl were significantly up-regulated in Bel7402-APP751-OE cells, compared 
with those in Bel7402 cells. (b) mRNA expression levels of Bcl-2 and Bcl-xl were markedly increased in Bel7402-APP751-OE 
cells, compared with those in Bel7402 cells. (d, f) Protein expression levels of BAX and BID were significantly down- 
regulated in Bel7402-APP751-OE cells, compared with those in Bel7402 cells. (e) mRNA expression levels of BAX and BID 
were greatly decreased in Bel7402-APP751-OE cells in comparison to those in Bel7402 cells. (g, h) No significant differences 
were observed in the protein or mRNA expression levels of MLK3 and JNK3 in either Bel7402-APP751-OE or Bel7402 cells. 
(i) Phosphorylation of MLK3 and JNK3 was elevated in Bel7402-APP751-OE cells, compared with that in Bel7402 cells. 
(j, k) Protein expression levels of Bcl-2 and Bcl-xl were markedly attenuated, but those of BAX and BID were up-regulated 
after APP silencing, compared with the control group. Data are presented as the mean±SD of three experiments with rep-
licates. * P<0.05, ** P<0.01, and *** P<0.001, compared with the control. APP: amyloid precursor protein; MAPK: mitogen- 
activated protein kinase; MLK3: mixed-lineage kinase 3; JNK3: c-Jun N-terminal kinase 3; p-: phosphorylated; OE: over-
expression; siAPP: silenced APP; BAX: B-cell lymphoma assosiated X; BID: BH3 interacting domain death agonist; tBID: 
total BID 
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multidrug-resistant HCC cell lines was significantly 
higher than that in the parental cells, suggesting that 
APP may play a role in the drug-resistance process of 
liver cancer. 

In order to understand whether APP plays a 
regulatory role in liver cancer-associated drug re-
sistance, we successfully constructed the Bel7402- 
APP751-OE and Bel7402-siAPP cell lines, and confirmed 
that the sensitivity of Bel7402-APP751-OE cells to 
5-FU was obviously reduced. Moreover, the cytotoxic 
effects of 5-FU on Bel7402 cells were stronger than 
those on Bel7402-APP751-OE cells; the IC50 values of 
5-FU in Bel7402 cells were lower than those in 
Bel7402-APP751-OE cells, suggesting that APP over-
expression contributes to liver cancer-associated 5-FU 
resistance. By contrast, data from the Bel7402-siAPP 
cell line further validated the role of APP in liver 
cancer cells. 

5-FU causes apoptosis by inhibiting DNA and 
RNA syntheses (Zha et al., 2014; Dai et al., 2016). 
When treated with 5-FU, the apoptotic rates of both 
cell lines were significantly increased, but the apop-
totic rate of Bel7402-APP751-OE cells was significantly 
lower than that of Bel7402 cells. In addition, no sig-
nificant difference was observed in the cell cycle, 
indicating that APP overexpression specifically in-
hibits 5-FU-induced apoptosis. This is consistent with 
the results of the cell proliferation assay. Furthermore, 
previous studies have shown that increasing apoptosis 
may reduce cellular drug resistance (Ma et al., 2016; 
Guo et al., 2017), and thus combined with our results, 
this demonstrates that APP inhibits apoptosis, re-
sulting in increased drug resistance. 

Caspase family members play a vital role in 
apoptosis (Belmokhtar et al., 2001; Shi, 2002). In the 
present study, we found that 5-FU induced apoptosis, 
in which the activation of caspase-3, caspase-9, and 
their substrate PARP was significantly more down- 
regulated in Bel7402-APP751-OE cells than in Bel7402 
cells; however, the expression levels of these proteins 
were not affected. In addition, the mitochondrial 
apoptotic pathway has a very important regulatory 
role in apoptosis (Wang et al., 2017). In this study, 
compared with Bel7402 cells, the expression of 
apoptosis-related proteins BAX and BID was signifi-
cantly down-regulated in Bel7402-APP751-OE cells, 
while the expression of apoptosis inhibitory proteins 
Bcl-2 and Bcl-xl was significantly up-regulated. This 

was contrary to the results in Bel7402-siAPP cells, 
suggesting that APP may be regulated by the mito-
chondrial pathway. MLK3 and JNK3 are critical 
components of the MAPK signaling pathway, and 
may be downstream targets of APP (Kovalenko et al., 
2012; Gao et al., 2019). Our data revealed that the 
expression levels of MLK3 and JNK3 did not change 
significantly, but that p-JNK3 and p-MLK3 levels 
were significantly up-regulated. Therefore, APP over-
expression was activated by the MAPK signaling 
pathway. This was likely to involve the inhibition of 
apoptosis. However, the exact mechanisms require 
further elucidation.  

In conclusion, APP may activate the MAPK 
signaling pathway, thereby regulating the expression 
of mitochondrial pathway-related proteins, Bcl-2, 
Bcl-xl, BAX, and BID, and modulating the resistance 
of liver cancer cells to chemotherapeutic drugs. There-
fore, the activity of APP provides a novel insight for 
overcoming drug resistance in liver cancer. 
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中文概要 
 
题 目：淀粉样前体蛋白通过抑制线粒体凋亡通路调节人

肝癌细胞对 5-氟尿嘧啶的抗性 
目 的：探讨淀粉样前体蛋白（APP）是否与肝癌细胞 5-

氟尿嘧啶（5-FU）耐药的过程相关，并探索其发

挥作用的分子机制。 

创新点：首次探索并初步证实 APP 通过影响线粒体凋亡通

路信号的传递可以促进肝癌 5-FU 耐药。 

方 法：为探究肝癌中 APP 与 5-FU 耐药性之间的关系，

我们构建了 APP 沉默和过表达的 Bel7402 细胞

系，并进行了细胞活性检测、细胞凋亡和细胞周

期、蛋白质印迹和荧光定量聚合酶链式反应

（qPCR）等实验， 验证过表达或沉默 APP 时，

肝癌细胞的状态变化，以及 APP 发挥作用的分子

机制。 

结 论：与 Bel7402 细胞相比，耐药细胞 Bel7402-5-FU 中

APP 的表达明显上调。在 Bel7402 细胞中过表达

APP 降低了细胞的 5-FU 敏感性，而沉默 Bel7402

细胞的 APP 表达提升了细胞对 5-FU 的敏感性。

从机制上讲，APP 的过表达和沉默可以调节线粒

体的凋亡途径和凋亡抑制基因（BAX、BID、Bcl-2

和 Bcl-xl）的表达，并进一步影响细胞凋亡的进

程。综上所述，我们的结果初步表明 APP 在肝癌

耐药过程中显著上调，APP 能够通过影响线粒体

凋亡通路调节肝癌细胞的 5-FU 敏感性，这为研

究肝癌耐药机制提供了新的视角。 

关键词：淀粉样前体蛋白；5-氟尿嘧啶抗性；线粒体凋亡

通路；肝细胞癌 


