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Abstract: Hepatocellular carcinoma (HCC) is one of the most common malignancies 

worldwide with poor prognosis due to resistance to conventional chemotherapy and limited 

efficacy of radiotherapy. Previous studies have noted the induction of endoplasmic 

reticulum stress or apurinic endonuclease 1 (APE1) expression in many tumors. Therefore, 

the aim of this study was to investigate the relationship between endoplasmic reticulum 

(ER stress) and APE1 in hepatocellular carcinoma. Here we investigate the expression of 

APE1 during ER stress in HepG2 and Huh-7 cell lines. Tunicamycin or brefeldin A,  

two ER stress inducers, increased APE1 and GRP78, an ER stress marker, expression in 

HepG2 and Huh-7 cells. Induction of APE1 expression was observed through transcription 

level in response to ER stress. APE1 nuclear localization during ER stress was determined 
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using immunofluorescence assays in HepG2 cells. Furthermore, expression of Hepatitis B 

virus pre-S2∆ large mutant surface protein (pre-S2∆), an ER stress-induced protein, also 

increased GRP78 and APE1 expression in the normal hepatocyte NeHepLxHT cell line. 

Similarly, tumor samples showed higher expression of APE1 in ER stress-correlated liver 

cancer tissue in vivo. Our results demonstrate that ER stress and HBV pre-S2∆ increased 

APE1 expression, which may play an important role in resistance to chemotherapeutic 

agents or tumor development. Therefore, these data provide an important chemotherapeutic 

strategy in ER stress and HBV pre-S2∆-associated tumors. 
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1. Introduction 

Hepatocellular carcinoma (HCC) is the fifth most common cancer and the second leading cause of 

cancer death in men worldwide [1]. Hepatocellular neoplasms develop regularly from preneoplastic 

foci of altered hepatocytes, and hepatocellular cancer occurs both sporadically and in relation to 

chronic viral infection [2], environmental exposure [3], extensive alcohol intake [4], transgenic 

oncogenes [5,6] and alternative causes of hepatic cirrhosis. Globally, hepatitis B virus (HBV) accounts 

for 53% of all cases of HCC [7]; chronic HBV infection is one of the major causes of HCC, and it  

is estimated that over 350 million people are chronically infected with HBV worldwide [8,9].  

HBV encodes three envelope proteins in the pre-S/S open reading frame that are named large, middle, 

and small surface proteins. One of the major mutant types is caused by the deletion of the pre-S2 

region (pre-S2Δ). These pre-S2Δ mutants are becoming increasingly prevalent in serum and liver 

tissues of patients with chronic HBV infection and HCC [10–13]. 

Apurinic apyrimidinic endonuclease redox effector-1 (APE1/Ref-1) is a protein involved in the 

regulation of gene expression as a redox co-activator of different transcription factors and in the base 

excision repair (BER) pathways of DNA lesions [14–16]. APE1 belongs to a large family of nucleases 

and play an important role in DNA repair, initiating the elimination of AP sites. AP sites arise in DNA 

when the N-glycoside bond is hydrolyzed and a damaged base is excised by DNA glycosylases. On the 

other hand, as a redox factor (Ref-1), APE1 regulates gene expression by activating transcription 

factors such as Jun, Fos, p53, Early growth response protein-1 (Egr-1) and NF-κB [17,18].  

These different activities are located in two functionally distinct domains: The N-terminus is 

principally devoted to the redox activity while the C-terminus exerts the enzymatic activity on the 

DNA bases [19]. Recent studies have indicated that APE1 showed high expression in a variety of 

cancers including germ cell tumors, gliomas rhabdomosarcomas, breast, liver, non-small cell lung 

cancer and ovarian cancer [20–25]. In addition, overexpression of APE1 has been correlated with poor 

outcome to chemoradiotherapy [26,27]. Therefore, modification of APE1 redox function or DNA repair 

activity may be an important target for chemotherapeutic drugs. 
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The endoplasmic reticulum (ER) is a dynamic membranous organelle that plays an important role in 

protein folding, transport, and processing. Unfolded proteins in the endoplasmic reticulum activate 

several signaling pathways that are referred to as the unfolded protein responses (UPR). The UPR 

pathway has three components in mammalian cells: basic leucine zipper transcription factor ATF6, IRE1  

RNA-processing enzyme, and protein kinase-like ER kinase (PERK). Endoplasmic reticulum stress  

(ER stress)-mediated activation of the UPR occurs in cancer tissues and is involved in the regulation 

of gene expression in cancer cells [28–30]. Many chemical agents, viral proteins, and adverse 

metabolic conditions cause protein misfolding or protein accumulation in the ER, leading to ER stress. 

Research over the past decade has also demonstrated that many physiological conditions cause ER 

stress, e.g., nutrient or glucose deprivation, degenerative neuronal disorders [31,32], diabetes [33], 

differentiation of B-cells into plasma cells [34], and virus infection [35,36]. Furthermore, our previous 

studies have shown that overexpression of pre-S2Δ large surface proteins are observed in the induction 

of ER stress [37,38]. Based on epidemiologic studies, HBV carriers who presented with the pre-S2Δ 

mutant protein in serum had worse disease outcomes than those who did not [39]. Therefore, the aim 

of this study was to assess the relationship between APE1 expression and ER stress in hepatocellular 

carcinoma cells in vitro and in vivo, and the possible role of APE1 in HepG2 cells in response to  

ER stress. 

2. Results and Discussion 

2.1. Induction of Apurinic Endonuclease 1 (APE1) Expression by Endoplasmic Reticulum (ER) Stress 

Huh-7 and HepG2 human hepatocellular carcinoma cells were treated with tunicamycin or brefeldin 

A (Figure 1A,B). When HepG2 and Huh-7 cells were incubated with tunicamycin or brefeldin A,  

an increase in the level of APE1 was observed in a time-dependent manner. The level of APE1 protein 

was induced at 6–24 h after treatment with tunicamycin (Figure 1A), and the APE1 level at 24 h was 

approximately 3-fold higher than that expressed at 0 h. Similarly, using another ER stress inducer, 

brefeldin A, APE1 protein was significantly induced with time up to 24 h. For example, the APE1 

level at 24 h was enhanced up to about 4-fold compared with 0 h (Figure 1B). Expression of GRP78 

protein was used to check that treatments in our system indeed resulted in ER stress. 

2.2. Induction of APE1 Expression Is Transcription-Dependent 

To establish the mechanism of APE1 expression by ER stress, APE1 mRNA expression was evaluated 

during ER stress. HepG2 cells were treated with tunicamycin for the times indicated (Figure 2A).  

APE1 mRNA expression level was increased in response to ER stress in HepG2 cells. In addition, to 

block de novo protein synthesis, cycloheximide (CHX) was used. When HepG2 cells were co-treated 

with CHX and tunicamycin for the dose and time indicated, we found that expression of APE1 was 

significantly inhibited by CHX in a dose and time-dependent manner (Figure 2B,C). Furthermore, we 

also evaluated the effects of CHX on expression status of APE1 in HepG2 cells. The cells were 

incubated with CHX for 0, 6, 12, 24, 36 h, and APE1 expression was analyzed. The expression of 

APE1 was decreased by CHX treatment. The data suggested that the elevated expression of APE1 

protein during ER stress is contributed by increasing the expression of APE1 transcripts. 
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Figure 1. Elevated expression of APE1 in response to endoplasmic reticulum stress.  

(A) and (B) present the time- dependent effect of ER stress inducer, tunicamycin and 

brefeldin A, on APE1 expression. HepG2 and Hun-7 Cells were exposed to tunicamycin and 

brefeldin A in 10% FBS-supplemented DMEM for the times indicated. The cell lysates  

were analyzed by western blotting with antibodies for APE1, GRP78, tubulin, and β-actin.  

The expression levels of APE1 and GRP78 were quantified by using ImageJ software 

(National Institutes of Health, Bethesda, MD, USA). 

(A) (B) 

Figure 2. Induction of APE1 mRNA expression by tunicamycin (TM) was determined by 

real-time PCR in HepG2 cells (A). The cells were exposed with 2.5 μg/mL tunicamycin for 

times indicated. The total RNA was isolated and then subjected to real-time PCR analysis. 

Real-time PCR was performed as described in the Experimental Section. Columns, mean  

of three independent experiments; bars, SD (*, p < 0.05, Student’s t test); (B,C) Induction  

of APE1 expression by tunicamycin was inhibited by CHX in HepG2 cells. The cells  

were exposed with 2.5 g/mL tunicamycin in the presence of CHX for as dose and  

time-indicated. The expression of APE1, GRP78 and β-actin were analyzed by Western 

blotting. The expression levels of APE1 and GRP78 were quantified by using ImageJ software; 

(D) HepG2 cell were treated with CHX for 6, 12, 24, and 36 h. The cell lysates were analyzed 

by western blotting with antibodies for APE1 and β-actin. The expression level of APE1 was 

quantified by using ImageJ software. 

 

(A) (B) 

(C) (D) 
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2.3. Nuclear Localization of APE1 during ER Stress 

The main function of APE1 protein is its role in DNA repair or as a redox co-activator of different 

transcription factors that regulate target genes to mediate cellular activities. APE1/Ref-1 subcellular 

localization is mainly nuclear, but cytoplasmic staining has also been reported, the latter being 

associated with mitochondria and/or presence within the endoplasmic reticulum [18]. Therefore,  

we next investigated the distribution of APE1 by immunofluorescence in HepG2 cells following  

the treatment of ER stress inducers. As indicated in Figure 3A,B, little APE1 was detected in the 

untreated cells; however, the APE1 signal was significantly enhanced and distributed exclusively in 

nuclei in the tunicamycin or brefeldin A-treated cells. 

Figure 3. Nuclear localization of APE1 during ER stress. (A,B) Nuclear localization of 

APE1 in response to ER stress in HepG2 cells. The cells were treated with 2.5 μg/mL 

tunicamycin or 1 μg/mL BFA, and the localization of APE1 was determined by using 

immunofluorescence staining. Scale bar: 100 μm. 

(A) (B) 

2.4. Downregulation of APE1 Expression Reduced Cell Survival in Response to ER Stress 

In order to confirm the importance of APE1 expression in ER stress, the pLKO-APE1 shRNA 

vector was transfected into HepG2 cells to knockdown APE1 expression. The efficiency of APE1 gene 

silencing was evaluated by using western blotting (Figure 4A). Next, an MTT assay was applied to 

measure cell survival during ER stress in HepG2 cells, and the result indicated that knockdown of 

APE1 expression was increased cell survival from tunicamycin-triggered cell death (Figure 4B), 

thereby indicating that APE1 is indispensable in the process of ER stress-induced cell death. 

2.5. Hepatitis B Virus Mutant Large Surface Protein Can Induce APE1 Expression in Vitro and in Vivo 

ER stress can be induced by either drugs such as tunicamycin or by overexpression of mutant 

proteins including virus gene products. From our previous study, hepatitis B virus mutant large surface 

proteins have been shown to induce ER stress [35,37]. Therefore, it is important to investigate whether 

the mutant large surface protein can induce the expression of APE1. The expressions of APE1 and 
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GRP78 were examined in the following cell lines: NeHepLxHT cells, NeHepLxHT transfectants 

expressing of pre-S2Δ mutant surface proteins. The expression of APE1 was elevated in NeHepLxHT 

cells expressing hepatitis mutant surface proteins but not in control cells (Figure 5A). To confirm 

further that HBV large surface mutant proteins can induce APE1 in vivo, we created transgenic mice 

that express the pre-S2 deletion form of HBV large surface protein under the control of its native 

promoter. The expression of HBV large surface protein was detected in the liver (Figure 5B).  

Elevated expression of APE1 was observed in liver tissue in pre-S2Δ transgenic mice. As shown in 

Figure 5C, expression of APE1 in transgenic mice liver tissues were quantified. 

Figure 4. APE1 was involved in tunicamycin-induced cell death. (A) Down-regulation of 

APE1 expression by APE1 shRNA during ER stress. HepG2 cells were transfected  

with pLKO-APE1 shRNA plasmid, and then expression of APE1 was analyzed by 

immunoblotting; and (B) shRNA-mediated knockdown of APE1 increased HepG2 cells 

from tunicamycin-induced cell death. The cells were incubated with tunicamycin in  

10% FBS-supplemented DMEM for 48 h. Cell viability was measured by the MTT assay. 

Columns, mean of three independent experiments; bars, SD (*, p < 0.05, Student’s t test). 

 

 
(A) (B) 

2.6. Increased APE1 Expression Is Observed in ER Stress-Associated Liver Tumor Tissues 

In addition, human liver tumor samples have been used to quantify APE1 and GRP78 expression. 

First of all, expression of GRP78 was determined in several human liver samples by using western 

blotting. Next, human liver tumor samples with high GRP78 expression were then used to analyze 

APE1 expression. High expression of APE1 proteins were observed in hepatocytes that express high 

GRP78 proteins (Figure 6A). Furthermore, as indicated in Figure 6B, expression levels of APE1 and 

GRP78 were quantified. For example, the average APE1 and GRP78 expression levels in six human 

liver tumor tissues were enhanced to about 4.7- and 6.1-fold compared with human normal liver 

tissues. These results altogether demonstrate that pre-S mutant surface proteins or ER stress inducer 

can induce APE1, and the induction is possibly mediated through ER stress, at least partly. 
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Figure 5. Induction of APE1 expression by HBV large surface mutant protein in vitro and 

in vivo. (A) APE1 expression was induced by ER stress-associated protein, pre-S2Δ,  

in vitro. The NeHepLxHT cells and NeHepLxHT-pre-S2Δ cells were cultured in  

10% FBS-supplemented DMEM. The total cell lysates were analyzed by Western blotting 

with antibodies for APE1, GRP78, and β-actin; (B) Elevated APE1 is associated with  

pre-S2∆ expression in vivo. The expression of APE1 and HBV surface proteins in liver 

tissues of control and pre-S2∆ transgenic mice was analyzed by immunohistochemical 

staining (×400). Scale bar: 50 µm; and (C) The expression levels of APE1 were quantified 

by using ImageJ software. The data represent the mean of APE1 protein expression level 

from three independent experiments. Columns, mean of three independent experiments; 

bars, SD (*, p < 0.05, Student’s t test). 

  
(A) (B) 

(C) 

3. Discussion 

In this study, we show that ER stress enhances APE1 gene expression by ER stress inducer in 

human hepatoma cancer cells, and that the induction of APE1 expression was at the transcriptional 

level. We also show that nuclear localization of APE1 is induced in response to ER stress. 

Furthermore, expression of APE1 was increased by pre-S2∆ proteins in human immortalized 

hepatocyte cells and pre-S2∆ transgenic mice liver tissue. In addition, ER stress and APE1 expression 

were also evaluated in human liver tumor samples. The result indicated that APE1 expression was 

correlated with ER stress in human tumor samples. Overall, our data provides evidence for a 

relationship between APE1 and ER stress, and suggests that regulation of APE1 expression by the 

mechanisms of ER stress signal pathways in ER stress-related hepatoma or pre-S2∆-containing tumor 

cells should be considered during chemotherapy in the future. 
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Figure 6. Highly APE1 expression was observed in ER stress-correlated human liver 

tumor tissue. (A) Increased APE1 is associated with high GRP78 expression in human liver 

tumor tissues in vivo. The expression of APE1 and GRP78 in control liver tissue and tumor 

tissue were determined by Western blotting for six individual samples; (B) The expression 

levels of APE1 and GRP78 were quantified by using ImageJ software. The data  

represent the mean of APE1 protein expression level from three independent experiments.  

Columns, mean; bars, SD (n = 3). Significant differences (*, p < 0.05 and **, p < 0.01) 

between the control and experimental group are marked with an asterisk. 

(A) 

 
(B) 

APE1 is an essential enzyme for the repair of DNA caused by oxidation and alkylation damage and 

thus protects cells against chemotherapeutic agents. Importantly, APE1 functions as a redox factor 

maintaining transcription factors in an active reduced state. Moreover, several studies demonstrated 

that APE1 was over-expressed in several human tumors and increased APE1 expression had been shown 

to be associated with poor prognosis [40–42]. For example, down-regulation of APE1 expression by 

siRNA significantly enhanced sensitivity of A549 cells to cisplatin [24]. Furthermore, knock down by 

siRNA or by pharmacological down regulation of Apel in glioma cells resulted in decreased 

radioresistance [43]. In addition, reduction of APE1 expression by siRNA in human osteogenic 

sarcoma cells led to increase sensitivity of osteosarcoma to DNA damaging agents: methyl 

methanesulfonate, H2O2, ionizing radiation, and chemotherapeutic agents [44]. A recent study also 

indicated that combined use of APE1 siRNA enhances the therapeutic efficacy of adenoviral-mediated 

p53 gene transfer in hepatoma cells in vitro and in vivo [45]. Therefore, the expression level of APE1 

is an important determinant of drug-induced apoptosis thereby modulating resistance to chemotherapy 

in cancer cells. 
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Our previous studies indicate that over-expression of pre-S2 large surface proteins have been 

demonstrated in the induction of endoplasmic reticulum (ER) stress [37], oxidative stress and DNA 

damage [46], COX-2 expression [35], cyclin A expression [47], degradation of p27Kip1 [48], vascular 

endothelial growth factor-A [49], interaction with α-acid glucosidase [50], lipid up-regulation [51],  

and Bcl-2 expression [52]. These results suggested that expression of HBV large surface proteins, 

especially pre-S2Δ mutant, might be important for hepatocarcinogenesis. For patients with cancer who 

are from HBV-endemic areas, routine screening for HBsAg before cytotoxic chemotherapy should be 

performed, and there was a trend of poorer survival for patients who had developed severe hepatitis during 

chemotherapy [53]. Furthermore, recent studies indicated that a pre-chemotherapy for high HBV viral 

levels is associated with poorer survival in HCC patients with chronic HBV infection [36], and the 

occurrences of HBV pre-S2Δ large surface proteins in HBV cancer patients are about 30% in Taiwan [37]. 

ER stress has been observed in many tumors, and ER stress is induced by many factors in the tumor 

microenvironment such as low glucose and hypoxia [54,55]. However, the role of ER stress in tumor 

development is still unclear. Previous studies have shown that many genes are involved in cell death or 

survival during ER stress, and three phases of adaptation, alarm, and apoptosis mechanisms are 

involved in regulating prolonged ER stress [56]. Severe ER stress induces activation of unique 

pathways that lead to cell death through apoptosis. Many studies have shown that multiple pathways 

are involved in ER stress-induced apoptosis, such as caspase12, PERk-eIF2α, IRE-1-JNK, and p53 

pathways. On the other hand, many studies have also indicated that some genes participate in cell 

survival in response to ER stress. For example, over-expression of GRP78 in tumor cells has been 

linked to the progression of many human cancers [57,58]. The event of GRP78 over-expression in 

cancer cells causes resistance to chemotherapy. In addition, from our previous study, regulation of 

COX-2 expression is induced by ER stress in liver cancer cells [35], and over-expression of COX-2 is 

also observed in human cancer such HCC and colon cancer. Enhanced COX-2 expression is sufficient 

to induce mammary gland tumorigenesis in transgenic mice. However, COX-2 inhibitors suppress 

carcinogen-induced tumorigenesis in animal models [59,60]. Therefore, the degree of endoplasmic 

reticulum stress may play an important role in regulation of cell death or survival. 

In summary, ER stress causes cell protection by increasing the expression of APE1. Furthermore, 

the event of APE1 overexpression was observed in ER stress-correlated HBV mutant protein, pre-S2Δ. 

These results may provide an important therapeutic strategy for chemotherapeutic drugs on ER  

stress-associated signaling pathways. 

4. Experimental Section 

4.1. Cell Culture and Material 

Huh-7 and HepG2 cell lines were obtained from ATCC (Manasses, VA, USA). These cell lines 

were maintained at 37 °C in a 5% CO2 atmosphere in DMEM supplemented with 10% heat-inactivated 

fetal bovine serum, 100 units/mL penicillin, and 100 μg/mL streptomycin (Invitrogen, Ground Island, 

NY, USA). Culture medium was replaced every 2 days. ECL Western blot detection system was 

purchased from GE Healthcare (Pittsburgh, PA, USA). Anti-GRP78 was purchased from Transduction 

Laboratories. Anti-APE1, and β-actin antibodies were obtained from Santa Cruz Biotechnology  
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(Santa Cruz, CA, USA). Anti-p-Ser276-p65, anti-rabbit IgG-horseradish peroxidase (HRP) conjugates, 

and rabbit anti-mouse IgG-HRP conjugates antibodies were purchased from Cell Signaling  

(Beverly, MA, USA). Anti-HA antibody was purchased from Calbiochem (San Diego, CA, USA). 

4.2. Western Blot Analysis 

The cell lysates were collected with RIPA lysis buffer (50 mM Tris-Cl pH 7.4. 150 mM NaCl.  

1% NP40. 0.25% Na-deoxycholate. 1 mM PMSF, 1 mM EDTA; 5 µg/mL Aprotinin.) containing 

protease inhibitors (1 mM PMSF, 1 mM orthovanadate, 1 mM EDTA, and 10 μg/mL Leupeptin). 

NeHepLxHT and NeHepLxHT cell lysates were gift from Lily Hui-Ching Wang. Lysates from human 

normal and tumor samples were provided by Ih-Jen Su. Human liver tissue samples were collected 

from the period 1995 to 2002, and it was not required to apply the institutional review board (IRB) 

guidelines during this period. Protein concentrations of cell lysates were measured using a Micro  

BCA protein assay reagent kit (Pierce, Rockford, IL, USA). The cell lysates were subjected to  

SDS-PAGE, and transferred to nitrocellulose membranes (Millipore, Bedford, MA, USA.).  

The membranes were blocked with 5% (w/v) non-fat milk in PBS containing 0.1% Tween-20.  

After blocking with TBST containing 5% nonfat milk for 1 h, the membranes were probed with the 

following antibodies against: HA, β-actin, GRP78, and APE1 antibodies in 1% TBST nonfat milk at  

4 °C overnight. The membrane was washed thrice with TBST for a total of 15 min. The secondary  

anti-mouse IgG-HRP conjugates or anti-rabbit IgG-HRP conjugates (1:2000 dilutions) was subsequently 

incubated with the membrane for 1 h at room temperature and was washed extensively for 50 min with 

TBST. The blots were visualized with the enhanced chemiluminescence (GE, Pittsburgh, PA, USA), 

and according to the manufacturer’s instructions. The blots were developed with the ECL-Western blot 

detection system according to the manufacturer’s instruction. 

4.3. MTT Assay 

Cell viability was assessed using the MTT assay in three replicates. HepG2 and APE1 shRNA 

transfectant cells were seeded at 1 × 104 per well in 24-well flat-bottomed plates and incubated in  

10% FBS-supplemented DMEM for 24 h. Cells were treated with 2.5 μg/mL tunicamycin in the same 

medium. Controls received the DMSO vehicle at a concentration same as that in drug-treated cells. 

After 2 days, the drug-containing medium was replaced with 200 µL of 10% FBS-supplemented 

DMEM containing 0.5 mg/mL MTT, and cells were incubated in the CO2 incubator at 37 °C for 4 h. 

Medium was removed, the reduced MTT was solubilized in 600 µL of DMSO per well, and 100 µL 

aliquots from each well were transferred to 96-well plates to measure absorbance at 570 nm. 

4.4. Real-Time PCR 

After treatment, the cells were washed with cold PBS and then cells were harvested. Total RNA 

was extracted from HepG2 cells using TRIzol reagent (Life Technologies, Grand Island, NY, USA) 

and chloroform extraction. RT was performed using 2 μg of total RNA. The cDNA synthesis was 

performed using 200 U of Moloney murine leukemia virus reverse transcriptase, 5 μM oligoDT,  

1 mM dNTP solution, and 3 mM Mg2+ in a volume of 20 μL. In real-time PCR, PCR was performed 
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for the resulting RT products using oligonucleotide primers specific for APE1, and GAPDH.  

The primers used were as follows: APE1 gene (F) 5'-AGG CGA TGA GGA GCA TGA TC-3'/(R)  

5'-CAG ACC TCG GCC TGC ATT AG-3'; GAPDH gene (F) 5'-GATTCCACCCATGGCAAATTC-

3'/(R) 5'-AGCATCGCCCCACTTGATT-3'. All PCR reactions were performed with ABI 7500 Fast  

Real-Time PCR System using DNA-binding SYBR Green dye for detection of the PCR products and 

results were analyzed by ABI StepOne Software version 2 (Life technologies, Grand Island, NY, USA). 

4.5. Transfection of pLKO-APE1 shRNA Vector 

The pLKO shRNA vectors used for knockdown of APE1 is the following: TRCN0000007959 

(APEX1). The pLKO and pLKO-APE1 vectors were obtained from National RNAi Core Facility 

(Taipei, Taiwan). HepG2 cells were transfected with pLKO or pLKO-APE1 shRNA plasmids by using 

Invitrogen LipofectAMINE 2000 reagent according to the manufacturer’s protocol. Cells were then 

selected by puromycin for 1 week. The pLKO and pLKO-APE1 shRNA stable clone cell lines were 

established by western blotting. 

4.6. Histological Analysis of Pre-S2Δ Transgenic Mice Liver Tissue 

The transgenic mouse liver tissues were gifts from Ih-Jen Su. The pre-S2Δ transgenic mice were 

constructed by injection of pre-S2Δ gene fragment into the male pronucleus of fertilized mouse ova. 

Microinjection was performed in Fvb/n mice. After 12 months, liver tissue from Pre-S2Δ transgenic 

mice were sacrificed, and their liver tissues were removed and cryosectioned (5 μm). Cryosections 

were fixed with 3.7% formaldehyde and acetone. Endogenous peroxidase was removed with  

3% hydrogen peroxide. The cryosections were washed with PBS three times and incubated with  

anti-APE1 or anti-preS (gift from Lily Hui-Ching Wang) antibodies overnight at 4 °C. After 

subsequent reaction with peroxidase-conjugated secondary antibody, an aminoethyl carbazole 

substrate kit (Zymed Laboratories, San Francisco, CA, USA) was used for color development. 

4.7. Statistical Analysis 

Results were presented as the mean ± SD, and statistical comparisons were made using the Student’s  

t test. Statistically significant difference from control was defined at * p < 0.05 and ** p < 0.01, respectively. 

5. Conclusions 

In conclusion, ER stress is an inducer for APE1 expression in human cancer cells. Induced 

expression of APE1 and GRP78 was increased in HepG2 and Huh-7 cells by two ER stress inducers, 

tunicamycin and brefeldin A. Downregulation of APE1 expression by APE1 shRNA decreased cell 

survival rate during ER stress. In addition, hepatitis B virus pre-S2∆ large mutant surface protein, an 

ER stress-induced protein, also increased GRP78 and APE1 expression in the normal hepatocyte 

NeHepLxHT cell line. Induction of APE1 expression was observed in ER stress-correlated liver tumor 

samples. Our results have improved our understanding of the relationship between ER stress and APE1 

expression. We believe that our findings provide a foundation for performing further studies in the 

future, especially in liver cancer cells. 



Int. J. Mol. Sci. 2014, 15 12453 

 

 

Acknowledgments 

This work has been supported by a research grant from the National Science Council of Taiwan 

(NSC 101-2320-B-041-004), and also financial support from Ministry of Health and Welfare 

(MOHW103-TD-B-111-05). 

Author Contributions 

Jui-Hsiang Hung and Pin-Shern Chen designed research; Tsung-Lin Cheng and Ren-Hao Li 

performed research; Ih-Jen Su and Shyng-Shiou Yuan contributed reagents; Jui-Hsiang Hung wrote 

the paper. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Jemal, A.; Bray, F.; Center, M.M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics.  

CA Cancer J. Clin. 2011, 61, 69–90. 

2. Kao, J.H.; Chen, D.S. Changing disease burden of hepatocellular carcinoma in the Far East and 

Southeast Asia. Liv. Int. 2005, 25, 696–703. 

3. Jeannot, E.; Boorman, G.A.; Kosyk, O.; Bradford, B.U.; Shymoniak, S.; Tumurbaatar, B.; 

Weinman, S.A.; Melnyk, S.B.; Tryndyak, V.; Pogribny, I.P.; et al. Increased incidence of 

aflatoxin B1-induced liver tumors in hepatitis virus C transgenic mice. Int. J. Cancer 2012, 130, 

1347–1356. 

4. Thorgeirsson, S.S.; Grisham, J.W. Molecular pathogenesis of human hepatocellular carcinoma. 

Nat. Genet. 2002, 31, 339–346. 

5. Lee, J.W.; Soung, Y.H.; Kim, S.Y.; Lee, H.W.; Park, W.S.; Nam, S.W.; Kim, S.H.; Lee, J.Y.; 

Yoo, N.J.; Lee, S.H. PIK3CA gene is frequently mutated in breast carcinomas and hepatocellular 

carcinomas. Oncogene 2005, 24, 1477–1480. 

6. Feitelson, M.A.; Sun, B.; Satiroglu Tufan, N.L.; Liu, J.; Pan, J.; Lian, Z. Genetic mechanisms of 

hepatocarcinogenesis. Oncogene 2002, 21, 2593–2604. 

7. Evans, A.A.; London, W.T.; Gish, R.G.; Cohen, C.; Block, T.M. Chronic HBV infection outside 

treatment guidelines: Is treatment needed? Antivir. Ther. 2013, 18, 229–235. 

8. Perz, J.F.; Armstrong, G.L.; Farrington, L.A.; Hutin, Y.J.; Bell, B.P. The contributions of hepatitis 

B virus and hepatitis C virus infections to cirrhosis and primary liver cancer worldwide. J. Hepatol. 

2006, 45, 529–538. 

9. Wong, V.W.; Chan, H.L. Prevention of hepatocellular carcinoma: A concise review of 

contemporary issues. Ann. Hepatol. 2012, 11, 284–293. 

10. Fan, Y.F.; Lu, C.C.; Chang, Y.C.; Chang, T.T.; Lin, P.W.; Lei, H.Y.; Su, I.J. Identification of a 

pre-S2 mutant in hepatocytes expressing a novel marginal pattern of surface antigen in advanced 

diseases of chronic hepatitis B virus infection. J. Gastroenterol. Hepatol. 2000, 15, 519–528. 



Int. J. Mol. Sci. 2014, 15 12454 

 

 

11. Fan, Y.F.; Lu, C.C.; Chen, W.C.; Yao, W.J.; Wang, H.C.; Chang, T.T.; Lei, H.Y.; Shiau, A.L.; 

Su, I.J. Prevalence and significance of hepatitis B virus (HBV) pre-S mutants in serum and liver at 

different replicative stages of chronic HBV infection. Hepatology 2001, 33, 277–286. 

12. Hsieh, Y.H.; Su, I.J.; Yen, C.J.; Tsai, T.F.; Tsai, H.W.; Tsai, H.N.; Huang, Y.J.; Chen, Y.Y.;  

Ai, Y.L.; Kao, L.Y.; et al. Histone deacetylase inhibitor suberoylanilide hydroxamic acid 

suppresses the pro-oncogenic effects induced by hepatitis B virus pre-S2 mutant oncoprotein and 

represents a potential chemopreventive agent in high-risk chronic HBV patients. Carcinogenesis 

2013, 34, 475–485. 

13. Lin, C.M.; Wang, G.M.; Jow, G.M.; Chen, B.F. Functional analysis of hepatitis B virus pre-S 

deletion variants associated with hepatocellular carcinoma. J. Biomed. Sci. 2012, 19, 17. 

14. Chou, K.M.; Cheng, Y.C. An exonucleolytic activity of human apurinic/apyrimidinic endonuclease 

on 3'mispaired DNA. Nature 2002, 415, 655–659. 

15. Ishchenko, A.A.; Yang, X.; Ramotar, D.; Saparbaev, M. The 3'->5' exonuclease of Apn1 provides 

an alternative pathway to repair 7,8-dihydro-8-oxodeoxyguanosine in Saccharomyces cerevisiae. 

Mol. Cell. Biol. 2005, 25, 6380–6390. 

16. Li, Y.; Liu, X.; Zhou, T.; Kelley, M.R.; Edwards, P.; Gao, H.; Qiao, X. Inhibition of APE1/Ref-1 

redox activity rescues human retinal pigment epithelial cells from oxidative stress and reduces 

choroidal neovascularization. Redox Biol. 2014, 2, 485–494. 

17. Evans, A.R.; Limp-Foster, M.; Kelley, M.R. Going APE over ref-1. Mutat. Res. 2000, 461, 83–108. 

18. Tell, G.; Damante, G.; Caldwell, D.; Kelley, M.R. The intracellular localization of APE1/Ref-1: 

More than a passive phenomenon? Antioxid. Redox Signal. 2005, 7, 367–384. 

19. Pines, A.; Perrone, L.; Bivi, N.; Romanello, M.; Damante, G.; Gulisano, M.; Kelley, M.R.; 

Quadrifoglio, F.; Tell, G. Activation of APE1/ref-1 is dependent on reactive oxygen species 

generated after purinergic receptor stimulation by ATP. Nucleic Acids Res. 2005, 33, 4379–4394. 

20. Robertson, K.A.; Bullock, H.A.; Xu, Y.; Tritt, R.; Zimmerman, E.; Ulbright, T.M.; Foster, R.S.; 

Einhorn, L.H.; Kelley, M.R. Altered expression of APE1/ref-1 in germ cell tumors and  

over-expression in NT2 cells confers resistance to bleomycin and radiation. Cancer Res. 2001, 61, 

2220–2225. 

21. Thomson, B.; Tritt, R.; Davis, M.; Kelley, M.R. Histology-specific expression of a DNA repair 

protein in pediatric rhabdomyosarcomas. J. Pediatr. Hematol. Oncol. 2001, 23, 234–239. 

22. Puglisi, F.; Barbone, F.; Tell, G.; Aprile, G.; Pertoldi, B.; Raiti, C.; Kelley, M.R.; Damante, G.; 

Sobrero, A.; Beltrami, C.A. et al. Prognostic role of APE1/ref-1 subcellular expression in stage  

I–III breast carcinomas. Oncol. Rep. 2002, 9, 11–7. 

23. Frau, M.; Feo, F.; Pascale, R.M. Pleiotropic effects of methionine adenosyltransferases deregulation 

as determinants of liver cancer progression and prognosis. J. Hepatol. 2013, 59, 830–841. 

24. Wang, D.; Xiang, D.B.; Yang, X.Q.; Chen, L.S.; Li, M.X.; Zhong, Z.Y.; Zhang, Y.S. APE1  

over-expression is associated with cisplatin resistance in non-small cell lung cancer and targeted 

inhibition of APE1 enhances the activity of cisplatin in A549 cells. Lung Cancer 2009, 66, 298–304. 

25. Londero, A.P.; Orsaria, M.; Tell, G.; Marzinotto, S.; Capodicasa, V.; Poletto, M.; Vascotto, C.; 

Sacco, C.; Mariuzzi, L. Expression and prognostic significance of APE1/Ref-1 and NPM1 

proteins in high-grade ovarian serous cancer. Am. J. Clin. Pathol. 2014, 141, 404–414. 



Int. J. Mol. Sci. 2014, 15 12455 

 

 

26. Jiang, Y.; Zhou, S.; Sandusky, G.E.; Kelley, M.R.; Fishel, M.L. Reduced expression of DNA 

repair and redox signaling protein APE1/Ref-1 impairs human pancreatic cancer cell survival, 

proliferation, and cell cycle progression. Cancer Investig. 2010, 28, 885–895. 

27. Kothandapani, A.; Dangeti, V.S.; Brown, A.R.; Banze, L.A.; Wang, X.H.; Sobol, R.W.; Patrick, S.M. 

Novel role of base excision repair in mediating cisplatin cytotoxicity. J. Biol. Chem. 2011, 286, 

14564–14574. 

28. Sanz-Pamplona, R.; Aragüés, R.; Driouch, K.; Martín, B.; Oliva, B.; Gil, M.; Boluda, S.; 

Fernández, P.L.; Martínez, A.; Moreno, V. Expression of endoplasmic reticulum stress proteins  

is a candidate marker of brain metastasis in both ErbB-2+ and ErbB-2− primary breast tumors.  

Am. J. Pathol. 2011, 179, 564–579. 

29. Kim, K.M.; Yu, T.K.; Chu, H.H.; Park, H.S.; Jang, K.Y.; Moon, W.S.; Kang, M.J. Lee, D.G.; 

Kim, M.H.; Lee, J.H.; et al. Expression of ER stress and autophagy-related molecules in human 

non-small cell lung cancer and premalignant lesions. Int. J. Cancer 2012, 131, E362–E370. 

30. Fang, D.L.; Wan, Y.; Shen, W.; Cao, J.; Sun, Z.X.; Yu, H.H.; Zhang, Q.; Cheng, W.H.; Chen, J.; 

Ning, B. Endoplasmic reticulum stress leads to lipid accumulation through up-regulation of 

SREBP-1c in normal hepatic and hepatoma cells. Mol. Cell. Biochem. 2013, 381, 127–137. 

31. De la Cadena, S.G.; Hernández-Fonseca, K.; Camacho-Arroyo, I.; Massieu, L. Glucose deprivation 

induces reticulum stress by the PERK pathway and caspase-7- and calpain-mediated caspase-12 

activation. Apoptosis 2014, 19, 414–427. 

32. Chen, P.; Burdette, A.J.; Porter, J.C.; Ricketts, J.C.; Fox, S.A.; Nery, F.C.; Hewett, J.W.;  

Berkowitz, L.A.; Breakefield, X.O.; Caldwell, K.A. et al. The early-onset torsion dystonia-associated 

protein, torsinA, is a homeostatic regulator of endoplasmic reticulum stress response.  

Hum. Mol. Genet. 2010, 19, 3502–3515. 

33. Gass, J.N.; Jiang, H.Y.; Wek, R.C.; Brewer, J.W. The unfolded protein response of B-lymphocytes: 

PERK-independent development of antibody-secreting cells. Mol. Immunol. 2008, 45, 1035–1043. 

34. Gass, J.N.; Gifford, N.M.; Brewer, J.W. Activation of an unfolded protein response during 

differentiation of antibody-secreting B cells. J. Biol. Chem. 2002, 277, 49047–49054. 

35. Hung, J.H.; Su, I.J.; Lei, H.Y.; Wang, H.C.; Lin, W.C.; Chang, W.T.; Huang, W.; Chang, W.C.; 

Chang, Y.S.; Chen, C.C.; et al. Endoplasmic reticulum stress stimulates the expression of 

cyclooxygenase-2 through activation of NF-κB and pp38 mitogen-activated protein kinase.  

J. Biol. Chem. 2004, 279, 46384–46392. 

36. Merquiol, E.; Uzi, D.; Mueller, T.; Goldenberg, D.; Nahmias, Y.; Xavier, R.J.; Tirosh, B.; 

Shibolet, O. HCV causes chronic endoplasmic reticulum stress leading to adaptation and 

interference with the unfolded protein response. PLoS One 2011, 6, e24660. 

37. Wang, H.C.; Wu, H.C.; Chen, C.F.; Fausto, N.; Lei, H.Y.; Su, I.J. Different types of ground glass 

hepatocytes in chronic hepatitis B virus infection contain specific pre-S mutants that may induce 

endoplasmic reticulum stress. Am. J. Pathol. 2003, 163, 2441–2449. 

38. Xu, Z.; Yen, T.S. Intracellular retention of surface protein by a hepatitis B virus mutant that 

releases virion particles. J. Virol. 1996, 70, 133–140. 

39. Chen, B.F.; Liu, C.J.; Jow, G.M.; Chen, P.J.; Kao, J.H.; Chen, D.S. High prevalence and mapping 

of pre-S deletion in hepatitis B virus carriers with progressive liver diseases. Gastroenterology 

2006, 130, 1153–1168. 



Int. J. Mol. Sci. 2014, 15 12456 

 

 

40. Di Maso, V.; Avellini, C.; Crocè, L.S.; Rosso, N.; Quadrifoglio, F.; Cesaratto, L.; Codarin, E.; 

Bedogni, G.; Beltrami, C.A.; Tell, G.; et al. Subcellular localization of APE1/Ref-1 in human 

hepatocellular carcinoma: Possible prognostic significance. Mol. Med. 2007, 13, 89–96. 

41. Sak, S.C.; Harnden, P.; Johnston, C.F.; Paul, A.B.; Kiltie, A.E. APE1 and XRCC1 protein 

expression levels predict cancer-specific survival following radical radiotherapy in bladder 

cancer. Clin. Cancer Res. 2005, 11, 6205–6211. 

42. Puglisi, F.; Aprile, G.; Minisini, A.M.; Barbone, F.; Cataldi, P.; Tell, G.; Kelley, M.R.; Damante, G.; 

Beltrami, C.A.; di Loreto, C. Prognostic significance of APE1/ref-1 subcellular localization in 

non-small cell lung carcinomas. Anticancer. Res. 2001, 21, 4041–4049. 

43. Naidu, M.D.; Mason, J.M.; Pica, R.V.; Fung, H.; Peña, L.A. Radiation resistance in glioma cells 

determined by DNA damage repair activity of APE1/ref-1. J. Radiat. Res. 2010, 51, 393–404. 

44. Wang, D.; Luo, M.; Kelley, M.R. Human apurinic endonuclease 1 (APE1) expression and 

prognostic significance in osteosarcoma: enhanced sensitivity of osteosarcoma to DNA damaging 

agents using silencing RNA APE1 expression inhibition. Mol. Cancer Ther. 2004, 3, 679–686. 

45. Cun, Y.; Zhang, Q.; Xiong, C.; Li, M.; Dai, N.; Zhang, S.; Wang, D. Combined use of adenoviral 

vector Ad5/F35-mediated APE1 siRNA enhances the therapeutic efficacy ofadenoviral-mediated 

p53 gene transfer in hepatoma cells in vitro and in vivo. Oncol. Rep. 2013, 29, 2197–2204. 

46. Hsieh, Y.H.; Su, I.J.; Wang, H.C.; Chang, W.W.; Lei, H.Y.; Lai, M.D.; Chang, W.T.; Huang, W. 

Pre-S mutant surface antigens in chronic hepatitis B virus infection induce oxidative stress and 

DNA damage. Carcinogenesis 2004, 25, 2023–2032. 

47. Wang, H.C.; Chang, W.T.; Chang, W.W.; Wu, H.C.; Huang, W.; Lei, H.Y.; Lai, M.D.; Fausto, N.; 

Su, I.J. Hepatitis B virus pre-S2 mutant upregulates cyclin a expression and induces nodular 

proliferation of hepatocytes. Hepatology 2005, 41, 761–770. 

48. Hsieh, Y.H.; Su, I.J.; Wang, H.C.; Tsai, J.H.; Huang, Y.J.; Chang, W.W.; Lai, M.D.; Lei, H.Y.; 

Huang, W. Hepatitis B virus pre-S2 mutant surface antigen induces degradation of cyclin-dependent 

kinase inhibitor p27Kip1 through c-Jun activation domain-binding protein 1. Mol. Cancer Res. 

2007, 5, 1063–1072. 

49. Yang, J.C.; Teng, C.F.; Wu, H.C.; Tsai, H.W.; Chuang, H.C.; Tsai, T.F.; Hsu, Y.H.; Huang, W.; 

Wu, L.W.; Su, I.J. Enhanced expression of vascular endothelial growth factor-A in ground glass 

hepatocytes and its implication in hepatitis B virus hepatocarcinogenesis. Hepatology 2009, 49, 

1962–1971. 

50. Hung, J.H.; Yan, C.W.; Su, I.J.; Wang, H.C.; Lei, H.Y.; Lin, W.C.; Chang, W.T.; Huang, W.;  

Lu, T.J.; Lai, M.D. Hepatitis B virus surface antigen interacts with acid α-glucosidase and alters 

glycogen metabolism. Hepatol. Res. 2010, 40, 633–640. 

51. Chang, Y.S.; Tsai, C.T.; Huangfu, C.A.; Huang, W.Y.; Lei, H.Y.; Lin, C.F.; Su, I.J.; Chang, W.T.; 

Wu, P.H.; Chen, Y.T. et al. ACSL3 and GSK-3β are essential for lipid upregulation induced by 

endoplasmic reticulum stress in liver cells. J. Cell. Biochem. 2011, 112, 881–893. 

52. Hung, J.H.; Teng, Y.N.; Wang, L.H.; Su, I.J.; Wang, C.C.; Huang, W.; Lee, K.H.; Lu, K.Y.; 

Wang, L.H. Induction of Bcl-2 expression by hepatitis B virus pre-S2 mutant large surface protein 

resistance to 5-fluorouracil treatment in Huh-7 cells. PLoS One 2011, 6, e28977. 



Int. J. Mol. Sci. 2014, 15 12457 

 

 

53. Yeo, W.; Mo, F.K.; Chan, S.L.; Leung, N.W.; Hui, P.; Lam, W.Y.; Mok, T.S.; Lam, K.C.;  

Ho, W.M.; Koh, J. et al. Hepatitis B viral load predicts survival of HCC patients undergoing 

systemic chemotherapy. Hepatology 2007, 45, 1382–1389. 

54. Yeo, W.; Chan, P.K.; Ho, W.M.; Zee, B.; Lam, K.C.; Lei, K.I.; Chan, A.T.; Mok, T.S.; Lee, J.J.; 

Leung, T.W.; et al. Lamivudine for the prevention of hepatitis B virus reactivation in hepatitis B  

s-antigen seropositive cancer patients undergoing cytotoxic chemotherapy. J Clin. Oncol. 2004, 

22, 927–934. 

55. Xu, C.; Bailly-Maitre, B.; Reed, J.C. Endoplasmic reticulum stress: Cell life and death decisions. 

J. Clin. Investig. 2005, 115, 2656–2664. 

56. Xing, X.; Lai, M.; Wang, Y. Over-expression of glucose-regulated protein 78 in colon cancer.  

Clin. Chim. Acta 2006, 364, 308–315. 

57. Lee, A.S. GRP78 induction in cancer: Therapeutic and prognostic implications. Cancer Res. 

2007, 67, 3496–3499. 

58. Liu, C.H.; Chang, S.H.; Narko, K.; Trifan, O.C.; Wu, M.T.; Smith, E.; Haudenschild, C.;  

Lane T.F.; Hla, T. Over-expression of cyclooxygenase-2 is sufficient to induce tumorigenesis in 

transgenic mice. J. Biol. Chem. 2001, 276, 18563–18569. 

59. Rahman, M.; Selvarajan, K.; Hasan, M.R.; Chan, A.P.; Jin, C.; Kim, J.; Chan, S.K.; Le, N.D.;  

Kim, Y.B.; Tai, I.T. Inhibition of COX-2 in colon cancer modulates tumor growth and MDR-1 

expression to enhance tumor regression in therapy-refractory cancers in vivo. Neoplasia 2012,  

14, 624–633. 

60. Sitia, G.; Aiolfi, R.; di Lucia, P.; Mainetti, M.; Fiocchi, A.; Mingozzi, F.; Esposito, A.;  

Ruggeri, Z.M.; Chisari, F.V.; Iannacone, M.; et al. Antiplatelet therapy prevents hepatocellular 

carcinoma and improves survival in a mouse model of chronic hepatitis B. Proc. Natl. Acad. Sci. USA 

2012, 109, E2165–E2172. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


