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MARVELD1 attenuates arsenic trioxide-induced apoptosis in liver 
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Background: Arsenic trioxide (As2O3) is widely used for the treatment of acute promyelocytic leukemia 
(APL), and more recently, has also been applied to solid tumors. However, there are a fraction of patients 
with solid tumors, such as liver cancer, who respond to As2O3 treatment poorly. The underlying mechanisms 
for this remain unclear. 
Methods: We determined the suitable concentration of drugs by IC50. Cell Counting Kit-8 (CCK-8) 
and flow cytometry were used to analyze the apoptosis. Morphological changes of the cells were observed 
by laser scanning confocal microscopy. Furthermore, reactive oxygen species (ROS) and mitochondrial 
membrane potential (MMP) were detected by flow cytometry. Quantitative polymerase chain reaction (qPCR) 
and Western blot tests were conducted to detect the mRNA and protein levels in different groups. Finally, a 
xenograft tumor assay and histopathological analysis were performed to evaluate the MARVELD1 function 
in cell proliferation and apoptosis. 
Results: Here, we show that MARVELD1 enhances the therapeutic effects of epirubicin, while inducing 
the strong resistance of liver cancer cells to As2O3 treatment. We further demonstrate that the As2O3-
induced apoptosis was inhibited by MARVELD1 overexpression (24 h Vector vs. MARVELD1 =30.58% vs. 
17.41%, P<0.01; 48 h Vector vs. MARVELD1 =46.50% vs. 21.02%, P<0.01), possibly through inhibiting 
ROS production by enhancing TRXR1 expression. In vivo, we found a significantly increased size (Vector vs. 
MARVELD1 =203.90±21.92 vs. 675.70±37.84 mm3, P<0.001) and weight (Vector vs. MARVELD1 =0.19±0.02 
vs. 0.58±0.05 g, P<0.001) of tumors with high expression of MARVELD1 after As2O3 treatment. Consistently, 
a higher expression of MARVELD1 predicted a poor prognosis for liver cancer patients. 
Conclusions: Our data identified a unique role of MARVELD1 in As2O3-induced apoptosis and As2O3 
cancer therapy resistance.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most 
common malignant liver tumors in the world (1). The 
current standard treatment for HCC includes surgical 
resection, drug treatment, and liver transplantation (1-4); 
however, all these treatments are less than satisfactory due 
to the liver’s abundant blood supply, intra-hepatic and extra-
hepatic metastasis, post-surgical tumor recurrence, and drug 
resistance (5). Understanding and avoiding drug resistance 
are urgently needed for the benefits of HCC patients.

Arsenic trioxide (As2O3) is an effective chemotherapeutic 
agent for acute promyelocytic leukemia (APL) and other 
hematopoietic malignancies (6). Recently, more evidence has 
demonstrated its therapeutic potential in solid tumors (7).  
Studies show that As2O3 reduced the migration and 
angiogenesis by targeting FOXO3a in gastric cancer cells (8). It 
was reported that As2O3 inhibited prostate cancer cell viability 
and induced apoptosis through the Wnt signal pathway (9). 
However, the clinical application of As2O3 in HCC is hindered 
by its high toxicity and acquired drug resistance.

MARVELD1 (MARVEL domain-containing 1) is one 
of the MARVEL genes that is related to MAL and related 
proteins for vesicle trafficking and membrane links. Its 
domain-containing proteins are believed to be tumor 
suppressor genes, which are frequently downregulated 
via promoter methylation in breast, cervical, prostate, 
hepatocellular, esophageal, and gastric carcinoma or cell 
lines (10-12). MARVELD1 has been shown to inhibit cell 
proliferation and enhance chemo-sensitivity to epirubicin 
and 10-hydroxycamptothecin in HCC cell lines (13). 
However, the role of MARVELD1 in the treatment response 
of HCC to As2O3. remains unknown. Here, we found that 
HepG2 cells which were stably expressing MARVELD1 
showed a lower apoptosis rate in response to the As2O3 
treatment. Similar results were observed in a transient 
overexpression experiment. We further showed that reactive 
oxygen species (ROS) induction by As2O3 treatment 
was significantly inhibited by the overexpression of 
MARVELD1. Consistently, cancer cells with overexpressed 
MARVELD1 grew more vigorously in response to As2O3 
treatment. Our findings may help predict the prognosis of 
patients with HCC receiving As2O3 therapy. 

Methods

Reagents

All reagents were of analytical grade. Milli-Q water 

(Millipore) was used throughout the experiment. Arsenious 
acid and sodium chloride injections (10 mg/mL) were 
purchased from the Pharmaceutical Limited of Harbin 
Medical University. Epirubicin was purchased from Selleck 
Chemicals. The Cell Counting Kit-8 (CCK-8) and Oxygen 
Species Assay Kit were purchased from the Beijing Solarbio 
Science & Technology Co. The Mitochondrial Membrane 
Potential (MMP) Assay Kit was purchased from Beijing 
Beyotime Biotechnology. Fetal bovine serum (FBS) was 
purchased from HYCLONE. RPMI 1640 was purchased 
from Gibco. LipofectamineTM 3000 Transfection Reagent 
leverages was purchased from Invitrogen. Colorimetric 
TUNEL Apoptosis Assay Kit (C1091) was purchased from 
Beyotime Biotechnology.

Antibodies 

Antibodies against MARVELD1 (ab91640) and Ki67 
(ab15580) were bought from Abcam. Caspase-3 [9662], 
PARP-1 [9532], TRXR1 [15140], BCL-2 [15071], and 
BAX [14796] antibodies were bought from CST. GAPDH 
(AF7021) antibodies were purchased from Affinity 
Biosciences.

Cell culture 

The MARVELD1 plasmid, HepG2-vector-, and HepG2-
MARVELD1-stably-transfected cell lines were gifts from 
the School of Life Science and Technology of the Harbin 
Institute of Technology. HepG2 and PLC/PRF/5 cells were 
purchased from ATCC. All cells were cultured in Gibco™ 
RPMI 1640 medium with 10% FBS and grown in a medium 
supplemented with 100 units per mL penicillin and 100 mg 
per mL streptomycin at 37 ℃ and 5% CO2. After 24 hours  
of incubation, the supernatant was discarded, the cell 
cultures were washed with phosphate buffered saline (PBS) 
three times, and fresh medium was added with the indicated 
doses of As2O3 for the indicated time.

IC50 test and cell viability assay 

First, we determined the suitable concentration of drugs. 
HepG2 cells were seeded into 96-well plates (2×103  
cells/well). After 24 hours of incubation, the cells were then 
treated with different doses of As2O3 ranging from 0 to  
200 μM. After 48 hours of treatment, 10 μL of CCK-8 
were added to each well and incubated for two hours. The 
data was then obtained using a Bio-Rad microplate reader 
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(Bio-Rad, Hercules, CA, USA). Cell viability was calculated 
using the following formula: cell viability (%) = [(A450 of 
test group-A450 of the blank group)]/[(A450 of the control 
group-A450 of the blank group)] ×100.

IC50 was obtained via probit analysis and calculated 
using GraphPad Prism 6.0 software. IC50 was measured in 
duplicates, and each experiment was repeated three times. 

Annexin V/propidium iodide (PI) assays for apoptosis 

For the annexin V/PI assays, cells were dual-stained with 
annexin V-FITC and PI, and then subsequently evaluated 
for early and late apoptosis using flow cytometry, as per the 
manufacturer’s instructions (14,15). HepG2-Vector and 
HepG2-MARVELD1 were treated with As2O3 (20 μM)  
for 48 hours, harvested, and washed twice with PBS. The 
cells were then stained with 10 μL of annexin V-FITC 
for 30 minutes, and then 5 μL of PI for 5 minutes in the 
dark at room temperature, in 100 μL of binding buffer, 
before undergoing flow cytometry. Briefly, 1×104 cells 
were detected and analyzed using BD FACS Calibur™ 
software (BD Biosciences, Franklin Lakes, NJ, USA). Data 
were shown as early apoptosis and late apoptosis in the 
MARVELD1 group compared to the vector group. 

Measurement of intracellular (reactive oxygen species) ROS

The two cell groups were seeded into 6-well culture plates 
for 24 hours and were exposed to 20 μM of As2O3 or PBS 
for 24 hours at 37 ℃. The cells were then harvested, 
resuspended in fresh culture medium containing 10 mM 
dichloro-dihydro-fluorescein diacetate (DCFH-DA), 
and incubated in a 37 ℃ water bath for 30 minutes. The 
formation of fluorescent-oxidized DCF was monitored 
using a FACS Calibur flow cytometer (excitation at 485 nm, 
emission at 535 nm). The generated ROS was quantified by 
evaluating the fluorescence intensity of 1×104 cells using a 
BD FACS Calibur™.

MMP assay

The changes in MMP (ΔΨm) were monitored using 
rhodamine 123 2-(6-Amino-3-imino-3H-xanthen-9-yl) 
benzoic acid methyl ester. The two cell groups were seeded 
into 6-well culture plates for 24 hours and were exposed 
to 20 μM of As2O3 or PBS for 24 hours at 37 ℃. The cells 
were then stained with rhodamine 123 (1 µM) and kept in 
the dark at 37 ℃ for 20 minutes (16). Later, the cells were 

washed twice with PBS and immediately analyzed by flow 
cytometry using a BD FACS Calibur™. 

Laser scanning confocal microscopy 

Morphological changes of the cells were observed using 
Hoechst 33342 staining. Apoptotic cells will generally 
display condensed DNA and fragmented nuclei (17,18). 
Cells were seeded into 6-well culture plates for 24 hours 
and exposed to 20 μM of As2O3 or PBS for 24 hours at 
37°C. Cold 1× PBS was used to wash cells three times 
for 5 minutes each time. Cells were then fixed with a 
4% formaldehyde solution for 20–30 minutes at room 
temperature. 1× PBS was used to wash the cells three times, 
for 5 minutes each time. Cells underwent permeation for 
5 minutes at room temperature using 0.2% Triton X-100. 
Cells were washed three times with 1× PBS, for 5 minutes 
each time, and blocked with a 5% bovine serum albumin 
(BSA) for 30 minutes at room temperature. Cells were 
treated with a rabbit polyclonal MARVELD1 antibody 
(1:200 dilution with 1% BSA) in a wet box at 4 ℃ overnight. 
After washing with 1× PBS three times, for 5 minutes each 
time, secondary antibody (diluted with 1% BSA) was added 
to the cells and incubated for two hours in the dark. Cells 
were washed again with 1× PBS three times, for 5 minutes 
each time, and then incubated with Hoechst 33342 for  
5 minutes. Cells were washed three times with 1× PBS, for 
5 minutes each time, and mounted to slides using glycerol. 
The morphological changes in the nucleus caused by 
As2O3 in HepG2 cells were observed using a fluorescence 
microscope (DMI 4000 B, Leica, Germany). Cells with 
chromatin condensation and nuclear fragmentation were 
noted as hallmarks of apoptosis (18,19).

Western blot analysis

Cells were lysed in lysis buffer in the presence of a protease 
inhibitor cocktail (100X). Protein concentrations were 
determined by the Bio-Rad microprotein assay using a 
standard BSA kit. The whole cell protein lysates were 
separated using sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and blotted onto nitrocellulose 
(NC) transfer membranes. These membranes were then 
blocked using 5% non-fat milk and incubated with the 
relevant primary antibodies overnight at 4 ℃. Afterward, the 
membranes were washed twice with Tris-buffered saline with 
Tween 20 (TBST) and incubated with secondary antibodies 
(ZSGB Beijing, China) for one hour at room temperature. 
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After incubation, blots were assessed using an enhanced 
chemiluminescence detection device (GE). 

Quantitative real-time polymerase chain reaction (qPCR)

Total cellular ribonucleic acid (RNA) was isolated using 
Trizol (Invitrogen, Carlsbad, CA, USA) according to 
the manufacturer’s recommendations. For the detection 
of  MARVELD1 and glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH), total RNA (1 μg) was reverse-
transcribed into complementary deoxyribonucleic acid 
(cDNA) using Takara reverse transcriptase. The primers 
used were synthesized by Sangon Co. (Shanghai, China) 
and the sequences were as follows: MARVELD1-F, 
5'-GCTAGTCGCAGTGGCTCATG-3'; MARVELD1-R, 
5'- GTGTGACCAGCTCT GGGAATC-3'; GAPDH-F, 
5 ' -  ACAACTTTGGTATCGTGGAAGG-3' ;  and 
GAPDH-R, 5'-GCCATCACGCCACAGTTTC-3'. RT-
PCR was performed using the Applied Biosystems 7300 HT 
machine and Maxima TM SYBR Green/ROX qPCR Master 
Mix (Fermentas, Waltham, MA, USA). The PCR reaction 
was evaluated using melting curve analysis. GAPDH was 
used as an internal control. GAPDH was amplified to 
ensure cDNA integrity and to normalize expression. Fold-
changes in the expression of each gene were calculated by a 
comparative threshold cycle (Ct) method using the formula, 
2−(ΔΔCt). Analyses for all samples were repeated three times.

Animal experiments

BALB/c nude mice were purchased from Beijing Vital River 
Laboratory Animal Technology Co., Ltd, and maintained 
in specific pathogen-free (SPF) animal facilities at room 
temperature with a 24-h night-day cycle and fed with pellets 
and water ad libitum. All procedures followed the Peking 
University Guidelines for using animals in intramural 
research and were approved by the Animal Care and Use 
Committee of Peking University. For the Xenograft tumor 
assay, log growth-phase of HepG2-MARVELD1 stable cells 
and control cells (1×106 cells in 0.1 mL PBS) were injected 
subcutaneously into the right flank of athymic nude mice. 
Tumor growth was observed every 3 days by measuring its 
diameter with Vernier calipers. Tumor volume = 1/2ab2 
(“a” is the long diameter and “b” is the short diameter) (20).  
As2O3 (10 mg/kg) was intraperitoneally injected daily 
starting at three days post cell seeding. Mice were sacrificed 
using cervical dislocation when the tumor size reached 
about 2.0 cm in diameter or greater than 10% body weight, 

and the samples were collected. 

Histopathological analysis

Tissues were paraffin-embedded, sectioned (thickness: about 
4–5 μm), subjected to hematoxylin and eosin (HE) staining, 
and observed under a light microscope (×200 magnification) 
to study morphology. Immunohistochemistry (IHC) 
staining was performed to study cell proliferation and 
apoptosis. 

Statistical analysis

Results were analyzed using the GraphPad Prism 6 
software. All values were expressed as the mean ± SD. 
Data were statistically analyzed by unpaired 2 sample t-test 
and P<0.05, P<0.01, P<0.001 were considered statistically 
significant.

Results

MARVELD1 plays a different role in epirubicin- and 
As2O3-induced cytotoxicity

To test the effects of MARVELD1 on As2O3 treatment 
in a liver cancer cell line, we first determined the IC50 
value using a previously established HepG2 cell line 
which stably expresses MARVELD1 (Figure S1). We used 
epirubicin treatment as control (Vector 82.71±0.08 μM 
vs. MARVELD1 51.97±0.14 μM, P<0.001, Figure 1A) and 
found that in contrast to Epirubicin, As2O3-treated HepG2-
MARVELD1 stable cells showed significantly higher IC50 
value (Vector 22.74±0.04 vs. MARVELD1 54.38±0.08 μM,  
P<0.001, Figure 1B), indicating resistance to As2O3 
treatment. We then tested cell viability after different 
concentrations of As2O3 treatment and found 20uM was 
optimal (Figure 1C). This concentration was then used in 
the following experiment.

MARVELD1 inhibits As2O3 induced apoptosis in liver 
cancer cells

To explore the mechanisms underlying the As2O3 resistance, 
we first investigated the effects of As2O3 treatment on 
cell morphology. The HepG2-MARVELD1 stable cells 
showed less significant shrinkage and pyknosis under 
light microscopy after As2O3 treatment (Figure 2A), and 
chromatin condensation was also less severe in the HepG2-
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MARVELD1 stable cells (Vector 23.0±3.0 vs. MARVELD1 
9.0±1.0, P<0.01, Figure 2B). To further confirm these 
findings, we next determined the apoptosis level of the 
different liver cancer cell lines treated with As2O3 for 

different time durations using flow cytometry. HepG2-
MARVELD1 stable cells showed less apoptosis at both time 
points (24 h Vector vs. MARVELD1 =30.58% vs. 17.41%, 
P<0.01, Figure 2C upper); (48 h Vector vs. MARVELD1 
=46.50% vs.21.02%, P<0.01, Figure 2C lower). HepG2 cells 
transiently transfected with MARVELD1 also showed less 
apoptosis after As2O3 treatment for 24 hours (Vector vs. 
MARVELD1 =50.33% vs. 21.02%, P<0.05, Figure S2A).  
PLC/PRF/5 cells showed a similar result (Vector vs. 
MARVELD1 =44.12% vs. 20.48%, P<0.05, Figure S2B).  
Consistently, As2O3 treatment induced less PARP-
1, Caspase 3 cleavage, increased Bcl-2 expression, and 
decreased BAX expression in MARVELD1 overexpressed 
liver cancer cells (Figure 2D). Collectively, these data points 
indicate that MARVELD1 overexpression inhibited As2O3-

induced apoptosis in liver cancer cells.

MARVELD1 inhibits ROS induction by As2O3 treatment 
through enhancing TRXR1 expression

Arsenic trioxide-induced cell death was mediated by 
the elevated production of ROS and mitochondrial 
damage (21). Therefore, we next investigated the effects 
of MARVELD1 overexpression on ROS production 
and MMP. We found that MARVELD1 overexpression 
significantly inhibited the production of ROS (Vector 11.4 
to 69.2 vs. MARVELD1 9.2 to 15.4, P<0.01, Figure 3A) 
and the loss of MMP (Vector vs. MARVELD1 =94.98% vs. 
57.91, P<0.01, Figure 3B). The thioredoxin (Trx) system 
is composed of thioredoxin reductase (TrxR), Trx, and 
NADPH, and it plays important roles in the regulation of 
the cellular redox environment (22). Arsenic trioxide has 
been shown to exert its effect mainly through inhibiting 
TrxR (23). We then further explored the effects of 
MARVELD1 overexpression on TRXR1 expression. We 
found strong resistance of TRXR1 to As2O3 inhibition in 
HepG2-MARVELD1 stable cells compared to control 
cells at both the mRNA level (Figure 3C and Figure S3) and 
protein level (Figure 3D). Thus, MARVELD1 inhibits ROS 
induction through enhancing TRXR1 expression.

MARVELD1 induces As2O3 resistance of liver cancer cells 
in vivo

To validate the importance of MARVELD1 overexpression 
for As2O3 resistance of liver cancer cells, we injected 
HepG2-MARVELD1 stable cells and control cells into 
nude mice. Liver cancer cells with a high expression of 
MARVELD1 formed more tumors with a larger size (Vector 

Figure 1 MARVELD1 shows different effects on As2O3 and 
epirubicin treatment in HepG2 cells. (A) Left, inhibition curve 
of epirubicin to determine IC50 in HepG2-MARVELD1 stable 
cells; right, comparison of IC50 between HepG2-MARVELD1 
stable cells and control cells. (B) Left, inhibition curve of As2O3 
to determine IC50 in HepG2-MARVELD1 stable cells; right, 
comparison of IC50 between HepG2-MARVELD1 stable 
cells and control cells. (C) Cell viability under different As2O3 
concentrations treatment of HepG2-MARVELD1 stable cells and 
control cells for 48 hours. Data were pooled from at least three 
independent experiments. *, P<0.05; ***, P<0.001.
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vs. MARVELD1 =203.90±21.92 vs. 675.70±37.84 mm3, 
P<0.001, Figure 4A) and weight (Vector vs. MARVELD1 
=0.19±0.02 vs.  0.58±0.05 g,  P<0.001,  Figure 4A ) .  
Moreover,  histological  and immunohistochemical 
staining indicated more robust proliferation (Vector vs. 
MARVELD1 =0.09±0.01 vs. 0.74±0.01, P<0.001, Figure 4A)  

and less apoptosis in the tumors formed by HepG2-
MARVELD1 stable cells  (Vector vs.  MARVELD1 
=0.61±0.04 vs. 0.13±0.02, P<0.001, Figure 4B). A previous 
report showed a reduction of MARVELD1 expression in 
liver cancer tissue compared to peri-cancer tissue. However, 
it is worth noting that the expression level of MARVELD1 

Figure 2 Overexpression of MARVELD1 leads to less apoptosis in HepG2 cells treated with As2O3. (A) Representative light microscopic 
images of HepG2-MARVELD1 stable cells and control cells treated with As2O3 for 24 hours. (B) Left, representative immunofluorescence 
images of HepG2-MARVELD1 stable cells and control cells treated with As2O3 for 24 hours; right, quantification of chromatin 
condensation. (C) Flow cytometry analysis of apoptosis of HepG2-MARVELD1 stable cells and control cells treated with As2O3 for a 
different time. (D) Immunoblotting of indicated proteins in HepG2-MARVELD1 stable cells and control cells treated with As2O3 for a 
different time. Data were pooled from at least three independent experiments. *, P<0.05.
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in cancer tissue varied among the patients (12), and we 
also confirmed this result (Figure S4). More interestingly, 
we noticed that a higher expression of MARVELD1 
was significantly related to the worse overall survival of 
liver cancer patients (P=0.045, Figure 4C) (24). Taken 
together, our study strongly suggests a crucial role that 

MARVELD1plays in the resistance of liver cancer for As2O3 

treatment and the pathogenesis of liver cancer.

Discussion

Arsenic trioxide has been demonstrated to be an effective 

Figure 3 MARVELD1 inhibits ROS production by promoting TRXR1 expression. (A) Flow cytometry analysis of ROS level in HepG2-
MAEVELD1 stable cells and control cells treated with As2O3. (B) Flow cytometry analysis of mitochondrial membrane potential in HepG2-
MAEVELD1 stable cells and control cells treated with As2O3. (C) Time course of TRXR1 mRNA level change in HepG2-MAEVELD1 stable cells 
and control cells treated with As2O3. (D) Immunoblotting of indicated proteins in HepG2-MAEVELD1 stable cells and control cells treated with 
As2O3 for the different time. Data were pooled from at least three independent experiments. *, P<0.05. **, P<0.01. ROS, reactive oxygen species.
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anti-cancer drug which induces complete remissions 
against APL (25). Moreover, arsenic trioxide also has great 
potential for the treatment of solid tumors. Drug resistance 
is one of the key obstacles for the effectiveness of drugs on 
recurrent cases of HCC. Arsenic trioxide has been proven 
to be a satisfactory inhibitor that can promote apoptosis and 
reduce migration inhibit invasion in HCC (26). A meta-
analysis study revealed that adjuvant arsenic trioxide therapy 
combined with TACE achieves better therapeutic effects 

compared with TACE alone for higher therapeutic effects 
and lower toxic side effects (27). Advanced techniques may 
be used to improve the antitumor effects of As2O3. Chi et al. 
found that nanoparticle-loaded As2O3 had superior antitumor 
effects in vivo and in vitro compared to traditional free As2O3 
and could induce more apoptotic cells in HCC (28).

Tyrosine kinase inhibitors (TKIs) can prevent the 
activation of signal pathways of growth and angiogenesis, 
and their treatment effects for HCC have gone through 

Figure 4 MARVELD1 induces resistance of liver cancer cells to As2O3 in vivo. (A) Left, representative images of tumors formed by HepG2-
MARVELD1 stable cells and control cells in nude mice treated with As2O3; right, comparison of tumor weight and size between groups. 
(B) Left, HE and immunohistochemical staining of Ki67 and TUNEL assay of tumor tissue; right, quantification of Ki67 signal and DNA 
fragments. (C) Comparison of overall survival of liver cancer patients with high and low expression of MARVELD1 analyzed by GEPIA 
database tool. Data were pooled from at least two independent experiments. ***, P<0.001.
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tremendous changes. Several TKIs are applied to treat 
liver cancer, like sorafenib, sunitinib, and imatinib. TKIs 
can reduce the incidence rate of extrahepatic spread (EHS) 
and vascular invasion. Like traditional chemotherapy, TKIs 
also have been observed to have adverse reactions such as 
weakness, diarrhea, hypertension, arteriovenous thrombosis, 
hand-foot skin reactions, hemorrhage, etc. (29,30). Recently, 
Wang et al. reported that the combination of As2O3 and 
sorafenib demonstrated potential as a treatment in HCC 
cells for improved anti-tumor advantage and minimized 
toxicity (31). This suggests that the application of As2O3 
may improve the TKI treatment effect on liver cancers.

The etiologies of HCC include a multitude of factors, 
such as virus type, gene mutation, alcohol, tumor 
microenvironment, along with other factors, all which 
lead to different pathological outcomes in HCC (32). 
HBV initiates the process of hepatic carcinogenesis by 
integrating into the host genome. Unlike HBV, HCV is 
an RNA virus that does not integrate its genomic material 
into the host genome. HCV carcinogenesis is mediated by 
the viral-induced factors and host-induced immunologic 
response. Alcohol-associated HCC occurs due to the 
metabolic process of alcohol inducing chronic oxidative 
stress leading to cirrhosis and eventually, malignancy. In 
NAFLD-associated HCC patients, the alteration of the 
gut microbiome was detected, and genetic polymorphisms 
were also found to be associated with the carcinogenesis. 
The different etiologies might activate common or specific 
pathways, and could provide clues for precision therapy of 
liver cancer in the future. 

There is no evidence of an HBV genome in the 
HepG2 cell line (33). Some multidrug resistant proteins, 
such as ABCB1, ABCC1, and ABCC2 were associated 
with resistance in the selected arsenic trioxide resistant 
HepG2 cells. The expression of p53, MDM2, Gankyrin, 
and p-Rb also showed a significant increase in this 
system (34). Another study was carried out to identify 
molecular determinants for sensitivity and resistance of 
tumor cells towards arsenic trioxide by using microarray-
based mRNA expression data in the NCI cell line panel. 
Twelve transcripts were identified to be associated with 
arsenic trioxide resistance in this study, including DNA 
biosynthesis and transcriptional regulation genes (UPRT, 
MED12, SFRS15) and the signal transduction gene, 
ARHGEF6 (35).

MARVELD1  was identified as a potential tumor 
suppressor gene which could enhance the chemosensitivity 

of HCC cells to epirubicin and 10-hydroxycamptothecin. 
Interestingly, our results showed that MARVELD1 might 
contribute to arsenic trioxide resistance of the HCC cells 
by inhibiting apoptosis. It is commonly believed that As2O3 
exerts its cytotoxic effect by increasing the intracellular 
ROS concentrations and inducing cell apoptosis (21). ROS 
induces depolarization of the mitochondria membrane and 
activation of the downstream caspase-dependent apoptosis 
pathways, such as caspase-3, caspase-8, and caspase-9 
(36,37). In our study, we found that ROS induction was 
significantly suppressed by MARVELD1 overexpression. 
Arsenic can directly bind to thioredoxin reductase to 
alter the cellular redox state via its sulfur selenium group 
and inhibit its activity (23). Our results showed that 
overexpression of MARVELD1 could significantly increase 
the expression of thioredoxin reductase, resulting in the 
more effective elimination of ROS and reduced apoptosis 
in vitro. However, further perspective in vivo studies needs 
to be carried out to provide more evidence to prove this 
mechanism.

In conclusion, our study showed that overexpression 
of MARVELD1 could attenuate HCC cell apoptosis in 
response to As2O3 treatment by promoting thioredoxin 
reductase expression and effective elimination of ROS. 
Although more extensive work should be done to fully 
understand the role of MARVELD1 in cancer therapy, our 
study indicates that MARVELD1 may play an important 
role in predicting the prognosis of HCC patients treated 
with As2O3.
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Supplementary 

Figure S1 Confirmation of efficient expression of MARVELD1. (A). Immunoblotting of MARVELD1 in HepG2-MARVELD1 stable 
cells. (B) Immunoblotting of MARVELD1 in HepG2 cells transiently transfected with MARVELD1 plasmid. (C) Immunoblotting of 
MARVELD1 in PLC-5 cells transiently transfected with MARVELD1 plasmid.
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Figure S2 Overexpression of MARVELD1 inhibits apoptosis in HepG2 and PLC-5 cells treated with As2O3. (A) Flow cytometry analysis 
of apoptosis of HepG2 cells transiently transfected with MARVELD1 and control cells treated with As2O3 for 24 hours. (B) Flow cytometry 
analysis of apoptosis of PLC-5 cells transiently transfected with MARVELD1 and control cells treated with As2O3 for 24 hours. Data were 
pooled from at least three independent experiments. *, P<0.05.
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Figure S3 Time course of MARVELD1 mRNA level change. Time course of MARVELD1 mRNA level change in HepG2-MARVELD1 
stable cells and control cells treated with As2O3. Data were pooled from at least three independent experiments. *, P<0.05. **, P<0.01.

Figure S4 Immunohistochemical analysis of MARVELD1 expression in benign HCC tissues and peri-cancer tissues. (A) Representative 
images of MARVELD1 expression in HCC and peri-cancer tissues picked from different stages of HCC by IHC (×200, ×400). (B) The 
statistical results of the difference of MARVELD1 expression in HCC and peri-carcinomatous tissue analyzed by paired t-test. n=47. P<0.01. 
Data were pooled from at least two independent experiments. **, P<0.01. 
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