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Abstract: Arsenic trioxide (ATO) is an effective commercial chemotherapeutic drug used to treat different cancers.
ATO can induce apoptosis in cancer cells by causing the accumulation of intracellular reactive oxygen species
(ROS). However, the therapeutic effect of ATO on hepatocellular carcinoma (HCC) is unsatisfactory, largely due to
chemoresistance. In this study, the antioxidant enzyme heme oxygenase 1 (HMOX1), whose function is to remove
ROS, was found to be upregulated in SMMC-7721 cells after ATO intervention. The effect of knocking down HMOX1
on the effects of ATO treatment was also assessed. Cell viability, ROS concentrations, and apoptosis were examined
in SMMC-7721 cells treated with or without ATO and transfected with or without HMOX1-siRNA. The results showed
that HMOX1-siRNA downregulated HMOX1 expression in the presence of ATO. In addition, silencing of HMOX1 pro-
moted ATO treatment-induced cell death by causing the accumulation of ROS and augmenting apoptosis. This study
indicates that inhibition of HMOXZ1 could strengthen the therapeutic effect of ATO in hepatocellular carcinoma (HCC).
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Introduction

Hepatocellular carcinoma (HCC) is a worldwide
disease that causes nearly 745,000 deaths
every year [1]. Due to the strong compensatory
system in the liver, metastases are found in
most cases during the first diagnosis. These
cases are not suitable for surgery. Sorafenib
was approved by the Food and Drug Admini-
stration (FDA) in 2007 for HCC treatment and
has been a first-line choice for more than 10
years. Although sorafenib is a representative
drug in HCC treatment, the price of clinical
application is still unmanageable for patients in
developing countries. Arsenic trioxide (ATO) is
an effective and economical choice.

ATO has successfully demonstrated efficacy in
leukemia [2, 3] as well as breast cancer [4],
lung cancer [5], and prostate cancer [6]. In
HCC, ATO has also found to be effective in dif-
ferent ways. Cui L reported that ATO can pre-
vent HCC progression and tumorigenesis by
downregulating B7-H4 [7]. Liu ZM suggested

that inhibition of the PI3K/Akt pathway leads to
a decrease in TGIF, which can strengthen the
therapeutic effect of ATO in HCC [8]. On the
other hand, several groups have reported that
ATO can induce ROS in different cancers. Me-
sbahi Y suggested that ATO enhances ROS lev-
els in AML cells [9]. Dugo EB demonstrated that
the cytotoxicity of ATO in HCC relies on oxidative
stress and the mitochondrial apoptotic pathway
[10].

However, some obstacles have restricted the
application of ATO. For example, chemoresis-
tance reduces the induction of apoptosis ATO
[8]. In addition, the application of ATO may dam-
age the kidney [11] and liver [12] in a dose-
dependent manner. Most HCC patients have
other fundamental diseases, such as hepatitis
infection and liver cirrhosis; therefore, their liver
functions are not normal, and it is difficult for
them to endure chemotherapy. Therefore, pur-
suing new therapy with more efficacy and less
hepatotoxicity is an urgent mission for chemo-
therapy.
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Heme oxygenase 1 (HMOX1) is an antioxidant
enzyme, and its function is to remove intracel-
lular reactive oxygen species (ROS) [13]. Ov-
erexpression of ROS can lead to cell death.
Owing to the important function of HMOX1 in
scavenging ROS, HMOX1 probably acts as a
barrier to cell death in ATO treatment. However,
whether HMOX1 is involved in the therapeutic
efficacy of ATO remains unknown. Based on a
GEO database (GEO ID: GSE6907) containing
data on the effects of heavy metals on HCC cell
lines, we analyzed microarray results between
control cells and arsenic-treated cells. HMOX1
was found to be upregulated over 15.4-fold
(logFC=3.94). Therefore, it is possible that the
upregulation of HMOX1 restricts the induction
of ROS by ATO. Consistent with this hypothesis,
silencing of HMOX1 promotes ATO treatment-
induced cell death by enabling the accumula-
tion of ROS and augmenting apoptosis. This
study indicates that inhibition of HMOX1 could
strengthen the therapeutic effect of ATO on
HCC.

Materials and methods
Materials

Arsenic trioxide was purchased from Beijing SL
Pharmaceutical Co., Ltd. (Beijing, China). High-
glucose Dulbecco’s modified Eagle’s medium
(H-DMEM) was purchased from HyClone (GE
Healthcare Life Science, USA). Fetal bovine
serum (FBS) was purchased from Biological
Industries (Biological Industries, USA). PCR pri-
mers were purchased from Shanghai Sunya
Biotechnology Co., Ltd. (Shanghai, China). An
EZ-press RNA Purification Kit and an RT reac-
tion kit were purchased from EZBioscience
(Roseville, USA). Lipofectamine™ 2000 was
purchased from Invitrogen Life Technologies
(Carlsbad, USA). HMOX1-siRNA was purchased
from RiboBio (Guangzhou, China). A Cell Coun-
ting Kit-8 (CCK-8) was purchased from Yeasen
(Shanghai, China). Phosphate-buffered saline
(PBS) was purchased from HyClone (GE Heal-
thcare Life Science, USA). A rabbit anti-human
HO-1 polyclonal antibody, a mouse anti-human
B-actin monoclonal antibody, a horseradish
peroxidase (HRP)-labeled anti-rabbit 1gG, and
an anti-mouse IgG were purchased from Pro-
teintech Group (Chicago, USA). An enhanced
chemiluminescence (ECL) kit was purchased
from Tanon™ (Shanghai, China). An Annexin
V-FITC/PI Apoptosis Detection Kit was pur-
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chased from Yeasen (Shanghai, China). A Re-
active Oxygen Species Assay Kit was purchased
from Yeasen (Shanghai, China). RIPA buffer was
purchased from the Beyotime Institute of Bio-
technology (Shanghai, China). PowerUp™ SYBR
Green Master Mix was purchased from Applied
Biosystems Life Technologies (Thermo Fisher
Scientific, USA). A protease inhibitor cocktail
was purchased from APEXBIO (Shanghai, Chi-
na). SDS loading buffer (5%) was purchased
from Yeasen (Shanghai, China). Polyvinylidene
fluoride (PVDF) membranes were purchased
from Millipore (Bedford, USA). Milk powder was
purchased from BD Biosciences (San Jose,
USA). A heme oxygenase 1 (HO-1) rabbit poly-
clonal antibody was purchased from HuaAn
Biotechnology Co., Ltd. (Hang Zhou, China). An
alpha tubulin rabbit polyclonal antibody, HRP-
conjugated Affinipure goat anti-mouse IgG
(H+L) and rabbit anti-goat 1gG polyclonal anti-
body were purchased from Proteintech Group
(Rosemont, USA). Trypsin (0.25%, phenol red)
and trypsin-EDTA (0.25%, phenol red) were pur-
chased from Yeasen (Shanghai, China).

Cell culture and treatments

Two human HCC cell lines were studied in this
research. SMMC-7721 and Huh-7 were kindly
provided by Dr. Zhang Shizhe at the Liver
Cancer Institute, Zhongshan Hospital, Fudan
University, Shanghai, China. The two cell lines
were cultured in high-glucose Dulbecco’s modi-
fied Eagle’'s medium (DMEM) mixed with 10%
fetal bovine serum (FBS). Double antibiotics
(200 units/mL penicillin and 100 mg/mL strep-
tomycin) were also added to the H-DMEM at
37°C in a humidified incubator at a concentra-
tion of 5% carbon dioxide. For ROS and apopto-
sis assays, cells were cultured in 60 mm diam-
eter dishes (5x10° cells/dish) for 24 hours to
incubate. Then, we refreshed the medium with
medium containing ATO and/or siRNA for the
following experiments.

Transfection

On the basis of the protocol from the manufac-
turer (Ribobio, Guangzhou, China), siRNA (HMO-
X1-siRNA or negative control siRNA) was trans-
fected into cells in 6-well plates (5x10° cells
per well) or 96-well plates (1x10* cells per well)
with Lipofectamine™ 2000 (Invitrogen GmbH,
Karlsruhe, Germany). The sequence of HMOX1-
siRNA is GCGCATTTCTCATACCATA.
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Table 1. The prime of B-actin and HMOX1 for
gPCR

Primer Sequence

ACTIN-F CATGTACGTTGCTATCCAGGC

ACTIN-R CTCCTTAATGTCACGCACGAT

HMOX1-F AAGACTGCGTTCCTGCTCAAC
HMOX1-R AAAGCCCTACAGCAACTGTCG

The medium contained no FBS or antibiotics
but did contain ATO, if applicable. Six hours
after transfection, the medium was replaced
with fresh medium fresh medium containing
10% FBS and double antibiotics with/without
ATO for subsequent culturing. Thirty-six hours
after the exchange of medium, cells were col-
lected for the next steps. Negative control
siRNA was used to establish the control cells.

Western blot analysis

Cells were collected and lysed with RIPA buffer
(Beyotime Institute of Biotechnology, Shanghai,
China) and a protease inhibitor cocktail (APE-
xBIO, Shanghai, China) and then centrifuged at
12,000x%g at 4°C for 20 minutes to discard the
sediment and extract the supernatant. SDS
loading buffer (Yeasen, Shanghai, China) was
mixed with the supernatant completely. Then,
the mixture was heated at 95°C for 15 minutes
to make the protein sample. A BCA protein
assay kit was used to measure the concentra-
tion of each protein sample. The supernatant
was stored in a heat block at 70°C until use.
The protein samples were loaded in different
lanes in 12% SDS-PA gels for electrophoresis.
The voltage of electrophoresis was 60 V for
115 minutes. Then, a voltage of 120 V was
applied until the migration distance of the tar-
get marker was satisfactory. After that, the pro-
teins were transferred onto polyvinylidene fluo-
ride (PVDF) membranes (Millipore, Bedford,
USA). After electrotransfer, 5% milk (milk pow-
der dissolved in PBST) was used to block the
PVDF membranes. After 8 hours of blocking,
the PVDF membranes were washed with PB-
ST 3 times for 10 minutes per wash. Primary
rabbit anti-human HO-1 polyclonal (1:1000)
and mouse anti-human B-actin monoclonal
(1:5000) antibodies were used to incubate the
PVDF membranes at room temperature (23°C)
for 1 hour. After incubation, the PVDF mem-
branes were washed with PBST 3 times for 10
minutes each time. Then, HRP-labeled anti-rab-
bit 1gG (1:10000) or HRP-labeled anti-mouse
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IgG (1:10000) was used to incubate the PVDF
membranes for 1 hour. The same washing pro-
cedures used after incubation with the HO-1
antibody were again performed. After washing
the PVDF membranes, immunoreactive bands
were visualized with ECL reagents (Tanon, Sh-
anghai, China) in an automatic gel imaging
analysis system (Tanon, Shanghai, China). The
expression of protein in Western blot is judged
by densitometry using Image J (1.51T) software
normalized to control.

gPCR

An EZ-press RNA Purification Kit and an RT
reaction kit were purchased from EZBioscience
(Roseville, USA). Total RNA purification was per-
formed as described according to the protocol
of the EZ-press RNA Purification Kit (EZBio-
science, Roseville, USA). The RT reaction proce-
dures were also performed following the ins-
tructions provided with the RT reaction kit
(EZBioscience, Roseville, USA). Real-time quan-
titative PCR was performed in a 7500 Real-
Time PCR system (Applied Biosystems, Man-
nheim, Germany). PowerUp™ SYBR Green Ma-
ster Mix was purchased from Applied Biosys-
tems Life Technologies (Thermo Fisher Scien-
tific, USA). The primer sets used in this research
are listed in Table 1.

CCK-8 assay

We digested SMMC-7721 cells with trypsin-
EDTA and collected the cells to determine the
cell densities. Then, 10,000 cells per well were
seeded into 96-well plates. After attachment,
ATO was added into the wells to achieve the
indicated final concentrations. For wells receiv-
ing siRNA interference, ATO at the same con-
centration was added when exchanging the
medium. The cells were incubated until analy-
sis with a Cell Counting Kit-8 (Yeasen, Shanghai,
China) following the protocol provided by the
manufacturer. The experiment was repeated
three times.

Apoptosis

An Annexin V-FITC/PI Apoptosis Detection Kit
was purchased from Yeasen (Shanghai, China).
Annexin V-FITC/PI Apoptosis Detection Kit (Ye-
asen, Shanghai, China) was used for the apop-
tosis experiments. Trypsin without EDTA was
used for digestion, because Ca?" is needed

Int J Clin Exp Med 2019;12(8):9858-9870



Inhibiting HMOX1 enhances ATO induced apoptosis

MT1HE

MT1X

. MT1F
MT2A
HSPAS
TNFSF10 .
.. ARHGAP25
g MIR8O75

. *
PLEKHS1

(F e e e e m i m e m -
-

IS

significant
" « DOWN
i s NOT
"w .o

STBGALNACS
HIST1H2BJ
PHOX28

j siree1 -
SLCBAS
DPYS
CD183
2 -05 L]
ANXAT3 pTx3 ALOX12B
LYVEI A4 * .,
REPS2 CXCL8
UGT284 DOPEY?

i LrPiB -15
HIST1H2AC
MAPRE2
SPINK1
SLC6AQ
G
HIST1H2BN
BBOX1
SKIL
RRAGD e
CYP2C8

-log10 (g-value)

o
o

¢ DOX60
RO

g v g s gt
.
.

"
'
.

e
%
-

Ve

i n g URT & e

zasen
Lase
gase)
9
zZmo

>

3

log2 (fold change)

9861 Int J Clin Exp Med 2019;12(8):9858-9870



Inhibiting HMOX1 enhances ATO induced apoptosis

C
A
A
® counts_log
. 2.5
VN > : 5.0
10 - - . 7.5
° 10.0
A ™ 12.5
A
[s)
o
-z i A group
= ® . ATO
O © «  Control
o
5 L 2
i A direction
down
L ] 7 up
A

& i

f o ¢ "G RN ) e I ) ) ;
o 2 & & @ s e &
o CAE we \ ® = &
o

Figure 1. HMOX1 is positively induced by ATO treatment in HCC. A. Heat map illustrating the top 49 differentially expressed genes (threshold log fold change of 3) as
determined by microarray analysis between 3 control samples and 3 arsenic-treated samples (GSE6907). B. Volcano plot showing the 49 genes; the top 15 genes
are labeled. C. Dot plot displaying the counts and expression changes of the top 10 genes.
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Figure 2. ATO strongly upregulates HMOX-1 in human hepatocellular carcino-
ma SMMC-7721 and Huh-7 cells. A. qPCR analysis showed dose-dependent
changes in HMOX1 mRNA expression in SMMC-7221 cells upon ATO treatment.
Cells were exposed to 5 umol and 8 umol ATO for 24 hours. B. qPCR analysis

statistical analyses in this
study were performed in
GraphPad Prism 7.0 soft-
ware (San Diego, CA, USA).
Student’s t-test was used

showed time-dependent changes in HMOX1 mRNA expression in SMMC-7721

cells upon ATO treatment. Cells were exposed to 5 pymol ATO for 12 hours, 24
hours or 36 hours. C. Western blot illustrating the change in HMOX1 protein
levels upon ATO treatment in SMMC-7721 and Huh-7 cells. Cells were exposed
to 5 ymol ATO for 24 hours. D. Quantification of the western blot analysis re-
sults. The data are expressed as the mean + SD, N=2. *P<0.05 and **P<0.01
between control cells not exposed to ATO and cells exposed to ATO in the two

cell lines.

when Annexin V-FITC combines with cells. Try-
psin-EDTA chelates Ca?* while digesting, which
influences the accuracy of apoptosis detection.
The emitted green fluorescence of annexin
(FL1) and red fluorescence of Pl (FL3) were
detected at excitation wavelengths of 488 and
535 nm and at emission wavelengths of 525
and 615 nm, respectively. The levels of early
apoptosis, late apoptosis, and necrosis were
determined based on the percentages of
annexin V*/PI', annexin V*/PI*, and annexin V/
PI* cells, respectively.

ROS detection

A Reactive Oxygen Species Assay Kit was pur-
chased from Yeasen (Shanghai, China). Intra-
cellular ROS levels were measured by flow
cytometry using the cell-based ROS assay kit
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to analyze the significance
of any differences betwe-
en two groups. Student’s
t-tests were used to deter-
mine the significance of
the respective groups for
the different study condi-
tions. P<0.05 (*), P<0.01
(**) or P<0.001 (***) indicated a significant
difference.

Results

To gain further insight into the cell death caused
by ATO with regard to oxidative stress, we inves-
tigated data from NCBI (GEO ID: GSE6907; web-
site: https://www.ncbi.nlm.nih.gov/geo/). The
datasets contained gene expression changes
induced by heavy metals and other chemicals,
including arsenic. From the series, 6 datasets
(GSM159303, GSM159305, GSM159306, GS-
M159312, GSM159314 and GSM159315) we-
re chosen for further analysis. Gene expression
levels and selected those with a log fold change
>3. Ultimately, a total of 49 differentially ex-
pressed genes (29 downregulated and 20
upregulated). Figure 1A shows a heat map of

Int J Clin Exp Med 2019;12(8):9858-9870
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Figure 3. HMOXZ1-siRNA downregulates HMOX1
expression in the presence of ATO. (A and B) In
SMMC-7721 cells, HMOX1-siRNA hindered HMOX1
induction caused by ATO at the mRNA level. Non-
HMOX1-silenced (scramble) SMMC-7721 cells were
exposed to 5 ymol ATO and negative control siRNA
for 6 hours and subsequently exposed to 5 pmol
ATO for another 36 hours. HMOX1-silenced (HMOX1-
siRNA) SMMC-7721 cells were exposed to 5 umol
ATO and HMOX1-siRNA for 6 hours and subsequently
exposed to medium with 5 umol ATO for another 36
hours. Then, mRNA expression and protein expres-
sion were examined by qPCR (A) and Western blot
(B), respectively. (C) Quantification of the western
blot analysis results. The data are expressed as the
mean + SD, N=2. *P<0.05 between the scramble
and siRNA groups.

the analysis of the selected genes, and Figure
1B shows a volcano plot. Both figures feature
an important enzyme related to oxidative st-
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ress, HMOX1. Figure 1C displays the 10 genes
with the greatest absolute fold changes from
the analyzed data. HMOX1 not only changed up
to 3.949-fold (log fold change) but also had
greater counts than the other genes. This might
imply a concrete change in biological function.
These results indicate that HMOX1 might play
an important role in arsenic treatment in HCC.

To explore whether ATO could induce the upreg-
ulation of HMOX1 in HCC, two common HCC cell
lines were selected, SMMC-7721 and Huh-7. As
shown in Figure 2, HMOX1 increased dozens-
fold in a dose-dependent manner and in a time-
dependent manner. Figure 2A shows that HM-
0OX1 mRNA expression increased approximately
20-fold in cells treated with 5 umol ATO and
approximately 50-fold in cells treated with 8
umol ATO after 24 hours. Figure 2B illustrates
the time-dependent effect of 5 pmol ATO. After
12 hours, HMOX1 had increased by approxi-
mately 10-fold; after 24 hours, HMOX1 had
increased by approximately 20-fold; and after
36 hours, HMOX1 had increased by 40-fold. As
shown in Figure 2C and 2D, HMOX1 was upreg-
ulated in both SMMC-7721 and Huh-7 cells
more than 10-fold. These results proved that
ATO treatment does upregulate HMOX1 in HCC.

HMOX1 is an antioxidant enzyme, and its func-
tion is to remove ROS. We then determined the
effect of knocking down HMOX1 on the effects
of ATO treatment. siRNA was used to investi-
gate changes in HMOX1 in SMMC-7721 cells.
The consequences of HMOX-1 silencing are
shown in Figure 3. As shown in Figure 3A, some
SMMC-7721 cells were transfected with the
negative control siRNA (scramble), and the mR-
NA expression of HMOX1 was approximately
30-fold higher in the ATO treatment group than
in the non-ATO treatment group (p<0.05). How-
ever, HMOX1 expression in the SMMC-7721
cells transfected with HMOX1-siRNA (HMOX1-
siRNA) was upregulated no more than 1.5-fold
compared with that in the cells without ATO
treatment (p=not significant). As shown in Fi-
gure 3B and 3C, the Western blot results sh-
owed the same tendency at the protein level as
at the mRNA level. The two columns, the scram-
ble group and the HMOX1-siRNA group, both of
which received ATO, showed significant differ-
ences (p<0.05). These results indicate that
HMOXZ1-siRNA blocked ATO-mediated HMOX1
upregulation in SMMC-7721 cell lines at both
the mRNA and protein levels.

Int J Clin Exp Med 2019;12(8):9858-9870
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Figure 4. Silencing of HMOX1 enhances ATO-medi-
ated cell death in SMMC-7721 cells. Silencing of
HMOX1 expression strengthened the induction of
cell death by ATO. A. Non-HMOX1-silenced (scram-
ble) and HMOX1-silenced (siRNA) SMMC-7721 cells
were transfected with negative control siRNA (scram-
ble) and HMOX1-siRNA (HMOX1-siRNA), respectively,
for 6 hours with different concentrations of ATO and
then cultured with medium containing ATO for 36
hours. A Cell Counting Kit-8 (Yeasen, Shanghai, Chi-
na) was used to calculate cell viability, the IC,  values
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of both the scramble and HMOX1-siRNA groups were
determined based on dose-effect curves with a non-
linear regression model. The data are expressed as
the mean + SD, N=2. **p<0.01 and ***p<0.001.
B. The IC,, values of both the scramble and HMOX1-
siRNA groups were calculated 3 independent times.
C. The medium for the scramble and HMOX1-siRNA
groups was replaced with medium containing 10
umol ATO 6 hours after transfection, and the cells
were examined at 24, 48, and 72 hours to plot a
time-dependence curve. The data are described as
the mean + SD, N=6. **p<0.01 and ***p<0.001.

Cell Counting Kit-8 was used to explore cell
viability changes caused by ATO with HMOX1-
siRNA at different concentrations. As shown in
Figure 4A, the pink curve (scramble) represents
SMMC-7721 cells treated with ATO and nega-
tive control siRNA, while the blue curve (HMOX1-
siRNA) represents SMMC-7721 cells treated
with ATO and HMOXZ1-siRNA. The scramble
curve had higher OD values between O umol
and 50 ymol than the HMOX1-siRNA curve. A
concentration of 12.355 pmol ATO in the sc-
ramble group and a concentration of 8.093
pmol ATO in the HMOX1-siRNA group led to 50%
cell death. Quantification of the IC, values is
shown in Figure 4B and the IC_ for the HMOX1-
siRNA group was significantly lower than that
for the scramble group (***p<0.001). As shown
in Figure 4C, the ATO-induced variation between
the scramble group and the HMOX1-siRNA
group was time-dependent. The HMOX1-siRNA
curve is significantly lower than the scramble
curve (**p<0.01), indicating that HMOX1-siRNA
helps to enhance cell death caused by ATO.
These results demonstrate that silencing HM-
0OX1 might overcome chemoresistance to ATO
in SMMC-7721 HCC cell lines.

Several studies [14, 15] have reported that the
accumulation of ROS can induce apoptosis in
different cancers. HMOX1 has been recognized
as an indispensable enzyme that prevents oxi-
dative stress by scavenging ROS [16]. ROS lev-
els were detected to determine the differences
between the scramble and HMOX1-siRNA gr-
oups at different concentrations of ATO (Figure
5). ROS accumulated in a dose-dependent ma-
nner at 5 ymol and 10 pmol but was not
increased by much at 20 ymol and 40 pmol. At
lower concentrations (5 umol and 10 ymol), the
ROS levels in the HMOX1-siRNA group were
higher than those in the scramble group, while
at higher concentrations (20 pmol and 40
pumol), the ROS levels in the HMOX1-siRNA gr-

Int J Clin Exp Med 2019;12(8):9858-9870
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However, the proportion of negative cells in flow
cytometry increased sharply at higher concen-
trations. The results indicate that inhibition of
HMOX1 could enhance the accumulation of
ROS, which is a key effect of ATO treatment, in
a dose-dependent manner over a range of
concentrations.

Some studies [10, 17, 18] have reported that
ATO induces apoptosis. In addition, as a che-
motherapeutic drug, ATO has been shown to
have great efficacy in treating hematopoietic
malignancies and cancer cells. To explore wh-
ether HMOX1 silencing affects apoptosis cau-
sed by ATO, an Annexin V-FITC/PI Apoptosis
Detection Kit was used to explore the influence
of ATO combined with HMOXZ1 siRNA through
flow cytometry. Figure 6A demonstrates 12
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Figure 5. Silencing of HMOX1 promotes
ROS accumulation in SMMC-7721 cells.
SMMC-7721 cells were transfected
with negative control siRNA or HMOX1-
siRNA and treated with ATO. Then, the

medium was replaced with medium
containing ATO at the same concen-
tration, and the cells were cultured for
40+ another 36 hours. ROS were detected
by flow cytometry using a Reactive Oxy-
gen Species Assay Kit. A. Representa-
tive flow cytometry plots of the relative
20+ ROS levels between the scramble and
HMOX1-siRNA groups at different ATO
concentrations. B. Bar graph showing
the ROS levels in these two groups. The
O—.T- data are expressed as the mean + SD,

ATO 5umol 10umol  20umol

40urmol  N=2: *p<0.05, **p<0.01.

flow cytometry figures under four different con-
ditions. Figure 6B reveals the total apoptotic
rates under these four conditions. Under ATO
treatment, HMOXZ1-siRNA (the pink column)
greatly increased the proportion of apoptotic
cells in the population compared with scramble
siRNA (the blue column). These results illus-
trate that decreased HO-1 expression enhanc-
es apoptosis under ATO treatment.

Discussion

HCC is not very sensitive to chemotherapeutic
drugs compared with other cancer types.
Arsenic trioxide (ATO) is a commercial chemo-
therapeutic drug that has been applied in vari-
ous kinds of tumors [19]. In hepatocellular car-
cinoma, ATO has proven to be beneficial in
inducing cell death in different ways [10].
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B 50- Figure 6. Silencing of HMOX1 strengthens
Fokk apoptosis induced by ATO. (A) Four differ-
ent treatment conditions were applied to
_ 40+ SMMC-7721 cells as indicated. Apoptosis
R was examined by flow cytometry with An-
Y nexin V-FITC/PI dual staining for 36 hours
w 301 after 6 hours of transfection. Representative
o plots of flow cytometry analysis. Q4, normal
-f-ﬁ cells; Q3, cells in early apoptosis; Q2, cells
g_ 20+ in late apoptosis; Q1, cells in the nonspecific
[e) staining region. (B) Bar graph of 3 repeated
2‘ experiments displaying the percentages of
10+ apoptotic cells, including the cells in early
apoptosis (Q3 in A) and late apoptosis (Q2
in A). The data are expressed as the mean +
0- T SD, N=2. ***P<(0.001 between cells treated
ATO - + + + with ATO but not si_RNA and cells treated with
SIRNA _ _ Contl’ol HMOX1 ATO and HMOX1-siRNA.

However, the use of ATO is restricted for several
reasons. For example, some severe side effects
related to dose may drastically disrupt homeo-
stasis, especially in HCC patients. The occur-
rence of acute liver dysfunction in patients with
ATO treatment ranges from 33% to 75% [20-22]
and can only be relieved by reducing the appli-
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cation of ATO [23]. In this study, the dose of ATO
in combination with HMOX1-siRNA giving rise to
50% cell death was only 65.50% of the dose
required for 50% cell death with negative con-
trol siRNA. Therefore, the study is clinically sig-
nificant and provides new evidence supporting
reduced doses of ATO with certain targets.
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C Zou demonstrated that HMOX1 prevents the
progression of the HCC cell line HepG2 both in
vivo and in vitro. Overexpression of HMOX1
could inhibit IL-6 and p38MAPK, thereby inhibit-
ing the migration of HepG2 cells [24]. Others
have shown that HMOX1 slows HCC progres-
sion by silencing miR-30d/miR-107. The PI3K/
Akt pathway may play the final effective role
[25]. Some scientists suggest that inducible
HMOX1 could be regarded as a cytoprotective
protein against oxidative stress [26, 27]. In-
duction of HMOX1 can degrade the prooxidant
heme to clean biliverdin and bilirubin [28]. How-
ever, the mechanisms by which specific path-
ways mediate HCC biological processes after
ATO treatment remain to be fully explored.

In this study, chemoresistance to ATO in HCC
was partially caused by upregulation of HMOX1,
and silencing of HMOX1 during ATO treatment
increased cell death in a time-dependent man-
ner. Furthermore, increased accumulation of
ROS after HMOX1 silencing indicates that oxi-
dative stress is an important pathway for ATO
treatment in HCC.

Ghavamzadeh proposed that the clinical dose
of ATO should be 0.15 mg/kg in HCC, which is
equivalent to nearly 10.8 ymol in human plas-
ma [29]. Our results demonstrate that a lower
concentration (under 20 pymol) of ATO with inhi-
bition of HMOX1 can enhance the accumula-
tion of ROS; at higher (20~40 pmol) concentra-
tions of ATO, although the tendency was not
dose-dependent, the proportion of negative ce-
lls was increased. This might indicate that cells
had died after sufficient accumulation of ROS.
Herein, evidence of sensitization to ATO treat-
ment and the elimination of chemoresistance
in HCC is provided, which makes HMOX1 a
potential therapeutic target. Furthermore, con-
sidering the clinical dosing of ATO, these results
suggest the possibility of a reduced dose of
ATO in combination with an HMOX1 inhibitor,
which might ameliorate the side effects of ATO
to some extent.

The study has some limitations. First, the types
of cell lines were limited and were insufficient
to elucidate whether downregulation of HMOX1
can universally synergize ATO treatment in HCC.
Second, an in vivo study is needed to deter-
mine whether the side effects of this combina-
tion can be endured. Finally, the oxidative path-
way is a significantly important pathway that
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contains various important enzymes, including
HMOX1. It is imperative to study the upstream
and downstream mechanisms of HMOX1 to
understand the intrinsic mechanisms involved
in the effects of ATO treatment in HCC. The-
refore, further exploration of the underlying
mechanisms is needed in the future.

In conclusion, silencing of HMOX1 promotes
ATO treatment-induced cell death through gen-
erating ROS and enhancing apoptosis. The
study provides new proof that inhibition of HM-
0OX1 could strengthen the therapeutic effect of
ATO on HCC.
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