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Abstract

Background and Aims: Multiple regulatory mechanisms
play an important role in arsenic-induced liver injury. To in-
vestigate whether histone H3 lysine 4 (H3K4) methyltrans-
ferase (SET7/9) and histone H3K4 demethyltransferase
(LSD1/KDM1A) can regulate endoplasmic reticulum stress
(ERS)-related apoptosis by modulating the changes of H3K4
methylations in liver cells treated with arsenic Methods:
Apoptosis, proliferation and cell cycles were quantified by
flow cytometry and real-time cell analyzer. The expres-
sion of ERS- and epigenetic-related proteins was detected
by Western blot analysis. The antisense SET7/9 expres-
sion vector and the overexpressed LSD1 plasmid were
used for transient transfection of LO2 cells. The effects of
NaAsO, on the methylation of H3 in the promoter regions
of 78 kDa glucose-regulated protein, activating transcrip-
tion factor 4 and C/EBP-homologous protein were evalu-
ated by chromatin immunoprecipitation assay. Results:
The protein expression of LSD1 (1.25+0.08 vs. 1.77+0.08,
p=0.02) was markedly decreased by treatment with 100 pM
NaAsO,, whereas the SET7/9 (0.68+0.05 vs. 1.10+0.13,
p=0.002) expression level was notably increased, which
resulted in increased H3K4me1/2 (0.93+£0.64, 1.19+0.22
vs. 0.71+£0.13, 0.84+0.13, p=0.03 and p=0.003). After
silencing SET7/9 and overexpressing LSD1 by transfec-
tion, apoptosis rate (in percentage: 3.26+0.34 vs. 7.04%
0.42, 4.80+0.32 vs. 7.52+0.38, p=0.004 and p=0.02)
was significantly decreased and proliferation rate was no-
tably increased, which is reversed after inhibiting LSD1 (in
percentage: 9.31+0.40 vs. 7.52+0.38, p=0.03). Further-
more, the methylation levels of H3 in the promoter regions
of GRP78 (20.80%+2.40 vs. 11.75+2.47, 20.46+2.23 vs.
14.37+0.91, p=0.03 and p=0.01) and CHOP (48.67+4.04
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vs. 16.67+7.02, 59.33+4.51 vs. 20.67+3.06, p=0.004
and p=0.001) were significantly increased in LO, cells ex-
posed to 100 uM NaAsO, for 24 h. Conclusions: Histone
methyltransferase SET7/9 and histone demethyltransferase
LSD1 jointly regulate the changes of H3K4mel/me2 levels
in arsenic-induced apoptosis. NaAsO, induces apoptosis in
LO2 cells by activating the ERS-mediated apoptotic signal-
ing pathway, at least partially by enhancing the methylation
of H3 on the promoter regions of ERS-associated genes,
including GRP78 and CHOP.
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Introduction

Arsenic is a non-metal element, widely distributed in soil,
water, minerals and plants in nature; and long-term expo-
sure to a high-arsenic environment can cause arsenic poi-
soning in the organism.!~3 A large number of epidemiologi-
cal investigations and animal experiments have shown that
arsenic poisoning can cause liver damage, and even lead
to cirrhosis and liver cancer, which has become the main
cause of death in patients with arsenic poisoning.#> There-
fore, there is an urgent need to identify novel therapeutic
targets and to develop effective strategies for liver damage
therapy. At present, studies on the mechanism of liver in-
jury caused by arsenic poisoning mainly focus on oxidative
stress,® influence on enzyme activity,” DNA damage, DNA
methylation,® and apoptosis.® 19 Observations of involve-
ment of many various mechanisms indicate that arsenic-
induced hepatocyte apoptosis is one of the core events.11/12

Arsenic can upregulate the expression levels of Fas and
Fas ligand (i.e. FasL) in liver cells, and increase the apop-
tosis of cells through the death receptor pathway, causing
liver damage.13.14 Some scholars have found that arsenic
can increase the expression levels of Bax and p53 proteins
and induce hepatocyte apoptosis through a mitochondri-
al pathway.1516 While the endoplasmic reticulum (ER) is
physiologically responsible for the control of proper protein
folding and function, many factors such as the unfolded
protein response, ER overload response and others, can
disturb ER function, leading to ER stress (ERS). Apoptosis
induced by ERS is a newly-discovered apoptosis pathway
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following the death receptor pathway and the mitochon-
drial pathway.17:18 Previous studies have also demonstrat-
ed ERS-mediated hepatocyte apoptosis in rats.'® Further
study found the PRKR-like endoplasmic reticulum kinase
(PERK) signaling pathway were activated in arsenic-medi-
ated liver cells.20

However, how the PERK signaling pathway is activated
has not been deeply researched. In recent years, epigenet-
ics has gradually become a research hotspot. Epigenetics is
a branch of genetics that studies the heritable changes in
gene expression without changes in nucleotide sequence.
Some scholars have found that the expression levels of 78
kDa glucose-regulated protein (GRP78), histone 3 lysine 4
methyltransferase (SET7/9) and histone 3 lysine 4 (H3K4)
me2 are significantly increased in the renal tissues of dia-
betic nephrotic mice,?! suggesting that epigenetic histone
modification may be associated with ERS. SET/9 specifically
monomethylates the fourth lysine of histone 3 (i.e. H3K4)
in multiple modifiable sites of histones.22:23 Studies have
shown that sodium arsenite can upregulate the level of di-
methyl and methyl modification of H3K4 by downregulating
the expression level of LSD1, which can open or increase
the transcription of some genes.2* Lysine-specific histone
demethylase 1 (LSD1, also known as KDM1A), is a member
of the amine oxidase family and a member of the demeth-
ylase family. LSD1 serves as a demethylase that specifi-
cally removes dimethyl and methyl modifications of H3K4
in vitro.

Based on the above research background, this experi-
ment was designed to investigate whether SET7/9 and
LSD1/KDM1A can regulate ERS-related apoptosis by modu-
lating the changes of H3K4 methylations in liver cells treat-
ed with arsenic

Methods

Cells and reagents

Human normal hepatocyte L02 cells were obtained from
the Shanghai Cell Bank of Chinese Academy of Sciences
(China) and sodium arsenite was obtained from Shandong
Xiya Reagent Chemical Industry (China). Fetal bovine se-
rum, Dulbecco’s modified Eagle’s medium (GIBCO, New
York, NY, USA), antibodies against GRP78, C/EBP-homol-
ogous protein (CHOP), LSD1, H3 and H3K4mel (Abcam,
Cambridge, UK), antibodies against H3K4me2 (Active Mo-
tif, Carlsbad, CA, USA), GAPDH (Bioprimacy Biotechnology,
Wuhan, China), secondary antibodies (Boster Biological
Engineering, Wuhan, China), SET7/9-specific small inter-
fering RNAs (siRNAs) were purchased from Shanghai Jima
Gene (China), negative small hairpin (sh)RNA and LSD1
overexpressed plasmids were obtained from Shanghai Jima
Gene. OG-L002, an effective and selective LSD1 inhibitor,
was obtained from Selleck Chemicals Company (Houston,
USA). The chromatin immunoprecipitation assay (ChIP) kit
and Lipofectamine 2000 were procured from Thermo Fisher
Scientific (Waltham, MA, USA). The cell cycle and apopto-
sis detection kit were purchased from Bormai Biotechnology
(Beijing, China)

Real-time cellular analysis

Cell proliferation was monitored using an xCELLigence Real-
Time Cell Analysis instrument (xCELLigence DP System;
ACEA Biosciences, Inc., San Diego, CA, USA), which can
continuously monitor live cell proliferation, morphology and
viability with a label-free assay. A 100 pL aliquot of LO2 sus-

pended droplets were added to an E-Plate, including 10,000
cells, which was placed at 37°C in a humidified incubator
containing 5% CO, for 6-8 h. After LO2 cells adhered to the
plate, arsenic was added at 100 uM,2° and we performed
continuous monitoring of the cell growth and proliferation
process for 36 to 48 h.

Western blot

Taking out each cell culture, and adding “protein lysis solu-
tion” and protease inhibitors at a ratio of 99:1, each cell
suspension was collected into a 1.5 mL centrifuge tube
after lysing on the ice for 10 m; then, the 1.5 mL centri-
fuge tubes were centrifuged at 4°C and 12,000 r/m for
20 m. After precipitating, collecting the supernatant, and
transferring the proteins to PVDF membranes, non-specif-
ic binding was blocked with 5% non-fat dry milk in Tris-
buffered saline with Tween-20, and the membranes were
probed overnight at 4°C with primary antibodies against
GRP78 (1:1,500), CHOP (1:1,500), GAPDH (1:1,000), H3
(1:1,000), H3K4mel (1:1,000), and H3K4me2 (1:1,000).
The bound antibodies were detected with horseradish per-
oxidase-conjugated secondary antibodies and visualized
using enhanced chemiluminescence reagents. The signal
intensity was measured using Bio-Rad imaging system
(Hercules, CA, USA) and analyzed by Quantity One soft-
ware (Bio-Rad).

Apoptosis assay

Cells were digested with 0.25% trypsin without ethylene di-
amine tetraacetic acid (commonly referred to as EDTA) and
washed with phosphate-buffered saline (PBS) 2-3 times;
then, suspension liquids were collected into 10 mL centri-
fuge tubes. After centrifugation at 1,500 r/m for 5 m, 500
pL of binding buffer was added into tubes and resuspended.
Annexin V-FITC (5 pL) and propidium iodide staining solu-
tion (5 pL) were added for a 5-15 m incubation.

Cell cycle assay

After the supernatant of each group was discarded and
washed with PBS for 2-3 times, the cells of each group
were digested with trypsin, free of EDTA, and the cell sus-
pension was collected. The supernatant was discarded after
centrifugation at 2,000 r/m for 5 m, and then washed with
PBS to repeat the above steps. After the supernatant of
the centrifuged tube was discarded, 250 pL PBS was added
for resuspending, and 750 pL precooled anhydrous ethanol
was added to each group to make the final concentration of
ethanol 75%; after resuspension, the cells were incubated
overnight at 4°C. On the second day, the cell suspensions
of each group were centrifuged at 2,000 r/m for 5 m, and
the supernatant was discarded. Then, the supernatant was
processed with PBS in the same way. After the superna-
tant was discarded, the mixture of 500 pL was configured
for each group in the proportion of RNase: Propidium Io-
dide=1:9.

ChIP-qPCR

LO2 cells (1x108) were seeded onto 10-cm diameter dishes
and were mock-treated with PBS (0 umol/L NaAsO,) or 100
pmol/L NaAsO, for 24 h. After treatment, ChIP kit (pur-
chased from Thermo Fisher Scientific) was used to perform
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Table 1. DNA sequences of primers used for reverse transcription- and ChIP-quantitative PCR

Gene Forward, 5'-3’ Reverse, 5'-3’

GRP78 GGGATGGAGGAAGGGAGAAC GAGGCATTTCCGCTGGTAAC
ATF4 GGTGGGTTCCATGGTCAAAT AACACATCCACCACTGC
CHOP CACGACCTCAGCCTGTCAAG ACTGGAGTGGTGTGGCAATG

a ChIP assay. According to the manufacturer’s instructions,
LO2 cells were cross-linked with 16% formaldehyde, and
1x glycine was added to terminate the cross-linking. The
cells were lysed with 2 pL cell nuclease (ChIP grade) lysis
buffer and the lysates were ultrasound-crushed to a length
of 150-1,000 bp. Immunoprecipitation was performed at
4°C for overnight using magnetic beads A/G and the follow-
ing antibodies: rabbit IgG (1:10), anti-RNA polymerase II
(1:10), anti-H3K4me1l (1:10), and anti-H3K4me2 (1:10).
The immunoprecipitates were washed and eluted using
magnetic scaffolding (purchased from Thermo Fisher Scien-
tific). Immunoprecipitated DNA was recovered by reverse
cross-linking, then purified and dissolved in distilled wa-
ter. The corresponding sample without any antibody added
served as input control. Objective DNA and input DNA were
analyzed by reverse transcription-gPCR. The abundance of
immunoprecipitated target DNA was expressed as the per-
centage of input chromatin DNA. The primer sequences of
the target genes GRP78, activating transcription factor 4
(ATF4), and CHOP are listed in Table 1.
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Statistical analysis

SPSS 20.0 statistical software was used for analysis. Data
were expressed as the meanzxstandard deviation. The one-
way analysis of variance method was used for the multivari-
ate comparison, and the least significant difference method
was used as a post hoc test. A p-value of <0.05 was consid-
ered to indicate a statistically significant difference.

Results

Arsenic significantly upregulates ERS-related pro-
teins and H3K4mel/me2 in LO2 cells

Compared with control group, the levels of SET7/9,20 CHOP
and H3K4me1l were significantly increased (Fig. 1B and Fig.
2B), whereas the level of LSD1 was obviously decreased

B
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Fig. 1. Effect of arsenic on H3K4 methylation in LO2 hepatocytes. Cells were exposed to arsenic at 100 pmol/L for 24 h. Proteins, prepared from whole cell
extracts, were analyzed by western blotting. The activities of H3K4mel/me2 were determined with respective specific antibodies. (A) SET7/9 protein knock-down
efficiency. H3K4mel expression was measured in control, model and SET7/9 knock-down LO2 cells. (B) Data shown are meanz*standard deviation of three independ-
ent experiments, *p<0.05 vs. control group; #p<0.05 vs. negative transfection group. (C) LSD1 protein knock-down and overexpression efficiency. H3K4me1l/me2
expression was measured in control, model and LSD1 knock-down and OG-L002 group of LO2 cells. (D) Data shown are mean+standard deviation of three independent

experiments, *p<0.05 vs. control group; #p<0.05 vs. negative transfection group.
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Fig. 2. Effect of arsenic on ERS-related proteins in LO2 hepatocytes. Cells were exposed to arsenic at 100 pmol/L for 24 h. Proteins, prepared from whole

cell extracts, were analyzed by western blotting. The activities of GRP78, CHOP, and

LSD1 were determined with respective specific antibodies. (A) SET7/9 protein

knock-down efficiency. CHOP expression was measured in control, model and SET7/9 knock-down in LO2 cells. (B) Data shown are mean+standard deviation of three

independent experiments, *p<0.05 vs. control group; #p<0.05 vs. negative transfecti

on group. (C) LSD1 protein knock-down and overexpression efficiency. GRP78,

CHOP, and LSD1 expression was measured in control, model and LSD1 knock-down and OG-L002 group of LO2 cells. (D) Data shown are mean=+standard deviation of

three independent experiments, *p<0.05 vs. control group; #p<0.05 vs. negative tran

in the model group (Fig. 2D). Compared with the negative
siRNA transfection group, the expression levels of GRP78,
CHOP, and H3K4mel in the SET7/9 siRNA transfection
group (Fig. 1B and Fig. 2B) were significantly decreased.

Compared with the negative shRNA transfection group,
the expression levels of GRP78, CHOP, H3K4mel, and
H3K4me2 were significantly decreased in the LSD1 group
(Fig. 1D and Fig. 2D); the expression levels of GRP78,
CHOP, H3K4mel and H3K4me2 were notably increased in
the OG-L002 group (Fig. 1D and Fig. 2D).

SET7/9 and LSD1 induce changes in apoptosis and
cell cycle in LO2 hepatocytes treated with arsenic

Flow cytometry showed that the apoptosis rate and the pro-
portion of G1 phase cells were significantly increased in the
model group compared with the control group. Compared
with the negative transfection group, the apoptosis rate and
the proportion of G1 phase cells were notably decreased in
the SET7/9 siRNA transfection group and the LSD1 overex-
pression group, while the apoptosis rate and the proportion
of G1 phase cells were obviously increased in the OG-L002
group [Fig. 3A(f)]. These results indicate that arsenic could
promote apoptosis and increase the proportion of G1 phase
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sfection group.

cells, and histone modifying enzyme of SET7/9 and LSD1
could regulate apoptosis and cycle in arsenic-induced L02
cells [Fig. 3B(b) and 3C(b)]. The apoptotic data on SET7/9
has been published.20

SET7/9 and LSD1 mediate proliferation changes in
arsenic-induced LO2 hepatocytes

Real-time cellular analysis showed that the proliferation
was significantly decreased in the model group compared
with the control group. The proliferation rate was notably
increased in the SET7/9 siRNA transfection group and in
the LSD1 overexpression group compared with the nega-
tive transfection group, while the proliferation was obvi-
ously decreased in the OG-L002 group (Fig. 4B and 4D).
These results illustrate that the histone modifying enzymes
of SET7/9 and LSD1 could regulate proliferation in LO2 cells.

Arsenic treatment enhances the methylation level of
histone H3 in the promoter regions of the GRP78 and
CHOP genes in LO2 hepatocytes

In order to confirm whether the regulation of transcription
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Fig. 3. Effect of arsenic on apoptosis and cycles in LO2 hepatocytes. (A) The changes of apoptosis in the LO2 cells of different groups were analyzed by flow cy-
tometry. LSD1 protein knock-down and overexpression efficiency. Apoptosis was measured in control, model and LSD1 knock-down and OG-L002 group of L0O2 cells. (a:
control; b: model; c: negative transfection; d: LSD1 overexpression group; e: OG L002; f: the apoptosis rate of different groups) Data shown are mean+standard devia-
tion of three independent experiments, *p<0.05 vs. control group; #p<0.05 vs. negative transfection group. (B) The cell cycle distribution of each group. SET7/9 protein
knock-down efficiency. Cell cycles were assessed in control, model and SET7/9 knock-down of L02 cells. (a: cycles diagram for each group; f: the cycles of different groups)
Data shown are meanz=standard deviation of three independent experiments, *p<0.05 vs. control group; #p<0.05 vs. negative transfection group. (C) The cell cycle
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Fig. 3. (continued)
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of GRP78, ATF4 and CHOP genes by arsenic is mediated by
the upregulation of H3K4mel/me2, ChIP was performed.
Following treatment with arsenic, the L02 cells were ly-
sed and immunoprecipitated with specific anti-H3K4me1l/
me2 antibody. gPCR results demonstrated a significant in-
crease in the H3K4mel/me2-associated promoter regions
of the GRP78 and CHOP genes in L02 cells treated with 100
MM NaAsO, (Fig. 5A and 5C), while the promoter region
of ATF4 did not show a significant increase in H3K4mel/
me?2 (Fig. 5B). These results confirmed that arsenic induces
the expression of ERS-associated molecules by increasing
their transcription, at least partially through enhancing the
methylation of histone H3 in the promoter regions of these
genes.

Discussion

Arsenic can cause injury to many organs of the body,25
among which liver injury has always been the focus.26:27
In addition to endemic arsenic poisoning, medicine-induced
arsenic poisoning also occurs.?® Since ancient times, raw
plants as well as refined plant products have been in com-
mon use, including as traditional Chinese medicine, Ayur-
veda in India, Kampo in Japan, traditional Korean medicine,
and Unani in old Greece, all of which have well known as-
sociations with increased risk of liver damage.?® In many
countries, rice grains and complementary medicines are im-
portant sources of arsenic consumption.3? Ayurvedic is an
arsenic-containing compound, which is currently in use in
India to control blood counts of patients with hematological
malignancies.3! Long-term use of the Ayurvedic drug can
also cause liver damage.32

The Roussel Uclaf Causality Assessment Method (com-
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monly known as RUCAM) is the best way to assess cause
and effect in liver damage caused by arsenic poisoning from
herbs and drugs. RUCAM, in its original version (published
in 1993)33 and its updated version (from 2016),34 repre-
sents sophisticated diagnostic algorithms based on princi-
ples of artificial intelligence (commonly referred to as Al),
as outlined in a recent editorial.3>

At present, a clinical study of arsenic detoxification in
vivo is under way. The arsenic detoxification treatment with
dimercaptopropanol and sodium dimercaptopropanesul-
fonate has not achieved the expected efficacy in patients.
The antagonistic effect of selenium on arsenic, the antioxi-
dant effect of superoxide dismutase on patients with arsenic
poisoning and the protective effect on liver, lung, kidney,
heart and other organs have been widely reported in treat-
ment studies. Guizhou province reports of Chinese herbal
medicine preparation for the treatment of chronic arsenic
poisoning causing liver damage, such as Lu et al.36 show-
ing that whether by clinical manifestations or through the
preparation before and after the organizational structure of
the liver samples of vivisection, compound preparation of
the Chinese herbal medicine HanDan diisopropylamine di-
chloroacetate liver damage caused by arsenic poisoning still
produces obvious curative effect. Yun et al.3” used ginkgo
biloba leaves to treat 84 cases of chronic arsenic poison-
ing caused by coal burning, with anti-liver fibrosis intent.
Serology and pathological histology observations indicated
that the serum platelet activation factor (an important fac-
tor involved in liver injury and fibrosis) and four liver fibrosis
indexes in the treatment group were significantly decreased
(p<0.01), and the liver pathology was also improved to a
certain extent in the treatment group, which was statisti-
cally significant when compared with the non-ginkgo biloba
control group (p>0.01).
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Fig. 4. Effect of arsenic on growth in LO2 hepatocytes. (A) Real-time cellular analysis was employed to detect the SET7/9 protein knock-down efficiency. Pro-
liferation was measured in control, model and SET7/9 knock-down of LO2 cells. (B) The proliferation rate in control, model and SET7/9 knock-down. Data shown are
meanzstandard deviation of three independent experiments, *p<0.05 vs. control group; #p<0.05 vs. negative transfection group. (C) Real-time cellular analysis was
employed to detect the LSD1 protein knock-down and overexpression efficiency. D: The proliferation rate was measured in control, model and LSD1 knock-down and
overexpression LSD1 group. Data shown are meanzxstandard deviation of three independent experiments, *p<0.05 vs. control group; #p<0.05 vs. negative transfec-
tion group.
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Our studies have shown that arsenic can regulate the
changes of H3K4mel/me2 level by regulating histone
methyltransferase SET7/9 and histone demethyltransferase
LSD1 in the process of arsenic-induced hepatocyte apopto-
sis. Histone H3K4mel/me?2 is involved in the activation of
ERS-related proteins of GRP78 and CHOP during the pro-
cess of arsenic-induced hepatocyte apoptosis. This provides
a theoretical basis for further elucidating the pathogenesis
of arsenic-induced liver injury.
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