Drug Design, Development and Therapy

Dove

ORIGINAL RESEARCH

Arsenic Disulfide Promoted Hypomethylation by
Increasing DNA Methyltransferases Expression in
Myelodysplastic Syndrome

Qing-Bing Zhou®'
Zheng-Tang Liu'
Hong-Zhi Wang?
Xiao-Qing Guo?
Yong-Gang Xu?
Xiao-Mei Hu?

'China Academy of Chinese Medical
Sciences, Institute of Geriatric Medicine,
Xiyuan Hospital, Beijing, People’s
Republic of China; 2Department of
Hematology, Xiyuan Hospital, China
Academy of Chinese Medical Sciences,
Beijing, People’s Republic of China

Correspondence: Xiao-Mei Hu
Department of Hematology, Xiyuan
Hospital, China Academy of Chinese
Medical Sciences, Xiyuan Playground
No. I, Haidian District, Beijing 100091,
People’s Republic of China

Tel +86 186 1035 0593

Email huxiaomei_2@63.com

This article was published in the following Dove Press journal:
Drug Design, Development and Therapy

Background: Previous studies have shown that DNA methylation plays a significant role in
myelodysplastic syndrome (MDS). In addition to hypermethylation, aberrant hypomethyla-
tion can result in the transcriptional activation of oncogenes in cancer, including MDS.
Therefore, drugs targeting DNA hypomethylation are needed for the treatment of MDS. This
study aimed to investigate whether As,S, promoted hypomethylation by increasing DNA
methyltransferases (DNMTs) expression in MDS.

Patients and Methods: Ten bone marrow samples from MDS patients and 3 healthy donors
were obtained for the examination of the DNA methylation with a Human Methylation 850K
BeadChip. The mRNA expressions for the DNMTs in the ten MDS patients and 3 controls were
compared by Q-PCR. Then, the MDS cell line SKM-1 was treated with As,S,. After 2 days of
treatment, Human Methylation 850K BeadChip was applied to analyze the changes of gene
methylation status in the cells. Q-PCR and Western blot were taken to test the changes of mRNA
and protein expressions for DNMTs in SKM-1 cells after treatment.

Results: Five hundred ninety-two abnormally hypomethylated genes were found in MDS patients
compared to those in controls by Human Methylation 850K. The mRNA expressions of DNMTs
(DNMT1, DNMT3a and DNMT3b) in MDS patients were significantly lower than those in healthy
individuals. The IC50 value of As,S, for SKM-1 cells was 4.97 pmol/L.Treatment with As,S; at
2 umoL/L resulted in significant alterations in the methylation levels at 1718 sites in SKM-1 cells
compared to those in the controls. Hypermethylation was observed in 1625 sites (94.58%),
corresponding to 975 genes, compared to those in the controls. Finally, the expression levels of
DNMTs (DNMT1, DNMT3a, and DNMT3b) significantly increased in SKM-1 cells treated with
As,S, at 2 pmoL/L and 4 pmoL/L.

Conclusion: These data show a potential clinical application of As,S, as an innovative
hypermethylation agent in MDS.
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Plain Language Summary

DNA aberrant hypomethylation plays an important role in the development of myelodys-
plastic syndrome (MDS). For example, Papaggeli PC demonstrated that the oncogenes c-myc
and c-fos were often aberrantly hypomethylated in MDS. The aberrant hypomethylation of
SALLA4 was often observed in patients with higher risk of MDS. De-Hong Wua reported that
MDS patients with the hypomethylation of let-7a-3 is associated with poor prognosis. So
targeting the aberrant hypomethylation could be very important for the MDS treatment.
However, there is no such drug that can promote the aberrant hypomethylation at present. In
this study, 592 hypomethylated genes were found in MDS patients when compared with
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those in healthy people and the expression of DNA methyltrans-
ferases (DNMTs) was lower than those in healthy donors. More
important, data indicated that arsenic disulfide (As,S,) could
promote the hypomethylation in MDS cell line through increas-
ing the expression of DNMTs. Our data show a potential clinical
application of As,S, as an innovative hypermethylation agent in
the treatment of MDS.

Introduction

Abnormal DNA methylation plays an important role in
nearly all kinds of cancer.'” Aberrant hypomethylation
and hypermethylation events are common in acute mye-
loid leukaemia (AML) and myelodysplastic syndrome
(MDS).>"® DNA hypermethylation has caused great inter-
est because of its direct impact on tumour suppressor
genes. Hypermethylation in the promoter of cancer-
related genes causes the reversible silencing of tumor
suppressor genes.’ The targeted treatment of DNA hyper-
methylation has become a research goal, and the approval
of azacitidine (AZA) and decitabine (DAC) for treatment
of MDS represented the most significant progress in the
last dozen years.® However, studies have shown that many
patients do not acquire response after demethylation ther-
apy and other patients eventually relapsed who initially
respond to DAC or AZA treatment.” Thus, there is an
obvious need to develop novel drugs for DNA methyla-
tion-targeted therapy.

Cancer progression is also associated with DNA hypo-
methylation, which also affects the expression of cancer-
related genes and drives the leukaemogenic process in
MDS and AML.'® DNA hypomethylation is involved in
the development of cancer because it leads to transcrip-
tional activation of oncogenes. Papaggeli PC demonstrated
that proto-oncogenes c-myc and c-fos were often aber-
rantly hypomethylated in MDS and AML." A study
showed that the frequency of SALL4 hypomethylation
significantly increased in patients with a higher risk of
MDS.'? De-Hong Wua reported that in MDS patients,
the hypomethylation of let-7a-3 is associated with poor
prognosis.'? Therefore, drugs targeting DNA hypomethy-
lation are needed for the treatment of patients with MDS.
However, there are no such drugs that can improve the
aberrant hypomethylation in MDS.

In the present study, we found that many abnormally
hypomethylated genes existed in MDS patients and that
As,S, could upregulate the hypomethylation by increasing
DNMTs expression in MDS cell line SKM-1.

Patients and Methods

Patients and Samples

A total of ten MDS patients were included for the methylation
checking in the study. Table S1 shows the details regarding the
MBDS patients, who were diagnosed according to 2008 WHO
classification system.'* Bone marrow cells were obtained from
MDS patients and 3 healthy donors. The healthy donors were
used as controls for the checking (Table S2). All patients and
healthy individuals provided informed consent, and the study
was approved by the medical ethics committee of Xiyuan
hospital (2018XLA005-2). The sample collection was con-
ducted in accordance with declaration of Helsinki.

Reagents and Cell Line

As,S, (Sigma-Aldrich, Missouri, America) was dissolved in 1
M NaOH, and the PH value was adjusted to 7.35-7.45 with the
use of HCL to make a stock solution. The MDS cell line SKM-
1," established from a patient with myelomonocytic leukae-
mia derived from myelodysplastic syndrome, was provided by
Professor Su-ning Chen in the First Affiliated Hospital of
Soochow University, Institute of Hematology of Jiangsu
Province. The use of the gifted cell line was approved by the
medical ethics committee of Soochow University. SKM-1
cells were cultured in RPMI-1640 supplemented with 10%
inactivated FBS (Gibco, California, USA).

WST-8 Cell Viability Assay and Drug

Treatment

Cell proliferation was measured using water-soluble WST-8 dur-
ing a spectrophotometric assay (EnoGene, Nanjing, China). The
cells were seeded at a density of 1x 10* cells per well in flat-
bottomed 96 well plates. Serially diluted concentrations of As,S,
were added to the wells. After 48 h of incubation, 10 pL of WST-8
reagent was added. The absorbance of the samples was measured
using a microplate reader (BioTek, Vermont, America) at 450 nm.
The experiments were repeated twice. The 50% inhibitory con-
centration value (IC50) was calculated and the drug treatment
concentrations were determined. In this study, SKM-1 cells were
seeded in 6 well plates and treated with As,S, at 0 umoL/L, 1
umoL/L, and 2 pmoL/L for 48h, respectively; then, the cells were
collected for subsequent experiments.

Human Methylation 850K BeadChip
Analysis
Genomic DNA was extracted from bone marrows and SKM-1

cells using a NucleoSpin Tissue kit (Macherey-Nagel, Germany).
[ltumina Inc. provided the 850K DNA methylation array, which is
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a highly reproducible device for DNA methylation detection.'® In
our study, the methylation status in DNA samples were analysed
by the [llumina Human Methylation 850K array. Briefly, an EZ
DNA methylation kit (Zymo Research, CA, USA) was used and
the bisulfite conversion of 1ug DNA of each sample was per-
formed. Then, bisulfite-treated DNA was hybridized on
Methylation 850 BeadChip, following the Infinium HD
Methylation protocol. SQ fluorescent scanner was used. Fully
methylated DNA produced a ratio that approaches 1, whereas if
methylation was completely absent, then the ratio would approach
0. The differentially methylated genes were analysed by GO
analysis, which is an important bioinformatics tool for screening
related functions.'”'®

Reverse Transcription PCR

Cells from bone marrow and SKM-1 were collected and total
RNA was extracted with the use of an Ultrapure RNA Kit
(CW bio, Beijing, China). Then, reverse transcription was
performed and fluorogenic quantitative PCR was performed
in 25 pL reaction volumes containing Ultra SYBR Mixture,
forward and reverse primers (Sangon, Shanghai, China),
a cDNA template and water. GAPDH was chosen as the
housekeeping gene. All of the primers used are listed in
Table S3. The amplification conditions were 95°C for
10 min, followed by 45 cycles of 95°C for 15 s and 60°C
for 1 min using a Line Gene 9600 Plus (Bioer Technology,
Hangzhou, China). PCR products were confirmed by melting
curve analysis. Relative changes for the target genes were
determined after normalization to the expression of GAPDH.

Western Blotting

Protein was extracted with the use of Protein Extraction
Kit (Gene pool, China) according to manufacturers’
instructions. Then, the protein concentration was deter-
mined by a BCA protein assay. Next, protein samples
were loaded to SDS-PAGE and transferred to a PVDF
membrane. After blocking in 5.0% non-fat milk for
1 h at room temperature, the specific primary antibodies
were incubated with the PVDF membrane at 4°C over-
night (Abcam, Cambridge, USA). Then, secondary anti-
bodies were added, enhanced chemiluminescence (ECL)
reagents (Thermo, USA) were used to detect the antigen-
antibody binding. Quantity One v.4.6.2 was utilized for the
quantification of the total gray area of each protein band.

Statistical Analysis
Statistical significance of the difference between the values of
the methylation status for different samples that were measured

with Human Methylation 850K was assessed using Bayesian
and linear regression. CpG sites with both p-values <0.05 and
a minimum change of £0.1 in the B-values were considered
significant. The expressions of mRNA and proteins among
different groups were analysed using one-way ANOVA with
Dunnett’s test. A value of P< 0.05 was considered significant.

Results
Many Abnormally Hypomethylated Genes
Existed in MDS Patients

No differences were observed in gender and age between
the MDS patients and healthy donors (P=0.729 and 0.865).
Then, we analysed data from >853,000 CpG sites with an
[llumina Methylation EPIC BeadChip in BM samples from
ten MDS patients and 3 healthy individuals. The Bayesian
and linear regression analysis showed there were 2421 sites
that were significantly differentially methylated in MDS
patients compared to those in healthy individuals. Among
these sites, 1118 were hypomethylated and 1303 were
hypermethylated in MDS patients, which corresponded to
592 hypomethylated and 654 hypermethylated genes,
respectively, compared to those in healthy individuals
(data not shown). Heatmap and Volcano plot between ten
MDS patients and 3 healthy individuals are shown in Figure
1A and B. According to Go analysis, these aberrant hypo-
methylated genes took part in many cancer-related func-
tions and pathways, including the apoptotic process, cell
proliferation, the Wnt receptor signalling pathway, and the
glutamate receptor signalling pathway (Figure 1C).

The Lower Expressions of DNMTs in

MDS Patients

We analyzed mRNA expressions of DNMTs (DNMT]I,
DNMT3a and DNMT3b) in the ten untreated MDS patients
by real-time fluorescent quantitative PCR. The expressions
of these 3 genes in MDS patients were significantly lower
than those in healthy donors (p-value<0.05) (Figure 2).

Effects of As,S, on the Proliferation of
SKM-1 Cells

The chemical structure of As,S, is shown in Figure 3A. The
inhibition of proliferation was observed in SKM-1 cell line after
treatment with As,S, at concentrations ranging from 0 to 16 uM
for 48 h in a dose-dependent manner compared to that in controls
(Figure 3B). The IC50 of As,S, for SKM-1 cells was 4.97
pmol/L.
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Figure | Differential methylation study in ten MDS patients vs 3 healthy individuals from bone marrow samples. (A) Heatmap representing a supervised cluster centred on
the median of the methylation levels at the 2421 CpG sites between ten MDS patients (A) vs 3 healthy individuals (N). Samples represented as A (Salmon orange) and
N samples (purple). Hypermethylated CpG probes in MDS patients (orange) and hypomethylated probes (blue). (B) Volcano plot representation of methylation for
significant CpG sites of genes. Hypomethylated probes are represented in green colour and hypermethylated probes are represented in red. Red lines delimit 0.1
methylation differences between MDS patients vs healthy donors and the dotted line represents a p-value threshold of 0.05. (C) Significantly changed GOs of
hypomethylated genes in MDS patients. The y axis shows category and the x axis, -LgP. The larger —LgP indicated a smaller P value.
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Figure 2 The mRNA expressions for DNMTs in MDS patients were lower than those in controls. Bone marrow cells were extracted from ten untreated MDS patients and
3 healthy donors and then subjected to real-time PCR to measure the mRNA levels of DNMT1 (A), DNMT3a (B) and DNMT3b (C). The error bars indicate mean + SEM. *,
P<0.05, compared to those in healthy donors.

As>S, Improved the Hypomethylation in were treated with 0 (control), 1 (low-dose) or 2 umol/L
SKM-1 Cells (high-dose) of Ag,S, for 48 h.

We conducted an analysis of the changes in the DNA There were 9 samples that underwent methylation ana-
methylation status in SKM-1 cells after treatment with lysis. The control group contained Al, A2 and A3; B, B2,
As»S, using an Infinium Human Methylation 850K B3 and C1, C2, C3 represent low-dose group and high-dose
BeadChip. SKM-1 cells were divided into 3 groups and  group, respectively. The analysis of the mean methylation
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Figure 3 Effects of As,S; on cell proliferation of SKM-1 cells. (A) Chemical structure of As,S, (B) Dose-response curve for the proliferation of SKM-1 cell line after
treatment with As,S, for 48h. The error bars indicate mean + SEM. Results from three independent experiments were shown.

of cytosines showed that the methylation level in the high-
dose group was higher than that in other groups
(Figure 4A). The red represents hypermethylated sites, and
the green represents hypomethylated sites in Figure 4B
and C. The distribution of differentially methylated sites
on the chromosomes between low-dose group and control
group revealed that 1 pmol/L Ag,S, treatment had little
effect on DNA methylation in SKM-1 cells (Figure 4B).
However, methylation status at a large number of sites
changed after 2 pmol/L Ag,S, treatment compared to
those in controls (Figure 4C).

Furthermore, as shown in Tables 1 and S4, the methylation
of 1718 sites was significantly changed by treatment with
AgpS; at 2 pmol/L for 48 h, which corresponded to 1032
genes. Among the 1032 genes, 975 genes (94.47%) were
hypermethylated following the treatment compared to that in
the controls and part of these hypermethylated genes induced
by Ag,S; at 2 pmol/L were listed in Table S5. In the low-dose

group, only 12 sites (9 genes) were differentially methylated
after 1 pmol/L-Ag,S, treatment compared to those in control
group (Tables 1, S4). Table 2 shows the distribution of the
differentially methylated sites and the positions of genes in the
high-dose group compared to those in control group.

As,S, Decreased the mRNA Expression
of the Hypermethylated Genes in SKM-1
Cells

To address the question of whether Ag,S, treatment chan-
ged mRNA expression levels of the hypermethylated
genes in high-dose group compared to those in controls,
FGF1 and IGF1 were chosen to undergo RT-PCR analysis,
based on the results from the Human Methylation 850K.

Treatment with 2 umoL AS,S, for 48 h resulted in
a significant decrease in FGF1 and IGFI mRNA expres-
sion compared to the mRNA expression in control cells,
while 1 umoL AS,S, treatment for 48 h did not change the
expression compared to that in controls (Figure 5).

As;S, Increased the Expressions of
DNMTI, DNMT3a, and DNMT3b in
As,S,-Treated SKM-| Cells

We next focused on mRNA and protein expressions of
DNMTs following As,S, treatment. SKM-1 cells were
treated with 0, 1, 2 and 4 pmol/L of As,S, for 48 h. As
shown in Figures 6 and 7, compared to controls, 2 and 4
pmol/L As,S, treatments significantly increased expres-
sions of DNMTI1, DNMT3a, and DNMT3b, whereas 1
umol/L As,S, treatment had no effect on expressions of
DNMTs.

Discussion

The present work is the first to address the effects of Ag,S,
on DNA methylation in SKM-1 cells, to the best of our
knowledge, demonstrating that treatment with Ag,S, could
increase the level of DNA methylation by increasing
DNMTs expression in MDS cells.

DNA methylation belongs to epigenetics and plays an
important role in tumourigenesis through regulating gene
expression. Previous many studies have shown that abnor-
mal DNA methylation is a key event in MDS."
Hypomethylating agents targeting hypermethylation are
already employed for the treatment of MDS. Besides
hypermethylation, abnormal hypomethylation has also
been observed in cancer. In fact, early studies showed
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Figure 4 Nine samples in 3 groups were checked by Human Methylation 850K. (A) Mean methylation level of cytosine in 3 groups by Human Methylation 850K: Control
group contains Al, A2 and A3; BI, B2, B3 and ClI, C2, C3 represents |pmol/L -As,S, treatment group and 2umol/L -As,S, treatment group, respectively. Distribution of
differently methylated sites in chromosomes between Ipumol/L -As,S; treatment group and control group (B) and 2umol/L -As,S, treatment group and control group (C):
the red represents hypermethylated sites; the green represents hypomethylated sites.

that hypomethylation was the dominant change in cancer
the global

Hypomethylation can lead to chromosomal instability

by measuring 5-methylcytosine content.

and the transcriptional activation of oncogenes in cancer,

including in MDS.'02%-23

In our study, we also found that many abnormally
hypomethylated genes existed in MDS patients compared
to those in healthy donors, which is consistent with pre-
vious reports.'® GO analysis showed that these abnormally
in cancer-related

hypomethylated genes took part

Table | Number of Differently Methylated Sites Among 3 Groups

Groups Differential Methylation Sites Num

Hypermethylated Sites Num

Hypomethylated Sites Num

Low vs control
High vs control
High vs low

12
1718
1500

9
1625
1387

3
93
113
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Table 2 Distribution of Differently Methylated Sites in the Positions of Genes in High-Dose Comparing with Those in

Control Group

Region Sum Num Hypomethylated Genes Num Hypermethylated Genes Num
I'st Exon 25 0 25

3'UTR 69 | 68

5'UTR 118 5 13

Body 559 32 527

TSS1500 187 14 173

Tss200 74 5 69

functions and pathways, such as cell proliferation, the
apoptotic process, and the Wnt receptor signalling path-
way, which supported the importance of hypomethylation
in MDS. To normalize the aberrant hypomethylation in
MDS, drugs targeting hypomethylation will be required.
Arsenic disulfide (realgar) has been used therapeuti-
cally as part of traditional Chinese medicine for more
than 2000 years.>* It is of great interest to understand the
effects of As,S, on DNA methylation in MDS. In this

>
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study, we performed a genome-wide methylation analysis
in SKM-1 cells treated with As,S, with an Illumina
Human Methylation 850K Array. The data showed that
treatment with As,S, mainly induced DNA hypermethyla-
tion, and the DNA methylation microarray analyses pre-
sented here identified hundreds of hypermethylated genes.
For example, As,S, treatment induced GLUDI hyper-
methylation at CpG islands. Previous studies have found

that GLUDI is often upregulated in many cancers and the
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Figure 5 As,S, inhibited the mRNA expression of FGF| and IGFI in SKM-1 cells. SKM-1 cells were treated with Ag,S, (0, | and 2umol/L) for 48 hours and then subjected
to real-time PCR to measure the mRNA levels of FGFI (A), and IGFI (B). The error bars indicate mean + SEM. Results from three independent experiments were shown.
Each bar represents the mean * SD of three independent experiments. *[1P<0.05, compared with control group.
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Figure 6 As,S, increases the mRNA expression of DNMTs in SKM-1 cells. SKM-1 cells were treated with As,S, (0, |, 2 and 4umol/L) for 48 hours, and then real-time PCR
was used to check the mRNA levels of DNMTI (A), DNMT3a (B) and DNMT3b (C). Results from three independent experiments were shown. Each bar represents the

mean * SD of three independent experiments. *, P<0.05, compared with control group.
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Figure 7 As,S; increased the protein expression of DNMTs in SKM-I cells. (A) SKM-1 cells were treated with As,S; (0, I, 2 and 4umol/L) for 48 hours, and Western
blotting was used to check protein levels of DNMTI, DNMT3a and DNMT3b. Gray values of DNMT1 (B), DNMT3a (C) and DNMT3b (D) were showed. Results were
from three independent experiments. Each bar represents the mean + SD of three independent experiments. *, P<0.05, compared with control group.

inhibition of GLUDI results in a reduction in cancer cell
proliferation and growth.”>2® Another gene HSPAS5 was
hypermethylated after As,S, treatment, which is a member
of the molecular chaperone family.”” HSPA5 promotes cell
survival and has been found to be upregulated in many
kinds of cancer cells.”®?° Targeting HSPAS may be a good
option for the treatment of cancer. Taken together, these
observations suggest that As,S, treatment causes hyper-
methylation of cancer-related genes, which might be the
main mechanism of action of As,S, in the treatment of
MDS. Furthermore, this mechanism is different from that
of the DNA methylation inhibitors decitabine and azaciti-
dine, which have the ability to demethylate aberrantly
hypermethylated genes, causing hypomethylation.**

It is well known that DNA methylation is an epigenetic
modification that can play an important role in the control
of gene expression, and the presence of methylated CpG
islands in promoter regions typically suppresses expres-
sion, while hypomethylation leads to over-expression.*'
Consistent with multiple previous reports, our results

showed that the mRNA expression of the hypermethylated
genes FGF1 and IGFIR decreased with As,S, treatment
compared to those in the controls. FGF1 is a 155 amino
acid non-glycosylated polypeptide that functions as
a proliferation, differentiation, and survival factor in
a wide variety of cell types.’> A significant decrease in
the expression of the hypermethylated FGF1 gene was
observed in our study. FGF1 is a well-known angiogenic
growth factor that is essential for tumour growth and may
serve as a potential therapeutic target for cancer
treatment.’> IGFIR, as a driver oncogene, is overex-
pressed in cancers such as breast, thyroid, prostate, and
ovarian cancers, colorectal cancer cells that regulates can-
cer cell proliferation by modulating apoptotic signalling.>*
IGF1R promotes cancer spreading and metastasis and is
considered an attractive target in the treatment of
cancer.>>*® In our study, treatment with As,S, at 2 umol/
L induced a significant decrease in the mRNA expression
of the hypermethylated gene IGFIR compared to that in

the controls. These observations, along with the fact that
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aberrant gene-specific hypomethylation is common in
MDS, provide a rationale for the use of As,S, in the
treatment of MDS.

DNA methylation, or the covalent addition of a methyl
group from S-adenosylmethionine (SAM) to cytosine by
DNMTs, is an essential epigenetic modification of the
genome in mammalian cells.*’”® In our study, the
mRNA expression of DNMTs significantly decreased in
MDS patients. However, As,S, treatment significantly
increased the expression of DNMTs at the mRNA and
protein levels in SKM-1 cells. The results show that
As,S; upregulated the level of DNA methylation by
increasing DNA methyltransferases expression in SKM-1
cell line, and As,S, may be an innovative hypermethyla-
tion agent.

Conclusion

In summary, our study suggests that many hypomethylated
genes existed in MDS patients due to the low expression of
DNMTs. As,S; promotes DNA methylation in SKM-1 cells
by increasing the expression of DNMTs. Furthermore, As,S,
treatment can lead to the hypermethylation of cancer-related
genes, which may be the main mechanism of action in the
treatment of MDS. Whether the in vitro effects of As,S,
translate into better response and survival rates in patients
with MDS needs to be examined in clinical trials in the
future.
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