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5-azacytidine inhibits Sox2 promoter methylation
during the induction of Thy-1*Lin" cells into hepatocytes
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Abstract: Objective: To investigate the changes and functions of Sox2 gene expression and promoter methylation
during induced differentiation of bone marrow mesenchymal stem cells (BMSCs) into hepatocytes (HCs). Methods:
Rat bone marrow Thy-1*Lin" cells were prepared and divided into control group (directed induction of differentiation
into HCs) and experimental group (5-azacytidine intervention induced differentiation). The mRNA expression levels
of ALB and Sox2 were detected by fluorescence quantitative polymerase chain reaction (PCR), and the Sox2 gene
promoter methylation level was determined by Bisulfite sequencing PCR (BSP). Results: Sox mRNA expression level
was significantly increased in experimental group compared to the control group at O, 7, and 14 days, respectively
(all P<0.05). The Sox2 promoter methylation level was gradually increased after O, 7 and 14 days induction in both
groups, accompanied by an increase in methylated loci (all P<0.05). Statistical significance was present in CpG
methylated loci between groups (all P<0.05). Conclusions: The expression of Sox2 gene increased first and then de-
creased in the process of inducing rat BMSCs into stem cells, and the methylation level of CpG loci in the promoter
region changed dynamically, with an increased overall methylation level. After 5-aza treatment, the Sox2 promoter
was in a non-methylated state, and its mRNA expression increased, which hindered the cell differentiation.
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Introduction

Bone marrow mesenchymal stem cells
(BMSCs), due to their high acquisition rate and
good survival rate, have always been the focus
of stem cell research and application [1]. A
number of studies have proved that the pro-
cess of stem cell differentiation involves the
expression regulation of a large number of
genes, and the change of promoter methylation
status of various genes is an important direc-
tion of epigenetic regulation [2, 3]. The applica-
tion of stem cells is the hope for the treatment
of many diseases, but more experimental and
clinical evidence is needed for their clinical
application. Self-renewal and differentiation of
stem cells have been the focus of academic
research for many years [4]. The coordination
of epigenetics and metabolism is known to be
crucial for the correct differentiation of stem
cells [5, 6].

Differentiation of stem cells is accompanied by
precise dynamic changes in DNA and histone

epigenetics [7]. Epigenetic networks play an
important role in stem cell totipotency and
somatic cell reprogramming, but the mecha-
nisms of these networks are only partially
understood [8]. Methylation and demethylation
of gene promoters regulate gene expression
[9]. Our research team has observed the pro-
moter methylation and gene expression chang-
es in pluripotent genes such as Oct4, Nanog,
and KIf4 during the induced differentiation of
BMSCs into HCs in vitro. Oct4, Kif4, C-myc,
and Sox2 are the initial factors for inducing plu-
ripotent stem cells [5, 6]. Among them, Oct4,
Sox2, Nanog, KIf4, c-Myc, and Rex1 are well-
known pluripotent factors, but their expression
regulation needs to be further explored [10,
11]. MASUI et al. believed that the main role
of Sox2 is to maintain the expression of Oct4,
thus maintaining the pluripotency of embryonic
stem cells. It has also been reported that the
differentiation potential of mouse stem cells
was not significantly affected when Sox2 was
knocked out in mouse stem cells, but Oct4
expression was maintained [12-15]. Recently,
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the regulation of Sox2 expression has been
found to be highly sensitive, with small changes
triggering the differentiation of embryonic cells
into multiple cell types [16]. Sox2 expression is
low in adult tissues and organs except brain tis-
sue, and its abnormal expression is associated
with many tumors such as lung [17], liver [18],
gastric [19], colorectal [20], and breast cancers
[24].

The purpose of this study is to understand the
dynamic changes of methylated loci and gene
expression of the Sox2 promoter at the single-
molecule level during in vitro induction of
BMSCs into hepatocytes (HCs).

Materials and methods
Experimental cells

Rat Thy-1*Lin- BMSCs preserved in liquid nitro-
gen were resuscitated and routinely cultured in
a basic culture medium (DMEM-F12 medium +
10% fetal bovine serum [FBS] + penicillin-strep-
tomycin) in a 37°C and 5% CO,, incubator, with
fluid change once every 3 days. When the cells
were 90% confluent, they were digested with
0.25 trypsin-EDTA and inoculated in a T25 cul-
ture flask at 1:3. This study was approved by
the ethical committee of Shanxi Cancer
Hospital.

Selection of drug concentration

Cells grown to 70-80% confluent were seeded
into the wells of a 96-well plate at 5.0x
102 cells/well for culture. When 60-70% conflu-
ence was observed, they were cultivated in a
basic culture medium containing 5-azacytidine
(5-aza; Macklin Biochemical Co., Ltd.) with a
concentration of 0, 2.5, 5, 10, 20, 30, 40, 60,
80, 100, and 120 pm, respectively. The cell
activity and proliferation capacity were mea-
sured by Methyl Thiazolyl Tetrazolium (MTT)
assay after 24 h with 6 duplicate wells per
concentration.

Induced differentiation

Experimental group: The culture medium was
renewed when the cells were fused to 70%,
and 20 um 5-aza was added. The culture medi-
um was discarded 24 h later, after which the
cells were treated with two PBS rinses and
subsequently cultured in an induction medium
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(DMEM-F12 medium + 10% FBS + penicillin-
streptomycin + 0.025 pg/L recombinant hu-
man hepatocyte growth factor (HGF) + 0.1
nmol/L dexamethasone), with the medium
changed once every 3 days for 14 days. Con-
trol group: Normal cultured cells without
treatment.

Identification of differentiated HC-like cells

Cell morphology was observed under the invert-
ed microscope at O, 7, and 14 days after induc-
tion. Total RNA was extracted from cells using
TRIzol reagent (Takara) according to the manu-
facturer’s instruction. cDNA was synthesized
by reverse transcription using HiScript®Q
Select RT SuperMix for qPCR (Vazyme, Nanjing,
China). The SOX2 and ALB mRNA expression
levels were detected using AceQ®Universal
SYBR®gPCR Master Mix (Vazyme) on a
LightCycler®480 (Roche, Basel, Switzerland).
SGAPDH was used as an internal reference.
The relative expression of mRNA was calculat-
ed using the 22t method. The primers were:
SOX2, forward: 5-ATGATGGAGACGGAGCTGA-
A-3’, reverse: 5-CATCTTGGGGTTCTCCTGG-3’;
195 bp; ALB, forward: 5-TGCCGTGAAAGAG-
AAAGCAC-3’, reverse: 5-GTCATCCGCGCATTCC-
AACA-3’; GAPDH, forward: 5-AAGGTCGGAGTC-
AACGGATTTG-3’, reverse: 5-CCATGGGTGGAA-
TCATATTGGAA-3'. The primers were synthesized
by Shanghai Sangon Biotech.

Determination of methylation level in the pro-
moter region of the SOX2 gene by BSP

(1) The rat Sox2 gene sequence was queried in
Genbank, and the 2000 bp sequence upstream
of the exon start site was selected. Four CpG
islands were predicted by Methprimer soft-
ware, and the optimal sequencing product com-
bined with BSP results was about 300 bp,
which contained many CpG loci. The target
sequence was finally determined as the third
CpGisland (738-997 bp), and BSP-PCR primers
were designed based on upstream and down-
stream sequences.

The below are target sequences: CCTGGGC-
GGGCAAGATTCTTGAG\CCCTACCTCCGCCCCCA—
GCCCATTCTCCCACAGCCTGGGCTTGCTCGGTC-
CCGGCTCCTCGGGTTCGGCCGGCCTTCCCTCT-
GCGCACGCCGCCTGCACCTGCACCTCTGGACC-
CCGCGCGTTTCCCAGGCCCCGGCGCCTCTCGG-
CCGGGCCTTCGCGACTACCACTGTGCCAATCAG-
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CAGGGGCAATGCGGGCTGCGCTGCCCCATCCTG-
GGAACGCTGCGTGGGAGGGAGTTTGTGAGCGC-
AGCCTAAATGCCACCTCCGTGCCTCGCGGTGGG-
ATGCCAGGAAGTTGCGTG\. The two framed se-
quences indicate the primer positions, and the
middle part is the sequence to be tested. The
fragment contained 26 CpG loci, which are
located in the sequence as follows: 34, 70, 76,
84, 90, 94, 108, 112, 115, 140, 142, 144,
158, 161, 168, 172, 180, 182, 215, 222, 241,
246, 266, 286, 293, and 295. Shanghai
Sangon Biotech was commissioned to synthe-
size methylation-specific primers: F: 5 TTTG-
GGYGGGTAAGATTTTTGAG; R: 5 CACRCAACT-
TCCTAACATCCCAC; 318 bp.

(2) Determination of methylation level of each
locus in the promoter region of the SOX2 gene
by BSP: Genomic DNA was extracted by column
centrifugation and incubated with 2 mg/ml
Proteinase K in a water bath at 50°C for 3
hours, followed by a bisulfite denaturation re-
action (A 140-pL mixture, comprising 13 pL of
DNA, 7 uL of hydroquinone, and 120 L of
denaturation buffer, was incubated in the dark
in a PCR tube in the dark, with the incubation
process as follows: 95°C for 30 s; 58°C for 20
min; three cycles of 95°C for 10 s and 58°C for
20 min; storage at 4°C). The denatured DNA
was desulphurized, and the DNA was extracted
by column centrifugation. The concentration of
single-stranded DNA (ssDNA) was calculated
by spectrophotometer. After that, methylation-
specific PCR reaction was performed (50 uL
system: 0.25 uL of 5 U/uL TaKaRa EpiTaq HS,
5 pL of 10x EpiTaq PCR Buffer, 5 yL of 25 mM
MgCl,, 6 pL each of 2.5 mM dNTP Mixture,
Template <100 ng, 2 yL each of 10 yM F and R
primers, and sterilized distilled water to a final
volume of 50 pL. PCR reaction conditions:
98°C for 10 s, 55°C for 30 s, and 72°C for 30
s, for 40 cycles in total). The PCR reaction prod-
ucts were collected for 3% gel electrophoresis,
observed, isolated and purified, and then
cloned and sequenced. The sequences were
analyzed by QUMA Quantification tool for meth-
ylation analysis.

Statistical methods

SPSS 20.0 statistical software was used for
data analysis. Measurement data were pre-
sented as the mean * standard deviation (SD).
Statistical significance between groups was
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analyzed by using repeated measures one-way
analysis of variance (ANOVA) with Dunnett mul-
tiple comparisons test for post-hoc compari-
son. Counting data such as methylation were
expressed as percentage, tested using the
Fisher’s exact test to identify the differences at
each point and the Wilcoxon-Mann-Whitney
rank sum test for overall differences between
groups. The significance level of P<0.05 was
adopted.

Results
Morphology and growth of Thy-1*Lin- BMSCs

As shown in Figure 1, the cells in the control
group grew stably and continuously for more
than 20 generations after resuscitation, and
showed typical long shuttle-shaped growth, in
which a few cells were polygonal with long pro-
trusions, and the cell colonies were arranged in
a vortex. After 7 days of induction, the cell mor-
phology was shuttle or polygonal, and the vor-
tex of cell colonies gradually disappeared. After
14 days of induction, the cells were predomi-
nantly polygonal. In the experimental group,
after 24 h of 20 ym 5-aza treatment, a few
cells died and most of them grew adherently. In
addition, the cells lost their typical spindle
shape and presented mainly in long columns or
rods, with chromatin deposition in the nucleus
and relative growth inhibition (Figure 2). Cells
resumed growth 7 days after induction, and
cells showed complete polygonal growth 14
days after induction.

Proliferation of rat Thy-1*Lin" BMSCs cultured
with different concentrations of 5-aza deter-
mined by Methyl Thiazolyl Tetrazolium (MTT)
assay

The optical density (OD) reading (590 nm) 24 h
after treatment showed that the cell prolifera-
tion activity decreased statistically when the
concentration of 5-aza was > 30 ym, as shown
in Figure 3.

Comparison of relative expression levels of tar-
get genes in BMSCs between the experimental
and control groups on day O, day 7, and day
14 of induction

As shown in Table 1, the relative mRNA expres-

sion levels of ALB on day O, 7, and 14 were
1.00£0.13, 4.49+0.02 and 28.77+0.09 in the
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Control group

Day 0

Day 7

Day 14

Figure 1. Rat Thy-1*Lin" BMSCs (x100) at O, 7, and 14 days after induction
in the experimental group and control group. BMSCs, bone marrow mesen-

chymal stem cells.

Figure 2. Rat Thy-1*Lin° BMSCs after 20 ym 5-aza
treatment for 24 h (x200). BMSCs, bone marrow
mesenchymal stem cells.

control group, and 3.00+£0.22, 17.84+1.21 and
0.50+0.08 in the experimental group, respec-
tively. Significant differences were found in the
intra-group comparisons at different time po-
ints and the inter-group comparisons at the
same time point (all P<0.05). The relative
Sox2 mRNA expression levels in the control
group were 1.00+0.000, 1.29+0.000 and
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Experimental group

0.97+0.001 at day O, 7, and
14 after induction, respective-
ly, with statistical significance
between day O and day 7 and
between day O and day 14 (all
P<0.05). In the experimental
group, the relative Sox2 mR-
NA levels were 1.85+0.000,
0.90%£0.000,and 1.25+0.000,
respectively. Statistical signifi-
cance was also identified
between the two groups in
Sox2 mRNA at day 7 and 14
after induction (P<0.05).

Methylation levels of various
loci of the promoter region in
the control and experimental
groups on day O of induction

Cells in both the experimental
and control group were hypo-
methylated, while a higher
methylation level was found
at the 17™ locus in the control
group, which was statistically
significant compared with the
experimental group (Table 2
and Figure 4).

Methylation levels of various loci of the pro-
moter region in the control and experimental
groups at 7 days after induction

The overall methylation level was statistically
lower in the control group than in the experi-
mental group. The experimental group exhibit-
ed significantly higher methylation levels at
the 10™, 14", 16", and 25" loci than the con-
trol group. While the methylation level was
higher in the control group than in the experi-
mental group at the 23" locus, and the differ-
ence was statistically significant (Table 3 and
Figure 5).

Methylation levels of various loci of the pro-
moter region in the control and experimental
groups at 14 days after induction

No significant difference was identified be-
tween groups in the methylation level on the
14" day of induction; while the control
group had a higher methylation level at the
15" locus than the experimental group,
with statistical significance (Table 4 and Figure
6).
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Figure 3. Proliferation of Thy-1*Lin- BMSCs cultured
with 5-aza in 96-well plates. *, **, and *** indicate
P<0.05, P<0.01, and P<0.001 compared with O ym
5-aza treatment, respectively. BMSCs, bone marrow
mesenchymal stem cells.

Discussion

DNA methylation is a major epigenetic modifi-
cation that regulates cell maintenance, differ-
entiation, and development through the modu-
lation of gene expression [22]. DNA methyla-
tion patterns are usually established and
maintained by DNA methyltransferases [23].
Abnormal cell proliferation caused by aberrant
methylation level of the Sox2 gene promoter
can be seen in tumorigenesis, and regulating
SOX2 expression through its methylation level
has become one of the new targets for tumor
therapy. This process occurs primarily at the
cytosine-phosphate-guanine (CpG) site, where
one methyl group is covalently bound to cyto-
sine [24]. Most gene promoters are located at
the CpG site, and DNA methylation of CpG-
enriched promoters leads to transcriptional
silencing of pluripotent genes by altering the
binding affinity of proteins or transcription fac-
tors to DNA [25]. The BSP method has long
been the gold standard for DNA methylation
level determination [26]. After the genomic
DNA is extracted and treated with bisulfite, the
unmethylated cytosine is converted to uracil,
while the methylated cytosine is not. All uracil is
converted to thymine during gene fragment
cloning, allowing final sequencing to determine
the CpG island methylation frequency.

In this study, the changes of promoter methyla-
tion level of the Sox2 gene during the induced
differentiation of rat Thy-1*Lin- BMSCs into HCs
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Table 1. Relative mRNA expression of the
gene

ALB Sox2

0d Control 1.00+0.13 1.00+0.00
Experimental 3.00+0.22*  1.85+0.00"
7d Control 4.49+0.02# 1.29+0.00*#
Experimental 17.84+1.21"% 0.90+0.00™*
14 d Control 28.77+0.09%% 0.97+0.001%&
Experimental 0.50+0.08*& 1.25+0.00"#&

Note: “P<0.05 vs Control group; ¥P<0.05 vs O d in the
same group; ¥P<0.05 vs 7 d in the same group; ALB:
Albumin; Sox2: SRY-box transcription factor 2.

was determined by the BSP method. According
to the experimental results, the Sox2 gene
expression in the control group increased first
and then decreased during the induction, and
the Sox2 promoter methylation level gradually
increased, accompanied by the gradual in-
crease of CpG methylated loci. Studies have
shown that SOX2 is a transcription factor that
promotes stem cell proliferation but hinders
cell type differentiation. It is expressed even
after stem cell differentiation [27-30]. The
Sox2 promoter of Thy-1'Lin- BMSCs treated
with 20 ym 5-aza (@ DNA methyltransferase
inhibitor) was unmethylated, and the expres-
sion of Sox2 increased obviously. On the 7
day of induction, the methylation level of the
Sox2 promoter of the experimental group was
higher than that on the day O, with increased
methylated loci, together with lower Sox2 and
higher ALB levels than the control group. On
induction day 14, the overall methylation level
of the Sox2 promoter was not significantly dif-
ferent between the two groups; however, a dif-
ference in the methylated loci was determined,
with higher Sox2 gene expression and lower
ALB expression in the experimental group as
compared to the control group. Interestingly, it
has been shown that silenced DNA can be
demethylated by epigenetic modification fac-
tors such as 5-azacytidine (5-AzaCR), a well-
characterized inhibitor of DNA methyltransfer-
ases, cells pretreated with 5-AzaCR can re-
move these epigenetic marks as a whole [31,
32]. In this study, the methylation level of the
Sox2 promoter was found to be inversely cor-
related with Sox2 gene expression, and that
CpG methylated loci were more prominent than
the overall methylation level for Sox2 expres-
sion. During the process of induced differentia-
tion, the methylation level of the Sox2 promoter
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Table 2. Methylation levels of CpG loci on day O of induction (%)

Locus 123456789 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Control group 0O000O0OOOOO O O O O O O 20 1200 0 O 0 0O 0O 0 O 0 0
Experimentalgroup O O O 0 0 0 O O O O O O 0 (0] 0 0 0 0 0 (0] O O O o 0 0

1 2 3 4 5 6 7 8 9 10 11 12 1314 15 16 17 18 19 20 21 2 pal 24 25 2
*k

oot grup —O——OHO-O-OO~OOO—O00—-OO-OC-@O—0-O0—O0—0—0-00

Figure 4. Circos plot of methylation levels at various CpG loci at day O of induction. ** indicate P<0.01 compared
with experimental group. CpG, cytosine-phosphate-guanine.

Table 3. Methylation levels of CpG loci on the 7" day of induction (%)

Locus 1 2345678 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Control group 0o0oo0oo00O0OO0OOOTOO O O O O 20 0 20 06 0 0 0 O 100 40 0 40
Experimentalgroup O 0 0 0 0 0 O 0 20 80 O O O 8 8 8 8 O 20 0 0 20 0 O O O

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 2 bz 24 25 26
* * *
Expeimantst group —~O——O-O-O-OO0—-OO0C—IOO0—-O- PP RO0—B-O—O—0—0-00
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Figure 5. Circos plot of methylation levels at CpG loci on the 7™ day of induction. *, ** indicate P<0.05 and P<0.01
compared with experimental group. CpG, cytosine-phosphate-guanine.

Table 4. Methylation levels at CpG loci on the 14" day of induction (%)

Locus 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Control group 0O 0 O 0202020 00 0 20 20 0 0O 8 0 20 0 20 0 60 20 O O O 20
Experimental group 0 20 20 0 20 40 0 0 0 0 0 O O O O O O O O O 40 8 40 40 O 20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 2 24 25 2
*
conrlgrowp ~O——O-O-OBB—BOO—OCB—O0-FO-BO—B-O—B—0—0-O0
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Figure 6. Circos plot of methylation levels at CpG loci on the 14™ day of induction. * indicates P<0.05 compared with
experimental group. CpG, cytosine-phosphate-guanine.

methylated loci changed dynamically. Methyl- BMSCs into HCs. Same results were found in
ation inhibitor 5-aza can reduce the methyla- the study of Manzoni et al. that exposure to the
tion level of the Sox2 promoter and increase epigenetic modifier 5-azacytidine caused the
gene expression, interfering with the induced onset of pluripotency gene expression, such as
differentiation of Thy-1'Lin- BMSCs into HCs. 0OCT4, NANOG, REX1 and SOX2 [33].
Therefore, it is considered that Sox2 expres-

sion, promoter methylation locus changes, and However, this study still has some limitations.
methylation level alterations all play important Although the use of BSP to determine methyla-
roles in the induced differentiation of rat tion frequency at the nucleotide level is by far
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the most intuitive method, the large DNA dam-
age during sodium bisulfite treatment and the
lack of measurement from the original DNA can
lead to false negatives [34]. In recent years,
single-molecule real-time sequencing (SMRT),
also known as the third generation sequencing
technology, can quickly and efficiently distin-
guish the dynamic changes of methyladenine,
methylcystein and hydroxymethylcytosine in
DNA molecules and template DNA damage
[35]. It would be nice to be able to measure
DNA methylation changes at the single-mole-
cule level with high throughput, which is of
great significance to reveal stem cell differenti-
ation and provide therapeutic targets for
tumors and other diseases more quickly.
Moreover, despite the fact that we determin-
ed the dynamic changes in the expression of
the Sox2 gene and the methylation level of the
CpG site in the promoter region during the
induction of rat bone marrow mesenchymal
stem cells into HCs, as well as the inducing
effect of 5-azacytidine, this only preliminarily
establishes the possibility that the inhibition
of the methylation of the Sox2 promoter by
5-azacytidine induces the entry of Thy-1*Lin-
cells into the hepatocytes, and more studies
will be needed in the future to further validate
the results.

In summary, the expression of Sox2 gene first
increased and then decreased during the
induction of rat bone marrow mesenchymal
stem cells into HCs, and the methylation level
of the CpG site in the promoter region changed
dynamically, and the overall methylation level
increased. In contrast, after 5-aza treatment,
the Sox2 promoter was in a non-methylated
state, and its mMRNA expression increased, hin-
dering cell differentiation.
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