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ARTICLE INFO ABSTRACT

Keywords: DNA methylation plays an important role in regulating gene expression during tissue development and differ-
DNA methylation entiation in eukaryotes. In contrast to domestic animals, epigenetic studies have been seldom conducted in wild
Sika deer animals. In the present study, we conducted the genome-wide profiling of DNA methylation for five tissues of
F-MSAP

sika deer using the fluorescence-labeled methylation-sensitive amplified polymorphism (F-MSAP) technique.
Overall, a total of 104,131 fragments were amplified including 41,951 methylated fragments using 32 pairs of
selected primers. The average incidence of DNA methylation was approximately 38.18% in muscle, 40.32% in
heart, 41.86% in liver, 41.20% in lung, and 41.68% in kidney, respectively. Also, the significant differences of
the DNA methylation levels were found between the different tissue types (P < 0.05), which indicates that the
differences of genome-wide DNA methylation levels may be related to gene expression during tissue develop-
ment and differentiation. In addition, 37 tissue-specific differentially methylated regions (T-DMRs) were iden-
tified and recovered by MSAP in five tissues, and were further confirmed by Southern blot analysis. Our study
presents the first look at the T-DMRs in sika deer and represents an initial step towards understanding of epi-

Tissue-specific differentially methylated
regions (T-DMRs)

genetic regulatory mechanism underlying tissue development and differentiation in sika deer.

1. Introduction

DNA methylation is one of the main epigenetic modification me-
chanisms in eukaryotic genomes and is crucial for gene expression
regulation during animal and plant development (Bird, 2002). It is
performed by DNA methyltransferases (DNMT), which transfer a me-
thyl group from an S-adenosylmethionine (SAM) to a cytosine in a CpG-
dinucleotide sequence. Currently, a great deal of studies has shown that
the DNA methylation has been implicated in various biological pro-
cesses, including gene expression (Cedar, 1988), X chromosome in-
activation (Allen et al., 1992), genomic imprinting (Hirose et al., 2013),
development (Smith and Meissner, 2013), regeneration (Takayama
et al., 2014) and disease (Argentieri et al., 2017).

DNA methylation is predominantly limited to CpG doublets, and
methylation of CpG dinucleotides in the promoter and transcribed re-
gions of genes often results in transcriptional inactivation, and some
studies have shown that actively transcribed sequences are often

methylated less than promoters and certain coding regions of silent
genes (Finnegan et al., 1993). The level of DNA methylation is corre-
lated with differential gene expression among different tissue types, and
significant differences in the levels or pattern of cytosine methylation
have been observed in various tissues or under different functional
states in the same tissue (Mandel and Chambon, 1979; Vanyushin,
2005). Some studies suggested that various levels of DNA methylation
may regulate tissue-specific transcription (Grunau et al., 2000) and be
important for normal development or differentiation (Schlosberg et al.,
2017). For example, the neonatal murine heart is able to regenerate
after severe injury, but changes in DNA methylation and gene expres-
sion patterns can influence heart regeneration (Jung et al.,
2015).Therefore, the detection and analysis of levels and patterns of
genome-wide DNA methylation in various tissues types is essential for
understanding associations between tissue-specific methylation and
tissue-specific gene expression.

In parallel with the significance in understanding the functional
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roles of DNA methylation, a convenient method for cytosine methyla-
tion detection should be used. In recently, there has been a series of
methodological developments in profiling of genome-wide DNA me-
thylation. However, most of them are entirely dependent on detailed
knowledge of the genome sequence. The methylation sensitive ampli-
fied polymorphism (MSAP) method is a new modification of the classic
amplification fragment length polymorphism (AFLP) technique (Vos
et al., 1995), and depends on utilizing two different DNA methylation-
sensitive restriction isoschizomer pair Hpall and Mspl (Reyna-Lopez
et al., 1997).These enzymes recognize the same restriction site (CCGG),
however, they have different sensitivities to certain methylation states
of cytosine. Hpall is inactive if one or both cytosines are fully methy-
lated (both strands are methylated) but cleaves the hemi-methylated
sequence, whereas Mspl is inactive if the external cytosine is fully or
hemi-methylated (Vos et al., 1995). Currently, MSAP acts as a useful
approach to detect whole genome-wide differentially methylated CCGG
sites, especially for use with non-model organisms without detailed
genome information (Herrera and Bazaga, 2010). Due to its reliability,
intensity sensitivity, and convenient operation, the MSAP has been
extensively applied to determine genomic DNA methylation levels and
patterns in many species (Yang et al., 2011; Marconi et al., 2013; Tang
et al., 2014; Zhao et al., 2015; Guevara et al., 2017). However, it should
be noted that the methylation percentages calculated by MSAP are
lower than the total absolute values at the CCGG sites because of the
limitation of endonuclease enzyme cannot digest other unrecognized
CCGG sites (Yaish et al., 2014). F-MSAP, an improvement of MSAP, is
based on fluorescently labeled primers and capillary gel electrophoresis
with an internal lane size standard instead of traditional denaturing
acrylamide gel electrophoresis and silver staining (Yang et al., 2011).
This method has been proven to be more sensitive, safer and more ef-
fective than the original MSAP (Wang et al., 2016).

In present study, we used F-MSAP method to screen and investigate
the levels and patterns of cytosine methylation in five types of tissue
from sika deer (muscle, heart, liver, lung and kidney). Furthermore, by
comparing the data of F-MSAP and MSAP, we also isolated, sequenced
and verified some fragments that are differentially methylated among
different tissue types, which may be useful for further investigations
into how methylation functions to regulate gene expression during
tissue development and differentiation.

2. Materials and methods
2.1. Ethics statement

Animal experiments were performed in accordance with the
guidelines on animal care and use established by Chinese Academy of
Agricultural Sciences (CAAS) Animal Care and Use Committee.

2.2. Animal materials and genomic DNA preparation

Tissue from muscle (skeletal muscle), heart, liver, lung and kidney
were collected separately from four 2-year-old healthy sika deer (2
J'and 2 Q). DNA extraction from 250 mg of each tissue was carried out
by a DNeasy Blood&Tissue Kit (Qiagen, Germany) according to the
manufacturer' s protocols. The quality and concentration of DNA were
measured by both agarose gel electrophoresis (1%) and spectro-
photometric assays (Thermo Scientific NanoDrop 2000c, USA). The
DNA samples were stored at — 20 °C until use.

2.3. Fluorescence-labeled methylation-sensitive amplified polymorphism (F-
MSAP) assay

In the F-MSAP technique, the different methylation sensitive iso-
schizomers (Hpall and Mspl) with an internal control restriction enzyme
(EcoRI) were used for DNA digestion. The enzymatically digested pro-
ducts were then ligated to adaptors, and pre-amplification and selective
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Table 1
Sequences of adapters and primers used in F-MSAP.

Adapters/primers Sequence (5-3")

5’-CTCGTAGACTCGTACC-3"
3’-CATCTGACGCATGGTTAA-5"
5-GACGATGAGTCTAGAA-3’
3’-CTACTCAGATCTTGC-5"
5’-GACTGCGTACCAATTC + A-3"
5-GATGAGTCTAGAA"CGG + T-3’
5-GACTGCGTACCAATTC + AAC-3’
5’-GACTGCGTACCAATTC + AAG-3’
5’-GACTGCGTACCAATTC + ACA-3’
5-GACTGCGTACCAATTC + AGT-3’
5’-GACTGCGTACCAATTC + ACT-3’
5’-GACTGCGTACCAATTC + AGA-3’
5-GACTGCGTACCAATTC + ATG-3’
5’-GACTGCGTACCAATTC + ATC-3’
5-FAM"-GATGAGTCTAGAACGG + TAA-3’
5’-FAM-GATGAGTCTAGAACGG + TAT-3’
5’-FAM-GATGAGTCTAGAACGG + TAG-3’
5’-FAM-GATGAGTCTAGAACGG + TAG-3’

EcoRI adapter
Hpall and Mspl adapter
E + 1 primers (PreAmp)

HM + 1 primers (PreAmp)
E + 3 primers

HM + 3 primers

@ Primer was labeled with the blue fluorescent dye 5-FAM (5’-carboxyfluorescein).

amplification with fluorescent labeled primers were performed. The
amplified products were checked using capillary gel electrophoresis and
sequenced by an ABI 3730xl DNA sequencer (Applied Biosystems,
Foster, CA, USA). Only the clear and reproducible bands that appeared
in three runs of independent PCR amplification were scored. The F-
MSAP data were analyzed using Genescan3.1 software (Applied
Biosystems). The adaptors and primers used in the present study were
designed according to Yang et al. (2016), with minor modifications
(Table 1). The detailed procedure was as follows.

2.4. DNA digestion and ligation

The Genomic DNA from each sample was digested with EcoRI/Hpall
or EcoRl/Mspl (Takara, Dalian, China); each resultant DNA fragment
was ligated to adapters at 16 °C overnight. The digestion-ligation of
each sample was performed in 25 pl solution containing 250 ng DNA
template, 3 U EcoRI, 3 U Hpall (or MspI), 1.5 U T4 DNA ligase (Takara,
Dalian, China), 5 pmol EcoRI adapter, 50 pmol Hpall/Mspl adapter and
2.5ul 10 x T4 ligase buffer. The mixture was incubated at 37 °C
overnight and stored at — 20 °C.

2.5. Pre-amplification PCR

Pre-amplification PCR was performed. It contained 2 pl of ligation
products, 40 ng E + 1 primer, 40 ng H-M + 1 primer (Table 1), 0.5U
Ex Taq polymerase, 1.6 pl of dNTPs (2.5 mM), 1.2 pl of MgCl, (25 mM),
2 ul of 10 x PCR buffer and 14.1 pl of water. The PCR conditions were
as follows: 94 °C for 5 min; 30 cycles of 94 °C for 30 s, 56 °C for 1 min
and 72 °C for 1 min; and extension at 72 °C for 7 min prior to selective
amplification. The PCR products from the pre-amplification were di-
luted to 1 to 25 (v:v) with water and stored at — 20 °C until use.

2.6. Selective amplification PCR

Selective amplifications were performed in 20 pl solution containing
2 pl of the diluted pre-amplification product, 10 ng E + 3 primer, 40 ng
H-M + 3 primer labeled with fluorescence dye (Table 1), 0.5 U Ex Taq
polymerase, 1.6 pl of dNTPs (2.5 mM), 1.2 ul of MgCl, (25 mM) and
2l of 10 x PCR buffer. The PCR amplification reactions were per-
formed using the touch-down cycles, and the conditions were as fol-
lows: 94 °C for 5 min; 13 touch-down cycles of 94 °C for 30s, 65 °C
(subsequently reduced each cycle by 0.7 °C) for 30s and 72 °C for
1 min; 23 continued cycles of 94 °C for 30 s, 56 °C for 30 s and 72 °C for
1 min; and extension at 72 °C for 7 min. The Ex Taq polymerase buffers
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Table 2
Methylation patterns of the Hpall and Mspl digested genomic DNA.
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Type Methylation status Sensitivity of enzymes Bands pattern Methylation status
Hpall Mspl H M
I CCGGC™CGG Active Active 1 Unmethylation or inner methylation of single-stranded DNA
GGCCGGCC
il SmCCGG Active Inactive 1 0 Hemi-methylation at the outer cytosine nucleotide in the CCGG sequence
GG®™CC
111 C™CGG Inactive Active 0 Full methylation of the internal CCGG
GG®™CC

H and M indicate the enzyme combination of EcoRI/Hpall and EcoRI/Mspl, respectively.
“1” band present; “0” band absent. ®™C is methylated.

were purchased from Takara.

2.7. Selective amplification products detection

An aliquot of 0.5l of selective amplified products was added to
24.5 pl of 70% cold ethanol, mixed and centrifuged at 3700 rpm for
30 min at 4 °C, then collected the precipitate. Subsequently, the mixture
of LIZ500 standard, HiDi and the precipitate was denatured at 94 °C for
10 min and then was loaded onto a 4% denaturing gel. Finally, the
bands were analyzed using Genescan3.1 software. Three kinds of bands
were detected and each test was repeated for three times (Table 2).

Based on the differential methylation sensitivity of isoschizomers,
Hpall and Mspl, cleaved band patterns were divided into three types
(Fig. 1): Type I, which represents both bands for Hpall and Mspl di-
gestion, indicating no-methylation or inner methylation of single-
stranded DNA. In order to simplify the analysis, Type I bands in our
study were considered as no-methylation; Type II bands, which re-
present bands only for Hpall digestion, indicating outer methylation of
a single stranded DNA and hemi-methylation at the outer cytosine
nucleotide in the CCGG sequence; Type III bands, which represent
bands only for MsplI digestion, indicating inner methylation of double
stranded DNA and full methylation of the CCGG sequence (Table 2).

The methylation ratio was calculated using the following formula:

Methylation ratio = Type II bands + Type III/Type I bands

+ Type II bands + Type III bands

Full methylation ratio = Type III/Type I bands + Type II bands
+ Type III bands

Hemi — methylation ratio = Type II bands/Type I bands + Type II bands
+ Type III bands

A B
Muscle  Heart Muscle Heart
H M H M H “' H M
Type Il —
Typel —
Type III—>

Fig. 1. Cytosine methylation patterns with the primer combination HM + TAT/E
+ AAG. (A) The profile from F-MSAP; (B) The profile from MSAP using silver stain; H and
M refer to digestion with EcoRI/Hpall and EcoR1/Mspl; Type I, Type II and Type III refer to
unmethylated, hemi-methylated, and fully methylated sites, respectively.
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2.8. Cloning and sequencing of the T-DMRs

To isolate the T-DMRs fragments detected by F-MSAP, the same
selected amplification products were detected by MSAP. The products
denatured, separated by electrophoresis on a Long Ranger gel and
stained with silver staining. Several fragments were excised directly
from the wet polyacrylamide gels on the plate using a razor blade. The
fragments were rehydrated with 50 pl of 95 °C ddH,O for 5 min, slowly
cooled down to room temperature, and centrifuged at 12,000g for
10 min. Supernatant of each sample was collected and 5 pl was used as
the template for re-amplification. PCR reactions were performed with
the same primer combinations and reaction conditions as those used in
the selective amplification. After verification using a 1.8% agarose gel,
the band was recovered using a gel extraction kit (Promega, Madison,
USA) according to the manufacturer's instructions. Subsequently, the
product was ligated into the vector pGM-T (TIANGEN, Beijing, China)
and transformed into E. coli strain DH5a. The fragments were se-
quenced by SANGON (Shanghai, China). Homology search and se-
quence analysis were performed using the EMBL public database.

2.9. Southern blot analysis

Southern blot analysis was conducted to confirm the T-DMRs frag-
ments. Primers were designed according to the sequence of the T-DMRs
fragments and were labeled with DIG to prepare for the probe. Genomic
DNA (20 pg) was digested with EcoRI - Hpall or EcoRI - Mspl, and each
digestion product was electrophoresed on a 0.8% agarose gel in TBE
and transferred onto Hybond-N + membranes (Promega). Probe la-
beling, transfer to membranes, fixation, hybridization and im-
munological detection were carried out according to the instructions of
the DIG High Prime DNA Labeling and Detection Starter Kit II (Roche
Applied Sciences, Mannheim, Germany). The probe was generated by
PCR amplification of plasmid DNA. The PCR amplification system was
the same as in the pre-amplification.

2.10. Statistical analysis

ANOVA and Duncan's multiple range tests were adopted for sig-
nificance analysis of methylation levels among the different tissues
through SPSS 18.0 software (SPSS, Inv., Chicago, IL). Statistical sig-
nificance was set at P < 0.05. The hemi-methylation ratio (%), full
methylation ratio (%), and total methylation ration (%) were calculated
for each individual separately and analyzed by ANOVA, followed by
Duncan's test.

3. Results
3.1. Genome-wide DNA methylation profiles of the different tissue types

Genome-wide DNA methylation profiles were generated for five
tissue types of four sika deer individuals based on F-MSAP analysis. We



C. Yang et al.

Lung

Muscle Heart  Liver Kidney

S A~ S o S N S ~ 500N
§ £ § F & £ & &8
g g g g g
g 'S g 'S g 'S @ Qo g o
9 S 9 S 9 S 9 S 9 S
& H S A NSNS R

Fig. 2. Methylation profiles of the various tissue types using the combination of primers
HM + TAT/E + AAG.

used 32 pairs of selected primers labeled with fluorescent dyes to detect
genomic DNA methylation status in five tissue types. The F-MSAP
profiles for the five tissues are shown in Fig. 2. A total of 20,962,
21,113, 21,250, 20,589 and 20,211 fragments were detected in muscle,
heart, liver, lung and kidney, respectively. For each pair of primers, an
average of 655, 660, 664, 643 and 663 fragments were amplified for
each of above five tissue types, respectively. In particular, fragments
between 100 bp and 300 bp were highly intense, and there were few
fragments exceeding 500 bp.

3.2. DNA methylation patterns in the five tissue types

There cleavage patterns were defined in this study (see M + M
section) and the results showed that the type I bands (unmethylated)
were the most frequently observed representing 59.71% (62,180 /
10,4131) of the total. Type III bands made up 25.26% (26,294 /
10,4131) and the least frequent ones were type II bands being around
15.03% (15,657 /10,4131). The sum of types II and III bands re-
presents the methylated fragments and accounts for about 40.29%
(41,951 /10,4131) (Table 3).

Table 3
Methylation levels of cell group and tissue group.
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3.3. DNA methylation levels in the five tissue types

For sika deer, different genome-wide DNA methylation levels in
each tissue are shown in Table 3. The total methylated levels of
genomic DNA in muscle, heart, liver, lung and kidney were
38.18% = 2.67, 40.32% = 3.85, 41.86% = 2.99, 41.20% =+ 3.00,
41.68% = 2.77, respectively. The hemi-methylated levels for each
tissue type were 13.42% = 1.39, 13.94% =+ 1.14, 15.06% =+ 1.14,
14.75% += 1.72, 17.44% 1.88, and the full-methylated levels were
24.76% = 3.33, 26.38% 3.61, 26.26% =* 2.82, 26.45% = 4.05
24.24% = 2.39 for each tissue type of sika deer, respectively.

Analysis of variance and Duncan's multiple range tests were per-
formed to evaluate the different methylation levels of various tissue
types of sika deer (Table 3). There were no significant differences in
DNA methylation level between heart, liver, lung and kidney
(P > 0.05); However, the methylation level was significantly de-
creased in the muscle compared to the liver, lung and kidney
(P < 0.05). In general, the genome-wide DNA methylation level in the
muscle was the lowest among these tissue types, whereas the liver was
highest.

=+
=+

3.4. Analysis of confirmation of the tissue-specific differentially methylated
regions (T-DMRs)

The tissue-specific differentially methylated regions (T-DMRs) were
identified by analysis of the differential DNA methylation patterns in
five tissue types. Based on our studies, T-DMRs were defined as two
types. Type I T-DMRs were defined as tissue-specific methylation
fragments. Type II T-DMRs were defined as tissue-polymorphic me-
thylation fragments. Comparing the profiles of F-MSAP and MSAP, a
total of 37 T-DMRs were found, including four type I T-DMRs (T-DMR®6,
T-DMR26, T-DMR47 and T-DMR68) and thirty-three Type II T-DMRs,
the details are shown in Table 4. The T-DMRs were further verified
using methylation-sensitive Southern blot analysis with the isolated
fragments as probes (Fig. 3). Through comparison with EMBL database,
37 T-DMRs had high similarity to characterized regions of the Bos
Taurus genome. Fourteen of these 37 fragments were located within
genes, five in the 3’ downstream regions of the genes, twelve in the 5
upstream regions of the genes, and six not located in the genes
(Table 5). In the fourteen located within genes, SFT2D1 is vesicle
transport protein; B4GALT1 is galactosyltransferase, SHANK2 is an
adapter protein, TNFSF11 and CHSY1 are play a role in osteogenesis,
VAV3 and ANGPT2 are play a role in angiogenesis, RBM20 is RNA-
binding protein, BCAP31 and Capr2 were involved in apoptosis,

Types Tissues

Muscle Heart Liver Lung Kidney
Unmethylated bands' 13,026 12,708 12,441 12,171 11,834
Hemi-methylated bands 2816 2939 3303 3066 3533
Fully methylated bands 5120 5466 5506 5358 4844
Total amplified bands” 20,962 21,113 21,250 20,595 20,211
Total Methylated bands® 7936 8405 8809 8424 8377
Hemi-methylation ratio® (%) 13.42° + 1.39 13.94° * 1.14 15.60° + 1.14 14.75° + 1.72 17.44° + 1.88
Full methylation ratio® (%) 24.76° + 3.33 26.38° + 3.61 26.26" + 2.82 26.45° + 4.05 24.24* + 2.39
Methylation ratio® (%) 38.18 + 2.67 40.32%" + 3.85 41.86" + 2.99 41.20° + 3.00 41.68" + 2.27

Data represents mean *+ SD.
Data with different superscript letters (a, b and c) are significantly different at P < 0.05.
! The number of bands is the sum of 3 individuals.

2 Total amplified bands = Unmethylated bands + hemi-methylated bands + fully methylated bands.

3 Total methylated bands = Hemi-methylated bands + fully methylated bands.

4 Hemimethylation ratio = Hemi-methylated bands/total amplified bands; the ratio was calculated for each individual separately and analyzed by ANOVA and Duncan's test. The

statistic method was same with that for fully methylation ratio and methylation ratio.
5 Fully methylation ratio = Fully methylated bands/total amplified bands.
© Methylation ratio = Total methylated bands/total amplified bands.
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Table 4
Tissue-specific methylation pattern of CCGG sites in the genome.
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Table 5
Sequence analysis of all tissue-specific differentially methylation regions (T-DMRs).

Isolated fragment Pattern of bands in F-MSAP profile Fragment Size (bp) Chromosome Location Gene 1d%
Muscle Heart Liver Lung Kidney T-DMR-1 100 3 5’ side SNX29 95
T-DMR-2 259 1 Within SFT2D1 96
H M H M H M H M H M T-DMR-4 144 9 NO 95
T-DMR-6 124 8 Within B4GALT1 98
Typel  T-DMR-6 0 0 0 0 0 1 0 0 0 0 T-DMR-7 178 10 5’ side GALC 91
TDMR-26 1 0 1 0 1 o0 1 0 1 1 T-DMR-10 190 11 Within SHNAK2 95
T-DMR-47 1 0 1 0 1 0 0 0 1 o0 T-DMR-14 194 13 3 side SNORA25 96
T-DMR-68 0 0 0 1 0 0 0 0 0 0 T-DMR-15 188 10 NO 91
Typell TDMR1 0 0 0 1 1 0 1 o0 0 0 T-DMR-17 157 17 5 side ZDHHC8 91
TDMR-2 0 0 1 1 1 0 o0 1 1 0 T-DMR-18 165 15 Within TNFSF11 96
T-DMR-4 1 0 1 0 1 0 0 0 1 1 T-DMR-19 120 4 Within VAV3 98
TDMR7 0 1 1 0 o0 0 1 1 0 1 T-DMR-23 249 14 Within RBM20 97
T-DMR-10 1 1 1 1 0o 0 1 o0 0 1 T-DMR-25 107 9 5 side DDX43 93
T-DMR-14 0 0 0 0 1 0 1 0 1 0 T-DMR-26 70 1 3’ side ZPLD 89
TDMR15 1 0 0 1 1 0 1 1 0 0 T-DMR-29 137 X Within BACP31 95
T-DMR-18 0 0 1 0 o0 0 1 1 0 1 T-DMR-32 195 21 Within CHSY1 96
TDMR-19 1 1 1 1 0 o0 o0 1 1 1 T-DMR-33 321 11 Within SULT1C3 95
T-DMR-23 1 0 0 1 1 0 1 1 1 0 T-DMR-39 179 12 5’ side LPO 92
TDMR25 1 0 O O 1 1 o0 1 1 0 T-DMR-45 130 6 NO 94
TDMR26 0 0 0 1 1 1 0 o0 1 1 T-DMR-47 96 4 5 side CD2 87
T-DMR-29 0 1 1 1 0 0 1 1 0 0 T-DMR-48 100 16 NO 91
TDMR32 1 0 O 0 1 1 11 0 1 T-DMR-52 181 13 3’ side DHX8 94
T-DMR-33 1 0 1 0 1 1 o0 1 1 0 T-DMR-54 287 4 Within KMT2C 97
TDMR-39 0 1 1 0 o0 O 1 1 0 1 T-DMR-57 205 20 5 side NDUFS4 93
T-DMR-45 O 0 1 1 0 0 1 0 0 1 T-DMR-60 213 23 3’ side KCNK16 94
TDMR48 1 0 0 1 1 1 0 1 1 0 T-DMR-63 210 3 Within CYP4A22 93
T-DMR-52 0 0 1 1 o0 1 1 0 0 1 T-DMR-65 160 3 5 side HIVEP3 96
T-DMR-54 1 1 1 1 0 0 0 0 1 1 T-DMR-68 118 5 Within CAPRIN2 90
T-DMR-57 1 1 0o 1 1 0 0 1 0 0 T-DMR-69 245 29 5 side NTM 94
T-DMR-60 1 1 0 1 0 1 0 1 1 0 T-DMR-71 110 27 Within ANGPT2 920
T-DMR-63 0 0 1 1 1 0 1 0 0 1 T-DMR-73 98 16 NO 89
T-DMR65 0 0 11 0 1 1 0 1 1 T-DMR-75 168 1 5 side SETD4 94
T-DMR-69 1 1 1 0 1 0 0 0 0 1 T-DMR-78 82 22 3’ side OXTR 93
T-DMR-71 0 0 1 0 1 1 0 0 1 1 T-DMR-79 121 9 NO 920
TDMR73 1 0 0 1 1 1 0o 1 11 T-DMR-81 123 5 Within VWF 89
TDMR75 0 1 1 0 1 1 o0 1 1 0 T-DMR-82 237 X 5 side KAL1 86
T-DMR-78 0 0 1 1 1 0 0 1 0 0 T-DMR-86 104 15 5’ side ALKBH8 920
T-DMR-79 1 1 0 1 1 0 0 0 1 1
T-DMR-81 1 0 1 0 1 1 11 0 1
T-DMR-82 0 0 1 1 1 0 o0 1 11 4. Discussion
T-DMR-86 0 0 1 0 0 1 1 1 0 1
MSAP is a modified AFLP technique, which has been widely applied
Muscle Heart  Liver Lung Kidney in detecting large scale changes in genomic methylation in plants and
- e T = animals, and has proven to be a highly efficient and powerful tool for
T-DMR- 14 ‘ “ <‘ s investigating DNA methylation in various species in recent years (Sha
N 3 et al., 2005; Xu et al., 2007). Depending on the different methylation
sensitivity of isoschizomers, this approach makes it possible to study
T-DMR-26 genome-wide DNA methylation on species without a fully sequenced
genome. Thus, the F-MSAP method would be preferable for safety, ef-
ficiency and high resolution to previously described MSAP detection
T-DMR-54 method (Yang et al., 2011). In the present study, we used F-MSAP
method to detect genomic DNA methylation in various tissues of the
& ; 2 - sika deer. Our results indicated that DNA methylation exists in each
T-DMR-78 | : ” tissue type of sika deer. There were no significant differences in DNA

yF & L PSS S L
S K & K & & & & § &
@o§§b @°§:,o§i¢,°§$i)o° Q?&}i)cp @°§@o§@°§§

Fig. 3. Confirmation of the tissue-specific differentially methylated regions (T-DMRs);
hybridization using T-DMR-14; hybridization using T-DMR-26; hybridization using T-
DMR-54; hybridization using T-DMR-78.

SULT1C3 is sulfotransferase, KMT2C is histone methyltransferase,
CYP4A22 is cytochrome P450, VWF is von Willebrand factor. The detail
description and function of the fourteen genes are shown in Table 6.
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methylation level between heart, liver, lung and kidney (P > 0.05),
but the DNA methylation level was significantly decreased in the
muscle compared to the liver, lung and kidney (P < 0.05). Using F-
MSAP technique, many studies have revealed the differential of
genome-wide DNA methylation levels which were often displayed
among different tissue types in different organisms. For instance,
genome-wide DNA methylation level ranges from 26.1% to 29.4% in
chicken (Xu et al., 2007), from 50.18% to 53.99% in swine (Yang et al.,
2011) and from 27.61% to 56.25% in sea cucumber (Zhao et al., 2015).
Our results are consistent with chicken (Xu et al., 2007) and sea cu-
cumber (Zhao et al., 2015). Otherwise, in DNA methylation patterns,
the full-methylation sites (type III) occur more frequently than hemi-
methylation sites (type II) in the five tissue types detected in this study,
which is consistent with deer antler (Yang et al, 2016) and sea
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Table 6
The description and function of fourteen genes.
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Gene Protein-coding Function
SFT2D1 Vesicle transport protein SFT2A May be involved in fusion of retrograde transport vesicles derived from an endocytic compartment with the Golgi
complex.
B4GALT1 Beta-1,4-galactosyltransferase 1 Protein glycosylation.
SHANK2 SH3 and multiple Ankyrin repeat domains Play a role in the structural and functional organization of the dendritic spine and synaptic junction.
protein 2
TNFSF11 Tumor necrosis factor ligand superfamily Induces osteoclast-specific gene transcription to allow differentiation of osteoclasts.
member 11
VAV3 Guanine nucleotide exchange factor VAV3 Play an important role in angiogenesis.
RBM20 RNA-binding protein 20 As a regulator of mRNA splicing of a subset of genes involved in cardiac development.
BCAP31 B-cell receptor-associated protein 31 May be involved in CASP8-mediated apoptosis.
CHSY1 Chondroitin sulfate synthasel Play a role in the negative control of osteogenesis.
SULT1C3 Sulfotransferase 1C3 Catalyze the sulfate conjugation of xenobiotic compounds and endogenous substrates.
KMT2C Histone-lysine N-methyltransferase 2C May be involved in leukemogenesis and developmental disorder.
CYP4A22 Cytochrome P450 4A22 Catalyzes the omega- and (omega-1)-hydroxylation of various fatty acids.
Capr2 Caprin-2 Involved in apoptosis.
ANGPT2 Angiopoietin-2 May facilitate endothelial cell migration and proliferation, thus serving as a permissive angiogenic signal.
VWF Von Willebrand factor Important in the maintenance of hemostasis, it promotes adhesion of platelets to the sites of vascular injury by

forming a molecular bridge between sub-endothelial collagen matrix and platelet-surface receptor complex GPIb-

IX-V.

cucumber (Zhao et al., 2015). However, the DNA methylation patterns
of genome observed in present study appears to be different from some
domestic animals (Xu et al., 2007; Yang et al., 2011), this discrepancies
may result from different genetic backgrounds, species or different
methods of methylation detection, which are likely to exhibit different
DNA methylation levels and patterns (Kerkel et al., 2008; Boks et al.,
2009; Schalkwyk et al., 2010; Zhang et al., 2010). Moreover, different
tissues within the same species were also exhibited differences in DNA
methylation levels and patterns. DNA demethylation plays a pivotal
role in shaping DNA methylation levels and patterns, but the underlying
mechanisms are still incompletely understood (Bhutani et al., 2011;
Nabel et al., 2012; Kohli and Zhang, 2013). In generally, DNA de-
methylation can occur through passive pathway and active pathway
(Bhutani et al., 2011). Passive DNA demethylation refers to the loss of
the methyl group from 5-methylcytosine when DNA methyltransferase
1 (DNMT1) is inhibited or absent during successive rounds of DNA
replication (Franchini et al., 2012). Active DNA demethylation is an
enzymatic process (Gadd45, MBD4, TDG and TET) (Niehrs and Schafer,
2012). Therefore, dynamics of this process could also lead to the ob-
served genome-wide DNA methylation levels and patterns diversity.
The different DNA methylation levels and patterns in various tissue
types were possibly related to the regulatory mechanism of gene ex-
pression during tissue differentiation and developmental processes (Lu
et al., 2008; Sharma et al., 2009). Some studies have demonstrated that
some genes were characterized by their variable levels of methylation
in different tissues, and under methylation in these genes in general
correlated with tissue-specific gene expression (Futscher et al., 2002).
At the same time, there are some studies expressing doubts on the
correlation between gene expression and methylation regulation
(Walsh and Bestor, 1999). At present, the main studies regarding DNA
methylation regulation have focused on the promoter regions of genes
and found that, if the gene promoter is hypermethylated or hypo-
methylated, then the gene may be silenced or activated accordingly
(Shen et al., 2012; Sharma et al., 2017). In addition, it should be noted
that cytosine-methylated CCGG sequences are distributed in repetitive
sequences in the coding and noncoding regions that contain introns,
repetitive elements, and potentially active transposable elements (Saze
and Kakutani, 2011). In this study, we found that among 37 sites of T-
DMRs, the sequence ranged from 70 to 321 bp. Fourteen were located
within introns, twelve in the 5’ upstream regions of genes, and five in
the 3’ downstream regions of genes. Moreover, because the sika deer
genome is not currently available, we could not locate six sites in genes,
but could only locate them at the chromosome level. The genes that
contain these T-DMRs may be related to tissue development and
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differentiation, and thus constitute a core set of epi-marker resource
that would facilitate further epigenetic studies in tissue development
and differentiation, or other biological processes.

Among these T-DMRSs, the one that was localized in the gene RMB20
was only not detected in the heart. RMB20, a gene encoding a RNA-
binding protein (RBP), is a critical regulator of cardiac function through
its action on titin and tropomyosin (Guo et al., 2012). Loss-of-function
mutations for RBM20 have been identified in 1.9%-3% of individuals
with idiopathic dilated cardiomyopathy (Brauch et al., 2009; Guo et al.,
2012). Conserved throughout evolution, compelling evidence has es-
tablished RBPs with cardiac function and development processed. Fox
example, RBM24 was recently demonstrated to be enriched in em-
bryonic stem cells (ESC) derived cardiomyocytes and required for sar-
comere assembly and heart contractility (Poon et al., 2012). In addi-
tion, Hermes was found to regulated heart development in Xenopus
(Gerber et al., 2002). Therefore, RBM20 is an essential component of
the RNA processing machinery during cardiogenesis and it is required
in regulating cardiac gene expression of patterning normal structural
and physiological integrity of newly formed cardiomyocytes and phy-
siological integrity of newly formed cardiomyocytes (Beraldi et al.,
2014). Likewise, a T-DMR of the gene SHANK2 was only not detected in
the liver. SHANK2 is a member of the Shank family, which consists of
important scaffolding proteins (SHANK1, SHANK2, and SHANK3) of
postsynaptic density (Baron and Schattschneider, 2006; Grabrucker
et al., 2011). It is reported that expression of SHANK2 is mainly asso-
ciated with the development of the nerve system during embryogenesis
(Gessert et al., 2011). It is well known that liver is a type of unusual
tissue in that it only contains sympathetic nerves. The sensory nerves do
not directly innervate hepatocytes, but are restricted to the stroma
surrounding triades of hepatic vasculature and bile ducts, and to ex-
trahepatic portions of the portal vein and bile ducts (Berthoud, 2004).
Currently, we do not know whether the SHANK family stimulates or
inhibits different types of nerve fibers, and if they do, methylation of
the SHANK2 gene might induce growth of sensory nerves into other
tissues during development.

The tissue development and differentiation is a complex biological
process and may be controlled by many genes which are regulated by
DNA methylation. In future studies, we would like to verify whether the
genes that include the methylated sites found in this study are asso-
ciated with tissue development and differentiation, which will help to
reveal the underlying molecular mechanisms of tissue development and
differentiation.
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5. Conclusions

In the present study, genome-wide profiling of DNA methylation
was conducted for the five tissue types of sika deer using F-MSAP
technique. The different DNA methylation levels and patterns within
tissues were evaluated, and significant differences in the genome-wide
DNA methylation levels were demonstrated between various tissue
types in sika deer. Our study presents the first look at the tissue-specific
differentially methylated regions (T-DMRs) in sika deer. Based on the
findings from this study and the functions on the gene expression, we
think that differences in the DNA methylation levels and patterns may
be important to regulate tissue-specific gene expression; however, a
much more extensive analysis will be required to confirm this.
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