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Deer antlers are the only mammalian appendages that can fully regenerate each year from the
permanent bony protuberances of the frontal bones, called pedicles. Pedicle periosteum (PP) is
the key tissue for antler regeneration and the source of antler stem cells. The distal one third
of the PP has acquired the ability to regenerate antlers and is termed the potentiated PP (PPP),
whereas the proximal two thirds of the PP requires further interactions within its niche to launch
antler regeneration and is termed the dormant PP (DPP). However, the molecular mechanisms
underlying the process of potentiation from the DPP to the PPP are unknown. In this study, we
used the fluorescence-labeled methylation-sensitive amplified polymorphism method to assess
the levels of DNA methylation in both cells and tissues of the PPP and the DPP. The results showed
that the levels of DNA methylation were significantly lower in the PPP compared to the DPP
(P < 0.05). Therefore, DNA demethylation may be involved in the process of this potentiation.
This involvement was further confirmed by functional testing by artificially creating a potentiated
PP (aPPP) from DPP tissue. Moreover, we identified 15 methylated fragments by the methylation
sensitive amplified polymorphism method that are either unique to the PPP or the DPP, which
were further confirmed by Southern blot analysis. Taken together, our data suggest that DNA
demethylation is involved in the process of PP potentiation, which is a prerequisite step for the
initiation of antler regeneration. These findings provide the first experimental evidence to link
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INTRODUCTION
DNA methylation, an essential type of epigenetic modification,
is crucial for the establishment and maintenance of cellular iden-
tity (Bird, 2002). The level of DNA methylation is correlated with
differential gene expression among different tissue types, and
there is increasing evidence that DNA methylation negatively
influences gene expression during cellular proliferation (Wu and
Zhang, 2010; Cedar and Bergman, 2012; Franchini et al., 2012),
differentiation (Alvaro et al., 2007), genomic imprinting, and re-
generation (Hirose et al., 2013; Takayama et al., 2014). For ex-
ample, sonic hedgehog (shh) gene is hypomethylated in Xenopus
tadpoles, which have the ability to regenerate missing limbs; in
contrast shh is hypermethylated in Xenopus froglets, which are
unable to regenerate lost appendages (Yakushiji et al., 2007). This
finding provides evidence for the possible correlation between
the level of DNA methylation and tissue/organ regeneration.

Deer antlers are unique mammalian organs in that they can
fully regenerate and therefore have been used as a novel model
to study regeneration of appendages/organs in mammals (Li and
Suttie, 2003). Antlers regenerate from the permanent cranial
bony protuberances, called pedicles. A combination of histolog-
ical examination (Li et al., 2012) and tissue deletion (Li et al.,
2009) convincingly demonstrated that it is the pedicle perios-
teum (PP), that gives rise to regenerating antlers is initiated
by cells of the PP, which was first suggested by Kierdorf and
Kierdorf (’92). Further studies showed that the PP cells express
key embryonic stem cell markers (Oct4, Sox2, Nanog, and CD9)
and could be induced to differentiate into multiple cell lineages
(chondroblasts, adipocytes, myoblasts, and neuronal-like cells;
Li et al., 2009). Thus, the PP cells are termed antler stem cells,
and antler regeneration is considered a stem cell–based process
(Li et al., 2005, 2009; Rolf et al., 2008).

While carrying out PP tissue sampling, Li and Suttie (2003)
noticed that the skin of the proximal portion of a pedicle, ap-
proximately two thirds of the total pedicle length, is loosely at-
tached to the PP; whereas the distal third of the pedicle skin
was tightly bound to the PP, where antler regeneration occurs.
Interestingly, antler regeneration can also take place when pedi-
cles either naturally shorten into the proximal region as deer
age, or if the distal part is artificially removed; provided that the
proximal PP and the skin have already come together closely at
the regeneration plane. All these observations indicate that the
PP must establish interactions with the enveloping skin before

gaining the potential to regenerate antlers. To test this assump-
tion, Li et al. (2009) carried out a functional analysis in which
the pedicle skin was separated from either the distal or proxi-
mal portion of the PP by inserting an impermeable membrane,
respectively. The results showed that PP of the distal pedicle
stump regenerated an antler, whereas the PP of the proximal
pedicle stump failed to do so after separating from the envelop-
ing skin. Hence the distal PP is termed the potentiated PP (PPP)
and the proximal PP termed the dormant PP (DPP) (Li et al.,
2007). These studies demonstrated that the PP acquires the po-
tential to regenerate an antler when it is primed via interactions
with its enveloping skin, and the DPP could transform into the
PPP upon becoming closely associated with skin during the an-
nual antler regeneration process. Since antler regeneration is a
complex biological process with many regulatory mechanisms
involved, we hypothesise that DNA methylation is likely to be
one of these mechanisms.
Methylation-sensitive amplified polymorphism (MSAP), a

modification of the amplification fragment length polymor-
phism technique, depends on utilizing two different DNA
methylation-sensitive restriction isoschizomers for the same re-
striction site (CCGG) (Reyna-Lopez et al., ’97). MSAP has been
widely used to detect genomewide differentially methylated
CCGG sites, especially those from nonmodel organisms, which
lack detailed genome information (Herrera and Bazaga, 2010).
Fluorescence-labeled methylation-sensitive amplified polymor-
phism (F-MSAP), an improvement of MSAP, is based on fluo-
rescently labeled primers and capillary gel electrophoresis with
an internal lane size standard instead of traditional denaturing
acrylamide gel electrophoresis and silver staining (Huang and
Sun, ’99). This method has been proven to be more sensitive,
safer, and more effective than MSAP (Zhao et al., 2015).
The purpose of this study was to assess the relationship be-

tween the level of DNA methylation and antler stem cell poten-
tiation from the dormant state, via comparative analysis of the
genomewide DNA methylation in the PPP and the DPP. We did
this at the levels of both tissues and cells of the PPP and the
DPP using F-MSAP. Furthermore, we artificially created the PPP
(aPPP) from the DPP state to confirm whether the correlation
between level of the genomicwide DNA methylation and the PP
potentiation was causally related or casually associated. More-
over, we isolated, sequenced, and identified some of the tissue-
specific fragments that were differentially methylated in the PPP
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Figure 1. Procedure for artificial creation of potentiated pedicle
periosteum (aPPP) prior to the initiation of antler regeneration,
the distal part (about one-third in length) of a pedicle stump was
surgically removed through the junction between potentiated and
dormant regions. The aPPP was then sampled at the time when the
very distal edge of the enveloping pedicle skin of the dormant re-
gion became closely abutted to the distal PP and was transformed
into shiny velvet-like skin 2 weeks after the operation. P: potenti-
ated PP; D: dormant PP; A: aPPP.

over the DPP. Overall, our work provides new insights into how
DNA methylation functions during the process of antler stem
cell potentiation, hence antler regeneration, which is the only
case of full regeneration in mammalian organs.

MATERIALS AND METHODS

Tissue Sampling and Cell Culture
The PPP and the DPP were collected from the pedicles of three
2-year-old male sika deer (Cervus nippon) immediately after
anesthetizing in June as described by Li and Suttie (2003). The
detailed protocol for the culture of the PPPc (PPP cells) and DPPc
(DPP cells) were described by Li (2012). All reagents were pur-
chased from Invitrogen for primary culture of the PPP and DPP
cells.

Artificial Creation of Potentiated PP (aPPP)
An aPPP was artificially created by surgically removing the dis-
tal part of a pedicle through the junction between the potentiated
and dormant regions following the procedure reported by Li et
al (2007). The aPPP was then sampled at the time when the very
distal edge of the enveloping pedicle skin of the dormant region
became closely abutted to the distal PP and was transformed into
shiny velvet-like skin 2 weeks after the operation (Fig. 1).

Genomic DNA Preparation
DNA extraction from cell culture and tissue samples of the PPP,
DPP, or aPPP was carried out using a DNeasy Blood & Tissue Kit

Table 1. Sequences of adapters and primers used in F-MSAP

Adapters/primers Sequence (5′–3′)

EcoRI adapter 5′-CTCGTAGACTCGTACC-3′

3′-CATCTGACGCATGGTTAA-5′

HpaII and MspI adapter 5′-GACGATGAGTCTAGAA-3′

3′-CTACTCAGATCTTGC-5′

E+1 primers (PreAmp) 5′-GACTGCGTACCAATTC+A-3′

HM+1 primers (PreAmp) 5′-GATGAGTCTAGAA1CGG+T-3′

E+3 primers 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′

HM+3 primers 5′-FAM2-GATGAGTCTAGAACGG+TAC-3′

5′-FAM-GATGAGTCTAGAACGG+TAG-3′

according to the manufacturer′s protocols. Extracted genomic
DNA samples were dissolved in TE buffer and stored at –20°C
until use.

F-MSAP Assay
The isoschizomers restriction enzymes HpaII and MspI recognize
the same restriction site (5′-CCGG-3′), but have different sensi-
tivities to methylation of the cytosine residues. The HpaII does
not cleave if either of the cytosine residues is fully methylated
(both strands), whereas MspI does not cleave if the external cy-
tosine is fully methylated or hemimethylated (one strand). Thus,
the differentially methylated status at the cytosine residues of
CCGG sites would be recognized differently by these two differ-
ent enzymes (McClelland et al., ’94).

In the F-MSAP technique, the different methylation-sensitive
isoschizomers (HpaII and MspI) with an internal control restric-
tion enzyme (EcoRI) were used for DNA digestion. The enzy-
matically digested products were then ligated to adaptors, and
preamplification and selective amplification with fluorescent-
labeled primers were performed. The amplified products were
checked using denaturing gel electrophoresis and sequenced by
an ABI 3730xl DNA sequencer. Only the clear and reproducible
bands that appeared in three runs of independent PCR amplifica-
tion were scored. The F-MSAP data were analyzed using Genes-
can3.1 software. The adaptors and primers used in the present
study were designed according to Yang et al. (2011) with minor
modifications (Table 1). The detailed procedure was as follows.

DNA Digestion and Ligation
The genomic DNA from each sample was digested with
EcoRI/HpaII or EcoRI/MspI, and each resultant DNA fragment
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was ligated to adapters at 16°C overnight. The digestion-ligation
of each sample was performed in 25 μL solution containing 500
ng DNA template, 3 U EcoRI, 3 U HpaII (or MspI), 1.5 U T4 DNA
ligase, 5 pmol EcoRI adapter, 50 pmol HpaII/MspI adapter, and
2.5 μL 10×T4 ligase buffer. The mixture was incubated at 37°C
overnight and stored at –20°C.

Preamplification PCR
Preamplification PCR was performed in 20 μL solution contain-
ing 2 μL of ligation products, 40 ng of E+1 and H-M+1 pream-
plified primers (Table 1), 0.1 μL of Ex Taq polymerase, 1.6 μL
of dNTPs (2.5 mM), 1.2 μL of MgCl2 (25 mM), 2 μL of 10× PCR
buffer, and 14.1 μL of water. The PCR conditions were as fol-
lows: 94°C for 5 min; 30 cycles of 94°C for 30 sec, 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 pream-
plification were diluted to 1–25 (v:v) with water and stored at
–20°C until use.

Selective Amplification PCR
Selective amplifications were performed in 20 μL solution con-
taining 2 μL of the diluted preamplification product, 10 ng of
E+3 primer, 40 ng of H-M+3 primer labeled with fluorescence
dye (Table 1), 0.1 μL of Ex Taq polymerase, 1.6 μL of dNTPs
(2.5 mM), 1.2 μL of MgCl2 (25 mM), and 2 μL of 10× PCR
buffer. The PCR amplification reactions were performed using
the touch-down cycles, and the conditions were as follows: 94°C
for 5 min; 13 touch-down cycles of 94°C for 30 sec, 65°C (sub-
sequently reduced each cycle by 0.7°C) for 30 sec and 72°C for
1 min; 23 continued cycles of 94°C for 30 sec, 56°C for 30 sec,
and 72°C for 1 min; and extension at 72°C for 7 min. The Ex
Taq polymerase buffers were purchased from Takara.

Selective Amplification Products Detection
An aliquot of 0.5 μL of selectively amplified products was added
to 24.5 μL of 70% cold ethanol, which was mixed and cen-
trifuged at 3700 rpm for 30 min at 4°C to collect the precipi-
tate. Subsequently, LIZ500 standard and HiDi were added to the
precipitate with the final volume to 8 μL. The solution was de-
natured at 94°C for 10 min and loaded onto a 4% denaturing
gel. Finally, the bands were analyzed using Genescan3.1 soft-
ware based on the detection of fluorescent signals of different
intensity and locations relative to the LIZ500 standard. Three
kinds of bands were detected, and each test was repeated three
times (Table 2).

Based on the differential methylation sensitivity of
isoschizomers, HpaII and MspI, cleaved band patterns were
divided into three types (Fig. 2): Type I, which represents both
bands for HpaII and MspI digestion, indicating no-methylation
or inner methylation of single-stranded DNA (to simplify
the analysis, Type I bands in our study were considered as
no-methylation); Type II bands, which represent bands only

Table 2. Methylation sensitivity and restriction patterns of the
HpaII and MspI isoshizomers

Enzyme sensitivities

Methylation status HpaII MspI H M

CCGGCCGG Active Active 1 1
GGCCGGCC
CCGG Active Inactive 1 0
GGCC
CCGG Inactive Active 0 1
GGCC

H and M indicate the enzyme combination of EcoRI /HpaII and EcoRI / MspI,
respectively.
1 band present; 0 band absent. Underlined cytosine is methylated.

Figure 2. Cytosine methylation patterns with the primer combi-
nation H-M+TAC/E+AAC. (A) the profile from F-MSAP; (B) the
profile from MSAP using silver stain; H and M refer to digestion
with EcoRI/HpaII and EcoRI/MspI; Type I, Type II, and Type III re-
fer to unmethylated, hemimethylated ,and fully methylated sites,
respectively.

for HpaII digestion, indicating outer methylation of a single
stranded DNA and hemimethylation at the outer cytosine nu-
cleotide in the CCGG sequence; Type III bands, which represent
bands only for MspI 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 for-

mula:

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

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

J. Exp. Zool. (Mol. Dev. Evol.)
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Figure 3. Methylation profiles of the cell group (PPPc and DPPc), the tissue group (PPP and DPP), and the aPPP tissue group using the
combination of primers H-M+TAC/E+AAC. (A) Profile of the cell group from F-MSAP, lanes 1–2 represent PPPc and lanes 3–4 represent
DPPPc; (B) profile of the tissue group from F-MSAP, lanes 1–2 represent PPP and lanes 3–4 represent DPP; (C) profile of the aPPP from
F-MSAP, lanes 1–2 represent aPPP.

Cloning and Sequencing of the MSAP Fragments
To isolate the MSAP fragments from the PPP and DPP, the MSAP
products (see above) were denatured, separated by electrophore-
sis 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 rehy-
drated with 50 μL of 95°C ddH2O for 5 min, slowly cooled down
to room temperature, and centrifuged at 12,000×g for 10 min.
Supernatant of each sample was collected, and 5 μL was used as
the template for reamplification. PCR reactions were performed
with the same primer combinations and reaction conditions as
those used in the selective amplification. After verification using
a 2% agarose gel, the band was recovered using a gel extraction
kit according to the manufacturer’s instructions. Subsequently,
the product was ligated into the vector pGM-T and transformed
into E. coli strain DH5α. The fragments were sequenced by SAN-
GON. Homology search and sequence analysis were performed
using the EMBL public database.

Southern Blot Analysis
Southern blot analysis was conducted to confirm the speci-
ficity of the methylation fragments. Primers were de-
signed according to the sequence of the specific methy-
lation fragments and were labeled with DIG to prepare
for the probe. Genomic DNA (20 μg) was digested with
EcoRI-HpaII or EcoRI-MspI, and each digestion product

was electrophoresed on a 0.8% agarose gel in Tris-Borate-
EDTA buffer and transferred onto Hybond-N+ membranes.
Hybridization and immunological detection were carried out ac-
cording to the manufacturer’s protocols.

Statistical Analysis
Analysis of variance (ANOVA) and Duncan’s multiple range
tests were adopted for significance analysis of methylation lev-
els among the different tissues and cells through SPSS 18.0
software. Statistical significance was set at P < 0.05. The
hemimethylation ratio (%), full methylation ratio (%), and total
methylation ratio (%) were calculated for each individual sepa-
rately and analyzed by ANOVA, followed by Duncan’s test.

RESULTS

Profiling of DNA Methylation in the PP Tissues and Cells
We used 16 pairs of selective primers labeled with fluorescent
dyes to detect genomic DNA methylation status in both the PP
tissues and the cells from three male sika deer. The F-MSAP gels
for the cell and the tissue groups of the PPP and DPP and the tis-
sue group of aPPP are shown in Figure 3. A total of 6088, 6006,
6030, 4704, and 4755 fragments were detected in the DPP, PPP,
aPPP, DPPc, and PPPc, respectively. For each pair of primers,
each individual genome displayed 98–158 fragments (Table 3).

J. Exp. Zool. (Mol. Dev. Evol.)
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Table 3. Methylation levels of cell group and tissue group

Cell group Tissue group

Types PPPc DPPc aPPP PPP DPP

Unmethylated bandsa 3351 3077 3360 3336 3159
Hemimethylated bands 552 697 1351 1334 1429
Fully methylated bands 852 930 1319 1336 1500
Total amplified bandsb 4755 4704 6030 6006 6088
Total Methylated bandsc 1404 1627 2670 2670 2929
Hemimethylation ratiod (%) (mean ± SD) 11.61g ± 0.24 14.82h ± 0.11 22.40g ± 0.51 22.21g ± 0.37 23.49h ± 0.63
Full methylation ratioe (%) (mean ± SD) 17.92g ± 0.10 19.77h ± 0.15 21.87g ± 0.10 22.26g ± 0.17 22.26g ± 0.17
Methylation ratiof (%) (mean ± SD) 29.53g ± 0.34 34.59h ± 0.21 44.27g ± 0.13 44.47g ± 0.51 48.12h ± 0.33

aThe number of bands is the sum of 3 individuals.
bTotal amplified bands = Unmethylated bands + hemimethylated bands + fully methylated bands.
cTotal methylated bands = Hemimethylated bands + fully methylated bands.
dHemimethylation Ratio = Hemimethylated bands/total amplified bands; the ratio was calculated for each individual separately and analyzed by ANOVA
and Duncan’s test; means with uncommon superscripts differ significantly (P < 0.05). The statistic method was same with that for fully methylation ratio
and methylation ratio.
eFully methylation ratio = Fully methylated bands/total amplified bands.
fMethylation ratio = Total methylated bands/total amplified bands.
gThe observed ratio was not significantly different (P > 0.05) from the expected ratio.
hThe observed ratio was significantly different (P < 0.05) from the expected ratio.

DNA Methylation Levels in the PP Tissues and Cells
Three cleavage patterns were defined in this study (see the Mate-
rials and Methods section), and the results showed that the Type
I methylation pattern was most frequently observed in both the
tissues and the cells of the DPP and PPP, and the tissue of aPPP,
which accounted for 51.88–70.47% of bands; Types II and III
bands were at the similar levels and accounted for 11.61–24.62%
of bands (Table 3).

ANOVA and Duncan’s multiple range tests were performed to
evaluate the differential methylation levels in the PP cells and
tissues. As shown in Table 3, in the cell group, the methylation
level was significantly decreased in the PPPc compared to that
of the DPPc (P < 0.05). Consistent with this result, the methy-
lation levels of the PPP and aPPP tissue were also significantly
lower than those of the DPP (P < 0.05). These results indicate
that methylation levels were significantly decreased during the
transition from the dormant state (DPP) to the potentiated state
(PPP), as well as the artificial PPP state. There was no signifi-
cant difference in DNA methylation levels between the PPP and
aPPP (P > 0.05). Overall, the methylation levels of the PPP and
the aPPP were significantly lower than those of the DPP in both
the PP tissues and the cells (P < 0.05).

Analysis and Confirmation of the Tissue-Specific Methylated
Fragments
The tissue-specificity of methylated fragments was identified by
analysis of the differential DNA methylation patterns between
the PPP and the DPP. The tissue specificity of these fragments

was further verified using methylation-sensitive Southern blot
analysis (Fig. 4). Through comparisons with the EMBL database,
15 of these fragments were identified to have high homology
with the specific regions of the genome of Bos taurus. Of these 15
fragments, six were located within genes, six in the 5′ upstream
regions, and three in the 3′ downstream regions of these genes
(Table 4).

DISCUSSION
In the present study, we investigated the genomewide DNA
methylation during the potentiation process from the DPP to
the PPP. The results showed that the methylation level of the
PPP was significantly lower than that of the DPP. Likewise, the
artificially created PPP (aPPP) from the DPP showed a similar
low level of DNAmethylation as the PPP. Our results suggest that
DNA demethylation may be an important regulatory mechanism
involved in antler stem cell potentiation toward antler regener-
ation. Furthermore, DNA demethylation may serve as an epige-
netic marker for early stage antler regeneration. These findings
provide the first evidence for a strong correlation between DNA
methylation level and mammalian appendage regeneration.
It is accepted that DNA demethylation influences gene tran-

scription, DNA replication, and regulation of gene expression
and is generally associated with the increased level of gene ex-
pression (Goll and Bestor, 2005). For example, the demethy-
lation of Xenopus elongation factor 1-α in transgenic ze-
brafish was observed during fin regeneration (Thummel et al.,
2006). During repair of damaged muscles in mammals, DNA

J. Exp. Zool. (Mol. Dev. Evol.)
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Figure 4. Confirmation of the tissue-specific methylated fragments. (A) Hybridization using probe P-2; (B) hybridization using probe P-6;
(C) hybridization using probe P-27; (D) hybridization using probe P-45.

Table 4. Sequence analysis of methylated fragments

Fragment Size (bp) Chromosome Location Gene Identity (%)

P-2 174 1 5′side ZPLD1 97
P-4 464 29 5′side GAS2 98
P-5 190 11 Within SHANK2 95
P-6 371 11 within EHMT1 89
P-13 287 4 Within KMT2C 98
P-15 405 29 5′side NTM 94
P-18 205 20 5′side NDUFS4 93
P-27 313 4 Within RHEB 97
P-29 215 22 Within LMCD1 86
P-30 213 23 3′side Kcnk16 92
P-35 210 3 Within CYP4A22 94
P-36 318 10 3′side RAB27A 87
P-40 205 3 5′side VWA3B 96
P-45 194 13 3′side SNORA25 96
P-46 160 3 5′side HIVEP3 94

demethylation of muscle progenitor cells plays a key role in the
induction of reexpression of myoD and myf5, the early myo-
genic marker genes (Palacios and Puri, 2006). Therefore, DNA
demethylation during the potentiation process of antler stem
cells may be the prerequisite for this very first step of antler
regeneration.

The mechanisms underlying DNA demethylation in antler
stem cells are currently unknown. It is reported that DNA
demethylation in general can occur through two pathways: pas-
sive and active (Bhutani et al., 2011). Passive DNA demethyla-
tion refers to the loss of the methyl group from 5-methylcytosine
(5-mC) 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) that
results in the removal of the methyl group from (5-mC) by break-
ing a carbon–carbon bond. Activities of the enzymes involved in
demethylation must be studied to reveal whether demethylation
in antler stem cells during the potentiation process is achieved
through passive, active, or both.

Some studies have demonstrated that some genes were char-
acterized by their variable levels of methylation in different tis-
sues, and under methylation in these genes in general correlated
with tissue-specific gene expression (Futscher et al., 2002). In
addition, it should be noted that cytosine-methylated CCGG se-
quences are distributed in repetitive sequences in the coding and
noncoding regions that contain introns, repetitive elements, and
potentially active transposable elements (Saze et al., 2011). In
the present study, we found that among the 15 tissue-specific
methylated fragments, six were located in the introns, six in the
5′ upstream regions, and three in the 3′ downstream regions of
genes. The genes that contain these tissue-specific methylation

J. Exp. Zool. (Mol. Dev. Evol.)
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fragments may be related to tissue/organ development and re-
generation, and thus constitute a core set of epimarker resource
that would facilitate further epigenetic studies in antler regen-
eration.

Among these fragments, the one that was localized in the gene
LMCD1 was only detected in the PPP. LMCD1 belongs to the LIM
domain family of zinc finger proteins, and LIM proteins act as
coactivators of GATA-mediated gene transcription (Rath et al.,
2005). Rath et al (2005) reported that interaction between GATA6
and LMCD1 inhibits GATA6 DNA binding, resulting in repres-
sion of GATA6 transcriptional activation of downstream target
genes, hence negatively impacts on lung and heart development.
LMCD1 mutations have been found to promote cell migration
through the Rac1-signaling pathway (Chang et al., 2012). In our
studies on the transcriptome (Ba et al., in prep) and proteomes
(Dong et al., 2016), we found that numerous genes related to cell
migration were preferentially expressed in the PPP cells, which is
considered critically important for the initiation of antler regen-
eration. Therefore, methylation of the LMCD1 gene might have
effectively silenced the expression of the gene, hence promoted
potentiation of the PP cells, i.e. the potentiated antler stem cells,
to proliferate and migrate for the initiation of antler regenera-
tion. Alternatively, gene methylation in this particular case may
not have affected the status of the LMCD1 gene expression, as
the methylation fragment was localized in one of the introns of
the gene.

Likewise, a methylated fragment of the gene SHANK2 was also
only detected in the PPP. SHANK2 is a member of the Shank fam-
ily, 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 associated with the de-
velopment of the nerve system during embryogenesis (Gessert
et al., 2011). This finding seems contradictory in that when nerve
growth is needed for the initiation of antler regeneration, a gene
of one of the important factors associated with nerve develop-
ment is methylated. However, we know that antler is a type
of unusual tissue in that it only contains sensory nerves and
sympathetic nerves do not grow into regenerating antler tissues
from its pedicle (Li et al., ’93; Suttie et al., ’95). Currently, we do
not know whether the Shank family stimulates/inhibits different
types of nerve fibers, and if they do, methylation of the SHANK2
gene might discourage growth of sympathetic nerves into antler
tissue during the stage of initial antler regeneration.

In contrast, one methylated fragment that was only localized
in the gene Rheb in the DPP. Rheb is a member of the small
GTPase superfamily and encodes a lipid-anchored, cell mem-
brane protein with five repeats of the RAS-related GTP-binding
region. This protein is vital in regulation of growth and cell cy-
cle progression due to its role in the insulin/TOR/S6K signaling
pathway (Heard et al., 2014). Cells of the DPP are dormant antler
stem cells (Li and Chu, 2016) and must remain quiescent all the

time including during the stages of initiation of antler regenera-
tion and growth. Therefore, methylation of the gene in the DPP
might be one of the effective ways to keep the DPP in an inactive
mode for the reservation of the seed cells for subsequent rounds
of antler regeneration.
Antler regeneration 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 associated with antler regeneration, which will help to reveal
the underlying molecular mechanisms of antler regeneration.

CONCLUSION
In this study, we found that the aPPP achieved a similar level
of methylation to that of the PPP, indicating that the decrease
in DNA methylation from DPP to PPP is causally related with
potentiation of antler stem cells, which is the first step toward
antler regeneration. Based on our present study and others, we
propose that DNA methylation may be involved in regulation of
regeneration-associated gene expression, although further stud-
ies are required to confirm this. Because the mechanisms un-
derlying DNA demethylation are still not entirely understood,
the process of antler stem cell potentiation may serve as a use-
ful model for investigating this in the fast advancing epigenetic
field.
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