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Identification of individuals within pairs of monozygotic (MZ) twins remains unresolved using common
forensic DNA typing technology. For some criminal cases involving MZ twins as suspects, the twins had to
be released due to inability to identify which of the pair was the perpetrator. In this study, we performed
a genome-wide scan on whole blood-derived DNA from four pairs of healthy phenotypically concordant
MZ twins using the methylated DNA immunoprecipitation sequencing technology to identify candidate
DNA methylation markers with capacity to distinguish MZ twins within a pair. We identified 38 differential
methylation regions showing within-pair methylation differences in all four MZ pairs. These are all located
in CpG islands, 17 of which are promoter-associated, 17 are intergenic islands, and four are intragenic
islands. Genes associated with these markers are related with cell proliferation, differentiation, and growth
and development, including zinc finger proteins, PRRX2, RBBP9, or are involved in G-protein signaling,
such as the regulator of G-protein signaling 16. Further validation studies on additional MZ twins are now
required to evaluate the broader utility of these 38 markers for forensic use.

� Keywords: monozygotic twins, DNA methylation, methylated DNA immunoprecipitation, epigenome,
CpG island, promoter

At present, genetic markers used for forensic identification
mainly include short tandem repeats (STR) and single nu-
cleotide polymorphism (SNP), which can identify any spe-
cific individual other than monozygotic (MZ) twins within
a pair (Borsting et al., 2014; Hiroaki et al., 2015; Hurth et al.,
2010; Kim et al., 2010; Romsos & Vallone, 2015). This is be-
cause MZ twins develop from a single fertilized egg and
share a near-identical genetic sequence, including the set
of STR or SNP markers used in forensic cases. There have
been a handful of international criminal cases involving
MZ twins internationally. In such cases, the potential per-
petrator was released due to inability to definitively identify
one of the twins of MZ pair. Therefore, discriminating two
MZ individuals is an urgent problem facing the forensic
geneticist.

In spite of MZ twins having a near-identical genetic se-
quence, they nevertheless routinely show discordance for
phenotypic traits, such as character, life habits, and dis-
ease susceptibility. Much of this variation within MZ twin
pairs appears to be related to epigenetic differences (Bell &
Spector, 2011; Petronis et al., 2003; Sun et al., 2013). Sev-
eral studies have now confirmed both whole genome DNA

methylation and locus-specific DNA methylation variation
within MZ twin pairs (Baynam et al., 2011; Gordon et al.,
2012; Loke et al., 2013; Ollikainen et al., 2010; Poulsen et al.,
2007; Sun et al., 2013; Talens et al., 2012; Townsend et al.,
2005). Therefore, differences in DNA methylation within
MZ twin pairs might provide appropriate biomarkers for
differentiating MZ twins.

In the present study, we aimed to determine whether
DNA methylation can be used to discriminate MZ twins
for forensic use. There are approximately 28 million CpG
sites in human genome that could potentially be used for
forensic science. To find the appropriate candidate markers,
we performed a genome-wide scan for four pairs of phe-
notypically concordant MZ twins using methylated DNA
immunoprecipitation (MeDIP) sequencing technology.
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Methylation Markers Distinguishing Identical Twins

TABLE 1

Basic Information of Four Pairs of MZ Twins

No. Age (years) Sex Ethnicity

1 0 Female Han
2 12 Male Han
3 24 Female Han
4 36 Male Han

Materials and Methods
Twins

In accordance with the principle of informed consent, pe-
ripheral blood samples were collected from four pairs of MZ
twins; each subject signed an informed consent form and
filled in the corresponding questionnaire. This study passed
the ethical review and was approved by the Hebei Medical
University Biomedical Ethics Committee. Brief information
about the four pairs of MZ twins is listed in Table 1. Ge-
nomic DNA was extracted using QIAamp DNA Blood Kit
(Qiagen, Germany) and was genotyped with 19 STR mark-
ers using Goldeneye DNA Identification System Basic Kit
(Peoplespot, China) to identify the zygosity of twins.

MeDIP Sequencing

MeDIP and sequencing library preparation. MeDIP-
sequencing library preparation was performed according
to Down et al. (2008) with minor modifications. For
MeDIP, genomic DNA was sonicated to �200–900 bp with
a Bioruptor sonicator (Diagenode, Belgium); 800 ng of
sonicated DNA was end-repaired, A-tailed, and ligated to
single-end adaptors following the standard Illumina ge-
nomic DNA protocol. After agarose size selection to re-
move unligated adaptors, the adaptor-ligated DNA was
used for immunoprecipitation using a mouse monoclonal
anti-5-methylcytosine antibody (Diagenode, Belgium). For
this, DNA was heat-denatured at 94°C for 10 min, rapidly
cooled on ice, and immunoprecipitated with 1-�L primary
antibody overnight at 4°C with rocking agitation in 400-
�L immunoprecipitation buffer (0.5% BSA in phosphate
buffer solution [PBS]). To recover the immunoprecipitated
DNA fragments, 200 �L of magnetic beads were added and
incubated for additional 2 h at 4°C with agitation. After
immunoprecipitation, a total of five immunoprecipitation
washes were performed with ice-cold immunoprecipitation
buffer. A non-specific mouse IgG immunoprecipitation was
performed in parallel to methyl DNA immunoprecipitation
as a negative control. Washed beads were re-suspended in
TE buffer with 0.25% SDS and 0.25 mg/mL proteinase K
for 2 h at 65°C and then allowed to cool down to room
temperature. MeDIP and supernatant DNA were purified
using Qiagen MinElute columns and eluted in 16-�L EB
(Qiagen, Germany). Fourteen cycles of polymerase chain
reaction (PCR) were performed on 5 �L of immunopre-
cipitated DNA using the single-end Illumina PCR primers.
The resulting reactions were purified with Qiagen MinElute

columns, after which a final size selection (300–1,000 bp)
was performed by electrophoresis in 2% agarose. Libraries
were quality-controlled by Agilent 2100 Bioanalyzer. An
aliquot of each library was diluted in EB to 5 ng/�L, and 1
�L was used in real-time PCR reactions to confirm enrich-
ment for methylated region.

Sample Quality Control

The enrichment of DNA immunoprecipitation was ana-
lyzed by quantitative PCR (qPCR) using a specific methy-
lated site at H19 locus and a non-methylated site at GAPDH
locus. The primer sequences for H19 and GAPDH were
as follows: H19: F: 5’-GAGCCGCACCAGATCTTCAG-3’,
R: 5’- TTGGTGGAACACACTGTGATCA-3’; GAPDH:
F: 5’-CCACAGTCCAGTCCTGGGAACC-3’, R: 5’-
GAGCTACGTGCGCCCGTAAAA-3’. Agilent 2100
Bioanalyzer was used for accurate assessment of quality
and concentration of sequencing library, from which the
size and concentration of each sample was determined
after sequencing library preparation.

DNA Sequencing

The library was denatured with 0.1-M NaOH to gener-
ate single-stranded DNA molecules, and loaded onto two
channels of flow cell at 8-pM concentration, amplified in
situ using TruSeq Rapid SR Cluster Kit (#GD-402-4001, Il-
lumina, USA). Sequencing was carried out by running 100
cycles on Illumina HiSeq 2000 according to manufacturer’s
instructions.

Data Analysis

Sequence reads were generated from Illumina HiSeq 2000;
image analysis and base calling were performed using Off-
Line Basecaller software (OLB V1.8). We obtained 3.6 Gb
data, which contained 73 million reads for each sample.
After passing Solexa CHASTITY quality filter, the clean
reads were aligned to human genome (UCSC HG19) using
BOWTIE software (V2.1.0). The number of passed filtering
reads of eight samples was from 13.9 million to 64.9 million,
and the number of aligned reads was from 12.0 million to
56.7 million, as listed in Table S1 in Supplementary Material.

Data Normalization and Digital DNA Methylation Pro-
files (MeDIP-Score)

To quantify the DNA methylation level of any specific re-
gion, we used each mapped reads. Methylation score for any
region in the genome was defined as the number of reads
per kb (Maunakea et al., 2010a, 2010b).

To compare the DNA methylation profiles between mul-
tiple samples, the total number of mapped reads of each
sample must be normalized by the total number of ref-
erence reads (the maximum number of mapped reads of
all samples); the raw read counts were normalized accord-
ingly, with an example shown in Table S2 in Supplementary
Material.
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After normalization, we calculated the MeDIP-score of a
specific region according to the length of that region. The
DNA methylation status of a specific region was defined as
unmethylated if its MeDIP-score was less than 8.31 reads/kb,
partially methylated if its MeDIP-score was within 8.31–
374.44 reads/kb, and completely methylated if its MeDIP-
score is greater than 374.44 reads/kb, with an example is
shown in Table S3 in Supplementary Material.

Results
CpG island (CGI) Methylation profile

CpG island (CGI) methylation. According to the MeDIP
score, among 27,841 CGIs, the range of partially methy-
lated, completely methylated, and unmethylated regions of
eight samples were 11,324–18,050, 4,189–5,474, and 5,164–
11,336 respectively, accounting for 40.67–64.83%, 15.05–
19.66%, and 18.55–40.72% of the total CGI regions respec-
tively (Table S4 in Supplementary Material). For all eight
samples, about 50% of CpGs located in CGI regions were
partially methylated, and the completely methylated regions
with MeDIP score higher than 374.44 reads/kb accounted
for less than 20% (Table S4). These results indicated that
the methylation level in CGIs across the whole genome was
not high.

CpG islands are grouped into the following three classes
on the basis of their distance to RefSeq genes (Maunakea
et al., 2010b): (1) Promoter islands: If an island starts within
1,000-bp upstream of a RefGene transcription start site
(TSS), and ends 300-bp downstream of a RefGene tran-
scription start site; (2) Intragenic islands: if an island starts
300-bp downstream of a RefGene transcription start site
and ends 300-bp upstream of a RefGene transcription end
site; and (3) Intergenic islands: if an island starts 300-bp
upstream of a RefGene transcription end site and ends
1,000-bp upstream of neighboring RefGene transcription
start site (Figure 1A).

Next, we analyzed the CpG methylation status of dif-
ferent classes of CGIs. The results demonstrated that the
ratio of completely methylated promoter CGIs was the low-
est, at 1–2%, while the unmethylated regions account for
the highest proportion, at 30–60%. In contrast, 35–45% of
intragenic CGIs showed complete methylation. The methy-
lation level of intergenic CGIs ranked between promoter
CGIs and intragenic CGIs (Figure 1B, and Table S5 in Sup-
plementary Material).

Promoter Methylation Profile

Of 29,402 promoter regions, partially methylated, com-
pletely methylated, and unmethylated regions were 17,213–
22,432, 69–265, and 6,880–11,924, accounting for 58.54–
76.29%, 0.23–0.90%, and 23.40–40.56% of the total num-
ber of regions respectively. This showed that the proportion
of completely methylated regions with MeDIP score greater
than 374.44 reads/kb was very low, close to zero, and most

promoter regions were in the partially methylated and un-
methylated state with lower degree of methylation (Table
S4).

We subdivided promoters into the following three classes
based on their CpG contents (Mikkelsen et al., 2007): (1)
High-CpG-density promoter (HCP): Promoters containing
a 500-bp interval from −700 bp to +200 bp with a (G + C)-
fraction � 0.55 and a CpG observed to expected ratio (o/e)
� 0.6 classified as HCPs; (2) Low-CpG-density promoter
(LCP): Promoters containing no 500-bp interval with CpG
o/e � 0.4 classified as LCPs; (3) Intermediate-CpG-density
promoter (ICP): The remainders that do not fall into ei-
ther class were classified as ICPs. The results show that the
methylation profile of three classes of promoter is simi-
lar. Most regions were intermediately methylated, followed
by regions with a very low degree of methylation. Com-
plete methylation was rare in all three types of promoters
(Figure 1B, and Table S6 in Supplementary Material).

Gene Body Methylation Profiles

The RefSeq genes that were greater than 3 kb in length
were chosen for methylation analysis. The gene body re-
gion is defined as +2,000 bp downstream of the transcrip-
tion start site to the transcription termination site (TTS).
In the 24,157 gene body regions, 17,166–20,850 partially
methylated, 33–85 completely methylated, and 3,273–6,917
unmethylated regions accounted for 71.06–86.31%, 0.14–
0.35%, and 13.55–28.63% of regions respectively (Tables S4
and S7 in Supplementary Material). This indicated that the
proportion of completely methylated regions across gene
bodies was very low, close to zero, and most gene body re-
gions were in partially methylated and unmethylated states
with a lower degree of methylation.

Identification of Differentially Methylated Regions
(DMRs) Within MZ Twin Pairs

To filter DMRs within twin pairs, fold change (FC) was
calculated between the two samples’ MeDIP-scores (Table
S8 in Supplementary Material). The threshold was FC � 2.0
and p values cut off at 10−4 (Shen et al., 2013; Yuan et al.,
2014). According to these criteria, a total of 22,889, 21,239,
17,926, and 25,140 DMRs were identified within MZ twin
pairs #1, 2, 3, and 4 respectively. Most of the DMRs were
located in CGIs, and 12,498, 11,731, 10,229, and 12,998
DMRs within MZ twin pairs #1, 2, 3, and 4 were in CGIs
occupying 44.98, 42.13, 36.74, and 46.69% of the total CGI
numbers respectively. For promoter regions, MZ twin pairs
#1, 2, 3, and 4 had 9,123, 8,362, 6,807, and 10,092 DMRs,
accounting for 31.03, 28.44, 23.15, and 34.32% of the total
gene promoters respectively. For gene bodies, only 1,268,
1,146, 890, and 2,050 DMRs were observed within four MZ
twin pairs, accounting for 5.25, 4.74, 3.68, and 8.49% of
such regions respectively (Figure 2, Table 2).

Further analysis of the distribution of DMRs in differ-
ent types of CGIs showed that DMRs in promoter CGIs
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TABLE 2

Features of Differentially Methylated Regions (DMRs) of Four MZ Twin Pairs

MZ twin CGI DMRs Promoter DMRs Gene body DMRs Total DMRs

#1 12,498 9,132 1,268 22,889
#2 11,731 8,362 1,146 21,239
#3 10,229 6,807 890 17,926
#4 12,998 10,092 2,050 25,140

FIGURE 1

Whole genome DNA methylation status of eight samples. (A) Three types of CpG islands. (B) Distribution of various DNA methylation
status of eight samples across different regions of CpG islands, promoter, and gene body, which were detected by MeDIP. The results
showed that the methylation level in promoter CGIs is relatively low, and it is high in the intragenic CGIs. Among the three kinds of
promoter regions or gene body, HCP, ICP, and LCP, most of the regions are medium-methylated, followed by regions with very low
degree of methylation, and complete methylation is very rare.

were 7,854, 7,526, 6,364, and 7,509 for MZ twin pairs #1,
2, 3, and 4 respectively, accounting for 59.36, 56.80, 47.96,
and 56.75% of the total number of promoter CGIs respec-
tively. For intergenic CGIs, each of the four pairs of MZ
twins possessed 3,554, 3,260, 2,966, and 4,107 DMRs, oc-
cupying 34.03, 31.21, 28.04, and 39.32% of total number of
intergenic CGIs respectively. For intragenic CGIs, the num-
ber of DMRs within each pair of MZ twin was only 1,069,
939, 901, and 1,356, accounting for 26.45, 23.23, 22.29, and
33.55% of the total intragenic CGIs respectively (Figures 2
and 3). These results suggest that DMRs in CGIs within MZ
twin pairs mostly occurred in promoter CGIs, followed by
intergenic CGIs, and least often in intragenic CGIs.

To identify DMRs showing the highest within-pair vari-
ation, we conducted a second layer of screening according
to two standards: (1) the fold change of MeDIP score was
larger than 830, and (2) the MeDIP score of one sample is
zero and the other was larger than 8.31. To avoid dividing
by zero, 0.01 was added to every count when calculating
fold change. Therefore, under this criterion of selection, the
selected DMRs must be unmethylated in one sample and
partially methylated or completely methylated in another.
We called these DMRs filtered through a second layer of
screening MZ DMRs (main differentially methylated re-
gions [MDMRs]), meaning DMRs that distinguish within
pairs of MZ twins.
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FIGURE 2

(A) Distribution of DMRs within each MZ twin pair in CGIs, promoters, and gene bodies, and (B) among different regions of CGIs. There
were total 22,889, 21,239, 17,926, and 25,140 DMRs in MZ twin pair #1, 2, 3, and 4, respectively. Most of the DMRs were located in
CGIs, followed by the promoter regions, and a small number in gene bodies. Further analysis of the distribution of DMRs in different
regions of CGIs showed that the DMRs in CGIs within MZ twin pairs mostly occurred in promoter CGIs, followed by intragenic CGIs and
CGIs.

FIGURE 3

Comparison of DMRs within each MZ twin pair among different regions of CGIs, promoter and gene bodies.
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TABLE 3

Features of Main Differentially Methylated Regions (MDMRs) of Four MZ Twin Pairs

MZ twin CGI MDMRs Promoter MDMRs Gene body MDMRs Total MDMRs

#1 3,405 325 36 3,766
#2 2,611 84 16 2,711
#3 1,711 44 17 1,772
#4 2,224 143 20 2,387

FIGURE 4

Distribution of MDMRs (A) within each MZ twin pair in CGIs, promoters, and gene bodies, and (B) among different CGI regions. Through
the second layer of selection, 3,766, 2,711, 1,772, and 2,387 MDMRs were filtered within MZ twin pair #1, 2, 3, and 4. Most of the
MDMRs were located in CGIs, followed by promoter regions, and gene bodies. Further analysis of the distribution of MDMRs in the
different regions of CGIs showed that the MDMRs in CGIs within MZ twin pairs mostly occurred in promoter CGIs, followed by intergenic
and intragenic CGIs.

Through the second layer of selection, 3,766, 2,711,
1,772, and 2,387 MDMRs were filtered out within MZ twin
pairs #1, 2, 3, and 4 respectively. Most MDMRs were located
in CGIs, and 3,405, 2,611, 1,711, and 2,224 MDMRs within
MZ twin pairs #1, 2, 3, and 4 in CGIs occupy 12.23, 9.38,
6.15, and 7.99% of the total CGIs numbers respectively. For
promoter regions, MZ twin pairs #1, 2, 3, and 4 had 325,
84, 44, and 143 MDMRs, accounting for 1.11, 0.29, 0.15,
and 0.49% of the total numbers of promoters respectively.
For gene bodies, only 36, 16, 17, and 20 MDMRs were ob-
served within four MZ twin pairs, accounting for 0.15, 0.07,
0.07, and 0.08% of the total gene body regions respectively
(Figures 4 and 5, Table 3). Further analysis of the distribu-

tion of MDMRs in different types of CGIs showed that the
MDMRs in CGIs within MZ twin pair mostly occurred in
promoter CGIs, followed by intergenic CGIs, and the least
in intragenic CGIs (Figures 4 and 5).

MDMRs Consistent Across All Four Pairs of MZ Twins

Thirty-eight MDMRs were shared across all the four pairs
of MZ twins, all of which were allocated to CGIs, including
17 promoter-associated, 17 intergenic CGI regions, and 4
intragenic CGI regions. The gene-related MDMRs mainly
included genes involved in cell proliferation, differentia-
tion, growth, and development, such as zinc finger proteins
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FIGURE 5

Comparison of MDMRs within each MZ twin pair among different regions of CGIs, promoters, and gene bodies.

PRRX2, RBBP9, and genes involved in G-protein signaling,
such as the regulator of G-protein signaling 16 (Table 4).

Comparison of DMRs in Different Ages

To test whether DNA methylation differences become larger
with age, we compared DMRs within four MZ twin pairs,
who were 0, 12, 24, and 36 years of age. As expected, the
number of DMRs was greatest in the 36-year-old MZ twin
pair. However, among the remaining three pairs, the new-
born MZ twins had the most number of DMRs, followed by
the 12-year-old pair, with the 24-year-old pair having the
least number of DMRs.

Discussion
Mammalian genomes are punctuated by DNA sequences
containing a high frequency of CpG sites, termed as CGIs.
These sequences are characterized with at least 200 bp
length, a G + C content of >50%, and an o/e CpG fre-
quency of >0.6 (Illingworth & Bird, 2009). Our results
showed that methylation levels in CGIs of all the eight sam-
ples were relatively low, especially at promoter CGIs, where
about 30–60% of CGIs were unmethylated. In normal so-
matic cells, the promoter CGIs are typically unmethylated
and corresponding genes are frequently expressed. By con-
trast, these CGIs are aberrantly hypermethylated in cancer,
resulting in the suppression of gene expression (Robertson,
2005). However, in intragenic CGIs, complete methylation
reached to 35–45%, indicating a higher degree of methy-
lation. The methylation level of intergenic CGIs ranked
between promoter and intragenic CGIs. The functional sig-
nificance of intergenic and intragenic CGIs remains unclear.

Our main focus was on DMRs within MZ twin pairs.
Through two layers of screening, we filtered 3,766, 2,711,
1,772, and 2,387 MDMRs within MZ twin pairs 1–4, and
most were located within CGIs. Further analysis of the dis-
tribution of MDMRs in different types of CGIs showed
that MDMRs mostly occurred in promoter CGIs, followed
by intergenic CGIs, and then intragenic CGIs. These re-
sults indicated that intergenic regions are more likely to
have DNA methylation variations than intragenic regions.
This is consistent with another study of ours (Fu et al., in
press). In that study, we analyzed DNA methylation of two
intergenic regions and two genic regions of 119 MZ twin
pairs, and found that the intergenic regions showed a higher
discriminating efficiency than genic regions, suggesting that
intergenic regions might be a better choice to be a candidate
region. This may be related with lower selective pressure in
intergenic regions than in genic regions.

Among all of the MDMRs, 38 were shared by all four
MZ twin pairs and were located in CGIs, including 17 in
promoter CGIs, 17 in intergenic CGIs, and 4 in intragenic
CGIs. The gene-related MDMRs mainly included genes in-
volved in cell proliferation, differentiation, growth, and de-
velopment, such as zinc finger protein, PRRX2, RBBP9,
and genes involved in G-protein signaling, such as the reg-
ulator of G-protein signaling 16. These markers need to
be further validated using other techniques and repeated
on larger samples of MZ twins. Most previous epigenetic
studies on MZ twins have selected disease-discordant twins
to search for disease-specific epigenetic markers. However,
the four pairs of MZ twin that we studied were concordant
for general health. These concordant MZ twins shared sev-
eral DMRs, indicating these DMRs may be representative
among MZ twins and valuable markers for discriminating
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TABLE 4

Common Main Differentially Methylated Regions (MDMRs) Across All Four Pairs of MZ Twins

CpG Relative FC of 0-year FC of 12-year FC of 24-year FC of 36-year
CGI name CGI_length number location Gene information MZ MZ MZ MZ

chr4:4873961–4874173 212 17 Intergenic 11106.17 976.25 5743.35 6799.71
chr10:21805197–21805459 262 22 Intergenic 10306.34 1243.49 2656.13 1266.45
chr13:95359641–95359874 233 31 Intergenic 5151.21 1775.71 5225.8 3558.38
chr11:125774292–125774584 292 36 Promoter DDX25: NM_013264: 167: -18565 4838.6 2125.18 1787.76 3291.7
chr3:147130342–147130577 235 23 Intragenic ZIC1: NM_003412: 3279: -4045 4681.85 1386.25 2221.14 1411.84
chr7:100434982–100435193 211 24 Intergenic 4266.4 2315.22 1649.45 6831.93
chr9:116860473–116860695 222 33 Intergenic 4242.98 1467.37 863.15 2165.15
chr1:59281889–59282235 346 40 Intergenic 4083.59 941.85 1107.34 1917.46
chr2:231712775–231712982 207 23 Intergenic 3382.64 999.81 925.62 3204.36
chr14:77422842–77423094 252 31 Intergenic 3175.6 4103.25 2761.5 1907.52
chr16:84001805–84002011 206 22 Promoter NECAB2: NM_019065: -328: -34469 2913.62 3011.97 7599.06 9329.97
chr19:56154791–56155117 326 31 Promoter ZNF581: NM_016535: -31: -2034 2889.71 1903.64 3201.82 5895.99
chr12:123450868–123451207 339 36 Promoter ABCB9: NM_019624: 19: -37498 2778.93 1921.55 1540.04 2363.05
chr16:49309123–49309353 230 24 Intergenic 2609.7 899.93 2269.41 3604.78
chr20:13976700–13977068 368 35 Intragenic MACROD2: NM_080676: 739: -2056955 2560.02 7304.8 2081.4 871.37
chr1:109791945–109792723 778 109 Promoter CELSR2: NM_001408: -306: -26043 2421.87 1329.75 2236.36 1492.54
chr17:20811748–20812158 410 34 Intergenic 2297.87 2018.11 1401.47 1172.81
chr5:95768874–95769080 206 18 Promoter PCSK1: NM_000439: 8: -42938 2286.72 3951.65 1689.46 3888.07
chr14:105293183–105293395 212 22 Intergenic 2222.03 3902.01 4515.08 4692.71
chr17:32484007–32484280 273 29 Promoter ACCN1: NM_001094: -318: -1144036 2198.8 1515.68 1912.11 6073.3
chr12:115130008–115130242 234 22 Intergenic 2137.75 884.56 2454.81 5476.12
chr20:20433105–20433329 224 17 Intergenic 2103.05 4360.82 2564.35 2961.25
chr2:119599059–119599299 240 20 Intergenic 2084.33 2035.58 10870.45 4145.35
chr1:1072369–1072847 478 55 Intergenic 1971.12 1022.55 1456.32 3122.26
chr12:105351573–105352055 482 60 Intergenic 1954.77 1689.45 2780.63 997.77
chr15:31689500–31689707 207 19 Intragenic LOC283711: NR_033741: 4558: -7329 1933.37 999.81 5548.74 6190.27
chr12:117348645–117349207 562 78 Promoter FBXW8: NM_153348: 166: -120027 1676.66 1104.67 1363.26 1140.84
chr6:31620740–31621158 418 29 Promoter BAT3: NM_080703: -472: -14144;� BAT3:

NM_001098534: -779: -14144
1675.64 1484.88 1374.66 1150.38

chr6:82956999–82957507 508 49 Promoter IBTK: NM_015525: 195: -77298 1575.8 962.22 1712.72 1306.31
chr20:5591490–5591875 385 60 Promoter GPCPD1: NM_019593: -10: -66602 1224.01 1075.04 1807.87 3015.07
chr9:4491167–4491418 251 20 Intragenic SLC1A1: NM_004170: 866: -96177 1196.22 1648.44 6236.86 2553.15
chr7:6144047–6144469 422 53 Promoter USP42: NM_032172: -291: -56936 1116.78 1960.75 1237.34 1572.32
chr9:130158774–130159057 283 22 Promoter SLC2A8: NM_014580: -549: -11246 1061.07 1726.44 1353.63 1698.67
chr1:182573375–182573760 385 34 Promoter RGS16: NM_002928: -19: -5809 1039.96 2686.11 2486.68 12480.01
chr4:183062278–183062481 203 20 Intergenic 986.22 4010.03 2829.53 7101.13
chr10:58121059–58121275 216 28 Promoter ZWINT: NM_032997: -133: -3969 926.93 6029.39 4831.87 2225.27
chr9:132427457–132427679 222 20 Promoter PRRX2: NM_016307: -351: -57381 901.9 1863.65 5484.69 3734.64
chr20:18477659–18477892 233 18 Promoter RBBP9: NM_006606: 112: -10586 859.37 888.35 2240.2 3558.38

Note: Ranked by FC between 0-year MZ twin pair. Aligned with UCSC HG19.

TW
IN

R
E

SE
A

R
C

H
A

N
D

H
U

M
A

N
G

E
N

E
TIC

S
677

https://doi.org/10.1017/thg.2015.73 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/thg.2015.73


Qingqing Du et al.

MZ twins. A further validation study will be performed
using a larger number of samples.

Epigenetic drift refers to age-related changes in
epigenome that include those acquired environmentally as
well as stochastically (Fraga et al., 2005; Fraga & Esteller,
2007; Jones et al., 2015). Early indications of epigenetic
drift were noted in cell culture studies after the observation
that clones of a single cell line became epigenetically diver-
gent upon multiple passages (Humpherys et al., 2001). The
concept was then used to describe the increase in discor-
dance of DNA methylation between MZ twins as they age
(Fraga et al., 2005; Fraga & Esteller, 2007; Martin, 2005). Our
data showed that the oldest MZ twin pair (aged 36 years)
had the maximum number of DMRs, followed by the new-
born pair, then the 12-year-old pair, and the 24-year-old
pair had the least number of DMRs. Because of the small
number of sample, the correlation analysis between age and
DNA methylation differences could not be performed and
we were unable to draw firm conclusions about epigenetic
drift. However, it is undoubted that there are many DNA
methylation differences within newborn MZ twins, indi-
cating that these differences occur during the embryonic
development period. Gordon et al. (2012) and Ollikainen
et al. (2010) reported that the variable contribution of both
intrauterine environmental exposures and underlying ge-
netic factors in the establishment of neonatal epigenome of
different tissues confirms the intrauterine period as a sen-
sitive time for the establishment of epigenetic variability in
humans. This has implications for the effects of maternal
environment on the development of a newborn epigenome,
and supports an epigenetic mechanism for the previously
described phenomenon of ‘fetal programming’ of disease
risk.

When we ranked our 38 MDMRs by fold change, we
found that the top gene-related MDMRs location includes
zinc finger protein-related genes such as ZIC1, ZNF581,
regulator of G-protein signaling 16 (RGS16), N-terminal
EF-hand calcium-binding protein 2 (NECAB2), and ZW10
interacting kinetochore protein (ZWINT). Members of the
zinc finger protein family of genes are important during
early development. The protein encoded by RGS16 belongs
to the ‘regulator of G-protein signaling’ family. It inhibits
signal transduction by increasing the GTPase activity of
G-protein alpha subunits. It may also play a role in reg-
ulating the kinetics of signaling in the phototransduction
cascade. The calcium-binding proteins of the EF-hand su-
per family are involved in the regulation of all aspects of cell
function (Grabarek, 2006). The ZWINT encoded-protein
plays a critical role in cell mitosis and will be changed with
cell cycle (Obuse et al., 2004). Therefore, it seems that the
genes related to cell growth, development, and mitosis are
more likely to be different in DNA methylation between
MZ twins.

In conclusion, this study used MeDIP sequencing anal-
ysis to screen genome-wide DNA methylation of four pairs

of concordant MZ twins, and a large number of DMRs were
found within MZ twin pairs. Most of the DMRs were located
in CGIs, especially in promoter CGIs, with a lower num-
ber within intragenic regions. The 1,772–3,766 MDMRs
with the greatest within-pair differential methylation were
further filtered. Finally, 38 MDMRs shared by all four MZ
twin pairs were identified as candidate DNA methylation
markers for forensically distinguishing MZ twins.
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