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maternally expressed in blastocysts (E3.5) and E5.5 embryos, as well
as latter developmental stages (E6.5 and E7.5) in both embryonic
and extra-embryonic tissues (Fig. 2B). These results demonstrate
that the repression of Gtl2 on the paternal allele occurs at E3.5
without methylation at its promoter (R4/R5) (Fig. 1B). Due to
the relatively low levels of DIkl expression, we only determined
the allelic expression status of DIkl in embryonic tissues at E6.5
and E7.5 and extra-embryonic tissues at E6.5. DIkl was
predominantly expressed from the paternal allele in E6.5 tissues,
and this allelic preference was more dramatic in embryonic
tissues at E7.5 (Fig. 2B). Relaxation of imprinting was more
evident for DIkl than Gtl2 in the EG6.5 tissues. Using a
quantitative method, we successfully determined the allelic
expression patterns of Gtl2 and DIkl during early gestational
stages for the first time.

We also measured allelic expression levels of GtI2 and DIk1 in fetal
skeletal muscle, brain, and liver tissues at E15.5/E16.5, and found that
Gtl2 and Dik1 were exclusively or predominantly expressed from the
maternal and the paternal alleles, respectively (Fig. 2B). The ratio of
DIk1 expression from the maternal allele (relaxation of imprinting)
was higher in muscle and liver than in brain. Such allelic expression
patterns replicate the data produced by da Rocha et al. [32]. We
compared allelic methylation patterns at the R2 and R3 regions of IG-
DMR (Fig. 1D) with the allelic expression patterns of DIk1 (Fig. 2B) in
three tissues. However, there was no clear correlation between
methylation levels at the R2/R3 regions and the extent to which DIk1's
imprinting was relaxed.

3. Discussion

3.1. Establishment of allele-specific DNA methylation patterns at
secondary DMRs

In this study, we demonstrated that the paternal allele of the
Gtl2-DMR gains DNA methylation after the blastocyst stage and
becomes fully methylated by the E6.5 stage in the embryonic
lineage. Additionally, we determined that DNA methylation at
the Gtl2-DMR is not a prerequisite for the imprinted expression
of GtI2 in early development (summarized in Fig. 3 and Table 1).
The timing of the establishment of parent-of-origin-dependent
differential methylation patterns during post-zygotic develop-
ment has previously been determined for several secondary
DMRs [13,33-38] (summarized in Table 1). Although the
developmental stage at which differential methylation is
established differs among secondary DMRs including the Gtl2-
DMR, it is frequently observed that the imprinted expression of
the gene associated with the secondary DMR is already
established prior to the gain of differential DNA methylation.
This observation holds true even among DMRs which are
regulated by different mechanisms.

In mid-to-late gestation fetuses that carry an insertion
mutation upstream of the Gt/2-DMR on the paternal allele, it has
been observed that the GtI2-DMR loses its paternal methylation
and Gtl2 is biallelically expressed [39,40]. It has also been shown
that Cdknlc is biallelically expressed in E9.5 embryos that are
deficient in DNMT1 activity [33]. These observations suggest that
paternal methylation of the Gtl2- and the Cdknlc-DMRs is
necessary to maintain silencing of the paternal allele of these
genes. However, whether DNA methylation plays a critical role in
the maintenance of imprinted gene expression remains unproven
for the other secondary DMRs. While Lsh, a member of the SNF2
family of chromatin remodeling proteins, is shown to be required
for the proper acquisition of the paternal methylation at the
Cdkn1c-DMR [41], information regarding such trans-acting factors
is lacking for the majority of secondary DMRs.
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Fig. 3. Summary of the allelic DNA methylation patterns of IG-DMR and GtI2-DMR and
the allelic expression patterns of Gtl2 and DIk1 during embryogenesis. The methylation
and expression patterns in blastocysts and embryonic/extra-embryonic tissues at E6.5
and E7.5 are schematically shown. The squares above and below the DMRs symbolize
the regions subjected to bisulfite sequencing analysis (R1 to R5). Open, filled, and
mosaic squares indicate hypomethylated, hypermethylated, and intermediately
methylated regions, respectively. Thick and thin arrows represent high and low
expression levels of Gtl2 and DIk1. In blastocysts, the maternal allele-specific expression
of Gtl2 occurs without the paternal allele-specific methylation of the Gti2-DMR. In
embryonic tissues, the paternal allele-specific methylation of Gt/2-DMR is established
by E6.5. Allele-specific differential methylation is well maintained in both the IG-DMR
and the Gt/2-DMR in embryonic tissues. In extra-embryonic tissues at E6.5, imprinted
expression of Gtl2 and DIkl occurs despite the loss of allele-specific differential
methylation at the R2 and R3 regions in the IG-DMR and in the GtI2-DMR. These allelic
methylation/expression patterns suggest that the R1 region may contain a methylation-
dependent element that is critical for the ICR function of the IG-DMR, and suggest that
epigenetic modifications other than DNA methylation may play more critical roles in
the maintenance of imprinted expression in the Dio3-DIk1 domain in extra-embryonic
tissues than in the embryonic tissues.

3.2. Epigenetic modifications of the IG-DMR and the Gti2-DMR during
early development

In E7.5 embryo deficient in the Polycomb group (PcG) gene Eed, it
has been shown that Gtl2 is biallelically expressed whereas DIk1 is
properly imprinted (paternally expressed) [42], suggesting a role for
PcG complex proteins in the regulation of paternal Gtl2 silencing. The
EED-containing Polycomb Repressive Complex 2 (PRC2) catalyzes
trimethylation of histone H3 lysine-27 (H3K27me3), which is a binding
site for the repressive PRC1 complex [43]. It has been demonstrated by
Hammoud et al. that, in human sperm, the MEG3/GTL2-DMR bears both
active trimethylation of histone H3 lysine-4 (H3K4me3) and repressive
H3K27me3 histone marks [44]. DNMT3L recognizes unmethylated
H3K4 and induces de novo DNA methylation by recruitment or
activation of DNMT3A2 [11,12]. The interaction of DNMT3L with H3K4
is strongly inhibited by methylation at H3K4 (the higher the degree of
methylation at H3K4, the more severely the binding of DNMT3L with
histone H3 N-terminal is abolished) [11]. In light of the post-zygotic
acquisition of DNA methylation at the MEG3/GTL2-DMR and the bivalent
histone pattern in this region, Hammoud et al. hypothesized that
H3K4me3 may prevent DNA methylation in the sperm and early
embryo, and H3K27me3 may ensure early silencing at this locus [44]. In
this study, we have shown that, in the blastocyst stage, Gt12 is already
expressed primarily from the maternal allele in the absence of DNA



S. Sato et al. / Genomics 98 (2011) 120-127 125

Table 1

The timing of the establishment of parental-origin-dependent differential methylation at secondary DMRs and imprinted expression of associated genes during post-zygotic

development.

Imprinted gene Secondary DMR Methylation status established Monoallelic expression observed Primary DMR References
(methylated allele) (expressed allele) (methylated allele)

Gtl2 GtI2-DMR E6.5 (Pat) Blastocyst (Mat) IG-DMR (Pat) This study

Cdknlc Cdkn1c-DMR E9.5 (Pat) Morula (Mat) KvDMR1 (Mat) [33,34]

Igf2 Igf2-DMR1/DMR2 E15.5 (Pat) Blastocyst (Pat) H19-DMR (Pat) [13,35]

H19 H19 promoter E6.5 (Pat) Morula (Mat) H19-DMR (Pat) [36]

Igfer Igf2r-DMR1 From E15.5 to 4dpp?(Pat) E6.5 (Mat) 1gf2r-DMR2 (Mat) [37,38]

? Days post partum.

methylation at the paternal allele of the GtI2-DMR. Assuming that the
bivalent histone modification pattern observed at the MEG3/GTL2-DMR
in human sperm is conserved in mice and is preserved in preimplan-
tation embryos, our results can be explained by such histone
modifications. If H3K27m3 and H3K4me3 marks are present at the
paternal allele of the Gtl2-DMR in the blastocyst stage, these could be
attributed to the paternal repression of Gtl2 and the absence of DNA
methylation at the locus, respectively. Since the GtI2-DMR was found to
gain DNA methylation after the blastocyst stage, the H3K4me3 mark
may be erased by then. It has been shown that in E12-14 embryos, the
GtI2-DMR is not enriched for the H3K27me3 mark on both parental
alleles [45]. Therefore, the H3K27me3 mark may also be erased during
or after the establishment of DNA methylation at the Gt{2-DMR. DNA
methylation is considered to be more critical for the paternal repression
of Gti2 in the absence of the H3K27me3 mark.

Our results demonstrate that during early post-zygotic develop-
ment, the germline-derived DNA methylation on the paternal allele of
the IG-DMR is partially lost by the E3.5 stage and its methylation is
restored by E5.5. Histone modification patterns on the paternal allele of
the IG-DMR may be responsible for the recruitment of de novo
methylation machinery between E3.5 and E5.5 stages. In the human
sperm, the IG-DMR is shown to be devoid of H3K4me3 [44]. If the non-
methylated status of H3K4 is maintained on the paternal allele of the
mouse IG-DMR at the blastocyst stage, the DNMT3L/DNMT3A complex
may possibly be recruited to direct de novo cytosine methylation to
restore the methylation of the IG-DMR.

We observed a reduction of DNA methylation levels on the
paternal allele of the IG-DMR in blastocysts (E3.5) compared to
methylation levels in the sperm. Loss of methylation on the paternal
allele of IG-DMR was also observed in extra-embryonic tissues at the
E7.5 stage compared to those at E5.5. Interestingly, throughout stages
E3.5 to E7.5 of development, several CpG sites within the R1 region in
the IG-DMR (such as 5th, 7th, 17th, 20th and 21st CpG sites in the R1
region in Fig. 1B-D and Supplementary Fig. 1) show high levels of DNA
methylation on the paternal allele. These CpG sites may have greater
functional importance than other CpGs in the 1G-DMR. We also
observed tissue-specific relaxation of differential methylation in the
R2 and R3 regions of the IG-DMR among E15.5/16.5 tissues (Fig. 1C). It
remains to be elucidated whether the R2 and R3 regions have critical
roles in the regulation of imprinted expression in the DIki-Dio3
cluster. Creation and characterization of a knockout mouse line with a
mutation or a deletion at a particular subregion of IG-DMR will help
further dissect the role of IG-DMR as the ICR of the DIk1-Dio3 cluster.

3.3. Difference in the allelic DNA methylation patterns between the
embryonic and the extra-embryonic lineages at the Gtl2-DMR and
the IG-DMR

Mechanisms that regulate the imprinted expression of maternally
expressed ncRNAs in the DIk1-Dio3 domain are suggested to differ
between the embryo and the placenta [21]. However, the principal
mechanisms regulating allele-specific expression in each of the two
lineages are unknown. The Gtl2-DMR was previously shown to be

partially methylated on both parental alleles in the placenta of late
gestation embryos (E16.5) [21]. Here, we clearly determined that the
Gti2-DMR is partially methylated on both parental alleles in the
placenta as early as E6.5. Furthermore, our data demonstrated that
part of the IG-DMR also becomes partially methylated on both
parental alleles in the placenta by E7.5. Therefore, further epigenetic
profiling of these DMRs in embryonic and extra-embryonic lineages,
which include DNA methylation as well as histone modifications, will
help define underlying regulatory mechanisms. The differential
regulation of imprinted genes between the embryo and placenta has
been well-characterized for the Kcnql imprinted gene cluster
[34,46,47]. In 2006, Lewis et al. subjected ES and TS cells as well as
their differentiated derivates to epigenetic profiling [47]. These cells,
which maintain imprinted expression of the Kcng1 cluster of genes,
were found to establish monoallelic gene expression as well as
differential histone marks for placenta-specific imprinted genes
during differentiation of the extra-embryonic lineage between E4.5
and E7.5 [47]. The use of such stem cells would be an effective strategy
to determine the epigenetic regulatory differences in the Dlk1-Dio3
domain between the embryonic and the extra-embryonic lineages.

3.4. Developmental functions of genes within the DIk1-Dio3 cluster

Gtl2 and DIk1 are shown to be expressed in most tissues after
E12.5, and to reach their highest expression levels after E15.5 in
several tissues [19]. In mice, maternally transmitted deletions of the
IG-DMR or the GtI2-DMR result in the dysregulation of imprinted
expression of the genes within the DIk1-Dio3 cluster [15,21,23,24].
Such mice exhibit prenatal/perinatal lethality and dysplastic pheno-
types in various tissues such as skeletal muscle, bone, liver, and lung
[21,23,24]. Recently, iPSCs with repressed expression of maternally
expressed ncRNAs within the DIk1-Dio3 cluster (Gtl2°T iPSCs) were
shown to contribute poorly to chimeras [25]. When Gt12°T and Gt{2°"
iPSCs were injected into tetraploid blastocysts, morphologically
normal embryos (at E11.5) were obtained from both types of iPSCs.
However, almost all embryos derived from the Gt/2°f iPSCs were
found to be dead at E11.5 [25]. These observations indicate that genes
in the DIk1-Dio3 cluster play important roles in cell proliferation and/
or differentiation, not only at late-gestation stages, but at develop-
mental stages earlier than E11.5. In this study, we revealed that Gtl2 is
transiently up-regulated and expressed at comparably high levels at
E5.5 to E6.5 stages. On the other hand, Gtl2 is expressed at low levels
in blastocysts and E7.5 to E11.5 embryos (this study and Ref. [19]).
Taken together, Gtl2 (and the other maternally expressed ncRNAs)
may be involved in the control of proliferation and differentiation of
cells at early gestation stages (E5.5 to E6.5).

4. Materials and methods
4.1. Sample preparations

To obtain early embryonic and extra-embryonic tissues, female
C57BL/6 (B6) (Mus musculus musculus) mice (Sankyo Labo Service,
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Tokyo, Japan) mated with male JF1/Ms (JF1) (Mus musculus
molossinus) mice were sacrificed at appropriate stages according to
the guidelines for the care and use of laboratory animals (National
Research Institute for Child Health and Development, Japan). At noon
on the day the copulation plug was found was designated as
embryonic day 0.5 (E0.5). Three to six samples (whole embryos or
dissected tissues) at each of the developmental stages from E3.5 to
E6.5 were pooled. The numbers of the samples pooled were: six
blastocysts (E3.5) for each of three independent pools (Blast _1 to
Blast_3); four or five whole embryos at E5.5 for three independent
pools (E5.5Emb_1 to E5.5Emb_3); three or four embryonic tissues at
E6.5 for three independent pools (E6.5Emb_1 to E6.5Emb_3); three or
four extra-embryonic tissues at E6.5 for three independent pools
(E6.5Ex_1 to E6.5Ex_3). Embryonic and extra-embryonic tissues at
E7.5 were prepared from three embryos and analyzed individually
(E7.5Emb_1 to E7.5Emb_3, and E7.5Ex_1 to E7.5Ex_3). These pooled
and individual samples were subjected to simultaneous isolation of
genomic DNA and total RNA using Allprep DNA/RNA micro or mini kit
(Qiagen, Hilden, Germany) according to the manufacturer's instruc-
tions. Fetal tissues (E16.5 skeletal muscle, E15.5 brain, and E16.5 liver)
were obtained from the F1 hybrid fetuses derived from reciprocal
matings between the B6 and the JF1 strains.

Spermatozoa were collected from the vas deferens of JF1 mice.
Isolation of the DNA was performed as described previously [48]. Briefly,
sperm genomic DNA was isolated by treatment with 1% 2-mercap-
toethanol (Sigma-Aidrich, Tokyo, Japan) and proteinase K (Sigma), and
followed by phenol/chloroform extraction and ethanol precipitation.

4.2. Sodium bisulfite genomic sequencing

Sodium bisulfite treatment was performed using EZ DNA methylation
direct kit (Zymo Research, Orange, CA) according to the manufacturer's
instructions. PCR was performed using one unit of Biotaq HS DNA
polymerase (Bioline, London, UK) and primer sets as follows: 5'-
TGTGTTGTGGATTTAGGTTIGTAGTITA-3’ and 5'-TAATCCCATTCCCAATC-
TATAAAAATA-3" for R1 (nt 81187-81647), 5-CCAAAACAAACCCAA
TAAATTCTAA-3' and 5'-TGGTGAGTTTTGGTTAGAAAAGTGT-3' for R2
(nt 82265-82615), 5-CCCCCAATAACTTATAAACCATAATACT-3' and 5'-
GGATGGTAGTAGATAATTTGTTGTTTGA-3' for R3 (nt 83273-83670), 5'-
AAATCAAAATCCTTTTACCTCAACAATA-3' and 5’-GGAAATAATTT
TAATTGGTGATTGTTTT-3’ for R4 (nt 93435-93731), and 5'-AAATTTIG
TAAGGAAAAGAATTTTTAGG-3’ and 5/-TTCAAAATTACTAATCAACA
TAAACCTC-3' for R5 (nt 94288-94671). The thermocycling conditions
were 35 to 45 cycles of 94 °C for 30 seconds (s), 55 °C for 30 s, and 72 °C
for 30 s, with an initial step of 95 °C for 10 minutes (min) and a final step
of 72 °C for 7 min. The amplified PCR products were cloned into pGEM T-
Easy vector (Promega, Madison, WI), and sequenced by 3130xI Genetic
Analyzer (Applied Biosystems, Foster city, CA). Nucleotide position (nt)
and rs ID of SNPs and alleles (B6/JF1 alleles) within each region are as
follows: R1, nt 81275 (146718958, A/G), nt 81422 (rs47741870, G/A),
and nt 81610 (G/A); R2, nt 82369 (rs52043811, C/T); R3, nt 83406 (T/C),
nt 83546 (rs46395233, C/T), nt 83593 (1550881257, C/T), and nt 83631
(rs46982259,C/A); R4, nt 93671 (C/T); R5, nt 94561 (G/A). All nucleotide
positions refer to the sequence of GenBank accession no. AJ320506.1.
Allelic methylation patterns were assessed using two independent
(pooled or individual) samples for the E3.5 to E7.5 stages, and using one
each sample for the JF1 sperm and the E15.5/16.5 fetal tissues. The
methylation patterns of individual clones are shown in Supplementary
Fig. 1 for all regions and for all samples analyzed. Overall methylation
percentage for each region (the number of methylated CpGs per number
of total CpGs) was calculated for each type of tissues, and is shown in
Fig. 1. When bisulfite sequencing data were available from two
independent sample sets (for the tissues from the E3.5 to E7.5 stages),
two datasets were combined to calculate the overall methylation
percentage. The numbers of individual clones used to determine
methylation percentages ranged from 5 to 35 (average 16.8).

4.3. Quantitative real-time RT-PCR

First strand cDNA synthesis was carried out by random hexamers
using QuantiTect Reverse Transcription (Qiagen) according to the
manufacturer's instructions. For quantitative real-time RT-PCR,
amplification was performed using SYBR premix Ex taq (Takara,
Kyoto, Japan) and primer sets as follows: 5-CAGGACCCTCCAACTG
TAAATC-3' and 5'-AGGTAGGAACCTGAGCCCATTT-3’ for Gtl2
(nt 1553-1818); 5'-CTCTTGCTCCTGCTGGCTTT-3’ and 5’-
CTTGTGCTGGCAGTCCTTTC-3' for Dik1 (nt 176-526); 5'-CTGCACCAC
CAACTGCTTAG-3’ and 5/-CCTGCTTCACCACCTTCITG-3' for Gapdh. Ct
values for DIk1 and Gtl2 as well as Gapdh as a reference were
determined using the 7900HT fast real-time PCR system (Applied
Biosystems). The average Ct value was calculated from the Ct
values from duplicate reactions for the same cDNA sample. The
relative expression levels of DIk and Gtl2 were determined by the
delta-delta Ct method. Delta Ct values were calculated using the
Ct values of Gapdh as a reference gene. Delta-delta Ct values were
calculated using the average delta Ct value of E16.5 skeletal muscle
samples as a reference. To determine the range of Ct values in
which quantitative accuracy is expected for Dlk1, Gti2, and Gapdh,
we generated a standard curve for each of the genes using an 8-
fold dilution series (six dilutions) of a ¢cDNA sample (12.5 dpc
placenta). We obtained a linear standard curve showing R%>0.999
with the Ct value ranging from 21.6 to 36.8 (amplification
efficiency per cycle=97.1%) for DIk1, from 20.0 to 35.3 (95.6%)
for Gti2, and from 16.0 to 28.3 (95.9%) for Gapdh.

4.4. Allelic expression analysis by pyrosequencing

RT-PCR was performed using one unit of Biotag HS DNA
polymerase. The thermocycling conditions were 35 to 45 cycles of
94 °C for 30's, 55 °C for 30 's, and 72 °C for 30 s, with an initial step
of 95 °C for 10 min and a final step of 72 °C for 7 min. The primer
sets used (and PCR product size in parentheses) are 5’-biotin-
CAGGACCCTCCAACTGTAAATC-3’ and 5-AGGTAGGAACCTGAGCC
CATTT-3/ for Gtl2 (266 bp), and 5/-CTCTTGCTCCTGCTGGCTTT-3’
and 5’-biotin-CTTGTGCTGGCAGTCCTTTC-3’ for DIik1 (94 bp).
Pyrosequencing was carried out using the PSQ 96 MA system
(Qiagen) and the PSQ 96 SNP Reagent kit (Qiagen) according to
the manufacturer's instructions. In brief, the biotinylated PCR
products were purified with the Streptavidin Sepharose HP beads
(GE Healthcare, Uppsala, Sweden). The purified PCR products were
washed, denatured and then annealed with a sequencing primer
(5/-GGCGTCCCCGTGGCT-3’ for Gtl2 and 5'-ATGCGACCCACCCTG-3’
for DIk1). The nucleotide position and alleles (B6/JF1) of SNPs
within the regions analyzed are nt 1579 of NR_027652.1
(rs46969056; A/G on the reverse strand) for Gtl2 and nt 235 of
NM_010052.4 (T/C on the forward strand) for DIk1.

Supplementary materials related to this article can be found online
at doi:10.1016/j.ygeno0.2011.05.003.
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Nuclear transfer experiments undertaken in the mid-80’s revealed that both maternal and paternal genomes
are necessary for normal development. This is due to genomic imprinting, an epigenetic mechanism that
results in parent-of-origin monoallelic expression of genes regulated by germline-derived allelic methylation.
To date, ~100 imprinted transcripts have been identified in mouse, with approximately two-thirds showing
conservation in humans. It is currently unknown how many imprinted genes are present in humans, and
to what extent these transcripts exhibit human-specific imprinted expression. This is mainly due to the
fact that the majority of screens for imprinted genes have been undertaken in mouse, with subsequent analy-
sis of the human orthologues. Utilizing extremely rare reciprocal genome-wide uniparental disomy samples
presenting with Beckwith—Wiedemann and Silver—Russell syndrome-like phenotypes, we analyzed ~0.1% of
CpG dinculeotides present in the human genome for imprinted differentially methylated regions (DMRs)
using the lllumina Infinium methylation27 BeadChip microarray. This approach identified 15 imprinted
DMRs associated with characterized imprinted domains, and confirmed the maternal methylation of the
RB1 DMR. In addition, we discovered two novel DMRs, first, one maternally methylated region overlapping
the FAM50B promoter CpG island, which results in paternal expression of this retrotransposon. Secondly,
we found a paternally methylated, bidirectional repressor located between maternally expressed ZNF597
and NAT15 genes. These three genes are biallelically expressed in mice due to lack of differential methyl-
ation, suggesting that these genes have become imprinted after the divergence of mouse and humans.
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INTRODUCTION

Genomic imprinting is an epigenetic process in which one
allele is repressed, resulting in parent-of-origin specific
monoallelic expression (1). To date, around 100 imprinted
transcripts have been identified in mouse, including
protein coding genes, long non-coding RNAs (ncRNA)
and microRNAs. Approximately two-thirds show conserved
imprinting status between mouse and humans, while some
show imprinting restricted to humans (http:/igc.otago.ac.
nz/home.html).

Genomic imprinting is regulated by epigenetic modifications
such as DNA methylation, along with repressive histone
modifications that are transmitted through the gametes from
the parental germlines (1). Many imprinted regions contain
differentially methylated regions (DMRs) that exhibit
parent-of-origin-dependent DNA methylation. Of the 21
known DMRs in mouse, a subset have been shown to function
as cis-acting imprinting control regions (ICRs) orchestrating
the monoallelic expression of genes over more than 100 kbp
away (2). The establishment of imprinted methylation in both
the maternal and paternal germlines requires the de novo DNA
methyltransferae Dnmt3a and its related protein Dnmt3L
(3,4). Maintenance of these DMRs is stable throughout
somatic development and is regulated by Dnmtl and Uhsfl
during DNA replication (5,6).

The identification of novel imprinted genes is important as
it is becoming increasing evident that alterations in the fine-
tuning of imprinted gene expression can influence a number
of complex diseases such as obesity, diabetes, neurological
diseases and cancer (7-9), in addition to the well-defined
imprinting syndromes associated with severe disruption of
imprinted domains.

The identification of imprinted genes has traditionally been
performed in mouse owing to the ease of embryo and genetic
manipulations, and has utilized gynogenetic and androgenetic
embryos, or mice harboring regions of uniparental disomy
(UPD), where two copies of an entire chromosome or chro-
mosomal region is inherited from only one parent (reviewed
in 10). These embryos have then been used in expression
screen-based approaches such as subtractive hybridization,
differential display or expression array hybridization
(11,12). However, these screens are not deemed comprehen-
sive, as imprinted gene expression can be both tissue- and
developmental-stage  specific. Previously, sophisticated
screens have detected allelic differences in DNA methylation
at imprinted DMRs present in all somatic tissues, irrespective
of temporal and spatial expression. Techniques such as
restriction landmark genomic screening, methylation-
sensitive representation difference analysis (Me-RDA) and
methylated DNA immunoprecipitation (MeDIP) have ident-
ified regions of allelic DNA methylation associated with
chromosomal regions controlling several imprinted genes in
mice (13—15) and humans (16,17). ‘

In order to identify novel imprinted genes in humans, we
have performed a quantitative genome-wide methylation
screen comparing the methylomes of three-genome-wide
paternal UPD (pUPD) samples identified with Beckwith—
Wiedemann-like phenotypes and one genome-wide maternal
UPD (mUPD) Silver—Russell-like syndrome case (18-21)
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with the methylomes of six normal somatic tissues. The
genome-wide UPD samples were all mosaic, and we utilized
DNA extracted from leukocytes as these presented with
lowest level of the biparental cell line. The DNA methylation
profiles of these samples only differ at imprinted DMRs, since
they are all derived from leukocytes, making them ideal to
screen for novel imprinted loci. We utilized the [llumina Infi-
nium Human Methylation27 BeadChip microarray and were
able to identify 15 imprinted DMRs associated with known
imprinted transcripts, and confirm the allelic methylation
within intron 2 of the RBI gene (22).

By comparing the methylation profiles of six somatic
tissues and the genome-wide UPD cases, we identified a
novel paternally methylated DMR which acts as a direc-
tional silencer resulting in the maternal expression of
ZNF597 (also known as FLJ33071) and NATI5 on chromo-
some 16, and a maternally methylated DMRs encompassing
the promoter region of the FAMS50B retrotransposon on
chromosome 6, which is paternally expressed in human
tissues. Interestingly, the CpG islands of the mouse ortholo-
gues of ZNF597, NATI5 and FAM50B are all unmethylated,
resulting in biallelic expression in mid-gestation embryonic
tissues.

RESULTS
Defining a hemimethylated data set

Almost all imprinted domains contain at least one region of
allelic DNA methylation which is thought to regulate
imprinting in cis (1). In order to identify new imprinted
genes in humans, we performed a methyation screen of six
different normal somatic tissues derived from the three germ-
inal layers (placenta, leukocytes, brain, muscle, fat, buccal
cells) and compared the data set with the methylation profiles
from reciprocal genome-wide UPD samples. Genomic DNA
was modified by sodium bisulfite treatment and hybridized
to the Illumina Infinium Human Methylation27 platform.
This array covers 27 578 CpG dinucleotides associated
with 14 000 human genes. To identify novel imprinted
DMRs, we took advantage of the fact that these CpG-rich
sequences have a methylation profile of ~50% in all
somatic tissues. We identified 78 CpG probes associated
with 15 known imprinted DMRs on the array (average
methylation 52%, SD 11.7) (Supplementary Material,
Fig. S1). To define a range in which novel imprinted
DMRs should lie, we used the mean for the known imprinted
DMR + 1.5 SD (range 34.4-69.6). After applying these
defined cutoffs, we identified 3212 CpG probes for which
the mean methylation value for all normal tissues was
within this range. To rule out the possibility that a mean
of ~52% was caused by extreme values of hyper- and hypo-
methylation as a result of tissue-specific methylation, we
only assessed those within 1.8 times SD distance from the
methylation average. This step ensures that the ~52%
methylation value is representative of all tissues. Using
these criteria, we reduced the data set to 1836 CpG probes,
which were in addition to 72 probes mapping to known
imprinted DMRs.
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Determining the allelic methylation using genome-wide
UPDs

To identify novel imprinted DMRs within the above hemi-
methylated data set outlined earlier, we compared the tissue
methylation profiles to those obtained for the samples with
genome-wide UPD. Of the 1836 CpG probes, only 14 gave
methylation profiles consistent with an imprinted profile (Sup-
plementary Material, Fig. S2). We subsequently mapped the
exact location of the candidate CpGs using the genomic
sequence of the unconverted DNA probes in the BLAT
search tool (UCSC Genome Bioinformatics http://genome.
ucsc.edu/). These 14 CpG probes were located close to nine
autosomal genes, RBI (5), FAMS50B (2), ZNF597 (1),
TRPC3 (1), SYCEI (2), TSP50 (1), SORD (1) and ZBTB16
(1). We identified five independent probes located throughout
CpG 85 (the CpG island identifier on the UCSC genome
browser, build GRCh37/hgl9) of the recently identified RBI
imprinted gene on chromosome 13. These probes were
unmethylated with average B-values of 0.21, 0.17 and 0.18
in the three genome-wide pUPD samples but hypermethylated,
having an average B-value 0.88, in the genome-wide mUPD
sample (a complete unmethylated CpG has a B-value of 0,
and a fully methylated dinucleotide being 1). Using bisulphite
PCR incorporating the single-nucleotide polymorphism (SNP)
152804094 and sequencing of individual DNA strands, we
were able to confirm that this 1.2 kb CpG island is a mater-
nally methylated DMR in placenta, leukocyte and kidney-
derived DNA and unmethylated in sperm (Supplementary
Material, Fig. S3).

We identified one probe was located close to CpG 55 of the
TRPC3 gene on human chromosome 4 that was suggestive of a
maternally methylated DMR. Subsequent allelic bisulphite
PCR encompassing the SNP rs13121031 revealed that this
region was subject to SNP-associated methylation and not
parent-of-origin methylation (data not shown). The CpG islands
within the promoters of ZBTB16, TSP50 and SORD each had
one probe that was suggestive of imprinted methylation,
however allele-specific bisulphite PCR analysis revealed that
these regions had a mosaic methylated profile (data not shown).

Two probes mapping to CpG 124 of SYCEI/SPRNPI on
chromosome 10 also had a methylation profile consistent
with an imprinted DMR. However, these probes were unable
to discriminate SYCE! from SPRN, a second region that
shared 93% homology. Due to the difficulty in designing
bisulphite PCR primers that could specifically target SYCEI,
we were unable to validate our initial observations.

The ZNF597/NATI15 CpG island is a paternally
methylated DMR

To date, only seven paternally methylated DMRs have been
identified, the somatic DMRs at the NESP, IGF2-P0O and
MEG3/GTL2 promoters, the germline HI9 differentially
methylated domain (DMD), Rasgrfl DMD, IG-DMR and
ZDBF2 DMR (15,23-26). The RASGRF1 is not imprinted
in humans due to lack of the DNA repeat elements that are
involved in establishing germline methylation (27). We ident-
ify two CpG probes, one mapping to CpG 41 between the
promoters of ZNF597 and NAT!S5, the other 500 bp away, in

a region flanking CpG 41. Both probes were hypermethylated
in the three genome-wide pUPD samples (B-values of 0.83,
0.42, 0.75) and hypomethylated (B-value of 0.08) in the
genome-wide mUPD sample. Using bisulphite PCR and sub-
sequent sequencing of heterozygous DNA samples for the
SNP 152270499, we were able to confirm that the methylation
was solely on the paternally derived allele in placenta, leuko-
cyte and kidney (Fig. 1). This is consistent with the previous
report that ZNF597 is maternally expressed in human leuko-
cytes (28). Bisulphite PCR and sequencing of sperm DNA
revealed that this region lack methylation, indicating that
CpG41 is not a germline DMR. Using allele-specific RT—
PCR that incorporated coding SNPs within exon 3, we
observed maternal expression in brain (n = 1) and placenta
(n = 3), and confirmed imprinting in leukocytes (n = 2).

The gene encoding N-acetyltransferase 15, NATIS, is
encoded by two different transcripts (Fig. 1A). To determine
whether NAT15 is also subject to genomic imprinting, we
performed allelic RT-PCR using PCR primers that could
discriminate each isoform. We find that NAT1S5 isoform 1 is
maternally expressed in both placenta (n = 5) and leukocytes
(n=1), whereas isoform 2 is biallelically expressed (n = 4)
which is consistent with CpG 101 being unmethylated
(Fig. 1, data not shown).

FAMS50B DMR shows graduated methylation

We identified two probes mapping to a 1.7 kbp CpG island
within the FAM50B promoter. These probes were hypermethy-
lated in the genome-wide mUPD (average B-values of 0.86), but
hypomethylation in the three pUPD samples mUPD (B-value of
0.23, 0.39, 0.31). Allelic bisulphite sequencing showed that
the methylation profile of CpG 143 differs between the 5’ and
3’ ends. The 5’ region flanking the SNP rs2239713, overlapping
the FAM50B promoter, is a maternally methylated DMR
in placenta-, leukocyte- and kidney-derived DNA, while the
3’ region near 1s34635612 is fully methylated on both parental
alleles. Despite this methylation gradient, the FAM50B gene is
paternally expressed in placenta (n = 6) (Fig. 2).

The absence of allelic methylation at the mouse
orthologues of ZNF597, NAT15 and FAM50B
is associated with biallelic expression

To determine whether the allelic expression of the novel
imprinted transcripts was conserved in mouse, we investigated
the allele-specific expression using RT-PCR amplification
across transcribed SNPs. Mouse tissues were derived from
interspecies crosses at both embryonic day E9.5 and post-natal
day 1. The Fam50b gene has two isoforms with alternative
first exons. We could only detect expression in testis, which
was derived from both parental alleles. Exon 2 of Fam50b
corresponds to an X-chromosome-derived retrogene and
overlaps a methylated CpG island.

The Natl5 and Znf597 genes share two different promoter
CpG islands, CpG 35 and CpG 87 that are orthologous to
the ZNF597 DMR and the NATIS5 isoform 2 promoters,
respectively. In mouse, both of these regions are unmethy-
lated. Both Natl5 isoforms are predominantly expressed in
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Figure 1. (A) Map of the ZNF597-NATIS5 locus on human chromosome 16, showing the location of the various transcripts, CpG islands, Illumina probes and
bisulphite PCR regions (red transcripts are maternally expressed, blue paternally expressed and grey are expressed from both parental alleles. Arrows represent
the direction of transcription) (not drawn to scale). (B) Heat map of the Infinium HumanMethylation27 BeadChlIP for the ZNF597 CpG probes (cg24333473 in
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DNA. (C) The sequence traces show allelic expression for the ZNF597 and NATI5 genes.

brain and testis, which is equally derived from both parental tissues later in development. Allelic expression analysis
alleles. The variants of Znf597 were expressed in E9.5 revealed that these transcripts were not imprinted, with equal
whole embryo, yolk sac and placenta, and in individual expression from both parental chromosomes (Fig. 3).
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promoter (cg01570885; cg03202897) and the subsequent analysis of allelic methylation in various tissues. The methylation profiles on the left are from the 5 CpG
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Figure 3. Schematic maps of the Fam50b (A) and Znf597/Nat15 genes (B), with the location of the alternative promoter regions. The methylation status of the
orthologous CpG islands associated with each domain was examined in embryo-derived DNA. The allelic expression of each gene in various mouse tissues from
reciprocal mouse crosses. For clarity, only the expression in B6 x JF1 tissues is shown.

DISCUSSION

Identification of new human imprinted genes requires
screening human samples

Most screens for new imprinted genes are undertaken in mouse
with subsequent confirmation of the imprinting status of the
human orthologues. Despite the success, this approach will
not identify imprinted loci specifically imprinted in humans.
To date, very few imprinted genes -are. human-specific,
however, these rare transcripts do exist as highlighted by the
paternally expressed L3MBTL, CI9MC and RBI genes
(22,29,30). Using DNA from Beckwith—Wiedemann and
Silver—Russell-like phenotypes with reciprocal genome-wide
UPDs, we have performed a comprehensive screen of ~0.1%
of the human methylome. Despite the extensive coverage of
[llumina Infinium Human Methylation27 BeadChip microarray,
we identified very few novel imprinted loci. However, it must be
noted that paternal germline DMRsare not associated with CpG
islands, and therefore maybe remote from gene promoters and
promoter CpG islands present on the array:
The predicted number of 1mpnnted genes varies with
~estimates from 200-2000 transcripts in mouse, with one
transcriptome-wide analysis, using the ultra sensitive
RNA-seq technology, identifying over 1000 transcripts in
‘brain - with  parent-of-origin expression bias (31). Recent
studies have predicted and experimentally verified imprinted
genes based on sequence and eplgenetlc characteristics. For

example,. human imprinted regions significantly lack short

interspersed transposable elements in comparison with the
rest of the genome and are associated with CpG islands
(32,33). Using a bioinformatics approach, Luedi et al. (34)
predicted 156 imprinted genes in humans based on similarity

with known imprinted transcripts, confirming the maternal
expression of KCNKY. In-addition, the paternally expressed
MCTS2 gene was identified through a hypothesis-driven
search for intronic X-chromosome-derived retrotransposons
that are associated with CpG island promoters (35). Interest-
ingly, FAM50B is also an imprinted X-chromosome-derived
retrogene gene and was -correctly: identified by Luedi et al.
(34) during their computational screening and the imprinting
status recently confirmed (36).

We wished to identify additional imprinted loci based on
data generated in previously published analyses. We have
compared our hemimethylated data set against the 156
bio-informatically predicted imprinted genes and the 82 candi-
dates predicted due to unequal representation of alleles in
public EST libraries and expression genotype arrays (37,38).
We found that fifteen out of one hundred and fifty-six and
nine out of eighty-two, respectively, were present in our data
set. However, none of these additional genes had a methyl-
ation profile consistent with an imprinted DMR, highlighting
the high false-positive rates of bioinformatic predictions
(Supplementary Material, Fig. S4). From our observations,
we predict that the majority of human DMRs overlapping pro-
moters have been identified. Following analysis of more than
14 000 genes, we identified only two new imprinted DMRs.
Extrapolating this trend to the 34 702 annotated RefSeq
genes, we predict that there will be around five additional

_ unidentified DMRs in the human genome, resulting in a total

of ~35.

Parent-of-origin DNA methylation is not the only epigenetic
signature associated with imprinted DMRs (reviewed in 9).
Recently, a chromatin signature has been shown to mark
imprinted DMRs; with trimethylation of lysine 9 of histone

— 48"‘"
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H3 (H3K9me3) and trimethylation of lysine 20 of histone H4
(H4K20me3) associated with the DNA methylated allele (39),
while the unmethylated allele is enriched for the transcription-
ally permissive Lysine 4 methylation of histone H3
(H3K4me2/3) (40). The combination of differential DNA
methylation between sperm and somatic tissues and an over-
lapping H3K9me3 and H3K4me3 signature has recently
been used to identify 11 new candidate DMRs in mouse
(41). With the availability of human ChIP-seq derived
genome-wide data sets for most histone modifications
(42,43), it would be interesting to determine if this histone
signature recognized in mouse can be used to identify
novel human imprinted DMRs. Interrogation of the NHLBI
ChIP-seq data set (http:/dir.nhlbinih.gov/papers/Imi/ep
igenomes/hgtcell.aspx) revealed that the RBI, ZNF597 and
FAMS50B DMRs are enriched for both H3K4me3 and
H3K9me3, with the later two regions harboring functional
CTCF binding sites (data not shown).

The regulation of imprinted domains on human
chromosomes 13 and 16

The RBI DMR has previously been proposed to contain the
promoter of the paternally expressed E2B-RBI isoform (22).
We were unable to identify coding SNPs within the RBI
gene that would allow us to determine the allelic expression
in our cohort of tissues. However, we were able to show
that the LPARG6 gene, encoding lysophosphatidic acid receptor
6 located in intron 16 of RBI is biallelically expressed,
suggesting that the RBI DMR does not influence the
expression of this gene (Supplementary Material, Fig. S3).

The maternal expression of ZNF597 has previously been
shown in leukocytes (28). Here, we show that the ZNF597
DMR acts as a bidirectional silencer, which orchestrates the
paternal silencing of ZNF597 and NATI5. This organization
is reminiscent of PEGI0-SGCE domain on human 7p22
(44). We did not observe methylation in DNA isolated from
mature sperm, which suggests that this region acquires
methylation during early somatic development (Fig. 1). All
known somatic DMR are associated with nearby germline
DMRs, which regulate the methylation in a hierarchical
fashion (23,45,46), implying a yet to be identified germline
DMR is situated within the vicinity of the ZNF597 gene.

The maternally expressed NATI5 is a highly conserved
protein coding gene with two alternative first exons, with
only isoform I subject to imprinting. In addition, there is evi-
dence from EST libraries of an ncRNA (genbank: DA387972)
that originates from the NAT15 isoform 1 promoter and con-
tinues past the exon—intron splice site to produce a ~550 bp
transcript. Unfortunately, we were unable to detect expression
of this transcript in our tissue set, so we could not determine
if this ncRNA is imprinted.

FAMS50B is an imprinted retrogene

Sequence analysis revealed that the FAMS50B transcript (pre-
viously named X5L) is a retrotransposon that originated from
FAM504/XAP5 within Xq28. Unlike other classical retro-
genes, this gene has an intron in the 5 UTR in both humans
and mouse, which has no counterpart in its parental gene. It

is likely that the intron was inserted after retroposition, poss-
ibly during recruitment of a functional promoter region (47).
Interestingly, several other imprinted genes have been shown
to originate from retrotransposition from the X-chromosome
genes (35,48). FAMS0B is ubiquitously expressed, and is
inserted within the intron of a host transcript BC040329,
which is predominantly expressed in testis with low detection
in brain and placenta (data not shown). This host gene is bial-
lelically expressed in placenta (n = 7) (Fig. 2), of which two
samples exhibited imprinted expression of FAMS50B.

Discrepancy between imprinted DMR methylation screens

The quantitative methylation values obtained using the
Mlumina Infinium platform makes it suitable for comparing
reference and test samples. This approach has previously
been used to screen for imprinted DMRs using paternally
derived androgenetic complete hydatidiform moles versus
maternally derived mature cystic ovarian teratomas and in
patients with maternal hypomethylation syndrome (24,49). In
both cases, the genetic material analyzed is not ideally
suited for comprehensive screening for novel imprinted loci.
This is because it is currently unknown to what extent the
DNA methylation profile is altered in ovarian teratomas, and
any differences maybe due to the uniparental nature of the
sample or tumorgenic changes, and candidates obtained from
comparisons with complete hydatidiform moles may simply
reflect tissue-specific differences. This is highlighted by the
fact that of the 95 candidate probes identified by Choufani
et al. (49), 68 overlapped with our hemimethylated data set
(Supplementary Material, Fig. S4) with only ZNF597 DMR
being identified in both screens. These authors also suggest
that AXL-promoter region is a DMR, but this was not ident-
ified using our genome-wide UPDs, and bisulphite PCR and
sequencing of our samples revealed a non-allelic mosaic
methylation profile (Supplementary Material, Fig. S5). In
addition, the methylation profiles obtained from comparing
normal and maternal hypomethylation samples will only
facilitate the identification of a subset of imprinted DMRs,
since ZFP57 mutations do not effect the maintenance of all
maternally methylated imprinted DMRs equally (50,51).

Functional relevance of the new imprinted domains

Very little is known about the role of FAMS50B, ZNF597 and
NAT15, with no previous publications describing functional
studies. The three new imprinted regions we identify all map
to chromosomes for which recurrent chromosomal UPDs
have been reported. With the exception of pUPD and the over-
expression of PLAGLI/HYMAI in Transient Neonatal Diabetes
Mellitus, the UPDs for these chromosomes are not associated
with obvious developmental phenotypes and most cases were
identified because of the unmasking of mutant recessive alleles
(reviewed in 52,53).

CONCLUSIONS

Our study has assisted in defining a comprehensive catalog of
human imprinted genes. The use of extremely rare reciprocal



genome-wide UPD samples in unbiased methylation screens
such as bisulphite genome sequencing will aid the identifi-
cation of additional imprinted loci, which will facilitate
study of genetic diseases associated with aberrant imprinting.
The general trend until now has been that, while imprinted
genes play an important role in fetal development and behav-
ior, evolutionary forces dictated by the genetic conflict have
allowed for a lack of conserved imprinting between mouse
and humans (54). However, our screen has identified new
human-specific imprinted transcripts, all of which have
conserved gene orthologues in many taxa. These genes
have selected imprinting as a mechanism of transcriptional
regulation in humans despite the risk of being functional
hemizygous.

MATERIALS AND METHODS

The human reciprocal genome-wide UPD samples

Genomic DNA isolated from three previously described Beck-
with—Weidemann syndrome-like cases (16—18) and one
Silver—Russell syndrome-like patient (19) was used in this
study. Each of these cases had undergone extensive molecular
characterization to confirm genome-wide UPD status and level
of mosaicism. We used DNA isolated from leukocytes as these
samples had minimal mosaicism of a biparental cell line. The
genome-wide BWS samples had 9, 11 and 15% biparental
contribution, whereas the genome-wide SRS sample had 16%.

Human tissues

Two independent tissue collections were used in this study.
All tissues were collected after obtaining informed consent.
The Spanish collection was from the Hospital St Joan De
Deu tissue cohort (Barcelona, Spain). Normal peripheral
blood was collected from adult volunteers aged between
19 and 60 years old. A selection of normal brain samples
was obtained from BrainNet Europe/Barcelona Brain Bank.
The Japanese tissues were collected at the National Center
for Child Health and Development (Tokyo, Japan) and at the
Saga University Hospital.

DNA was extracted using either the standard phenol/chloro-
form extraction method or the QlAamp DNA Blood Midi Kit
(Qiagen). RNA was extracted using either Trizol (Invitrogen)
or Sepasol®-RNA I Super G (Nacalai Tesque) and cDNA syn-
thesis was carried out as previously described (54). Ethical
approval for this study was granted by the Institutional
Review Boards at the National Center for Child Health and
Development and Saga University and Hospital St Joan De
Deu Ethics Committee (Study number 35/07) and IDIBELL
(PR0O06/08).

Cell lines and mouse crosses

Wild-type mouse embryos and placentas were produced by
crossing C57BL/6 with Mus musculus molosinus (JF1) mice.
C57BL/6 (B6) mice were purchased from Sankyo Labo
Service Corporation, Inc. (Tokyo, Japan) and JF1/Ms (JF1)
mice were obtained from the Genetics Strains Research
Center at the National Institute of Genetics, Japan. All
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animal husbandry and breeding was approved and licensed
by the National Research Institute for Child Health and
Development, Japan (Approved number A2010-002).

Illumina Infinium methylation27 BeadChip microarray
analysis

Approximately 1 pg DNA from the reciprocal genome-wide
UPDs, placenta, leukocytes, brain, muscle, fat, buccal cells
was subjected to sodium bisulphite treatment and purified
using the EZ GOLD methylation kit (ZYMO, Orange, CA,
USA). This DNA was then hybridized to the Illumna Infinium
Human Methylation27 BeadChip microarray either at the
Centro Nacional de Investigaciones Oncologicas (Madrid,
Spain) or Genome Science Division, Research Center for
Advanced Science and Technology (University of Tokyo,
Japan) using Ilumina-supplied reagents and protocols. The
loci included on this array and the technologies behind the
platform have been described previously (55). Before analyz-
ing the methylation data, we excluded possible sources of
technical biases that could alter the results. We discarded
109 probes because they had a false-positive rate >0.1. We

also excluded 261 probes because of the lack of signal in

one of the 11 DNA samples analyzed. Lastly, prior to screen-
ing for novel imprinted DMRs, we excluded all X chromo-
some CpG sites. Therefore, in total we analyzed 26 152
probes in all DNA samples. All hierarchical clustering and
B-value evaluation was performed using the Cluster Analysis
tool of the BeadStudio software (version 3).

Allelic methylation analysis

A panel of placenta-, leukocyte-, brain- and kidney-derived
DNAs were genotyped to identify heterozygous samples.
These DNA were converted using the EZ GOLD methylation
kit. Approximately 100 ng of converted DNA was used for
each bisulphite PCR. Bisulphite-specific primers (Supplemen-
tary Material, Table S1) which incorporate the SNPs were
used with Hotstar Taq polymerase (Qiagen, West Sussex,
UK). Amplifications were performed using either 45 cycles
or a nested PCR using 35 cycles for each round. The
subsequent PCR products were cloned into pGEM-T Easy
vector (Promega) for subsequent sequencing.

Allelic expression analysis

Genotypes on DNA were obtained for exonic SNPs identified
in the UCSC browser (NCBI36/hgl8, Assembly 2006) by
PCR. Sequences were interrogated using Sequencher v4.6
(Gene Codes Corporation, MI) to distinguish informative het-
erozygote samples. Informative samples were analyzed by
RT-PCR. All primers, with the exception of those targeting
FAMS50B, are intron-crossing and incorporated the heterozy-
gous SNP in the resulting amplicon (Supplementary Material,
Table S1). RT-PCRs were performed using cycle numbers
determined to be within the exponential phase of the PCR,
which varied for each gene, but was between 32 and 40 cycles.
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SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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Epigenetic regulation is essential in determining cellular phenotypes during differentiation. Although tissue-
specific DNA methylation has been studied, the significance of methylation variance for tissue phenotypes
remains unresolved, especially for CpG-poor promoters. Here, we comprehensively studied methylation
levels of 27 578 CpG sites among 21 human normal tissues from 12 anatomically different regions using
an epigenotyping beadarray system. Remarkable changes in tissue-specific DNA methylation were observed
within CpG-poor promoters but not CpG-rich promoters. Of note, tissue-specific hypomethylation is
accompanied by an increase in gene expression, which gives rise to specialized cellular functions. The hypo-
methylated regions were significantly enriched with recognition motifs for transcription factors that regulate
cell-type-specific differentiation. To investigate the dynamics of hypomethylation events, we analyzed
methylation levels of the entire APOAT gene locus during in vitro differentiation of embryonic stem cells
toward the hepatic lineage. A decrease in methylation was observed after day 13, coinciding with alpha-feto-
protein detection, in the vicinity of its transcription start sites (TSSs), and extends up to ~200 bp region
encompassing the TSS at day 21, equivalent to the hepatoblastic stage. This decrease is even more pro-
nounced in the adult liver, where the entire APOAT gene locus is hypomethylated. Furthermore, when we
compared the methylation status of induced pluripotent stem (iPS) cells with their parental cell, IMR-90,
we found that fibroblast-specific hypomethylation is restored to a fully methylated state in iPS cells after
reprogramming. These results illuminate tissue-specific methylation dynamics in CpG-poor promoters and
provide more comprehensive views on spatiotemporal gene regulation in terminal differentiation.

INTRODUCTION . . .
multiple levels of epigenetic systems such as DNA methyl-

In a series of differentiation processes during embryogenesis, a  ation, histone modification, chromatin remodeling and non-
wide variety of cells are generated and organized in a spatio- coding RNA guidance (1,2). Mammalian cells coordinately
temporal manner. They acquire distinctive patterns of gene regulate the complex transcriptional networks, which are
expression to execute specialized cellular functions. In essential for establishment of cellular programming and main-
mammals, this gene specification is tightly regulated by tenance of given cellular phenotypes.
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DNA methylation has a strong impact on transcriptional
repression. Because covalent modification of DNA itself is
chemically stable when compared with other epigenetic
marks, methylation-mediated repression is thought to be an
effective mechanism to maintain long-lasting cell memories.
Indeed, it plays pivotal roles in fundamental biological pro-
cesses, including genome imprinting, retrotransposon silen-
cing, X chromosome inactivation and tissue-specific gene
expression (1). The lethality due to selective ablation of
DNA methyltransferase with global loss of 5-methylcytosine
also provides solid evidence for its significance in mammalian
embryogenesis (3,4). Embryonic stem (ES) cells deficient in
maintenance methyltransferase, Dnmtl, are viable, but die
when induced to differentiate (5), demonstrating Dnmtl is
essential for the dynamic epigenetic changes in cellular differ-
entiation.

For many years, tissue-specific differentially methylated
regions (tDMRs) have been of great interest (6-9). In
somatic tissues, which include terminally differentiated cells,
significant methylation variance between cells have been
reported (6,8—11). Although recent technological advances
in methylation profiling have broadened our understanding
of the human methylome, we are still far from a comprehen-
sive map required for deeper understanding of developmental
epigenomics. That is partly because, due to technological
limitations, most of earlier studies on human tDMRs have
focused on CpG island promoters (12,13). In general, house-
keeping genes, which constitutively express across many
tissues, have such CpG-rich promoters. However, more than
half the genes which have a tissue-specific pattern of
expression have CpG-poor promoters (14). Therefore, it is
important to analyze CpG-poor promoters in addition to
CpG-rich promoters to elucidate regulatory changes of
methylation during terminal differentiation.

Recent large-scaled methylation analyses of human normal
tissues have revealed that methylation variance can be identified
outside CpG islands and at CpG-poor promoters (6). The signifi-
cance of methylation in the marginal regions of CpG islands
(so-called CpG shore methylation) has been also proposed
(15). In addition, tissue-specific binding of RNA polymerase
II is often observed in CpG-poor promoters (16). These obser-
vations point to a significant role for epigenetic dynamics in
CpG-poor promoters for terminal differentiation.

There are some difficulties in analyzing methylation levels
in human tissue samples with accuracy. Cell populations in
human tissues are not homogenous but rather are composed
of a heterogeneous cell population which originates from
different lineages. Because measurements of methylation are
derived from these different methylomes of component cells,
large differences in methylation between different cell types
can be obscured. It is necessary to evaluate the methylation
status quantitatively, rather than just qualitatively, to allow
any comparison of methylation profiles between different
samples. This requires good assay reproducibility to detect
the more subtle methylation differences. In this study, we per-
formed genome-wide promoter methylation analysis of human
normal tissues using an epigenotyping beadarray system,
which allows methylated CpG quantification in CpG-poor pro-
moters as well as in CpG-rich promoters (17). We utilized
inclusive probe sets for tissue-specific hypermethylation and
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hypomethylation, which occur mainly in CpG-poor promoters.
Of note, we found that tissue-specific hypomethylation is well
correlated with gene expression profiles that underlie tissue
phenotypes. Around these cell-type-specific hypomethylated
regions, binding motifs of particular transcription factors are
remarkably enriched. These results suggest that a combination
of tissue-specific promoter hypomethylation and selective
binding of transcription factors is deeply involved in targeting
specific genes during terminal differentiation. In addition, we
demonstrated spreading of hypomethylation in CpG-poor pro-
moters by in vitro cellular differentiation. The restoration of
the fibroblast-specific hypomethylation was also observed
during cellular reprogramming into induced pluripotent stem
(iPS) cells. These results emphasize the importance of methyl-
ation dynamics in CpG-poor regions for multilayered epige-
netic regulation in mammalian embryogenesis.

RESULTS

Genome-wide methylation analysis of human normal tissue
reveals methylation variances in CpG-poor promoters

To develop a better understanding of methylation diversity
among human normal tissues, we performed promoter methyl-
ation analysis of 21 human normal tissue samples from 12
anatomically different regions (Supplement Material,
Table S1). A HumanMethylation27 BeadChip® (Illumina,
Inc) was used to quantify the methylation level of 27578
CpG sites harboring 14 475 Refseq promoter regions (17).

First, we evaluated the accuracy and sensitivity of the assay
using the modified DNA samples as methylation controls
(0, 25, 50, 75 and 100% of methylation). The observed
values of the methylated CpG ratio for the control samples
were well correlated with the expected ratio of methylated
CpGs (Supplementary Material, Fig. S1). Thus, methylation
changes are quantitatively detectable using this system.

Next, we analyzed inter-individual methylation differences.
The comparison plots of autosomal probes using biological
duplicates of nine human tissues (brain, oral mucosa, lung,
stomach, colon, liver, peripheral blood, kidney and skeletal
muscle) showed good correlation between each pair (Pearson
correlation coefficient; r > 0.97) (Supplementary Material,
Fig. S2). For X-linked genes, most promoters on the inacti-
vated allele are methylated in female cells. As expected, 0%
methylation in male cells and ~50% methylation in female
cells are accurately reported by the system (Supplementary
Material, Fig. S2).

In this epigenotyping beadarray, most probes are designed
to bind at and around the promoter regions, which are from
1.5kb upstream to 1kb downstream of transcription start
sites (TSSs) of Refseq genes (Supplementary Material,
Fig. S3). On the basis of the classification by the local CpG
observed to expected ratio (CpG o/e) and the GC content
ratio (GCR) around the probe, probes are divided into three
groups: high-CpG density probes (HCG; CpG o/e > 0.75,
GCR > 0.55), low-CpG density probes (LCG; CpG ole <
0.48) and intermediate-CpG density probes (ICG; neither
HCG nor LCG) (Supplementary Material, Fig. S4). The pro-
moter methylation status is strongly affected by local CpG
density. Most probes in relatively CpG-rich regions (HCG



2712 Human Molecular Genetics, 2011, Vol. 20, No. 14

and ICG) showed hypomethylation in all tissues, while more
than half the probes in CpG-poor regions (LCG) are fully
methylated (Supplementary Material, Fig. S5). To clarify the
relationship between local CpG density and the methylation
breadth among human normal tissues, we examined the
tissue spatiality of hypermethylation (defined as methylation
level more than 0.5) with regard to every autosomal probe
(n =26486). As shown in Figure 1, the methylation status
of the LCG probes is highly variable among different
tissues, whereas most CpG-rich probes are ubiquitously
unmethylated. Therefore, the majority of intra-individual
differences are observed in CpG-poor promoters.

Identification of tissue-specific hypermethylated
-and ‘hypomethylated regions

"To identify the tissue-specific differential gene methylation, we
compared the methylation profiles of seven representative
tissues: These were the brain and oral mucosa from the ectoder-
mal lineage, the colon and liver from the endodermal lineage,

_the peripheral blood and skeletal muscle from the mesodermal
lineage and the testis. First, we ranked the 26 486 autosomal
probes in order of difference of the methylation level between
the one tissue and the average of the other tissues. In case that
tissue-specific - hypomethylation or hypermethylatlon are
sorted by the absolute values of the difference of the methyl-
ation level (more than 0.25 or less than —0.25), the number of
distinctive gene sets varies widely (Supplementary Material,
Fig. S6). There are more tissue-specific hypermethylated
genes in the brain, liver, blood and testis than in other tissues.
As for the hypomethylation, a large number of genes are
selected in the testis and oral mucosa by this criterion. To evalu-
ate the specific differential methylation equally among human
tissues, we selected the top 250 probes of tissue-specific hypo-
methylation and hypermethylation for each tissue (Supplemen-

tary Material, Table S2). The methylation panel clearly shows
specific hypomethylatlon as well as hypermethylation among.
seven tissues (Fig. 2A and B) We validated the methylation-

levels of the distinctive genes using. the MassARRAY system.
These methylation levels were. cons1stent with the microarray

data (Supplementary Material, Fig. S7). With respect to CpG

density, most tissue-specific hypomethylated sites (80—90%)
are associated with CpG-poor promoters (Fig. 2A and B). A
notable exception was the testis, as:testis-specific-hypomethy-
lated genes are associated with CpG-rich promoters. In
CpG-rich- promoter regions (HCP and ICP, n=18481),

~900 regions (5.10 .+ 0. 48%) were found to be densely hyper-
methylated (mCpG > 70%) in- somatic tissues. In the testis,

only 286 regions (1.55%) were methylated (Supplementary
Material, Fig. S5). These results-are in agreement ‘with earlier
systematic' screens that found the major fraction of tDMRs
* corresponding to CpG island methylamon are elther spermm- 0 or
testis-specific (6,9 10) e

Variable hypomethylatlon patterns are assocmted
with tissue-specific gene functions, gene expression
patterns and selective binding of transcription factors

To' characterize the gene function related to- tissue-specific
hypomethylation, we examined the enrichment of the specific
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Figure 1. Methylation breadth among human normal tissues. The density his-
togram represents distribution of the CpG o/e around the probes with respect
to the frequency of methylation among seven tissues. First, we generate the
histogram of the numbers of probes with regard to CpG ratio o/e. Then, the
methylation value of each probe is roughly divided into hypermethylation
(0.0-1.0) or hypomethylation (0.0-0.5). Finally, each bar was partitioned
by the number of tissues showing hypermethylation. For example, red bars
(Met7) indicate all seven tissues are methylated, and blue bars (Met0) indicate
no tissues are methylated.

- gene ontology (GO) biological process categories in the top

250 hypomethylated gene sets. As shown in Table 1, the
tissue-specific hypomethylated genes are closely related to
cell-type-specific functions. For example, oral mucosa-specific
hypomethylated genes show over-representation of genes
related to ectoderm or epidermis development. In the gene

~set of liver-specific hypomethylation, we found several
‘protein families synthesized by hepatocytes, such as serpin

peptidase inhibitors and complement factors. Thus, these
gene sets show over-representation of genes associated with
acute inflammatory response. In the blood set, we found
genes related to immune response, a key role for white
blaod cells. Genes related to the reproductive process are the

- major targets for CpG methylation in somatic cells besides

sperm and its progenitor cells in the testis.

In contrast, we could not find any meaningful functional
association between gene sets which undergo tissue-specific
hypermethylation (Supplementary Material, Table S3).
Although previous reports - have identified a substantial
number of ‘confirmed sets of tissue-specific hypermethylation,
it has been difficult to associate these with the tissue pheno-
type.-De novo hypermethylation in differentiated cells might
be often induced independently of functional specification.

While:dense methylation of the CpG island promoter deeply
contributes to gene silencing in pathological conditions such
as cancer (18,19), the influence of sparse methylation in
CpG-poor promoters on gene expression still remains contro-
versial. CpG-poor promoters preferentially display the TATA
box and numerous transcription factor-binding motifs around
the TSS (20). Combinations of transcription factor binding
in regulatory elements are involved in targeting gene
expression. Thus, we analyzed expression levels of representa-
tive gene sets of tissue-specific hypomethylation and hyper-
methylation across seven human tissues (Fig. 3). The
average expression level of hypomethylated genes is signifi-
cantly higher than that of hypermethylated genes in a tissue-
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Figure 2. Methylation panel for. tissue-specific differential methylation across seven human normal tissues. Left panels indicate the methylation levels of probe
sets selected as tissue-specific hypomethylation (A) and as tissue-specific hypermethylation (B) among seven human tissues. Each row represents a CpG locus
(250 for each tissue) and each column represents a tissue sample. The color scale bar at the left side shows the percentage of the methylation level (0—100%).
The percentages of the LCG, ICG and HCG in a given probe set are represented at the right side.

specific manner. In contrast, tissue-specific hypermethylated
genes are suppressed among all tissues. These results indicate
that hypomethylation in the CpG-poor promoters identified
here underlie tissue-specific expression in a given cell type.
Local epigenetic modification and recruitment of transcrip-
tion factors are a fundamental part of the system for appropriate
transcriptional regulation (21).  We performed enrichment
analysis of 746 recognition motifs for transcription factors to
examine -the relationship between cis-regulatory elements of
promoters and tissue-specific hypomethylation. ‘As shown in
Figure 4, some matrices are significantly enriched (Z-score >
8.0) in the hypomethylated regions. In oral-mucosa-specific
hypomethylated regions, the binding motifs of p53 family
genes are highly enriched. p63, the-master regulator of keratino-
cyte differentiation, has similar DNA-binding domains to p53
and half of p63-bound regions in the squamous cell carcinoma
cell line have p53 consensus motifs (22). In liver-specific hypo-
methylated regions, the matrices for the C4 zinc finger domain
of the PPAR family (PPARA, PPARG and RXRs) and the NR2F
family (HNF4A) are enriched compared with the background
sequences. In the blood set, the matrices for the ETS domain

of ETS factors (ETS1, ETS2, ELF2, ELK1) and the Runt
domain of AML factors (RUNX1) are enriched. Similarly,
MyoD-binding motifs are enriched in skeletal muscle-specific
hypomethylated regions. In contrast, we could not find signifi-
cant enrichment of transcription factor-binding motifs in tissue-
specific hypermethylated regions (data not shown). Although
the molecular mechanism of de novo hypermethylation and
hypomethylation remains unknown, it is suggested that selec-
tive binding of transcription factors are at least significantly
associated with regional hypomethylation during terminal
differentiation.

Dynamic changes of CpG-poor promoter methylation
during in vitro differentiation and cellular reprogramming

Although tissue-specific hypomethylation in CpG-poor pro-
moters are closely related to gene specification for the tissue
phenotype, when and how these variable methylation statuses
are established remain unknown. To elucidate the methylation
changes during cellular differentiation, we performed cluster-
ing analysis of human somatic tissue and normal cells
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Table 1. GO analysis of tissue-specific hypomethylation

Tissue GO term (biological process) No. of P-value
genes
Brain Nervous system development 28 4.22E — 05
Multicellular organismal 50 433E — 04
development
Developmental process 53 4.64E — 04
Oral mucosa Ectoderm development 20 4.89E — 14
Epidermis development 18 2.19E — 12
Tissue development 24 2.712E — 07
Colon Defense response 31 3.68E — 11
Response to stress 49 342E — 09
Response to stimulus 71 731E — 07
Liver Acute inflammatory response 20 9.00E — 19
Response to wounding 34 7.22E — 16
Response to external stimulus 43 3.72E - 15
Blood Immune system process 55 6.86E — 24
Immune response 42 2.53E - 19
Defense response 33 2.62E — 13
Skeletal Muscle contraction 19 6.02E — 14
muscle Muscle system process 19 2.70E — 13
Striated muscle contraction 9 2.64E — 08
Testis Reproductive process in a 16 1.82E — 04
muiticellular organism
Multicellular organism 16 1.82E — 04
reproduction
Gamete generation 14 2.40E — 04

including human ES cells, iPS cells and primary fibroblast
cells using tissue-specific hypomethylation sites (Fig. 5). The
heatmap shows distinct methylation patterns between the plur-
ipotent cells and somatic tissues composed of the terminally
differentiated cells. Seven human ES cell lines and two iPS
cell lines show similar methylation patterns. Intriguingly,
most genes representing specific hypomethylation in differen-
tiated cells are densely methylated in both ES cells and iPS
cells, raising the possibility that the default state of low CpG
promoters in the embryonic stage is totally methylated and
erasure of methylation may occur during terminal differen-
tiation in a cell-type-specific manner.

We next compared the methylation status of the adult
human liver and the fetal liver. Liver-specific hypomethylated
genes are heavily methylated in KhES3, a human ES cell line,
but are hypomethylated in the adult liver tissue (Fig. 6B and
C). In the fetal liver, the methylation level of these genes
shows a mild decrease in these regions. Bisulfite sequencing
also revealed the partial hypomethylation of I7IH3 and
APOAI promoters (Supplementary Material, Fig S8A and B).

To further analyze the demethylation dynamics during
hepatic differentiation, we analyzed methylation during
in vitro differentiation toward hepatic lineages (23). On day
7, the cells began to express an endoderm marker, SOXI7
(Fig. 6A). AFP expression was detected on day 13 and ALB
expression was detected on day 21. The methylation status
of liver-specific hypomethylated genes showed a slight
decrease during hepatic differentiation (Fig. 6B and C).
Indeed, bisulfite sequencing of the 4POAI promoter region
demonstrated that CpG sites in this promoter region are fully
hypermethylated in KhES3 and gradually become demethy-
lated during in vitro differentiation (Supplementary Material,
Fig. S8B). Demethylated regions are observed only in the

vicinity of APOAI TSSs at day 21 of differentiation, and
spread over 1kb beyond the APOAI TSS in adult liver
tissues. Sparse non-CpG methylation is observed in KhES3
and lost at day 21 of differentiation and also in adult liver
tissues. This demethylation in non-CpG sites in KhES3 is
also observed in the promoter region of CD6 in adult blood
and of STMN4 in the adult brain (Supplementary Material,
Fig. S9).

We then analyzed further the methylation status over the
entire APOAI gene locus to determine the extent of demethy-
lation events (Fig. 6D). Demethylation starts from the vicinity
of APOAI TSSs at day 13 and extends to 200 bp around the
TSS on day 21. Hypomethylated regions in human liver
tissues spread over the APOAI region, from TSSs to the
CpG island of the 3’ end and the further downstream region,
suggesting the correlation of extensive demethylation with
the stable expression of specific gene sets and cell fate deter-
mination.

Epigenetic reprogramming using defined factors enables
terminally differentiated cells to gain pluripotency (24).
Re-expression of pluripotency genes associated with these
promoters, which are methylated in differentiated somatic
cells, is important for iPS cell generation (25). The heatmap
shows that the four human primary fibroblast cell lines
(IMR90, MRC-9, KMS-6 and TIG-103) share specific hypo-
methylation. After cellular reprogramming into iPS cells, the
IMRO0 cells show restoration of methylation in these
fibroblast-specific hypomethylated sites (Fig. 5). These
results suggest that regaining promoter methylation in tissue-
specific hypomethylated genes, as well as erasure of methyl-
ation in pluripotency genes, is important for this process.

DISCUSSION

In this study, we analyzed inclusive gene sets for tissue-
specific hypomethylation and hypermethylation among
human normal tissues. Of note, the former gene subsets are
remarkably associated with cellular functions characterizing
the tissue phenotypes. Although we have examined the
limited sites of promoter regions, we reveal here that these
hypomethylated genes display tissue-specific patterns of
gene expression and specific enrichment of transcription
factor recognition motifs in their promoters. This indicates
the methylation changes in these regulatory regions might
have functional roles in spatiotemporal transcriptional
control. Furthermore, the hypomethylation panel showed an
unexpected dense methylation pattern in pluripotent stem
cells and regional hypomethylation in differentiated cells,
suggesting this type of tDMRs might be a consequence of
methylation erasure or a dilution process.

To date, the exploration of tDMRs was performed on the
premise that stepwise addition of promoter methylation con-
tributes to cell fate determination during early embryogenesis
(26,27). It has been widely accepted that the genomic DNA of
the embryo, which has pluripotency to differentiate into mul-
tiple lineages, is initially unmethylated and subsequent
accumulations of hypermethylation in CpG island promoters
are important for lineage restriction by reinforcing transcrip-
tional repression of the unnecessary genes (28). Although
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Figure 3. The gene expression lével of tissue-specific differentially methylated genes. Shown box plots (from 25th percentile to the 75th percentile with heavy
lines at the median) represent average gene expression levels (the log scale of the GeneChip score) of tissue-specific hypomethylated genes (A) and tissue-
specific hypermethylated genes (B), for each tissue. The dotted lines extend above and below the box to show the first and ninth deciles. Black and white
boxes below the bar graphs represent hypermethylation and hypomethylation of the given tissue, respectively.

this concept was true for some validated examples, it cannot
adequately explain the global control of gene expression. In
fact, consistent with the previous:studies (6,10), we observed
that most CpG island promoters are invariably unmethylated
among normal tissues. In contrast with tissue-specific hyper-
methylation in CpG island promoters, tissue-specific hypo-
methylation in CpG-poor promoters has been underestimated
so far and is significantly associated with the tissue phenotype.

These observations raise a new question about the molecu-
lar mechanism of tissue-specific hypomethylation established
during terminal differentiation. Promoter demethylation in
the differentiated cells is an old concept (29,30), but it has
been forgotten while mammalian' DNA demethylase was yet
to be discovered. Now, two types of mechanisms for DNA
demethylation, namely active demethylation and passive
demethylation, are widely accepted for mammals (31,32).



