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Androgenetic/biparental mosaicism in a girl with
Beckwith-Wiedemann syndrome-like and
upd(14)pat-like phenotypes

Kazuki Yamazawal®, Kazuhiko Nakabayashiz, Kentaro Matsuoka?®, Keiko Masubara!, Kenichiro Hata?,

Reiko Horikawa* and Tsutomu Ogata!

This report describes androgenetic/biparental mosaicism in a 4-year-old Japanese girl with Beckwith-Wiedemann syndrome
(BWS)-like and paternal uniparental disomy 14 (upd(14)pat)-like phenotypes. We performed methylation analysis for 18
differentially methylated regions on various chromosomes, genome-wide microsatellite analysis for a total of 90 loci and
expression analysis of SNRPN in leukocytes. Consequently, she was found to have an androgenetic 46,XX cell lineage and a
normal 46,XX cell lineage, with the frequency of the androgenetic cells being roughly calculated as 91% in leukocytes, 70%
in tongue tissues and 79% in tonsil tissues. It is likely that, after a normal fertilization between an ovum and a sperm, the
paternally derived pronucleus alone, but not the maternally derived pronucleus, underwent a mitotic division, resulting both in
the generation of the androgenetic cell lineage by endoreplication of one blastomere containing a paternally derived pronucleus
and in the formation of the normal cell lineage by union of paternally and maternally derived pronuclei. It appears that the
extent of overall (epi)genetic aberrations exceeded the threshold level for the development of BWS-like and upd(14)pat-like
phenotypes, but not for the occurrence of other imprinting disorders or recessive Mendelian disorders.
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INTRODUCTION
A pure androgenetic human with paternal uniparental disomy for
all chromosomes is incompatible with life because of genomic
imprinting.? However, a human with an androgenetic cell lineage
could be viable in the presence of a normal cell lineage. Indeed, an
androgenetic cell lineage has been identified in six liveborn individuals
with variable phenotypes.>~7 All the androgenetic cell lineages have
a 46,XX karyotype, and this is consistent with the lethality of an
androgenetic 46,YY cell lineage.

Here, we report on a girl with androgenetic/biparental mosaicism,
and discuss the underlying factors for the phenotypic development.

CASE REPORT

This patient was conceived naturally to non-consanguineous and
healthy parents. At 24 weeks gestation, the mother was referred to
us because of threatened premature delivery. Ultrasound studies
showed Beckwith-Wiedemann syndrome (BWS)-like features,® such
as macroglossia, organomegaly and umbilical hernia, together with

polyhydramnios and placentomegaly. The mother repeatedly received
amnioreduction and tocolysis.

She was delivered by an emergency cesarean section because of
preterm rupture of membranes at 34 weeks of gestation. Her birth
weight was 3730g (+4.8s.d. for gestational age), and her length
45.6cm (+0.7s.d.). The placenta weighed 1040g (+7.3s5.d.).° She
was admitted to a neonatal intensive care unit due to asphyxia.
Physical examination confirmed a BWS-like phenotype. Notably,
chest roentgenograms delineated mild bell-shaped thorax character-
istic of paternal uniparental disomy 14 (upd(14)pat),'? although coat
hanger appearance of the ribs indicative of upd(14)pat was absent
(Supplementary Figure 1). She was placed on mechanical ventilation
for 2 months, and received tracheostomy, glossectomy and tonsillect-
omy in her infancy, due to upper airway obstruction. She also had
several clinical features occasionally reported in BWS® (Supplementary
Table 1). Her karyotype was 46,XX in all the 50 lymphocytes analyzed.
On the last examination at 4 years of age, she showed postnatal growth
failure and severe developmental retardation.
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MOLECULAR STUDIES

This study was approved by the Institutional Review Board Commit-
tee at the National Center for Child health and Development, and
performed after obtaining informed consent.

Methylation analysis
We first performed bisulfite sequencing for the HI9-DMR (differen-

* tially methylated region) and KvDMR1 as a screening of BWS!b12 and

that for the IG-DMR and the MEG3-DMR as a screening of
upd(14)pat,'® using leukocyte genomic DNA. Paternally derived
clones were predominantly identified for the four DMRs examined
(Figure la). We next performed combined bisulfite restriction analysis
for multiple DMRs, as reported previously.!> All the autosomal
DMRs exhibited markedly skewed methylation patterns consistent
with predominance of paternally inherited clones, whereas the XIST-
DMR on the X chromosome showed a normal methylation pattern
(Figure 1a).

Genome-wide microsatellite analysis

Microsatellite analysis was performed for 90 loci with high hetero-
zygosities in the Japanese population.'* Major peaks consistent with
paternal uniparental isodisomy and minor peaks of maternal origin
were identified for at least one locus on each chromosome, with the
minor peaks of maternal origin being more obvious in tongue and

tonsil tissues than in leukocytes (Figure 1b and Supplementary
Table 2). There were no loci with three or four peaks indicative of
chimerism. The frequency of the androgenetic cells was calculated
as 91% in leukocytes, 70% in tongue cells and 79% in tonsil cells,
although the estimation apparently was a rough one (for details, see
Supplementary Methods).

Expression analysis
We examined SNRPN expression, because SNRPN showed strong
expression in leukocytes (for details, see Supplementary Data).
SNRPN expression was almost doubled in the leukocytes of this
patient (Figure Ic).

DISCUSSION

These results suggest that this patient had an androgenetic 46,XX cell
lineage and a normal 46,XX cell lineage. In this regard, both the
androgenetic and the biparental cell lineages appear to have derived
from a single sperm and a single ovum, because a single haploid
genome of paternal origin and that of maternal origin were identified
in this patient by genome-wide microsatellite analysis. Thus, it is likely
that after a normal fertilization between an ovum and a sperm,
the paternally derived pronucleus alone, but not the miaternally
derived pronucleus, underwent a mitotic division, resulting both in
the generation of the androgenetic cell lineage by endoreplication of
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Figure 1 Representative molecular results. (a) Methylation analysis. Upper part: Bisulfite sequencing data for the H19-DMR and the KvDMR1 on 11pl5.5,
and those for the IG-DMR and the MEG3-DMR on 14g32.2. Each line indicates a single clone, and each circle denotes a CpG dinucleotide; filled and open
circles represent methylated and unmethylated cytosines, respectively. Paternally expressed genes are shown in blue, maternally expressed gene in red, and
the DMRs in green. The HI9-DMR, the IG-DMR, and the MEG3-DMR are usually methylated after paternal transmission and unmethylated after maternal
transmission, whereas the KvDMR1 is usually unmethylated after paternal transmission and methylated after maternal transmission.1011 Lower part:
Methylation indices (the ratios of methylated clones) obtained from the COBRA analyses for the 18 DMRs. The DMRs highlighted in blue and pink are
methylated after paternal and maternal transmissions, respectively. The black vertical bars indicate the reference data (maximum — minimum) in leukocyte
genomic DNA of 20 normal control subjects (the XIST-DMR data are obtained from 16 control females). (b) Representative microsatellite analysis. Major
peaks of paternal origin and minor peaks of maternal origin (red arrows) have been identified in this patient. The minor peaks of maternal origin are more
obvious in tongue and tonsil tissues than in leukocytes (Leu.). (¢) Relative expression level (mean %s.d.) of SNRPN. The data are normalized against TBP.
SRS: an SRS patient with an epimutation (hypomethylation) of the HI19-DMR; BWS1: a BWS patient with an epimutation (hypermethylation) of the H19-
DMR; BWS2: a BWS patient with upd(11)pat; PWS1: a Prader-Willi syndrome (PWS) patient with upd(15)mat; PWS2: a PWS patient with an epimutation
(hypermethylation) of the SNRPN-DMR; AS1: an Angelman syndrome (AS) patient with upd(15)pat; and AS2: an AS patient with an epimutation
(hypomethylation) of the SNRPN-DMR. The data were obtained using an ABI Prism 7000 Sequence Detection System (Applied Biosystems).
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Endoreplication

Mitotic division of
paternal pronucleus

Figure 2 Schematic representation of the generation of the androgenetic/
biparental mosaicism. Polar bodies are not shown.

one blastomere containing a paternally derived pronucleus and in the
formation of the normal cell lineage by union of paternally and
maternally derived pronuclei (Figure 2). This model has been pro-
posed for androgenetic/biparental mosaicism generated after fertiliza-
tion between a single ovum and a single sperm.>!>!¢ The normal
methylation pattern of the XIST-DMR is explained by assuming that
the two X chromosomes in the androgenetic cell lineage undergo
random X-inactivation, as in the normal cell lineage. Furthermore, the
results of microsatellite analysis imply that the androgenetic cells were
more prevalent in leukocytes than in tongue and tonsil tissues.

A somatic androgenetic cell lineage has been identified in seven
liveborn patients including this patient (Supplementary Table 1).3-7
In this context, leukocytes are preferentially utilized for genetic
analyses in human patients, and detailed examinations such as
analyses of plural DMRs are necessary to detect an androgenetic cell
lineage. Thus, the hitherto identified patients would be limited to
those who had androgenetic cells as a predominant cell lineage in
leukocytes probably because of a stochastic event and received detailed
molecular studies. If so, an androgenetic cell lineage may not be
so rare, and could be revealed by detailed analyses as well as
examinations of additional tissues in patients with relatively complex
phenotypes, as observed in the present patient.

Phenotypic features in androgenetic/biparental mosaicism would be
determined by several factors. They include (1) the ratio of two cell
lineages in various tissues/organs, (2) the number of imprinted
domains relevant to specific features (for example, dysregulation
of the imprinted domains on 11p15.5 and 14g32.2 is involved in
placentomegaly™!”), (3) the degree of clinical effects of dysregulated
imprinted domains (an (epi)dominant effect has been assumed for the
11p15.5 imprinted domains'®), (4) expression levels of imprinted
genes in androgenetic cells (although SNRPN expression of this
patient was consistent with androgenetic cells being predominant in
leukocytes, complicated expression patterns have been identified for
several imprinted genes in both androgenetic and parthenogenetic
fetal mice, probably because of perturbed cis- and trans-acting
regulatory mechanisms'®) and (5) unmasking of possible paternally
inherited recessive mutation(s) in androgenetic cells. Thus, in this
patient, it appears that the extent of overall (epi)genetic aberrations
exceeded the threshold level for the development of BWS-like and
upd(14)pat-like body and placental phenotypes, but remained below

the threshold level for the occurrence of other imprinting disorders or
recessive Mendelian disorders.
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Low prevalence of classical galactosemia in Korean

population

Beom Hee Lee">>®, Chong Kun Cheon**, Jae-Min Kim?, Minji Kang?, Joo Hyun Kim?, Song Hyun Yang®,

Gu-Hwan Kim?3, Jin-ho Choi! and Han-Wook Yool23

This study described the clinical and molecular genetic features of classical galactosemia in Korean population to contribute to
the insight in the spectrum of galactosemia in the world, as little is known about the spectrum and incidence of galactosemia in
Asia. During the 11-year study period, only three Korean children were identified as having classical galactosemia on the basis
of the enzymatic and molecular genetic analysis. Asians have been reported to have mutations distinct from those of Caucasians
and African Americans, indicating that galactose-1-phosphate uridyltransferase mutations are ethnically diverse. Our three
patients had a total of three mutations (c.252+1G> A, p.Q169H and p.E363K), two of which were novel (p.E363K and
¢.252+1G > A) mutations. Interestingly, ¢.252+16G > A, which leads to skipping of exon 2, was observed in all three patients
(three of six alleles), indicating that this mutation may be common in Koreans with classical galactosemia. Screening for
classical galactosemia in 158 126 Korean newborns identified no patient with classical galactosemia. In conclusion, our findings
provide further evidence for the ethnic diversity of classical galactosemia, which may be as rare in Koreans as in other Asian

populations.
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Classical galactosemia (OMIM 230400) is caused by a deficiency in
galactose-1-phosphate uridyltransferase (GALT; EC2.7.712). Classical
galactosernia is characterized by more severe clinical manifestations
than the other two types, galactosemia II or I1I, with newborns usually
manifesting symptoms within a few days of birth after milk feeding.!~>

The incidence of classical galactosemia in western Europe has been
estimated to be between 1:23000 and 1:89000.1*° In Korean new-
borns, the overall incidence of the three types of galactosemia have
been reported to be approximately 1:40000,% but the exact incidence
of classical galactosemia is not yet known. Since the first report of a
mutation in the GALT gene,” more than 200 different mutations have
been identified with missense mutations being observed most com-
monly (http://www.hgmd.org).!® The most common mutations
in Caucasian and African American populations are p.Q188R and
p.S135L, respectively,”!! but neither of these mutations have been
detected to date in Asian populations. Similarly, Japanese patients
have distinct mutations, such as p.V85_N97delinsRfsX8, p.W249X
and p.R231H, which have not been observed in Caucasians and
African Americans, providing further evidence for genetic heterogene-
ities among ethnic groups.»1>13

Between March 1999 and May 2010, only three unrelated Korean
patients were diagnosed with classical galactosemia at the Asan
Medical Center, Seoul, Korea, with the diagnosis of each confirmed
by enzyme assays and molecular genetic analysis (Table 1). All patients
were identified by neonatal screening program performed at 3-5 days
of life. Patients 1 and 2 had neonatal jaundice with slightly increased
serum hepatic enzyme concentrations, which was not progressive,
whereas patient 3 had clinically deteriorated and showed progressive
jaundice and a bleeding tendency, while awaiting the results of
screening tests that were reported on the eleventh day after birth
(Table 1). Median total plasma galactose concentration was 50 mg per
100 ml (range, 13.5-68.9 mg per 100 ml; normal range <13mg per
100 ml) and median erythrocyte galactose-1-phosphate concentration
was 10.4mg per 100 ml (range 1.60-62.8 mg per 100 ml; normal range
<0.3mg per 100 ml). The GALT activity was decreased in all patients,
ranging from 0.1 to 0.8 umolhr™! per gram hemoglobin (median,
0.3umol hr™! per gram hemoglobin; normal range, 25.7 * 3.6 umol hr™!
per gram hemoglobin) (Table 1). A galactose-restricted diet
was effective in decreasing galactose and galactose-1-phosphate
concentrations in all patients. The hepatic dysfunction, jaundice and
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Methylation screening of reciprocal genome-wide
UPDs identifies novel human-specific
imprinted genes’
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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 germiine-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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accession number GSE28525.
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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.htmt). ,

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
methyliransferac Dnmt3a and its related protein Dnmt3L
(3,4). Maintenance of these DMRs is stable throughout
somatic development and is regulated by Dnmtl and Uhrfl
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. Techmiques 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)

Human Molecular Genetics, 2011, Vol. 20, No. 16 3189

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 IHumina 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, NAT15 and FAMS50B 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 Humen 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. 81). To define 2 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 ~352%
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.edw/). 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 ZBTBI6
(I). We identified five independent probes located throughout
CpG 85 (the CpG island identifier on the UCSC genome
browser, build GRCh37/hg19) 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. 83).

We identified one probe was located close to CpG 55 of the
TRPC3 gene on human chromosome 4 that was suggestive of a
maternpally 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 ZBTBI6, 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 SYCEI1/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 SYCE!,
we were unable to validate our initial observations.

The ZNF597/NATIS5 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 HJ9 differentially
methylated domain (DMD), Rasgrf/ DMD, IG-DMR and
ZDBF2 DMR (15,23-26). The RASGRFI is not imprinted
in humans due to lack of the DNA repeat elements that are
invelved in establishing germline methylation (27). We ident-
ify two CpG probes, one mapping to CpG 41 between the
promoters of ZNF597 and NATIS5, 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 NATI5 is also subject to genomic imprinting, we
performed allelic RT-PCR using PCR primers that could
discriminate each isoform. We find that NATI5 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).

FAM50B DMR shows graduated methylation

We identified two probes mapping to a 1.7 kbp CpG island
within the FAM30B 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 FAMS50B promoter, is a maternally methylated DMR
in placenta-, leukocyte- and kidney-derived DNA, while the
3’ region near 1534635612 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, NATIS and FAMSOB
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 Nat15 and Znf597 genes share two different promoter
CpG islands, CpG 35 and CpG 87 that are orthologous to
the ZNF597 DMR and the NATI5 isoform 2 promoters,
respectively. In mouse, both of these regions are unmethy-
lated. Both Natl5 isoforms are predominantly expressed in
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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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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
[Mumina Infinium Human Methylation27 BeadChip microarray,
we identified very few novel imprinted loci. However, it must be
noted that paternal germline DMRs are not associated with CpG
islands, and therefore maybe remote from gene promoters and
promoter CpG islands present on the array.

The predicted number of imprinted 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 epigenetic 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 er al. (34)
predicted 156 imprinted genes in humans based on similarity

with known imprinted transcripts, confirming the maternal
expression of KCNK9. 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, FAMS50B is also an imprinted X-chromosome-derived
retrogene gene and was correctly identified by Luedi er 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 fifieen 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
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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
(F3K4me2/3) (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.nhibi.nih.gov/papers/Imi/ep
igenomes/hgtcell.aspx) revealed that the RBI, ZNF597 and
FAM50B 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 LPARG gene, encoding lysophosphatidic acid receptor
6 located in intron 16 of RBJ 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 NATIS5. 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 yét 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 NAT/5 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.

FAMS0B is an imprinted retrogene

Sequence analysis revealed that the FAM50B transcript (pre-
viously named X5L) is a retrotransposon that originated from
FAMS504/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). FAM50B 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 (z = 7) (Fig. 2), of which two
samples exhibited imprinted expression of FAM50B.

Discrepancy between imprinted DMR methylation screens

The quantitative methylation values obtained using the
Hlumina 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 matemal 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 samnples revealed a non-allclic 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 FAM50B, ZNF597 and
NATI5, 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
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