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Table 1. Summary of variants detected by exome sequencing
segregated in
Individual A B Cc D E H | 7 family
members
Morbidity affected affected unaffected unaffected affected affected unaffected
Exonic, splicing 10088 10064 10079 10065 10230 10194 10216 64
Nonsynonymous, plicing, 497 509 5055 5038 5143 5234 5200 a2
indel, nonsense
Allele frequency not 577 600 536 555 671 794 786 2
available

Supplementary Table 1. PCR primers for Sanger sequencing

Gene  Target position Forward Reverse

TTN  chr2: 179410777 5'-F-gctctgattcaacaggcaca-3' 5'-R-tactggcaaacgagcaactg-3'
IKBKB chr8: 42 188 457 5'-F-ctcaattgtcctgatttcctee-3' 5'-R-atcagtgcagcaggaaccac-3'

F: 5'- gtaaaacgacggcecagt R: 5'- aggaaacagctatgacc

Supplementary Table 2. Summary of exome sequencing

Individual A B C D E H |
Exome enrichment

(target region) SureSelect v4 (51 Mb) SureSelect v2 (44 Vb)
Total reads 208765930 234409236 203069726 214983066 268432814 311054980 436 108 596
Mapped reads 207 433584 2329900958 201754025 213551864 266941217 309612830 434061033
Reads without duplicate 103635208 144338950 101210836 137835318 111761210 125930633 145943484
Reads on target region 84702354 116 887 400 81467268 107 694 423 73 660 499 72647 916 96 089 561
Mean depth of coverage on 141.52 196.02 136.06 179.29 117.66 13165 153.19

target region

% target region >= 50x 81.84 89.53 80.9 88.31 67.32 69.65 72.48
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Table 2. Previously reported 77N mutations with skeletal and/or respiratory muscle involvement

cariy-onset early-onset
Phenotype LGMD HMERF ourfamiy  HMERF HMERF ™D TMD LGMD2J ™D ™D ™D ™D ™D mvoz;::g wih "‘V°"':‘|:“' with
cardiomyopathy  cardiomyopathy
; Ohisson'* Edstrom'? udd™ Udd™ Van den Sezc®™ N
Re; od b i . Abe® 16 N 23 M . 24 . 23 23 P 26 . 25
ported by Vasti Preffer’s Vasli Nicotao” Lange™" Hackman’ Hackman'? Hackman'® Pollazzon Bergh® Hackman'™ Hackman Hackman Carmignac Carmignac’
HMutation identified in 2012 2012 2012 2012 2005 2008 2002 2002 2010 2003 2002 2008 2008 2007 2007
Nucleotide €.3100G>A. 102857_102867 102857_102867 0.289385de!
X : > . > . > . - - X > X .102944T> X ) T 7del,
(NM_001256850.1) c.52024G5A c.90315T>C  ¢.90263G>T  ¢.90272C>T c¢.97348C>T €.102724delT deltiins1] deltins11 c.102914A>C  c.102917T>A  ¢.102944T>C  ¢.102966delA c.102967C> ACCAAGTG §291297delA
Protein p.V1034M
. . W. . X . H34305P .1 .L34315P .Q34323X
(NP_001243779.1) pA17342T p.C30071R p.W30088L  p.P30091L  p.R32450W p.H34305 p.I134306N p.L34 p.Q:
Domain +band, A-band A-band Adband - A-band M-ing Muline M-ine M-line Mdline M-ling Mdline M-ine M-tine M-fine
A-band (Fn3) (Fn3) (Fn3) {Kinase}
Population French z:;::h Japanese Porfuguese  Swedish French Finnish Finnish Ralian Belgian French Spanish French Sudanese Moroccan
mhertance AR AD AD AD AD AD AD AR AD AD AD AD AD consanguineous - consanguineous
. siblings siblings
fant-
Onset 35 3.7 2745 46 20505 20-30s 35.55 20-30s 50-605 a7 45 40-505 30s neonatal i:’;’; eary
Skeletal muscles
. general muscie
UL TAPLEDL, TA, i fi . JGA HAM, . TAHAM, s0as, TA.GA,
major proximaj U ED TA, ST no rfec oxor TA(_; HAM TA all proximals TA TA TA TA . weakness and psoas.TA.G
and LL ST progimals pelvic pelvic N peroneus
hypotonia
cervical,
QF proximal UL,
hou! ! i !, )
minor neck flexor s. der QF EDL peroneal, - GA.femora HAM.GA GA., distal UL neck facial,
girdies, TP scapular
: trunk flexcr
intercostals,
5 facial, UL, . UL, : proximal UL,
It imat
spared acial proximat UL proximals faciat proximat LL {acial Ut QF
DCM, onset: DCM, onset;
i | Ni N N N N
Cardiac muscles ND no no ND ND ND no no D D D o] D in the first decade 5-12yrs oid
yes yes, solated yes, as first
Respiratory fai N : . i ND ND ND ND
espratery failure ND within 5-8yrs  within Tyrs reép;raxory presentation ND ND ND ND ND ND
failure
cytoplasmic cyloplasmic nonspegcific minicore-like minicore-lke
inclusi i itive f i ifi dystrophi trophi
Muscle pathologic e 'ﬁ’s'on , bodies(major) cylopk bodtes,gosclwe o dystrophu; nonspeq N dystrophic ystrop '? . § dystrop “,c lesions and lesions and
ND bodies{major) . rhodamine- pattern without dystrophic pattern with nonspecific, RV nonspecific pattern with nonspecific
features . bodies ¥ change, loss of abundant central  abundant centra!
and RVs(minor) R conjugated vacuoles change ” RVs RVs K .
RVs(minor) phalloidin calpain-3 nuclei nuclei

Abbreviations: DCM, dilated cardiomyopathy; EDL, extensor digitorum longus; GA, gastrocnemius; HAM, hamstrings; LL, lower limb; ND, not described;

no, no involvement; PL, peroneus longus; QF, quadriceps femoris; RV, rimmed vacuole; ST, semitendinosus; TA, tibialis anteriox: TP, tibialis posterior;
p g

UL, upper limb
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JEfEEE (PWS), Silver-Russell i fifiE (SRS), #i2k:id—
AYERER A (TNDM) 122w, ART & o Wik

\ " (=]
VOERBIE
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et | gt | (ERER ) g | ART BEBILLR
BWS 70 144 (350 -540) 1/287, 000 6/70(8.6%)
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Within the vertebrate groups, only mammals are subject to a specialized epigenetic process termed genomic
imprinting in which genes are preferentially expressed from one parental allele. Imprinted expression has
been reported for >100 mouse genes and, for approximately one-quarter of these genes, the imprinted
expression is specific to the placenta (or extraembryonic tissues). This seemingly placenta-specific imprinted
expression has garnered much attention, as has the apparent lack of conserved imprinting between the
human and mouse placenta. In this study, we used a novel approach to re-investigate the placenta-specific
expression using embryo transfer and trophoblast stem cells. We analyzed 20 genes previously reported to
show maternal allele-specific expression in the placenta, and only 8 genes were confirmed to be imprinted.
Other genes were likely to be falsely identified as imprinted due to their relatively high expression in contam-
inating maternal cells. Next, we performed a genome-wide transcriptome assay and identified 133 and 955
candidate imprinted genes with paternal allele- and maternal allele-specific expression. Of those we analyzed
in detail, 1/6 (Gab1) of the candidates for paternal allele-specific expression and only 1/269 (Ano7) candidates
for maternal allele-specific expression were authentically imprinted genes. Imprinting of Ano? and Gab1 was
specific to the placenta and neither gene displayed allele-specific promoter DNA methylation. Imprinting of
ANO1, but not GAB1, was conserved in the human placenta. Our findings impose a considerable revision
of the current views of placental imprinting.

been proposed to explain the biological and evolutional sig-
nificance of this phenomenon (4,5).

One of the key defining features of eutherian mammals is
the chorioallantoic placenta. This structure, which infiltrates

INTRODUCTION

Genomic imprinting is an essential mechanism in mammalian
development that regulates the preferential expression of the

paternally or maternally inherited allele of a subset of genes.
Within vertebrate lineages, imprinting appears to be restricted
to eutherian mammals and marsupials (1). Imprinting arose
during mammalian evolution and could thus be linked to pla-
cental development and function (2,3). Various theories have

the maternal uterus, has a pivotal role in embryonic growth
and development through regulating the transport of nutrition,
gas and waste between fetal and maternal blood (6,7). A large
number of imprinted genes are expressed in the placenta and it
has been proposed that some of these control the supply of
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nutrients to the fetus (8—11). In contrast, imprinted genes
expressed in the embryo may determine nutritional demand
by regulating the growth rate of fetal tissues (3). Importantly,
low birth weight has implications for postnatal development
and has been linked to the development of certain diseases
later in life (12), highlighting the critical role of the placenta
both in the neonatal period and, more perniciously, in the
adult.

In the mouse, X chromosome inactivation does not occur
randomly in extraembryonic lineages and genes subject to
X-inactivation in female mice display tissue-specific imprinted
expression in the placenta but are expressed mosaically in the
embryo and adult (13,14). Similarly, there are ~30 autosomal
genes, which have been reported to show imprinted expression
only in the placenta (or extraembryonic tissues) (15-17).
Remarkably, almost all of these genes specifically imprinted
in the placenta are active on the maternal allele and repressed
on the paternal allele.

The mechanisms for maintaining imprinted expression in
the embryo may differ from those at work in the placenta as
loss of the maintenance DNA methyltransferase, Dnmt],
results in the relaxation of imprinting of some genes preferen-
tially in the embryo (18,19). For some genes with
placenta-specific imprinted expression, imprinted gene expres-
sion depends on H3-K9 dimethylation (H3K9me2) and/or
H3-K27 trimethylation (H3K27me3) and is impaired in the
absence of G9% and EED, which may be a consequence of
lineage-specific, temporal dependence on long non-coding
RNAs (9,15,16). A comprehensive, whole genome analysis
aimed at identifying genes with placenta-specific imprinted
expression may provide a clearer picture regarding the require-
ment of imprinted gene expression in the placenta versus the
embryo. However, the mouse placenta consists of contribu-
tions from both the mother and the fetus (6) raising the possi-
bility that strategies aimed at identifying novel imprinted
genes may be confounded by contaminating material. There
are several potential sources of contamination as complete
removal of the decidua from the placenta is difficult, maternal
cells are also known to exist in the spongiotrophoblast and
labyrinth layers (20-22) and the ectoplacental cone is
already invaded by maternal blood at embryonic day (E)
6.5 (15).

To assess the importance of this issue, we re-investigated
the imprinted status of genes previously reported to show
placenta-specific imprinted expression first using an embryo
transfer procedure to identify the maternal cell contribution
and then using trophoblast stem (TS) cells grown in culture
away from the matemal environment. In addition, we per-
formed genome-wide screen to identify all the genes that
might fall into this same category, either as contaminants or
imprinted genes.

RESULTS

Imprinted gene expression in the placenta without
maternal decidua

The expression level of 27 genes, previously reported to show
placenta-specific maternal allele expression, was first deter-
mined by quantitative polymerase chain reaction (QPCR) in
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the maternal decidua of E13.5 placenta after dissection
(Fig. 1A). Of the 27 genes examined, 6 (Cnin3, Kirblf,
ArtS, Cmah, Drdla, Fbxo40) were expressed at negligible
levels in the placenta. Low expression of these genes was
also confirmed in the whole transcriptome sequencing as
described below. Ten of 21 genes with placenta-specific
imprinted expression showed more than 10 times higher ex-
pression in the decidua than in the placenta (Fig. 1A). The
preferential expression in the decidua was also confirmed
using in situ hybridization for Gatm, Tfpi2 and Ampd3
(Fig. 1B).

In order to determine whether there was any remaining ma-
ternal contamination after surgical removal of the maternal
decidua, we employed an embryo transfer strategy. C3H/Hel
(C3H) embryos were transferred into pseudopregnant
C57BL/6 (B6) mice. Placentas derived from this mating strat-
egy are composed of a C3H embryonic component and a B6
maternal component. E13.5 placentas were again collected
and the decidua was carefully removed. After removal of the
decidua, the remaining material was subjected to genomic
DNA amplification over a polymorphism between the C3H
and B6 strains spanning the Gapdh gene. This revealed that
most of maternal cells were removed when dissecting away
the deciduas (Fig. 2A).

Single nucleotide polymorphisms (SNPs) between C3H and
B6 were used to examine the expression of three genes highly
expressed in the decidua and previously reported to be
imprinted (Wtl, Gatm and Qpct). When Wil was amplified
from genomic DNA obtained from the placenta after
removal of the decidua, the peak of the B6 allele was near
background level, consistent with the very small level of ma-
ternal contamination in this dissected material (Fig. 2B).
However, analysis of the ¢cDNA from dissected material
revealed predominant expression of the Wi/ B6 allele
(Fig. 2B). A similar pattern was obtained with Garm and
QOpct (Supplementary Material, Fig. S1A). These data demon-
strated that, even after the careful removal of the decidua,
there was still sufficient maternal cell contamination to signifi-
cantly impact expression studies.

The analyses of the placenta-specific imprinting using
embryo transfer and TS cells

As described above, maternal cell contamination was a signifi-
cant factor in the analysis of imprinted gene expression in the
mouse placenta. We therefore set up an experiment to ask how
many of the genes previously reported to show maternal allele
expression in the placenta might have been falsely identified.
To distinguish between maternal allele-specific expression
and maternal contamination, embryos obtained by crossing
Japanese fancy 1 (JF1) females and B6 males ([JF1xB6]F1)
were transferred to pseudopregnant B6 recipients. Placentas
derived from this embryo transfer experiment were composed
of [JF1xB6]F1 embryonic cells and B6 maternal cells. Genes
expressed from the maternal allele would carry JF1 SNPs,
while genes expressed in contaminating maternal cells
would have the B6 SNPs. Genes expressed from the paternal
allele also carry B6 SNPs. E13.5 placentas were collected,
the decidua was carefully removed as before and the allelic
expression was determined. We could confirm that 6 out of
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Figure 1. Expression of genes with placenta-specific imprinted expression in the decidua. (A) Real-time RT-PCR analysis of genes with placenta-specific
imprinted expression in the decidua. Messenger RNA levels in the decidua were normalized to those observed in the placenta from which the decidua was dis-
sected. The bars indicate the means + standard deviation (SD) from two replicates. (B) Expression analysis of Gatm, Tfpi2 and Ampd3 in sagittal sections of
E13.5 placentas by in situ hybridization. The lower panels show enlarged views of the boxed areas. Scale bars indicate 400 um. *Dec’, decidua; ‘Sp’, spongio-

trophoblast layer; ‘Lab’, labyrinth layer.

the 18 genes for which there were SNPs were authentically
expressed from the maternal allele (Ppplr9a, Asci2, Th,
Tssc4, Slc22a3 and Slc22a2) (Table 1 and Supplementary Ma-
terial, Fig. S2), while 11 genes were potentially falsely identi-
fied as imprinted due to their relatively high expression in
maternal material (Wti, Tfpi2, Pon3, Pon2, Ampd3, Osbpls,
Dhcr7, Mstlr, Den and Scin are shown in Supplementary Ma-
terial, Fig. S2; Tspan32 is shown in Fig. 2C). Nap1l4 was bial-
lelically expressed in the [B6xJFI]JF1 and [JF1xB6]F1
placentas obtained by normal mating (Supplementary Mater-
ial, Fig. S2).

For the 12 genes which did not show maternal allele-
specific expression in the [JF1xB6]F1 placentas obtained by
the embryo transfer, it was still possible that these genes
showed maternal allele-specific expression but that this ex-
pression was obscured by the contaminating material. TS
cells can differentiate into all cell types of the placenta and
do not contain contaminating maternal cells (23). First, we
confirmed the faithful expression of 10 well-known imprinted
genes (Igf2r, H19, Meg3, Grbl0, Phlda2, Cdknlic, Pegl0,
Sgce, Snrpn, Mest) in [B6xJF1]F] and [JF1xB6]JF1 TS cells
(Supplementary Material, Fig. S3A). Using undifferentiated
and differentiated TS cells, we were able to confirm imprinting

for only 2 of the 12 genes (Tspan32 and Tfpi2) (Fig. 2C and
Supplementary Material, Fig. S3B). Similar results were
obtained in at least two [B6xJF1]F1 and [JF1xB6]F1 TS cell
lines.  Furthermore, we analyzed [JF1xB6]JF1 and
[C3HxB6]F1 placentas at E9.0 and confirmed that Wi/,
Gatm, Pon3, Pon2, Ampd3, Osbpl5, Dhcr7, Mstlr, Dcn, Scin
and Qpct did not show maternal allele-specific expression
(Supplementary Material, Figs S1B and S2B).

Whole transcriptome sequencing analysis of placental
imprinting

To determine how significant this issue of maternal contamin-
ation might be to the identification of novel imprinted genes,
we applied whole transcriptome sequencing to the dissected
F1 material obtained by normal mating. About 300 million
reads were sequenced and SNPs with biased allelic expression
were identified (see Materials and Methods for details). Pref-
erential expression from paternal and maternal alleles were
observed at 323 and 1930 SNP sites, respectively, equivalent
to 133 and 955 candidate imprinted genes with paternal
allele- and maternal allele-specific expression (Supplementary
Material, Tables S1 and S2). Expression of 49 genes
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Figure 2. Analyses of the placenta-specific imprinting using embryo transfer and TS cells. (A) The proportion of maternal cells in the placenta. E13.5 placentas
were obtained from C3H embryos transferred to recipient B6 mice [C3H (Transfer)]. Genomic DNA was PCR amplified with Gapdh-specific primers and
digested with Aflll. (B) Predominant expression of W/ from maternal cells. cDNA and gDNA were PCR amplified with #1/-specific primers and sequenced.
(C) The allelic expression of Tspan32 in [JF1xB6]F! placentas transferred to recipient B6 mice ([JFI1xB6]F1 (Transfer)) and TS cells. The SNP site between B6

and JF1 is indicated by arrows.

previously reported to be imprinted were at sufficient level to
assess allelic expression. Of these, 36 showed imprinted ex-
pression (Supplementary Material, Table S3). The success
rate of imprinted gene identification was comparable with
the previous work (24-27).

Identification of novel genes with placenta-specific
imprinted expression

Among the novel genes identified, 6 and 269 candidate genes
with paternal allele- and maternal allele-specific expression,
which contain more than two SNP sites with biased allelic ex-
pression, were chosen for further analysis. The allelic expres-
sion of the six candidate genes with paternal allele expression
was analyzed by Sanger sequencing. Gab! was confirmed to
be imprinted (Fig. 3A). Gabl also showed paternal allele-
specific expression in TS cells, but biallelically expressed in
the embryo and yolk sac at EI3.5 and in adult tissues
(Fig. 3A). The other five genes were biallelically expressed
in the placenta (Supplementary Material, Fig. S4A).

The allelic expression of 269 candidate genes with maternal
allele-specific expression was analyzed in the [JF1xB6]F1 pla-
centas obtained by the embryo transfer strategy (Supplemen-
tary Material, Table S5). All these candidate genes showed a
higher or equal level of expression from B6 allele, implying
that the maternal allele-specific expression identified in the
natural mating strategy could be attributed to maternal cell
contamination. But again, it was possible that the maternal

allele-specific expression was obscured by the contaminating
material. To address this possibility, we examined the allelic
expression of 269 genes in the TS cells. Only Anol was
found to be expressed from the maternal allele (Fig. 3B).
Anol was biallelically expressed in the embryo, yolk sac
and adult tissues (Fig. 3B).

Epigenetic modification of Gabl, Anol and Sfinbt2

As imprinted genes tend to be clustered, the allelic expression
of neighboring genes for Gabl and Anol was analyzed in the
[B6xJF1]F1 and [JF1xB6]F1 TS cells. None was found to be
imprinted in the TS cells (Supplementary Material,
Fig. S4B). We also analyzed the Sfmbt2 locus. Sfinbt2 shows
placenta-specific paternal allele expression and does not map
to a known imprinted gene clusters (28). The neighboring
genes of Sfmbt2 were also biallelically expressed in the TS
cells (Supplementary Material, Fig. S4B).

The DNA methylation patterns of Gabl, Anol and Sfinbt2
were analyzed in E13.5 placenta by bisulphite sequencing,
but no differentially methylation was found (Fig. 4A-C). Fur-
thermore, the paternal allele-specific expression of Gab/ and
Sfinbt2 was not affected in E9.5 placenta obtained from
Dnmt3l-deficient or oocyte-specific  Dnmr3a/3b-deficient
female mice (Fig. 4D). This indicates that the establishment
of imprinting of Gabl and Sfinbt2 does not require maternal
germline methylation. Because 4nol was mainly expressed
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Table 1. Summary of genes with placenta-specific imprinted expression

Imprinting status in the human placenta

TS cells

Chr. Imprinting status in the mouse
Gene Placenta

2 Sfmbt2 Imprinted (P)
2 Wil Non-imprinted
2 Gatm Non-imprinted
6 Tfpi2 Non-imprinted
6 Ppplr9a Imprinted (M)
6 Pon3 Non-imprinted
6 Pon2 Non-imprinted
6 Cnmn3 ND

6 Kilrblf ND

7 Arts ND

7 Ampd3 Non-imprinted
7 Th Imprinted (M)
7 Ascl2 Imprinted (M)
7 Tspan32 Non-imprinted
7 Cds! NA

7 Tssed Imprinted (M)
7 Naplil4 Non-imprinted
7 Oshpls Non-imprinted
7 Dher? Non-imprinted
7 Anol Non-imprinted
8 Gabl Imprinted (P)
9 Mstir Non-imprinted
10 Den Non-imprinted
12 Scin Non-imprinted
13 Cmah ND

13 Drdla ND

16 Fbxo40 ND

17 Slc22a3 Imprinted (M)
17 Sic22a2 Imprinted (M)
17 QOpct Non-imprinted

Imprinted (P)
Non-imprinted
NA

Imprinted (M)
Imprinted (M)
Non-imprinted
Non-imprinted

Non-imprinted
ND
Imprinted (M)
Imprinted (M)
NA
Imprinted (M)
ND
Non-imprinted
Non-imprinted
Imprinted (M)
Imprinted (P)
Non-imprinted
ND
ND
ND
ND
ND
Imprinted (M)
ND
NA

Non-imprinted

Imprinted (polymorphic) (59)
Non-imprinted (48)
Imprinted (polymorphic) (30)
Imprinted {(polymorphic) (60)
Non-imprinted (30)
Non-imprinted (30)

NA

NA

NA

Non-imprinted (49)

NA

Non-imprinted (48)
Non-imprinted (48)
Non-imprinted (48)
Non-imprinted (48)
Non-imprinted (48)
Imprinted (61)
Non-imprinted (49)
Imprinted (polymorphic)
Non-imprinted

NA

Non-imprinted (48)

NA

NA

NA

NA

Imprinted (polymorphic) (48)
Imprinted (polymorphic) (48)
NA

Genes where paternal and maternal allele expression was confirmed in the placenta and/or TS cells are shown in bold. *M’. maternal allele-specific expression; ‘P,

paternal allele-specific expression; ND, not detected; NA, not analyzed.

from contaminated maternal cells, the allelic expression was
not analyzed in those mutant mice.

Allele-specific  expression of some genes with
placenta-specific imprinted expression is reported to be regu-
lated by the histone methylation (18,29,30). We analyzed the
allelic histone modifications in E13.5 [B6xJF1]F1 placenta
or [B6xJF1]F1 TS cells by chromatin immunoprecipitation
(ChIP) analyses (Fig. 4). Following antibodies were used:
dimethylated H3-Lys4 (H3K4me2), trimethylated H3-Lys4
(H3K4me3), H3K9me2, H3K27me3, H3K4me2 and
H3K4me3 are markers of active genes and H3K9me2 and
H3K27me3 are repressive markers. At the Anol transcription
start site, H3K4me2 and H3K4me3 were enriched on the ma-
ternal allele in the placenta and TS cells. Allelic enrichment of
H3K9me2 or H3K27me3 was not observed (Fig. 4B). At
Sfinbt2, maternal enrichment of H3K9me2 and H3K27me3
and paternal enrichment of H3K4me2 and H3K4me3 were
observed (Fig. 4C). The histone modification around the
Gabl transcription start site could not be analyzed as no
SNPs were found between B6 and JF1. Maternal enrichment
of H3K9me2 and paternal enrichment of H3K4me3 were
observed at the intron 1 of Gabl (Fig. 4A). The levels of
H3K9me2 and H3K27me3 at Sfinbt2 and Gabl were compar-
able with those at Tssc4 and Slc22a3, which are reported to be
regulated by H3K9me2 and/or H3K27me3 (31,32) (Supple-
mentary Material, Fig. S5).

Preferential expression of ANO! from the maternal
allele in the human placenta

We next examined the imprinting status of ANOI, GABI and
SFMBT2 in the human placenta. Preferential expression of
ANOI! from the maternal allele was observed in one of the
two term placenta samples where we had informative parental
genotyping (Fig. 5A and Supplementary Material, Fig. S6).
The maternal allele expression of ANO! was also confirmed
by restriction fragment length polymorphism (RFLP) analysis
(Fig. 5B). Importantly, we were also able to show monoallelic
expression in three of five term placenta samples where both
the mothers and the fetuses were heterozygous for the SNP,
which formally excludes maternal contamination (Supplemen-
tary Material, Fig. S6). GABI and SFMBT2 were biallelically
expressed in four human term placenta samples (Fig. SA and
Supplementary Material, Fig. S6). ANOI/, GABI and
SFMBT2 were biallelically expressed in one or two first tri-
mester placenta samples (Supplementary Material, Fig. S6).
Biallelic expression of SFMBT2 in the human placenta was
quite recently reported (33).

DISCUSSION

The key finding from this study is that maternal contamination
is a confounding factor when analyzing imprinted gene
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Figure 3. Allelic expression of novel imprinted genes identified by transcriptome sequencing. (A) Allelic expression of Gabl. Gabl showed paternal allele-
specific expression in the placenta and TS cells but not in the embryo and adult tissues. (B) Allelic expression of Ano/. In the placenta, Anol was predominantly
expressed by contaminated maternal cells. 4nol showed maternal allele-specific expression in TS cells but not in the embryo. yolk sac and adult tissues.

expression in the mouse placenta. As a result of our analysis,
we can provide a new map of genes with placenta-specific
imprinted expression, shown in Figure 6. We have also iden-
tified two novel genes with placenta-specific imprinted expres-
sion, Anol and Gabl. Our data provide a more accurate
picture of imprinting in the placenta, which will help in under-
standing of the function of imprinting in the mammalian pla-
centa and evolution of genes with placenta-specific imprinted
expression.

Re-examination of genes with placenta-specific imprinted
expression

We have shown that genes highly expressed in the maternal
decidua can be falsely identified as showing placenta-specific
imprinted expression. For Dcn and Osbpl5, the predominant
expression from the decidua has already been reported
(34,35) and we provide a list of additional genes that fall
into this category. The expression level in the decidua may
be a good indicator of the risk that the allelic expression is
affected by maternal cell contamination. We have shown
that, for genes highly expressed in the decidua, maternal
allele-specific expression in the placenta can be explained by
maternal cell contamination.

Although maternal cell contamination can be misleading, it
does not exclude the possibility that some genes, in fact, show
maternal allele-specific expression. For example, Tfpi2 and
Tspan32 were found to be expressed from contaminated ma-
ternal cells in the placenta but were also found to show

maternal allele expression in TS cells. Maternal contamination
can therefore result both in the false identification of imprinted
expression and also obscure genuine imprinted expression. TS
cells, which do not contain any maternal cells, are useful
model systems for studying genomic imprinting in the pla-
centa. However, this approach may not be full proof because
it is possible that some genes are biallelically expressed in
TS cells despite definitive maternal allele-specific expression
in the placenta. In addition, it is already known that in virro
fertilization and embryo culture could disturb the imprinted
expression of some genes (36,37), and this might also affect
our analysis because in vitro fertilized embryos were used
for the embryo transfer experiments. For Garm, Pon3, Pon2
and Osbpl5, which are not confirmed to be imprinted in this
study, preferential expression from the maternal allele was
reported in the yolk sac, but the bias is very weak and
should be carefully interpreted (35,38,39). One way to
resolve these problems would be to utilize a knock-in reporter
system where allele-specific expression can be finely assigned
to specific tissues.

Identification of novel genes with placenta-specific
imprinted expression

By the whole transcriptome analysis of the placenta, >1000
genes were identified as showing supposedly allele-specific
differences. We identified 19 genes with paternal allele-
specific expression, which contain more than two SNP sites
with biased allelic expression. Among them, 13 were known
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Figure 4. Epigenetic modification of Gabl, Anol and Sfinbt2. (A-C) DNA methylation in [B6xJF1]FI placenta was analyzed by bisulphite sequencing. Black
and white circles indicate methylated and unmethylated residues. Histone modifications in [B6xIF1JF1 placenta and TS cells were analyzed using ChIP and
SNuPE. The allele-specific histone modification was expressed as a percentage of maternal (red bars) or paternal (blue bars) alleles in the total immunopreci-
pitate. The error bars indicate the means 4+ SD from two replicates. The genomic structure of Gabl, Anol and Sfinbt2 is shown and arrows indicate transcription
start sites. (D) The allelic expression of Gab/l and S§fmbt2 in the E9.5 placentas obtained from Dnmt3/-deficient and oocyte-specific Dnmt3a/3b-deficient females.
Dnmit3a/3b and Dumi3l knockout female mice were crossed with WT JF1 male mice.

imprinted genes and the other 6 candidate genes were ana-
lyzed in detail. Gab/ was confirmed to show imprinted expres-
sion, but the other five genes were biallelically expressed in
the placenta. It is possible that for the five genes, only some
splicing variants show imprinted expression and others are
biallelically expressed. Alternatively, it is also known that
candidate genes identified by RNA sequencing involve some
false positive genes (24). Of the 269 candidate genes with ma-
ternal allele expression, which we analyzed in [JF1xB6]F1
placenta obtained by embryo transfer, only 4nol was con-
firmed to show maternal allele-specific expression, by the
TS cell strategy. These data indicate that there are many
genes highly expressed from contaminating maternal cells in
the placenta.

Recently, Wang et al. (40) identified two paternally
expressed and three maternally expressed novel imprinted
genes using E17.5 mouse placenta samples from reciprocal
cross F1 progeny of AKR/J and PWD/PhJ. The two genes
with paternal allele-specific expression are not included in
our candidate imprinted genes and this may reflect the differ-
ences in developmental stages and mouse strains. For the three
genes with maternal allele-specific expression, the possibility

of maternal cell contamination was not considered. Important-
ly, Brideau et al. (17) reported 10 novel imprinted genes using
very similar samples to those used by Wang et al. (40), but we
failed to confirm the imprinting of the 10 genes. Among them,
four genes (Wtl, Mstlr, Scin, Qpct) were predominantly
expressed by the contaminating maternal cells and the other
six (Cnin3, Kilrblf, Art5, Cmah, Drdla, Fbxo40) were not
detected in E13.5 placenta. It is possible that the maternal
cell contamination is greater at E17.5 and the six genes are de-
tectable at E17.5 but not at E13.5. These data suggest that
E17.5 placenta obtained by natural mating is not suitable for
the identification of imprinted genes because of significant ma-
ternal cell contamination.

In this study, Gabl was found to show paternal allele-
specific expression. Recently, Gabl was reported to show
lower expression in parthenogenetic blastocysts than in ferti-
lized embryos (41), consistent with our data. Anol and Gabl
appear to be genes with placenta-specific imprinted expression
because we have shown that they are not imprinted in the
embryo, yolk sac or adult tissues. Including these two genes,
there are now 11 confirmed genes with placenta-specific
imprinted expression (Fig. 6). While most imprinted genes

— 114 —



A ANO1

Maternal blood
gDNA

AB1 SFMBT2

v

¢ s +

Cord blood
gDNA

Placenta
cDNA

B

Placenta
cDNA

RT+ RT-

- -p
- ™
M/P

Figure S, Allelic expression of ANO/, GAB1 and SFMBT2 in the human term
placenta. (A) The A/G polymorphic site (SNP ID: rs2276067) in ANOI, T/G
polymorphic site (SNP ID: rs1397529) in GABI and C/G polymorphic site
(SNP ID: rs2692756) in SFMBT?2 are indicated by the arrows. (B) Preferential
expression of ANO! from the maternal allele was confirmed by the RFLP ana-
lysis. cDNA and gDNA were PCR amplified and digested with BstUL. The
ratio between maternal and paternal band intensity is represented.

Maternal Cord
blood blood

gDNA gDNA

2.4 -

with placenta-specific maternal allele expression are included
in known imprinted gene clusters, Anol, which was imprinted
in the mouse and human, is unlikely to be included in the
Kcengl imprinting cluster because the distance between
ANOI and KCNQ! is over 67 Mb. Gab! and Sfinbt2 are not
included in any known imprinted gene clusters. For the main-
tenance of allele-specific expression of most imprinted genes
with placenta-specific maternal allele expression, H3K9me2
and/or H3K27me3 are known to play important roles while
maintenance of DNA methylation seems to be less important
(18,29,30). Differentially methylated regions (DMRs) were
not identified at the promoter region of Anol, Gabl and
Sfinbt2, but allelic enrichment of histone modifications was
detected. Recently, we reported a genome-wide screening of
DMRs using mouse TS cells (42) and no DMR was found
near Anol, Gabl or Sfinbt2. This suggests that perhaps DNA
methylation is not required for inducing allelic expression of
Anol, Gabl or Sfinbt2. We showed that for the establishment
of imprinting of genes with placenta-specific paternal allele
expression, Gabl and Sfmbt2, maternal germline methylation
was not required. It remains possible that methylation in the
paternal germline is required for their imprinted expression
at a DMR not identified in our genome-wide screen, but it is
also possible that the establishment of imprinting of these
genes does not need DNA methylation at all.

Among two novel imprinted genes we identified, Gabl is
already known to be important for placental development
(43,44). Deficiency of Gabl results in the reduction in the
number of trophoblast cells in the labyrinth region. Gab! func-
tions as a signaling mediator of various receptor tyrosine
kinases and regulates multiple signaling effectors, such as
phosphatidylinositol 3-kinase and Shp2 (45). While the pla-
centas of heterozygous Gabl*'~ have not been analyzed,
we predict that placental abnormalities will be present as the
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inactive allele is inherited from their father. Anol is a
subunit of calcium-activated chloride channels and Ano/
knockout mice are reported to exhibit severe defects in tra-
cheal development and death within 1 month of birth, while
no overt phenotype has been observed for heterozygous
Anol™’" mice (46,47). The role of Anol in placental develop-
ment has not been determined, but our data suggest this will
merit investigation.

Human ANOI showed preferential expression from the ma-
ternal allele in the term placenta. We find that, for most of the
genes authentically expressed from the maternal allele in the
mouse placenta, there is evidence of allele-specific expression
in the human placenta, albeit polymorphic in most cases
(Table 1). Polymorphic imprinting might imply that imprint-
ing in the human placenta is stage or cell type specific. None-
theless, our data indicate that, contrary to previous suggestions
(48,49), imprinting in the placenta is well conserved between
the mouse and human. The only exception to this is the prox-
imal region of Kcngl imprinting cluster where Th, Ascl2,
Tspan32 and Tssc4 all show imprinted expression in either
the mouse placenta or TS cells but not in the human placenta.

Mouse Gabl and Sfinbt2 are two imprinted genes with
placenta-specific paternal expression, which were not
imprinted in the human placenta. Sfinbt2 is located in the prox-
imal chromosome 2, of which maternal duplication is known
to result in placental growth retardation (50). Currently,
Sfinbt2 is the only known imprinted gene with paternal allele-
specific expression in the proximal chromosome 2 and this
suggests that Sfmbt2 might be important for placental devel-
opment. Gabl is already known to be required for placental
development (43,44). Both Gabl and Sfinbt2 may therefore
positively regulate placental growth. We cannot say whether
the mouse Gabl and Sfinbt2 genes have gained imprinted ex-
pression in mice or whether the human homologues have lost
their imprints, but it is interesting to speculate that these genes
are not imprinted to increase the capacity of the human pla-
centa to support fetal growth.

MATERIALS AND METHODS
Whole transcriptome sequencing and data analysis

B6 females were mated with JF1 (51) males to generate
[B6xJF1]F1 mice and reciprocally crossed to generate
[JF1xB6]F1 mice. Total RNA was extracted from four
[B6xJF1]F1 and four [JF1xB6]F1 placentas at E13.5, respect-
ively, and pooled. Twelve micrograms of total RNA was used
for rRNA depletion (RiboMinus Eukaryote Kit for RNA-seq,
Invitrogen, CA, USA) and RNA-seq library construction
(SOLiD Whole Transcriptome Analysis Kit, Life Technolo-
gies, CA, USA) according to the manufacturer’s protocol. Li-
braries were clonally amplified on SOLiD P1 DNA Beads by
emulsion PCR and sequenced using SOLiD3Plus System (Life
Technologies). All SOLiD3+ reads were aligned with AB WT
Analysis Pipeline (Applied Biosystems, CA, USA) against
mouse NCBI genome build 37 (mm9) and against RefSeq
Genes to capture alignment to splice sites. Reads aligned to
rRNA, tRNA or sequence-adapter were filtered. Among total
319701254 reads obtained ([B6xJF1]F1: 154500642 and
[JF1xB6]F1: 165200612), 144406747 (45.2%) were
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Figure 6. Chromosome map of genes with placenta-specific imprinted expression. Genes, of which paternal allele- and maternal allele-specific expression were
confirmed in this study, are shown in blue and red. respectively. For genes shown in black, imprinted expression was not confirmed. Genes which do not
contain SNPs (Cd81) or are poorly expressed in the placenta (Cntn3. Kirblf. Art5, Cmah, Drdla and Fbxo40) are shown in gray. Novel genes are marked by an

asterisk (*).

aligned and passed filter. AB WT Analysis Pipeline aligns
reads with up to five colorspace mismatches and provides
mapping quality for each read. In order to collect highly reli-
able SNP candidates in each [B6xJF1]F1 and [JF1xB6]F1 on
forward and reverse strand, we applied SAMtools ‘pileup’
software (52) with 15 over coverage and Phred-scaled likeli-
hood SNP quality over 20 (as accuracy of SNP call 99%) to
divided reads. Finally, we detected 128 837 candidate SNPs
in transcriptome. Allele counts were tallied independently by
transcript coordinates. To exclude minor alignment bias
against sequences, we set the coverage threshold as 15 for
each SNP. SNPs with biased allelic expression was determined
using the following criteria: the ratio of maternal or paternal
reads to total reads was >65% both in [B6xJF1]F1 and
[JFIxB6]F1 samples. Unless otherwise indicated, ‘transcripts’
in this study comprise mouse UCSC known genes, RefSeq
genes and Ensemble genes. Transcripts mapping to the sex
chromosomes and mitochondrial chromosome were not con-
sidered.

Preparation of DNA and RNA

Production of mice with the conditional alleles, referred to as
Dnmt3a”'™ and Dnmt3b%', was described previously (53,54).
To disrupt the conditional alleles in growing oocytes, the mice
were crossed with those carrying a Zp3-Cre gene (55). The
precise timing of conditional deletion of Dwmmit3a and
Dnmt3b b %673-Cre 1s described elsewhere (56). By crossing
(Dnmt3a”™%°% | Dumt3b7*?'°* | Zp3-Cre) females with wild-
type JF1 male mice, we obtained (Dnmt3a™", Dami3b~'")
E9.5 embryos. Dnmt3! knockout female mice (57) were also
crossed with wild-type JF1 male mice to obtain Dnmt3l~"
E9.5 embryos.

For embryo transfer experiments, in vitro fertilized embryos
were transferred to pseudopregnant recipients. The mating
between B6 and JF1 does not efficiently occur even if super-
ovulation is used, and we used in virro fertilization to obtain
enough embryos for the embryo transfer. [B6xJF1]JF1 TS
cells and [JF1xB6]F1 TS cells were derived and cultured in
the absence of mouse embryonic fibroblasts (MEF) as

previously described (23). For differentiation, TS cells were
cultured in the absence of MEF conditioned medium and
FGF4 for 5 days. Total RNA was prepared using ISOGEN
(Nippon Gene, Tokyo, Japan) and further purified using
RNeasy mini Kit and RNase-free DNase (Qiagen, CA,
USA). For human polymorphic analyses, human samples
were obtained following informed consent at Yoshida
Lady’s Clinic, Sendai, Japan. DNA was prepared from umbil-
ical cord blood after delivery and from the mothers’ peripheral
blood using standard protocols.

In situ hybridization analysis

c¢DNA probes for Gatm, Tfpi2 and Ampd3 were generated by
PCR and used to prepare sense and antisense riboprobes by
in vitro transcription using the DIG RNA labeling kit
(Boehringer Mannheim, Mannheim, Germany). The primer
sets are shown in Supplementary Material, Table S4. Sagittal
sections of paraffin embedding mouse placentas at E13.5
were used for in situ hybridization as described previously
(42).

Real-time RT-PCR

First-strand cDNA was synthesized from total RNA using Pri-
meScript 11 (Takara Bio, Shiga, Japan). Real-time PCR reac-
tion was done with SYBR Premix Ex Taq Il (Takara Bio).
The amount of target mRNA was determined from the appro-
priate standard curve and normalized to the amount of B-actin
mRNA. The primer sets are shown in Supplementary Material,
Table S4.

Analysis of allelic expression

PCR amplification was performed using KOD FX (TOYOBO,
Osaka, Japan). PCR products were Sanger-sequenced and the
sequence chromatograms were analyzed with Sequencing
Analysis Software v5.4 (Applied Biosystems). Multiple se-
quence alignments were done using GENETYX ver. 10.0.3
(GENETYX, Tokyo, Japan). For RFLP analysis, the PCR
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products were digested and electrophoresed, and the band in-
tensity was measured with Image] (National Institutes of
Health, Bethesda, MD, USA). In all experiments, similar
results were obtained in at least two independently collected
tissues and cell lines. The primer sets are shown in Supple-
mentary Material, Tables S4 and SS.

Bisulphite sequencing

DNA sample was treated with sodium bisulphite using the EZ
DNA Methylation Kit (Zymo Research, Orange, CA, USA)
and PCR amplified using Ex fag Hot Start DNA Polymerase
(Takara Bio). The PCR products were cloned into the
pGEM-T Easy vector (Promega, Wisconsin, USA) and
individual clones were sequenced. Primers used are listed in
Supplementary Material, Table S4.

ChIP and single nucleotide primer extension (SNuPE)

ChIP analysis was performed using Magna ChIP G Chromatin
Immunoprecipitation Kit (Millipore, Temecula, CA, USA)
according to the manufacturer’s protocol. We used the follow-
ing antibodies: dimethylated H3-Lys4, trimethylated H3-Lys4,
dimethylated H3-Lys9 and trimethylated H3-Lys27
(Millipore). The precipitated DNA was PCR amplified and
the allelic histone modifications were analyzed using single
nucleotide primer extension (SNuPE). SNuPE analysis was
performed using SNaPshot Multiplex kit (Applied Biosys-
tems) according to the manufacturer’s protocol. The peak
height was determined by GeneMapper v4.1 (Applied Biosys-
tems) as described previously (58). Primers used are listed in
Supplementary Material, Table S4.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at /MG online.
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Abstract

human ovarian cancer.

| imprinting)

Background: Aberrant DNA methylation leads to loss of heterozygosity (LOH) or loss of imprinting (LOI) as the first
hit during human carcinogenesis. Recently we developed a new high-throughput, high-resolution DNA
methylation analysis method, bisulphite PCR-Luminex (BPL), using sperm DNA and demonstrated the effectiveness
of this novel approach in rapidly identifying methylation errors.

Results: In the current study, we applied the BPL method to the analysis of DNA methylation for identification of
prognostic panels of DNA methylation cancer biomarkers of imprinted genes. We found that the BPL method
precisely quantified the methylation status of specific DNA regions in somatic cells. We found a higher frequency
of LOI than LOH. LO! at IGF2, PEGT and H19 were frequent afterations, with a tendency to show a more
hypermethylated state. We detected changes in DNA methylation as an early event in ovarian cancer. The degree
of LO! (LOH) was associated with altered DNA methylation at IGF2/H19 and PEG].

Conclusions: The relative ease of BPL method provides a practical method for use within a clinical setting. We
suggest that DNA methylation of H79 and PEG]T differentially methylated regions (DMRs) may provide novel
biomarkers useful for screening, diagnosis and, potentially, for improving the clinical management of women with

Keywords: Genomic imprinting, Ovarian cancer, DNA methylation, Bisulphite PCR-Luminex(BPL)method, LOI (loss of
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Background

Human ovarian cancer (HOC) is the leading cause of
death from gynecological malignancies, primarily due to
the lateness of detection when the cancer is already at an
advanced stage. Effective screening protocols for early
stages are not currently available. HOC is characterized
by complex genetic and epigenetic alterations, including
loss of heterozygosity (LOH) and loss of imprinting
(LOI) [1,2]. Such alterations are presumed to represent
the second hit, according to Knudson’s two-hit hypoth-
esis (OMIM #167000) [3]. However, alterations in DNA
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methylation can also occur as the first hit during human
carcinogenesis [4].

For childhood cancers such as retinoblastoma (OMIM
#180200), Wilms’ tumor (OMIM #194070) and osteosar-
coma (OMIM #259500), changes primarily occur on the
paternal allele first, followed by a second hit on the mater-
nal allele [5,6]. Complete hydatidiform moles, which are of
androgenetic or paternal origin, are characterized by
malignant transformation whereas ovarian teratomas,
which are of parthenogenetic or maternal origin, are
benign [7,8]. These observations suggest a role for altered
genomic imprinting in the malignant transformation
process.

Alterations in the expression of imprinted genes
represent one of the most common changes seen in
cancer [9,10]. Some imprinted genes, including HI19
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[11], GTL2 [12], PEGI1, PEG3 [13], LIT1 (KCNQ10OT1)
[14] and ZAC [15], are known to act, or strongly impli-
cated to act, as tumor suppressor genes (TSGs). The
monoallelic expression of imprinted genes is reliant on
epigenetic mechanisms, most notably DNA methylation,
which initiates the imprinting process in the male and
female germlines at discrete locations termed differen-
tially methylated regions (DMRs) [16]. Imprinted
domains generally contain several genes displaying
allele-specific expression and these DMRs, which can be
located over the promoter of a protein coding gene or
the promoter of a functional non-coding RNA or within
intergenic regions, are known to control imprinted gene
expression within the domain, acting as imprinting cen-
ters or imprint control regions [17]. We recently devel-
oped a new high-throughput, high-resolution DNA
methylation analysis method called bisulphite PCR-Lumi-
nex (BPL) for the rapid analysis of DNA methylation [18].
In this study, we applied this method to 21 HOC cell
lines and 74 HOC tissues to efficiently and accurately
determine the methylation status of DMRs at eight
imprinted loci, six of which contained TSGs. To deter-
mine whether abnormal methylation of these DMRs acts
as an indicator for potential LOH and/or LOI, we also
examined the association between abnormal hypermethy-
lation and LOI or LOH. We found a higher frequency of
LOI than LOH. LOI at IGF2, PEGI and HI9 was a fre-
quent alteration, with a tendency to show a more hyper-
methylated status. The degrees of LOI and altered DNA
methylation were similar among histology, progression
and tumor grades. This suggests that DNA methylation
of the H19 and PEGI DMRs may provide novel biomar-
kers useful for screening, diagnosis and, potentially, for
improving the clinical management of women with HOC.

Results

Frequencies of the 8 imprinted gene profiles in HOC

We first determined whether the ovarian malignancies
showed LOH by comparing the restriction fragment
length polymorphism (RFLP) patterns of normal lympho-
cyte DNA and 74 matching primary HOC DNA samples.
Samples where RFLPs were present in the lymphocyte
DNA sample but absent or with an altered ratio in the
tumor sample were considered to exhibit LOH in the
regions of 8 imprinted genes (H19, IGF2, KCNQI, LIT1,
GTL2, PEGI1, PEG3 and NDN). The average percentage of
heterozygosity was 48.0% (16.2-58.5%). We found only 14
cases of LOH in the 8 imprinted genes in the 74 HOC
samples we analysed (Table 1). The most frequent gene
with LOH was IGF2 (9.0%, 3/33), followed by PEGI (8.1%,
3/37) and GTL2 (7.1%, 3/42). LOH of NDN and LOTI was
not detected (0/31 and 0/12). The samples with LOH were
not from the same cases (Additional file 1: Table 1).
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We next performed RT-PCR and RFLP analysis to iden-
tify the samples of LOI without LOH. The frequency of
LOI was higher than that of LOH for all 8 imprinted
genes and we found a total of 46 cases of LOI (Table 1,
Additional file 1: Table S1). The most frequent sites of
LOI were PEG1 (45.9%, 17/37), IGF2 (45.4%, 15/33) and
H19 (29.2%, 12/41). NDN had the lowest frequency. In 19
of the 46 cases, the abnormal gene expression pattern was
apparent at two or more imprinted loci. A normal
imprinting pattern, maintenance of imprint (MOI), was
most frequent in NDN (93.5%, 29/31). ND (not deter-
mined) means no amplification of RT-PCR at 3 times in
several samples, perhaps indicating low expression of the
genes. In 9 of the 14 LOH cases, LOI was also found in at
least one gene. In HOC cell lines, LOI was found in 2 of 3
informative cases for /IGF2, and 3 of 9 cases for PEG1. We
did not find any LOH or LOI in 7 normal ovarian surface
tissues and 4 normal cell lines. We compared patients’
ages, progression, histology and tumor grades with
imprinted gene expression pattern profiles. Patients with
LOI had a tendency to be younger than patients with
LOH (mean ages for LOH and LOI: 55.0 + 7.4 and 47.7
6.9, respectively), but the difference was not statistically
significant by ANOVA, and no other correlations were
apparent.

Analysis of the methylation status of DMRs in ovarian
cancers by the BPL method

The proof-of principle experiment of the BPL method has
been described in detail [18]. Briefly, bisulphite-DNA can
be used to distinguish between methylation and non-
methylation status in the genome, e.g. cytosine and uracil.
The BPL method can determine one base substitution by
specific hybridization and detect the ratio of methylation
to non-methylation. We examined the quality of the BPL
method in spermatic DNA, which should show 100%
methylation of the paternally methylated DMRs: ZDBF2,
H19 and GTL2, whereas the maternally methylated DMRs:
PEGI, ZAC, SNRPN, PEG3 and LIT1 are non-methylated.
We applied the classic methylation assay COBRA techni-
que and our recently devised BPL method to the DNA of
7 normal ovarian surface epithelium tissues, 4 primary
cultures of normal human ovarian surface epithelium
(OSE1-4) and 21 HOC cell lines, and performed statistical
analysis with Spearman’s and Pearson'’s rank correlations.
For all 8 DMRs a good correlation was found between
these two methods (Figure 1, Table 2, Additional file 2:
Figure S1).

We next determined the methylation status of the 8
DMRs from the 74 samples of primary ovarian cancer tis-
sue by the BPL method. Overall, we compared the average
DNA methylation status of cancer and normal samples for
each DMR and found that PEG1 from ovarian cancers was
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