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Metabolic Profile and Body Composition in Adults with
Prader-Willi Syndrome and Severe Obesity
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Growth Hormone Treatment of Adults with Prader-Willi Syndrome and Growth
Hormone Deficiency Improves Lean Body Mass, Fractional Body Fat, and
Serum Triiodothyronine without Glucose Impairment: Results from the United
States Multicenter Trial
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The spectrum of Silver-Russell syndrome: a clinical and molecular genetic study and
new diagnostic criteria
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Gastrointestinal Complications of Russell-Silver Syndrome: A Pilot Study
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Assessing loss of imprint methylation in sperm from
subfertile men using novel methylation polymerase
chain reaction Luminex analysis

Akiko Sato, M.E.,*" Hitoshi Hiura, Ph.D.,** Hiroaki Okae, Ph.D.,° Naoko Miyauchi, R.A.,° Yukiko Abe, RA.,"
Takafumi Utsunomiya, M.D., Ph.D.,® Nobuo Yaegashi, M.D., Ph.D.,* and Takahiro Arima, M.D., Ph.D.

* Departments of Obstetrics and Gynecology, Graduate School of Medicine, Tohoku University, Sendai; ® St. Luke Clinic,
Tsumori, Oita; © New Biomedical Engineering Innovation Center, Tohoku University, Sendai; and ¢ G&G Science Co., Ltd.,
Fukushima, Japan

Objective: To assess the clinical value of bisulfite polymerase chain reaction Luminex (BPL), an automated,
high-throughput procedure for the detection of alterations in DNA methylation.

Design: Experimental prospective study.

Setting: University research laboratory and private in vitro fertilization (IVF) clinic.

Patient(s): A total of 337 men, 61 with severe oligozoospermia, 67 with moderate oligozoospermia, and 209 with
microscopically normozoospermia.

Intervention(s): The ejaculated sperm samples after the routine semen analysis with patients’ consent.

Main Outcome Measure(s): Examination of the methylation patterns of eight imprinted loci in sperm DNA, and
confirmation with combined bisulfite PCR restriction analysis (COBRA).

Result(s): A total of 47 cases (13.9%) showed abnormal methylation at one or more imprinted loci (18 paternal, 18
maternal, and 11 cases with alterations of both maternal and paternal imprints).

Conclusion(s): The relative ease of the BPL method provides a practical method within a clinical setting to reduce
the likelihood of abnormal samples being used in assisted reproduction treatments. (Fertil Steril® 201 1;95:129-34.
©2011 by American Society for Reproductive Medicine.)

Key Words: Bisulfite PCR-Luminex methylation analysis, BPL, DNA methylation, genomic imprinting,

oligozoospermia, sperm

At differentially methylated regions (DMRs), DNA methylation is
a key epigenetic mark that controls the allele-specific expression
of imprinted genes (1). Recent studies have identified an increased
incidence of Beckwith-Wiedemann syndrome and Angelman
syndrome in infants who were conceived by assisted reproduction
treatment (ART) (2-4). Because ART involves the isolation,
handling, and culture of gametes and early embryos at a time
when the epigenetic marks at imprinted loci are relatively
vulnerable to external influences (5), some data have been sugges-
tive that imprinting errors may occur during the ART process,
both in in vitro fertilization (IVF) and intracytoplasmic sperm injec-
tion (ICSI) procedures (6-14). However, our recent work and that of
others have suggested that subfertile men, particularly those with
oligozoospermia, already carry preexisting imprinting errors in
their sperm (15-17).

Southern blotting was the original technique routinely used to
analyze DNA methylation (18). This method, which requires a rela-
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tively large quantity of DNA (5-10 pg), has largely been superseded
by methods involving the sodium bisulfite treatment of genomic
DNA, which converts unmethylated cytosine to uracil and leaves
the methylated cytosines unconverted. The methylation status of
a specific sequence is then measured by the combined bisulfite poly-
merase chain reaction (PCR) restriction analysis (COBRA) or by
DNA sequencing of the PCR product. The combination of COBRA
and the sequencing method provides accuracy and sensitivity; none-
theless, there are still limitations with this method, particularly in the
expertise required to obtain accurate results, the time needed to
achieve a result, and the relative cost, rendering it less suitable for
clinical diagnosis. Recently, PCR Luminex was developed as
a high-throughput, high-resolution genotyping method to be applied
clinically for the detection of different alleles at human leukocyte
antigen (HLA) (19) and diabetes mellitus loci (20). This method
combines PCR and sequence-specific oligonucleotide probe
(SSOP) protocols with the Luminex 100 xMAP flow cytometry
dual-laser system to quantitate fluorescently labeled oligonucleo-
tides attached to color-coded microbeads.

We have further developed this technique by combining the PCR
amplification-SSOP protocol with Luminex technology. We com-
pared the accuracy of the PCR-Luminex method to the COBRA/
sequencing method using the same bisulfite-treated DNA. In
a proof-of principle experiment, we applied these techniques to ex-
amine DNA methylation at eight DMRs in the sperm DNA of the
337 patients. Our analysis provides further evidence that methylation
errors at imprinted loci are more frequent in oligozoospermic men.
The BPL methylation analysis is a simple, accurate, rapid approach
and thus is suitable for clinical applications.

Fertility and Sterility® Vol. 95, No. 1, January 2011

Copyright ©2011 American Society for Reproductive Medicine, Published by Elsevier Inc.
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FIGURE 1

Examination of the ZDBF2 imprinted domain by bisulfite polymerase chain reaction Luminex (BPL) and combined bisulfite polymerase chain
reaction restriction analysis (COBRA) assay. (A) Mixture of the methylated to unmethylated plasmids (100%, 80%, 60%, 50%, 40%, 20%, and
0 methylated) used to calculate the methylation rate using a regression curve equation. (B) DNA methylation analyses by COBRA of genomic
DNA prepared from normal sperm and leukocytes (left) and from sperm of the oligozoospermic patients (right). (C) Bisulfite PCR sequencing of
genomic DNA prepared from normal sperm and leukocytes (left) and from sperm of the oligozoospermic patients (right). Each row represents
a unigue methylation profile within the pool of 20 clones sequenced. Closed and open circles represent methylated and unmethylated CpGs,
respectively. The number represents the percentage of methylation by bisulfite sequencing.
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MATERIALS AND METHODS BPL Methylation Assay

Sperm Collection

Ejaculated sperm samples were collected from 337 male patients presenting
to a single physician at a private clinic (St. Luke Clinic) with fertility
problems. Routine semen analysis (volume, counting, rates of motility, and
morphologic abnormality) was performed according to the World Health Or-
ganization guidelines (21). Of these patients, 61 had severe oligozoospermia
(<5 x 10%/mL), 67 had moderate oligozoospermia (5-20 x 106/mL), and the
remaining 209 had a normal sperm count (>20 X 10%/mL). Purification of
motile sperm cells and DNA extraction were performed immediately after
the routine examination of the ejaculated sperm, as previously described
elsewhere (16). The study was approved by the Tohoku University Medical
Department ethics review board, and was performed with patient consent.

Sato et al.

Imprint methylation loss in oligozoospermia

Sperm DNA samples were treated with sodium bisulfite using an EZ DNA
Methylation Kit (Zymo Research, Orange, CA). An in vitro methylated
DMR was generated as a control by incubation of a plasmid containing the
DMR region with CpG methylase (SssI methylase; New England Biolabs,
Ipswich, MA) according to the manufacturer’s instructions.

Eight PCR primers sets, biotinylated at their 5’-end, were designed for
gene amplification of eight DMRs (Supplementary Table 1, available online;
Supplementary Fig. 1, available online). The PCR reaction mix contained 0.2
uM primer, 0.2 mM dNTPs, 1x PCR buffer (50 mM KCI and 10 mM Tris-
HCI; pH 8.3), 3 mM MgCl,, 2% dimethyl sulfoxide (DMSO), 0.625 IU of
Taq DNA Polymerase (Roche, Tokyo, Japan), and 100-200 ng of bisulfite-
treated DNA in a total volume of 25 pL.. The PCR conditions were as follows:

Vol. 95, No. 1, January 2011
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0.0 (0/124)>°
6.67% (4/60)°
3.27% (2/61)
2.45% (6/245)°

PEG3
1.57% (2/127)
4.00% (1/25)

2.31% (4/173)

4.76% (1/21)

0.0% (0/120)
1.78% (1/56)°
6.55% (4/61)°
2.11% (5/237)

LIT1
1.05% (1/95)
0.0 (0/7)
11.11% (1/9)°
1.80% (2/111)

PEG1
5.43% (7/129)*
13.79% (4/29)

21.74% (5/23)
8.84% (16/181)

GTL2
0.99% (2/201)*

10.71% (6/56)°

27.27% (15/55)>°
7.37% (23/312)

H19
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3.11% (10/322)

0.0 (0/119)
1.67% (1/60)
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Proportions of imprinting errors at eight differentially methylated regions in the sperm samples.
ZDBF2

Microscopic examination

Moderate (n = 67)

Normal (n = 209)
Severe (n = 61)

Total (n = 337)

TABLE 1

severe oligozoospermia (<5 x 10%/mL).

Note: Normal = normozoospermia (>20 x 10%/mL); Moderate = moderate oligozoospermia (5-20 x 105/mL); Severe

# Statistically significant difference between the groups: P<.01.

® Statistically significant difference between the groups: P<.05.

Sato. Imprint methylation loss in oligozoospermia. Fertil Steril 2011.
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40 cycles of 95°C for 20 seconds, 60°C for 30 seconds, and 72°C for 30
seconds using a GeneAmp 9700 thermal cycler (Applied Biosystems,
Foster City, CA).

Oligonucleotide probe sequences (Supplementary Table 1, available online)
were synthesized with a terminal amino group and were covalently bound to
carboxylated fluorescent microbeads (Multi-Analyte Microsphere Carboxyl-
ated; Luminex, Austin, TX) using ethylene dichloride (EDC), following the
recommended procedures. These oligonucleotide-labeled microbeads
(oligobeads) were mixed together to make an oligobead mixture of 100
oligobeads/uL. and were hybridized to the 5’-biotin-labeled PCR amplicons
ina total volume of 50 L per well in a 96-well plate by adding 5 puL of the ap-
propriate oligobead mixture and 5 uL of the PCR amplicons to 40 uL of hybrid-
ization buffer (3.75 M TMAC, 62.5 mM TB [pH 8.0], 0.5 mM EDTA, and
0.125% N-lauroylsarcosine). This reaction mixture was first denatured at
95°C for 2 minutes and then hybridized at 48°C for 30 minutes.

After hybridization, the oligobeads were washed in 100 L of phosphate-
buffered saline (PBS)-Tween and pelleted by microcentrifugation at 3,300
rpm for 1 minute using a swing-out microwell plate rotor. Pelleted oligobeads
were reacted with a 70-uL aliquot of a 100x diluted solution of streptavidin-
phycoerythrin (SA-PE; G&G Science Co., Ltd., Japan) in PBS-Tween.
Hybridized amplicons were labeled with SA-PE at 48°C for 15 minutes.
Reaction outcomes were measured by the Luminex 100 flow cytometer.
Bead populations were detected and identified using the 635-nm laser. The
PE fluorescence of the SA-PE-biotin-labeled amplicons that had hybridized
to the oligobeads was quantitated using the 532-nm laser. Median fluores-
cence intensity (MFI) of PE was used to quantify the amount of DNA bound
to the oligobeads. The measured data were read using dedicated software.
The fluorescence intensity of negative controls was subtracted as background
from each of the MFI values to determine the true intensity.

Conventional Bisulfite Treatment PCR Methylation Assay
Methylation assays were performed for the DMRs using COBRA and the
bisulfite sequencing techniques as described previously elsewhere (16). An
average of 20 clones were sequenced for each individual.

Statistical Analysis

Two proportions were used to analyze the observed data using the difference
between two proportions test (Statistica; StatSoft, Tokyo, Japan). P<.05 was
considered statistically significant. Statistical significance between BPL and
COBRA was determined with a Spearman’s rank method and Pearson’s
product-moment correlation coefficient.

RESULTS

Development of BPL Methylation Method

The bisulfite conversion technique essentially generates two differ-
ent bases, cytosine and uracil (methylation and nonmethylation), in
response to the methylation status of the cytosine residue. The PCR-
Luminex method can identify a single base substitution by specific
hybridization. Therefore, we investigated whether a combination of
these techniques might provide a novel way to analyze DNA
methylation.

We first evaluated the BPL technique by comparing an in vitro
methylated plasmid containing the ZDBF2 DMR versus an unme-
thylated version. By mixing the plasmid at ratios of 100%, 80%,
60%, 50%, 40%, 20%, and 0, methylated to unmethylated, we cal-
culated a standard curve for the methylation ratio using a regression
curve (as a representative sample at ZDBF2 DMR CpG site 4:
Fig. 1A). The square (R? value) of the coefficient at the ZDBF2
DMR was 0.989. Likewise, R? values at the DMR of HI19, GTL2,
ZAC, PEGI, PEG3, LIT1, and SNRPN were 0.995, 0.997, 0.992,
0.993, 0.993, 0.988, and 0.993, respectively.

We assessed the methylation status of normal human leukocyte
DNA and normal sperm DNA (Fig. 1B, C). A “no DNA” sample
was used as a control to eliminate background noise, and BPL values
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FIGURE 2

Association between DNA methylation errors and sperm concentrations. Statistically significant differences between the two groups: *P< .05;

were then used to calculate the methylation ratio. All imprinted
DMRs by BPL were approximately 50% methylated in the somatic
cell and fully methylated or unmethylated pattern, as appropriate, in
the germ cell.

Validation of BPL Method

We compared the values obtained from the BPL method to those ob-
tained from the COBRA, and performed a statistical analysis with
a Spearman’s and Pearson’s rank correlation. We found that H19,
GTL2, PEGI, ZAC, and SNRPN showed a good correlation but
ZDBF2, PEG3, and LITI did not. This was due to a few abnormal

Sato et al.
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values. Three samples showed under 90% methylation at the
ZDBF2 DMR in sperm, but all the others were methylated to over
90%. Similarly, the number of samples showing over 10% methyl-
ation at PEG3 and LIT1 DMRs was four and two, respectively.
We determined the cutoff value of the BPL technique. When the
value of the BPL methylation assay and COBRA in the paternally
methylated DMR ZDBF2 was more than 95%, agreement rates
were low, and the cases of disagreement were examined in 39.0%.
However, in the case of more than 90%, it was high: 100%. Likewise
in the paternally methylated DMRs, H19 and GTL2 in the case of
over 90% were high agreement rates, 92.1% and 96.2%, respec-
tively. On the other hand, in the maternally methylated DMRs,
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TABLE 2

Characterization of the methylation errors of the imprinted
genes in the sperm DNA.

Sperm Abnormal Paternal/
property methylation Paternal Maternal Maternal
Normal Single locus 1 8 —
Two loci 0 0 2
Moderate Single locus 5 6 -
Two loci 0 1 1
Three loci 0 0 1
Severe Single locus 9 3 —
Two loci 1 0 3
Three loci 2 0 4
Total 18 18 11

Note: Paternal = case number of the aberrant methylation of paternally
methylated differentially methylated regions (DMRs). Maternal =
case number of the aberrant methylation of maternally methylated
DMRs. Paternal/Maternal = case number of the aberrant methylation
of both paternally and maternally methylated DMRs.

Sato. Imprint methylation loss in oligozoospermia. Fertil Steril 2011.

PEGI, LIT1,ZAC, PEG3, and SNRPN, the cutoff value was less than
15%, agreement rates were high, and the cases of the agreement
were examined in 98.2%, 97.9%, 100%, 96.4%, and 100%, respec-
tively. Thus, we defined less than 90% of the paternally methylated
DMRs and more than 15% of the maternally methylated DMRs
in the BPL assay as abnormal sperm DNA methylation
(Supplementary Fig. 2, available online).

Analyses of the Methylation Status of Paternally
Methylated DMRs in Sperm

We performed BPL analysis on three paternally methylated DMRs
in 337 sperm DNA samples from the male partner of couples
presenting with fertility problems. The BPL assay for the DMR of
ZDBF?2 showed it to be fully methylated in all but three samples
(1.32%) that showed a reduction in methylation (Fig. 1B, C;
Table 1). We also performed COBRA and bisulfite-PCR sequencing
of the CpG sites of the DMR in the ZDBF2. This confirmed the
relative hypomethylation of the ZDBF2 DMR in the three samples.
Ten samples (3.01%) showed reduced methylation of the H9 DMR,
and 23 samples (7.37%) showed reduced methylation of the GTL2
DMR (Table 1).

We next investigated whether the sperm carrying abnormal DNA
methylation shared any properties (Table 1; Supplementary Table 2
[online]). Only three cases with an abnormal methylation pattern
were phenotypically normal. Overall, the occurrence of abnormal
methylation at the paternally methylated loci was statistically signif-
icantly increased in oligozoospermic patients when compared with
normozoospermic patients (Table 1; Fig. 2).

Analyses of the Methylation Status of Maternally
Methylated DMRs in Sperm

In 29 of 337 samples, an abnormal methylation pattern was found at
one or more of the maternally methylated regions associated with
PEGI, LIT1, ZAC, PEG3, and SNRPN (Table 1), which confirmed
the usefulness of the bisulfite-based sequencing method (data not
shown). Similar to the paternal DMRs, altered maternal DMRs
were associated with abnormal appearing sperm, except in the
case of the SNRPN DMR. Also, it was often the case that at least

Fertility and Sterility®

two DMRs were affected. There were only two samples with abnor-
mal imprints that appeared microscopically normal (normozoosper-
mia) (Table 2). In addition, of the 22 most severe oligozoospermia
cases with imprinting errors, seven cases carried abnormal methyl-
ation patterns at both maternal and paternal loci.

DISCUSSION

In humans, ejaculated and mature sperm should be fully methylated
at paternal DMRs and completely unmethylated at maternal DMRSs.
We have developed a novel BPL method for analyzing DNA
methylation and have demonstrated the effectiveness of this tech-
nique on a large number of sperm samples. This method is a rapid,
high-throughput, and quantitative methylation analysis technique
employing PCR-SSOP protocols and the xMAP technology
developed by Luminex Corporation (22, 23). This technique has
been used to recognize genetic polymorphisms in human disease
and HLA typing, but our study is the first to use this approach to
detect DNA methylation status.

The most frequent error in males with fertility problems was at
the PEG1 DMR (8.84%), similar to previous findings (16, 24).
This suggests that this DMR is particularly prone to errors. In the
mouse model, Pegl-deficient mice are growth restricted (25). In
humans, ART-treatment infants generally are characterized by
low-weight birth (26), and low-birth weight in non-ART babies
has been linked to the altered expression of several imprinted genes,
including PEGI (27, 28). Imprinting errors inherited from abnormal
sperm may underlie some cases of low birth weight in ART.

Further, our study demonstrates that human sperm from subfertile
men contains abnormal paternal and maternal imprinting marks,
suggesting a link between genomic imprinting defects and infertil-
ity. The DNA methyltransferase (Dnmt) 3a- and 31-deficient male
mice are oligozoospermic (29, 30). We previously reported DNA
sequence variations in the gene encoding DNMT3L in
oligozoospermic men with abnormal paternal DNA methylation
(31), which could suggest that altered DNMT3L function underlies
both the oligozoospermia and the defects in methylation. Arnaud
et al. (32) showed that a maternal imprint could be acquired in the
absence of Dnmt3L in female germ cells at some loci and in some
embryos. Variable penetrance of loss of imprinting as a consequence
of DNMT3L deficiency shares some similarity with our findings,
where not all loci are affected consistently.

We reported several miscarriage cases where imprinting muta-
tions in ART conceptuses matched those present in the parental
sperm (31). Use of ICSI may bypass the natural elimination process
of abnormal sperm and may allow the inheritance of imprinting
mutations. This may be linked to the increased frequency of miscar-
riage, placental dysfunction, premature labor, intrauterine growth
retardation, placenta previa and maternal hypertension, and obstet-
ric and neonatal complications associated with ART (33-37).

To our knowledge, our is the first study to report on using Lumi-
nex analyses for the examination of DNA methylation at imprinted
loci. The relative ease of the BPL method would make this approach
feasible within a clinical setting and could be applied to reduce the
likelihood of abnormal samples being used in ART. There are also
many other applications for this protocol, including a retrospective
examination of infants born after each ART method with a focus
on imprinted genes and their DMRs.

Acknowledgments: The authors thank Takuya Koshizaka, Ph.D., and all of
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Genomic structures of human differentially methylated regions (DMRs). (A) ZDBF?2, (B) H19, (C) GTL2, (D) PEGT, (E) LIT1, (F) ZAC, (G) PEG3,
and (H) SNRPN. Extent of the regions analyzed in this study and GenBank accession numbers are shown under the line. Filled boxes and
horizontal arrows indicate genes and their orientation. Open boxes represent the DMRs associated with the genes. Arrowheads above the
CpGs indicate which of these sites are contained within a repeat sequence. The horizontal arrows represent position of primers. Vertical

arrows indicate the unique bisulfite PCR restriction enzyme sites analyzed. Restriction enzymes are shown: T, Taql; and H, Hhal. The vertical
bars represent CpG sites. Black boxes indicate the probes used in BPL.
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Validation of bisulfite polymerase chain reaction Luminex (BPL) analyses by comparison with the combined bisulfite polymerase chain
reaction restriction analysis (COBRA) assay. Eight imprinted human differentially methylated regions (DMRs) with aberrant methylation in
sperm DNA samples are compared. The number was calculated by Spearman’s rank method. (A) ZDBF2, (B) H19, (C) GTL2, (D) PEGT1, (E)
LIT1, (F) ZAC, (G) PEG3, and (H) SNRPN. We defined the cutoff values, less than 90% of the paternally methylated DMRs and more than 15%
of the maternally methylated DMRs, in the BPL assay as abnormality of the sperm DNA methylation (gray zone).
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Primer sets and oligonucleotide probes of the bisulfite polymerase chain reaction Luminex (BPL) analysis for eight imprinted

genes.

Target genes

Sequence(5’-3’)

ZDBF2 Primer F GTTTTGTTAGTTAGATTGGAAAATA
Primer R AAAATAATAATTACCTAAAAATAAAAAC
probe(CpG 1) Me ATTCAAAACCGCAATAAACT

Un ATTCAAAACCACAATAAACTA
probe(CpG 4) Me CAACTACTCGAATAACTAAA
Un CAACTACTCAAATAACTAAA

H19 Primer F TATATGGGTATTTTTGGAGGTTTTT
Primer R ATAAATATCCTATTCCCAAATAACCCC
probe(CpG 9) Me TTATAGTTCGAGTTCGTTT

Un ATTATAGTTTGAGTTTGTTT
probe(CpG 16) Me AGTTACGCGTCGTAGG
Un AGTTATGTGTTGTAGGG

GTL2 Primer F GGGTTGGGTTTTGTTAGTTGTT
Primer R CCAATTACAATACCACAAAATTAC
probe(CpG 4) Me CCTAATAAATCGCGAACAA

Un CCTAATAAATCACAAACAA
probe(CpG 8) Me GTTGTTCGAGGTTTATAG
Un CTATAAACCTCAAACAACT

PEG1 Primer F TYGTTGTTGGTTAGTTTTGTAYGGTT
Primer R ACCACCAACCACACCCCCTC
probe(CpG 15) Me TTATGGTGCGTCGAGAT

Un GGTTATGGTGTGTTGAGAT

LIT1 Primer F TTTTGGTAGGATTTTGTTGAGGAGT
Primer R CCTCACACCCAACCAATACCTC
probe(CpG 5) Me GTTATTGGTCGAAAGAGTT

Un GTTATTGGTTGAAAGAGTT
probe(CpG 17) Me TGTTTTCGTCGTTGTCGAT

Un TTIGTTTTTGTTGTTGTTGTTGAT
probe(CpG 19) Me TGCGGTAGCGTTTCGAT

Un ATTGTGGTAGTGTTTTGATT

ZAC Primer F GGGGTAGTYGTGTTTATAGTTTAGTA
Primer R CRAACACCCAAACACCTACCCTA
probe(CpG 8) Me GGTACGTTCGAGCGGT

Un GGTATGTTTGAGTGGTT

PEG3 Primer F GTAAGAYGGTTATTTTGGTTTAGAG
Primer R AAAAATATCCACCCTAAACTAATAA
probe(CpG 20) Me GCGGTCGAAGGCGTATTTA

Un GTGGTTGAAGGTGTATTTA

SNRPN Primer F AGGGAGTTGGGATTTTTGTATTG
Primer R ACTAACCACTCCTCAAACAAATAC
probe(CpG 16) Me AGGTTGGCGCGTATGTT

Un AGGTTGGCGCGTATGTT
probe(CpG 19) Me AGGTTGGCGCGTATGTT
Un AGGTTGGCGCGTATGTT

Note: The number of CpG sites are represented at the position in Figure 1A. Me = methylated probe; Un = unmethylated probe; F = forward primer;

R = reverse primer.
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Comparison of imprinting errors by sperm property.

Property H19 GTL2 ZDBF2 PEG1 ZAC PEG3 SNRPN LIT1
Motility
<40% 3.5% (4/114) 13.2% (15/114)% 0.9% (1/114) 5.2% (6/114) 1.8% (2/114) 1.8% (2/114) 2.6% (3/114) 0.9% (1/114)
40-60% 5.7% (4/70) 7.1% (5/70) 2.9% (2/70) 7.1% (5/70) 2.9% (2/70) 1.4% (1/70) 2.9% (2/70) 0.0 (0/70)
>60% 1.3% (2/153) 2.0% (3/153)* 0.0 (0/153) 3.3% (5/153) 0.7% (1/153) 0.7% (1/153) 0.7% (1/153) 0.7% (1/153)
Morphologic abnormality
>70% 3.2% (3/93) 7.5% (7/93) 3.2% (3/93) 4.3% (4/93) 1.1% (1/93) 1.1% (1/93) 3.2% (3/93) 1.1% (1/93)
50-70% 4.0% (5/125) 10.4% (13/125)° 0.0 (0/125) 4.0% (5/125) 3.2% (4/125) 1.6% (2/125) 0.8% (1/125) 0.0 (0/125)
<50% 1.7% (2/119) 2.5% (3/119)° 0.0 (0/119) 5.9% (7/119) 0.0 (0/119) 0.8% (1/119) 1.7% (2/119) 0.8% (1/119)

Note: There were no differences among groups for the volume and abstinence period parameters.
2 Statistically significant difference between the two groups: P<.01.
b Statistically significant difference between the two groups: P< .05.

Sato. Imprint methylation loss in oligozoospermia. Fertil Steril 2011.
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imprinted expression

Hiroaki Okae', Hitoshi Hiura', Yuichiro Nishida?, Ryo Funayama?, Satoshi Tanaka3,
Hatsune Chiba? Nobuo Yaegashi®, Keiko Nakayama?, Hiroyuki Sasaki* and Takahiro Arima'*

1Department of Informative Genetics, Environment and Genome Research Center and 2Division of Cell Proliferation,
United Centers for Advanced Research and Translational Medicine, Tohoku University Graduate School of Medicine,
Sendai 980-8575, Japan, Laboratory of Cellular Biochemistry, Department of Animal Resource Sciences Veterinary
Medical Sciences, The University of Tokyo, Tokyo 113-8657, Japan, “Department of Molecular Genetics, Medical
Institute of Bioregulation, Kyushu University, Fukuoka 812-8582, Japan and ®Department of Obstetrics and
Gynecology, Tohoku University Graduate School of Medicine, Sendai 980-8574, Japan

Received August 23, 2011; Revised September 28, 2011; Accepted October 18, 2011

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 (Ano1) candidates
for maternal allele-specific expression were authentically imprinted genes. Imprinting of Ano1 and Gab1 was
specific to the placenta and neither gene displayed allele-specific promoter DNA methylation. Imprinting of
ANOT1, but not GAB1, was conserved in the human placenta. Our findings impose a considerable revision
of the current views of placental imprinting.

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

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
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, Dnmtl,
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 G9a 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 maternal 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 (Cntn3, KIrblf,
Art5, 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/HeJ
(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 (W1, Gatm and Qpct). When Wtl 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 Wt/ B6 allele
(Fig. 2B). A similar pattern was obtained with Gatm and
Opct (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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