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To detect rare epigenetic effects associated with assisted reproduction, it is necessary to monitor methylation patterns
of developmentally important genes in a few germ cells and individual embryos. Bisulfite treatment degrades DNA
and reduces its complexity, rendering methylation analysis from small amounts of DNA extremely challenging. Here
we describe a simple approach that allows determining the parent-specific methylation patterns of multiple genes in
individual early embryos. Limiting dilution (LD) of bisulfite-treated DNA is combined with independent multiplex PCRs
of single DNA target molecules to avoid amplification bias. Using this approach, we compared the methylation status of
three imprinted (H79, Snrpn and Igf2r) and one pluripotency-related gene (Oct4) in three different groups of single mouse
two-cell embryos. Standard in vitro fertilization of superovulated oocytes and the use of in vitro matured oocytes were
not associated with significantly increased rates of stochastic single CpG methylation errors and epimutations (allele
methylation errors), when compared with the in vivo produced controls. Similarly, we compared the methylation patterns
of two imprinted genes (H79 and Snrpn) in individual mouse 16-cell embryos produced in vivo from superovulated and
non-superovulated oocytes and did not observe major between-group differences. Using bovine oocytes and polar
bodies as a model, we demonstrate that LD even allows the methylation analysis of multiple genes in single cells.

Introduction

Epidemiological studies in humans and experimental evidence
in animal models indicate that assisted reproductive technologies
(ARTs) interfere with epigenetic reprogramming of developmen-
tally important, in particular imprinted genes during gameto-
genesis and early embryogenesis and may thus be associated with
abnormal development.!” Genomic imprinting constitutes the
parental allele-specific silencing of alleles by differential meth-
ylation of cis-regulatory regions (imprinting control centers). It
plays an essential role in mammalian development.®” Because the
most dramatic epigenetic changes occur during germ cell and
early embryo development, these are vulnerable time windows
for environmental influences on the epigenome of an organ-
ism. Following their entry in the genital ridge, mouse primor-
dial germ cells undergo genome-wide demethylation. Parental
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germline-specific methylation patterns are then established
de novo during spermatogenesis and oogenesis, respectively.®
Maternally imprinted genes acquire their methylation marks in a
temporally coordinated manner during follicle development and
oocyte growth.”!’ In mouse zygotes and early embryos genome-
wide demethylation waves erase most of the germline meth-
ylation patterns, followed by de novo establishment of somatic
methylation patterns around the time of implantation.'™?
Although a larger number of non-imprinted CpG islands within
active transcription units may undergo incomplete demethyl-
ation during early embryogenesis, only the estimated 100-200
imprinted genes among approximately 25,000 mammalian genes
fully escape this methylation reprogramming after fertilization
and maintain their germline-specific methylation patterns.'>'*
In order to assess the possible effects of different ARTs, includ-
ing in vitro maturation (IVM) of oocytes, ovarian stimulation, in
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vitro fertilization (IVF), and/or culture of embryos, on gameto-
genesis and embryogenesis, it is necessary to analyze the methyla-
tion profiles of individual oocytes and early embryos. Methylation
data from an apparently homogenous cell population, ie., a
pool of oocytes or blastomeres, provide an incomplete picture,
in particular when there is an amplification bias. Epimutations
affecting the physiological methylation patterns may be consid-
erably more frequent than somatic DNA mutations, creating an
enormous epigenetic variability.”'® It becomes increasingly clear
that an “average cell” with a representative methylation profile
does not exist. Moreover, rare events (“needle in a haystack”)
are masked in pools of oocytes or embryos. Bisulfite sequenc-
ing still is the gold standard for methylation analysis.”” However,
most protocols for methylation analysis of imprinted and other
non-imprinted, developmentally important genes require larger
numbers of cells, i.e., pools of approximately 100 oocytes”!*!#1
or individual blastocysts with 70-100 cells each?*?! for bisulfite
treatment of DNA, followed by amplification, cloning and (pyro)
sequencing of differentially methylated regions (DMRs). The
degradation and low complexity of bisulfite-converted DNA are a
serious challenge for the methylation analysis of small amounts of
DNA from a single cell or early embryo. The preferential ampli-
fication of either methylated or unmethylated DNA molecules or
the stochastic amplification of a single or only few molecules in
the starting sample can yield results that are not representative
for the studied sample.”? Currently, there are no reliable methods
for whole genome amplification of bisulfite-converted DNA in
the picogram range.*® Here, we present a simple limiting dilution
method which allows one to analyze the methylation patterns of
multiple genes in single oocytes or embryos.

Results

Principle of limiting dilution bisulfite (pyro)sequencing. To
avoid amplication bias and to recover as many DNA molecules
as possible from the starting sample, we have developed a novel
method (Fig. 1) based on limiting dilution®® of bisulfite-treated
DNA from individual cells and/or early embryos. The seques-
tration of individual DNA molecules from the starting sample
in separate PCR reactions reduces the methylation status of the
targeted chromosomal region to a binary state: an analyzed CpG
site on a single DNA molecule is either methylated or not meth-
ylated. Each generated bisulfite sequence (amplicon) represents
an individual DNA molecule in the starting sample. Multiplex
nested PCR allows one to simultaneously analyze several genes in
individual early embryos and oocytes.

LD analysis of three imprinted and one pluripotency gene
in individual mouse two-cell embryos. We have compared the
parent-specific methylation patterns of one paternally methyl-
ated (H19) and two maternally methylated (Snrpn and Igf2r)
imprinted genes in individual mouse two-cell embryos of the
following experimental groups: (i) naturally fertilized in vivo
produced embryos from in vivo grown and matured oocytes in
unstimulated cycles (NFU group), (ii) in vitro fertilized embryos
derived from in vivo grown and matured superovulated oocytes
(IVF group) and (iii) in vitro fertilized embryos derived from
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preantral oocytes that were grown and matured in vitro for 13
days (IVC group). To discriminate between maternal and pater-
nal alleles of imprinted genes, the embryos were hybrids from
Mus musculus (C57BL/6] x CBA/Ca) females and M. muscu-
lus castaneus (CAST/Ei) males. The pluripotency-related gene
Oct4 was included in the multiplex assay to detect contamina-
tion with sperm and/or somatic cells. Oct4 is unmethylated in
early embryos, but highly methylated in sperm, and cumulus and
other somatic cells of the follicle or oviduct.

Bisulfite-treated DNA of a single two-cell embryo was diluted
to a final volume of 200 pl and evenly distributed into 20 wells of
a microtiter plate (Fig. 1). Two-cell embryos with fully replicated
chromosomes are endowed with 8 double-stranded (ds) DNA
molecules (alleles) of each studied gene. According to a Poisson
distribution, most wells do not contain a DNA target molecule,
some wells contain a single DNA molecule and very rarely a well
may contain two target molecules. Because bisulfite-treated DNA
is heavily degraded, the number of wells containing an amplifi-
able DNA template is always markedly lower than the number
of DNA molecules in the starting sample. Four water controls
were added to each PCR assay to exclude amplification products
caused by environmental DNA contamination. Nested PCR was
performed with a first-round multiplex assay using a mixture of
outer primers for the four target genes. For each gene, a second
round singleplex PCR was performed in a separate plate using 1
wl of the multiplex PCR product as a template for gene-specific
inner primers. The second-round PCR products (5 pl each) of
the four plates (for H19, Snrpn, Igf2r and Oct4) were run on aga-
rose gels to identify wells with a gene-specific amplification prod-
uct, which was then analyzed by bisulfite pyrosequencing. The
remaining 20 pl of second-round PCR product were sufficient
for two pyrosequencing reactions per positive well. Strain-specific
SNPs in the second-round H19, Snrpn and Igf2r amplicons were
used to determine the parental origin of the analyzed allele in
addition to its methylation status.

Table 1 summarizes the methylation results in the three ana-
lyzed two-cell embryo groups. A total of 26 naturally fertilized
control embryos were studied. Figure 2 presents the methylation
patterns of the recovered alleles in each analyzed embryo. Two
embryos, NFU21 and NFU22, exhibited abnormally methylated
alleles, i.e., all or most (at least 75%) CpGs on a given DNA
molecule were aberrantly methylated, indicative of epimutations.
NFU21 showed one normally methylated maternal Ig/2r allele
and one completely unmethylated maternal Igf2r allele with a
paternal methylation imprint. This indicates a mosaic lgf2r epi-
mutation. NFU22 was endowed with two abnormally methyl-
ated maternal H19 alleles with a paternal methylation imprint,
consistent with an A19 epimutation in a non-mosaic state. A few
alleles showed single CpG errors, referring to aberrantly methyl-
ated CpGs in an overall correctly methylated allele. Single CpG
faules most likely represent stochastic methylation errors with-
out functional implications, or alternatively incomplete bisulfite
conversion events or amplification errors. In NFU8 and NFU16,
one maternal Snrpn allele each displayed a demethylated CpG
surrounded by 8 methylated CpGs. NFU7 and NFU10 showed
one paternal Surpn allele each with a methylated CpG and 8
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Figure 1. Principle of limiting dilution bisulfite (pyro)sequencing. (A) Individual two-cell embryos (indicated by different colors) without contaminat-
ing sperm or cumulus cells are transferred into separate reaction tubes. (B) DNA isolation and bisulfite conversion. (C) First-round multiplex PCR: the
bisulfite-treated DNA of individual embryos (note the color code) is diluted and distributed across 20 wells of a microtiter plate. Four negative controls
(without template) are added for each LD (embryo). Wells containing a template for any of the studied gene are marked with an ideogramatic DNA
molecule. (D) Second-round nested PCRs of the studied genes are performed in new microtiter plates using one microliter each of the correspond-
ing first-round PCR product as template. (E) The second-round PCR products are visualized on agarose gels. Lanes on the right side of the vertical line
present the negative controls. Gene-specific LD products of a particular embryo (encircled in different colors) are analyzed by bisulfite sequencing or

pyrosequencing. Please note that the negative control lanes of the Igf2r plate contain a few unspecific PCR products.

unmethylated CpGs. The average rate of single CpG errors in the
four studied genes was 1.1% (4/358). In 26 IVF embryos (Fig. 3)
we did not find a single epimutation in the 138 alleles analyzed.
Single CpG errors were also rare (12/619 or 2%). Of 18 analyzed
IVC embryos (Fig. 4), two showed epimutations. IVC3 displayed
an aberrantly methylated maternal /19 allele in addition to two
unmethylated /19 alleles. IVC18 displayed one aberrantly meth-
ylated maternal H19 allele (mosaic state) and one aberrantly
demethylated maternal Igf2r allele. Previously, it had been shown
that methylation abnormalities can occur in multiple imprinted
genes within the same embryo.? Although the rate of single CpG
errors (8/227 or 3.5%) was somewhat higher than in the two
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other groups, there were no significant differences (x* tests) in
the number of single CpG errors or epimutations between the
NF, IFV and IVC groups. Interestingly, the maternal alleles of
imprinted genes showed a higher number of epimutations (6/131;
5%) and single CpG errors (15/616; 2.4%) than paternal alleles
(0/73; 0% and 6/442; 1.4%, respectively). However again, these
differences were not statistically significant.

Efficiency and robustness of LD bisulfite pyrosequencing.
On average one allele of a given gene was recovered from a single
two-cell embryo (Table 1). Since unreplicated two-cell embryos
are endowed with four and replicated embryos with eight ds
DNA target molecules, the recovery rate was 13-25%. Because
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Table 1. Summary of methylation results in mouse two-cell embryos
Embryo groups
NFU Number of embryos analyzed
Number of recovered maternal alleles per embryo
paternal alleles per embryo
Number (percentage) of abnormal maternal alleles
abnormal paternal alleles
Number (percentage) of maternal single CpG errors®
paternal single CpG errors®
IVF Number of embryos analyzed
Number of recovered maternal alleles per embryo
paternal alleles per embryo
Number (percentage) of abnormal maternal alleles
abnormal paternal alleles
Number (percentage) of maternal single CpG errors®
paternal single CpG errors®
IvC Number of embryos analyzed
Number of recovered maternal alleles per embryo
paternal alleles per embryo
Number (percentage) of abnormal maternal alleles
abnormal paternal alleles
Number (percentage) of maternal single CpG errors®

paternal single CpG errors®

H19 Snrpn Igf2r Oct4®
26 26 26 26
0.6 0.4 0.4 0.4
0.3 0.4 0.1 0.4
2/16 (13%) 0/10 (0%) 1/10 (10%) 0/10.5 (0%)
0/8 (0%) 0/11 (0%) 0/3 (0%) 0/10.5 (0%)
0/56 (0%) 2/64 (3%) 0/54 (0%) 0/21 (0%)
0/29 (0%) 2/95 (2%) 0/18 (0%) 0/21 (0%)
26 26 26 26
0.9 0.7 0.5 0.8
0.7 0.8 0.3 0.8
0/24 (0%) 0/18 (0%) 0/12 (0%) 0/19.5 (0%)
0/17 (0%) 0/20 (0%) 0/8 (0%) 0/19.5 (0%)
0/93 (0%) 6/117 (5%) 1/60 (2%) 1/39 (3%)
3/58 (5%) 0/173 (0%) 0/40 (0%) 1/39 (3%)
18 18 18 18
1.2 0.6 0.4 0.4
0.3 0.1 = 0.4
2/22 (9%) 0/11 (0%) 1/8 (13%) 0/6.5 (0%)
0/5 (0%) 0/1 (0%) - 0/6.5 (0%)
6/77 (8%) 0/57 (0%) 0/38 (0%) 0.5/13 (4%)
1/20 (5%) 0/9 (0%) - 0.5/26 (4%)

2Because paternal and maternal alleles could not be distinguished, an equal number of paternal and maternal alleles was assumed to calculate the
number of recovered alleles, abnormal alleles and single CpG errors, respectively. PAbnormal alleles excluded.

bisulfite-treated DNA is heavily degraded, it is not surprising
that the recovery rate is dependent on amplicon size. From 70
embryos, we obtained 92 alleles for H19 (176 bp amplicon size),
78 for Oct4 (197 bp), 71 for Snrpn (264 bp) and 41 for Igf2r
(384 bp). In the three studied imprinted genes, in which the
parental alleles could be discriminated, we always obtained more
maternal than paternal alleles. In the NFU group we had 36
maternal versus 22 paternal alleles, in the IVF group 54 versus
45, and in the IVC group 41 versus 6. This preferential amplifica-
tion was not dependent on the methylation status; it was evident
for the paternally methylated H79 gene (62 maternal versus 30
paternal alleles) as well as for the maternally methylated Snrpn
(39 versus 32) and Igf2r (30 versus 11) genes.

In total, we obtained methylation patterns of 282 alleles rep-
resenting 1,232 CpGs. Essentially all (>99.9%) analyzed CpGs
exhibited methylation values of <20%, as expected for unmeth-
ylated sites, or >80%, typical for methylated sites. Theoretically,
the methylation levels scored for individual CpGs should all
be either 0% or 100%. However, the actually measured meth-
ylation values also depend on the sequence context and other
factors. The thresholds for methylation typing were empiri-
cally determined in previous studies in references 25 and 26, by
pyrosequencing a large number of oocyte DNA samples with
homogeneous methylation status such as bisulfite converted LD
products or cloned PCR products of completely methylated or
completely demethylated DMRs. The methylation difference
between duplicate measurements of the same LD products was
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around 1% (data not shown). This demonstrates that pyrose-
quencing is a robust technique for methylation typing of CpGs
on individual DNA molecules (Yes/No answer). Of the three
studied imprinted genes, we obtained 131 maternal and 73
paternal alleles. There was only a single LD product (of Ig/2r
in embryo IVF26), which contained two different parental
alleles. Collectively, these results suggest that the vast majority
of LD products represents a single DNA molecule in the starting
sample. None of 78 analyzed Oct4 alleles was fully methylated.
This shows that the studied samples were not contaminated with
sperm and/or somatic cell DNA.

LD analysis of two oppositely imprinted genes in individ-
ual mouse 16-cell embryos. The most likely explanation for the
excess of maternal LD products in two-cell embryos is the pres-
ence of the second polar body representing one additional mater-
nal allele. To test this hypothesis, we performed an LD analysis
of the paternally methylated H19 and the maternally methylated
Snrpn gene in mouse 16-cell embryos, where the second polar
body is already degraded. Because each single embryo contains
32 (unreplicated) to 64 (fully replicated) ds DNA molecules of
a target gene, the bisulfite-converted DNA of a single embryo
was distributed into 90-wells of a microtiter plate. To study the
effects of superovulation on the embryonic epigenome, we com-
pared the methylation imprints of in vivo produced embryos
from naturally fertilized oocytes of unstimulated cycles (NFU
group) versus stimulated cycles (NFS). For H19, we obtained 41
maternal and 37 paternal alleles from 9 individual NFU and 52
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maternal and 35 paternal alleles from 10 NES
embryos (Fig. 5 and Table 2). We observed
one NFU and two NFS embryos with abnor-
mally demethylated paternal H19 alleles in
a mosaic state and one NFS embryo with a
single abnormally methylated maternal H19
allele. Alleles with at least 75% abnormally
(de)methylated CpGs were considered as
epimutations. For Snrpn, we recovered 26
maternal and 37 paternal alleles from 11
NFU and 30 maternal and 42 paternal alleles
from 10 NFS embryos. One embryo in the
NFU group showed a single paternal Snrpn
allele and two embryos in the NFS group a
single maternal Snrpn allele with epimuta-
tions. These differences are not statistically
significant. The number of stochastic meth-
ylation errors was approximately 2% in both
the paternal and the maternal allele in both
groups of embryos. Altogether, we recovered
149 maternal (67 NFU and 82 NFS) alleles
and 151 paternal (74 NFU and 77 NES)
alleles, which strongly argues against a par-
ent-specific amplification bias of our assay.
On average, we recovered 7.6 alleles per gene
and embryo, which corresponds to 12-24%
of all DNA target molecules in the starting
sample, similar to the recovery rate in two-
cell embryos.

LD analysis of individual bovine oocytes
and polar bodies. To demonstrate the effi-
ciency of LD in single cell methylation analy-
sis, we analyzed three imprinted genes (H19,
SNRPN and PEG3) and the pluripotency-
related gene OCT4 in single bovine oocytes
and their corresponding first polar bodies.
Both oocyte and first polar body are endowed
with two ds DNA molecules for each target
gene. Figure 6 presents the methylation pat-
terns of eight IVM oocytes and their first
polar bodies. The imprinted genes were ana-
lyzed by direct bisulfite sequencing of the
LD products to examine a larger number of
CpG sites (20 for H19, 30 for SNRPN and 18
for PEG3), OCT4 was analyzed by bisulfite
pyrosequencing. OCT4 alleles were obtained
from all eight analyzed oocytes and from two
polar bodies. With the exception of a single
CpG error in one OCT4 allele of oocyte no.
4, all CpGs were unmethylated, as expected
for oocytes. Therefore, we can largely exclude
somatic cell DNA contamination. In total,
we recovered 13 (81%) of the 16 OCT4 mol-
ecules in the eight oocytes and 3 (19%) of the
16 in the first polar bodies. For H19, SNRPN
and PEG3, we obtained 3 (19%), 5 (31%)
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Figure 2. Methylation patterns of H19, Snrpn, Igf2r and Oct4 in 26 naturally fertilized (NFU)
mouse (M. musculus x M. musculus castaneus) two-cell embryos. Each line indicates an indi-
vidual allele (LD product). Each box displays different alleles that were recovered from a single
embryo (the embryo number is indicated on the left side). Maternal alleles of imprinted genes
are highlighted in red and paternal alleles in blue. Oct4 alleles are marked in black, because
the parental origin was not determined. Open circles represent unmethylated CpG sites and
filled circles methylated CpGs. The missing CpGs on some alleles could not be analyzed due
to low sequence quality. Note the abnormal methylation patterns of one maternal Igfr allele
in NFU21 and the two abnormally methylated H19 alleles in NFU22. NF7U, NFU8, NFU10 and

NFU16 display one Snrpn allele each with a single CpG methylation error.
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Figure 3. Methylation patterns of H19, Snrpn, Igf2r and Oct4 in 26 in vitro fertilized (IVF)
mouse (M. musculus x M. musculus castaneus) two-cell embryos. Each line indicates an
individual allele (LD product). Each box displays different alleles that were recovered from

a single embryo. Maternal alleles of imprinted genes are highlighted in red and paternal al-
leles in blue. Oct4 alleles are marked in black. Open circles represent unmethylated CpG sites
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and 2 (13%) alleles, respectively, from oocytes
and none, 1 (6%) and 2 (13%), respectively,
from polar bodies. Thus, the average recovery
rate (for all four studied genes) of single-cell
LD methylation analysis is 34% (22/64) in
oocytes and 5/64 (8%) in polar bodies. Due
to this remarkably high efficiency relatively few
cells are needed to obtain a representative view
on the methylation status and its variation in
a particular cell type. The lower recovery rate
in polar bodies, compared to oocytes can be
explained by DNA degradation, which starts as
soon as the polar body is extruded. Similar to
mouse embryo IVC18, the bovine oocyte no.
4 displayed epimutations in both the A79 and
SNRPN gene, whereas PEG3 imprinting and
OCT4 promoter methylation were normal in
both oocyte and polar body. The rate of single
CpG errors was 1% (3/292), similar to those in
mouse two- and 16-cell embryos.

Discussion

Technical aspects. Bisulfite sequencing is dif-
ficult for methylation analysis of single cells
and early embryos. Previous studies used either
pools of oocytes”!*&
stages.””?! However, bisulfite sequencing has

or advanced blastocyst

been adapted to agarose-embedded cells to
reduce DNA degradation, which allowed study-
ing one DMR in single cells or embryos.??
Recently, a restriction-enzyme-based micro-
fluidic assay for single cell methylation analy-
sis of one target gene has been described in
reference 30. Although this assay may be use-
ful for screening one or two CpG sites of a
promoter in individual cells, it is not able to
resolve the methylated and the unmethylated
allele in the same cell. An added advantage
of bisulfite sequencing is the analysis of mul-
tiple (up to several dozen) adjacent CpG sites
in the same amplicon, which is necessary to
distinguish stochastic single CpG methylation
errors from aberrant methylation of the entire
allele. It is generally assumed that the density
of methylated CpGs in a cis-regulatory region
rather than individual CpGs turn a gene “on”
or “off”.?"** Limiting dilution combined with
bisulfite pyrosequencing or direct sequencing,
as described here, gives the methylation pat-
terns of multiple genes in bisulfite-treated DNA
of single cells or embryos without embedding.

We have developed two different multi-
plex assays, each with four genes, for studying
imprinted gene methylation in the murine®
and bovine model,”® respectively. Outer
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primers of different studied genes must have HI19 Snrpn Igf2r Octd
similar melting temperatures. The prim- - -
ers were then optimized in a stepwise man- vc e e —
ner, gene by gene to avoid mispriming. Due IVC2 . .
to the low complexity of bisulfite-converted
DNA that is depleted of C (sense) or G (anti- IVC3 & —=—=— -
sense strand) nucleotides, the primers exhibit -
reduced specificity. The final validation was IVC4 & —38e—=3— e
made by wet experiments. Development of oo
a multiplex assay for four genes takes two to —ooo—o—
four weeks. Since each gene-specific second- VG | =ee=—
round PCR requires 1 pl first-round PCR IVCé -~ o
product, our LD assay potentially allows
multiplex methylation analysis of up to 25 IVCT  —eee—s—
genes in .single cells or embr).fos. Alth(?ugh IVCS .o e oo o
multiplexing of ten or more bisulfite primer
pairs is difficult, multiplex compatibility is | IVC9  —oo—o— —ge—sseeese o *
an important advantage of our LD approach,
compared to other protocols. IvC10 ——
LD relies on independent PCRs of single IVC11 — e
DNA target molecules and, thus prevents sto- IVC12 —ooo—o— oo e oo |—o o
chastic amplification of a single or a few mol-
ecules in the starting sample. On average, we IVC13 — e— —
recovered one allele of a target gene in the mul- e
tiplex from a single two-cell embryo and seven IVC14 | —ooe—~—
to eight alleles from a 16-cell embryo. For IVCi15 —o—o—r
many embryos, we obtained alleles of multiple IVC16 .
genes and both paternal and maternal alleles.
By analyzing each embryo individually, we IVC17] —ee—s— T
can largely exclude artifacts due to somatic cell
contamination. IVC18  —23o—<— o EROEOSRASEE e
Effects of different ARTs on imprinted
ene methylation in early embryos. One reas-
sguring ﬁnd)i,ng of our stu)(;y is t}in none of 26 Figure 4. Methylation patterns of H19, Snrpn, Igf2r and Oct4 in 18 mouse (M. musculus x M.
IVFE two-cell embryos from superovulated musFuIL!s castane.us) .tv.vo-cell embryos from in vitro cultured (IVC) prear\tral oocytes. Each
. . . line indicates an individual allele (LD product). Maternal alleles of imprinted genes are
oocytes showed an cpumutation (in 54 mater- highlighted in red and paternal alleles in blue. Oct4 alleles are marked in black. Open circles
nal and 40 paternal alleles analyzed), whereas represent unmethylated CpG sites and filled circles methylated CpGs.

2 of 26 naturally fertilized non-superovulated
control embryos displayed an epimutation
in H19 and Igf2r, respectively (in 36 maternal and 22 paternal
alleles). Obviously, epimutations also occur at a low rate in non-
ART embryos and standard IVF protocols do not appear to dras-
tically increase this rate, at least in the mouse model. One of 18
IVC two-cell embryos derived from in vitro grown and matured
preantral oocytes showed an epimutation in HI9 and another
one epimutations in both /79 and Igf2r (in 41 maternal and 6
paternal alleles studied). Although this rate is somewhat higher
than in the NF and IVF groups, this difference is not statistically
significant.

Most epimutations were observed in a mosaic state. For exam-
ple, in embryo NFU21 one of two recovered maternal Igf2ralleles
and in embryo IVC3 one of three maternal H19 alleles displayed
a paternal methylation imprint. This is consistent with the idea
that most epimutations in early embryos are due to failures in the
maintenance of the methylation patterns, rather than failures in
imprint establishment.
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When we compared the H19 and Snrpn methylation pat-
terns of in vivo produced 16-cell embryos, we observed a higher
number of alleles with epimutations in superovulated embryos
(7/159; 4.5%) than in non-superovulated controls (2/141; 1.5%),
however again this difference was not statistically significant.
Three epimutations were found on maternal alleles and six on
paternal alleles, always in a mosaic state. Taken together, we did
neither observe dramatic effects of IVF and IVC on methylation
imprints in mouse two-cell embryos nor a major impact of super-
ovulation on methylation imprints in 16-cell embryos. However,
this does not necessarily contradict previous studies suggesting
epigenetic abnormalities after ART manipulations in mouse
embryos, fetuses and/or placentae.?*2"33

Our main goal was to demonstrate the feasibility of imprinted
gene methylation analysis in a few cells. To this end, we ana-
lyzed individual two-cell embryos, which were cultured for only
24-36 h, and 16-cell embryos, which were produced in vivo.
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circles methylated CpGs.

Figure 5. Methylation patterns of H19 (left side) and Snrpn (right side) in in vivo produced mouse (M. musculus x M. musculus castaneus) 16-cell em-
bryos from unstimulated (NFU group) versus superovulated matings (NFS group). Each line indicates an individual allele (LD product). Maternal alleles
(highlighted in red) and paternal alleles (blue) from the same embryo are grouped together. Open circles represent unmethylated CpG sites and filled

ART transfers in human infertility treatment and in vitro pro-
duction of animals are typically done with blastocyst embryos
and at the earliest with eight-cell stages. In the mouse model,
different embryo culture conditions, in particular the addition of
serum to embryo culture medium can lead to aberrant imprinted
gene methylation and expression.’** Loss of imprinting appears
to occur after the mouse two-cell stage and prior to the blastocyst
stage and can persist in a tissue-specific manner, with placental
tissues being more sensitive to perturbations than the embryo
itself.** ART-induced epigenetic changes may also depend on the
genotypic background. Mouse embryos derived from a B6 female
and a castaneus male, as used in our study, appear to be more
resistant to methylation changes than Cast x B6 crosses.*
Another special feature of our study is that we distinguished
between single CpG methylation errors, which are most likely
stochastic errors without pathological consequences and true
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epimutations (allele methylation errors), which can be expected
to interfere with imprinted gene regulation. Allele errors are rare
events and with current methods it is almost impossible to ana-
lyze a sufficient number of alleles in early embryos in order to
detect minor between-group differences. For example, the power
for x* tests (1 df) to find significant (p < 0.05) differences in the
incidence of epimutations between 16-cell embryos from super-
ovulated versus non-superovulated oocytes (Table 2) is 15% for
the maternal and 31% for the paternal /19 alleles and 27% and
19%, respectively, for the maternal and paternal Snrpn alleles.
Correspondingly, the required sample sizes for a power of 80%
were 916 maternal and 267 paternal H19 and 245 maternal and
540 paternal Snrpn alleles. In contrast, when all aberrantly meth-
ylated CpGs regardless whether they represent single CpG errors
or epimutations, are added up, it is much easier to reach statisti-
cal significance. When adding up all aberrantly hypomethylated
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Table 2. Summary of methylation results in mouse 16-cell embryos

Embryo groups H19 Snrpn

NFU Number of embryos analyzed 9 1
Number of recovered maternal alleles per embryo 4.6 24
paternal alleles per embryo 4.1 34

Number (percentage) of abnormal maternal alleles 0/41 (0%) 0/26 (0%)

abnormal paternal alleles 1/37 (3%) 1/37 (3%)

Number (percentage) of maternal single CpG errors? 4/155 (3%) 4/181 (2%)

paternal single CpG errors® 11/123 (9%) 0/305 (0%)
NFS Number of embryos analyzed 10 10
Number of recovered maternal alleles per embryo 5.2 3.0
paternal alleles per embryo 3.5 4.2

Number (percentage) of abnormal maternal alleles 1/52 (2%) 2/30 (7%)

abnormal paternal alleles 4/35 (11%) 0/42 (0%)

Number (percentage) of maternal single CpG errors? 0/193 (0%) 8/204 (4%)

paternal single CpG errors® 9/113 (8%) 2/339 (1%)

2Abnormal alleles excluded.

CpG sites on the maternal Snrpn allele, there is a significant
(p < 0.001) difference between superovulated 16-cell embryos
(24/220; 11%) and non-superovulated controls (4/181; 2%). If
we distinguish between single CpG errors and epimutations, we
have 4% (8/204) single CpG errors and two epimutations at the
maternal Snrpn allele in superovulated embryos and 2% (4/181)
single CpG errors and no epimutation in controls, which is not a
significant difference.

On average, we observed approximately 3% epimutations
in both mouse two-cell embryos (6 of 204 alleles) and 16 cell-
embryos (9 of 300 alleles), without dramatic differences between
ART and non-ART groups. Nevertheless, this rate is much
higher than the incidence of imprinting disorders in human new-
born populations. Although epigenetic mechanisms and DNA
methylation patterns of imprinted genes are not fully conserved
among mammalian species and one has to be careful to extrapo-
late from animal models to the human situation, it is tempting
to speculate that epimutations that mainly occur in a mosaic
state in early embryos contribute to the high rate of implantation
failure and/or pregnancy loss in mammals. Previously, we have
shown that approximately 10% of human spontaneous abortions
and stillbirths display methylation abnormalities in multiple
imprinted genes.”

Materials and Methods

Mouse embryos. To obtain naturally fertilized (NFU) embryos,
3—6 months-old C57BL/6] x CBA/Ca females were housed
together with a 5-12-month old CAST/Ei male. Two-cell
embryos were flushed 24 h after mating from female oviducts
and transferred to Leibovitz L-15 medium (PAN, Aidenbach,
Germany). After washing four-times in 50 wl droplets of PBS,
single embryos without contaminating cumulus cells or sperms
(by visual inspection) were transferred into 10 wl PBS each and
frozen at -80°C until further analysis. The 26 naturally fertilized
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(NFU) embryos studied here were obtained from five different
matings.

For superovulation, 3—6-months-old C57BL/6] x CBA/
Ca females were injected with 7.5 IU PMSG (Intervet,
Unterschleiflheim, Germany) and 48 hours later with 7.5 TU
hCG (Merck Serono, Darmstadt, Germany). Cumulus oocyte
complexes (COC) with competent metaphase II oocytes were
harvested 14 h after superovulation from oviducts and transferred
to 100 pl o-MEM glutamax medium (Invitrogen, Karlsruhe,
Germany) supplemented with 3 mg/ml BSA. Pools of about
20-30 COCs were in vitro fertilized with 1 x 10° capacitated
sperms from 5-12-months old CAST/Ei males. The remaining
cumulus cells and sperms were removed after 4-6 h. Oocytes
were washed twice with PBS and incubated for 36 h at 37°C in
100 wl IVF medium covered with embryo oil. Two-cell embryos
were collected 24-36 hours after IVF and washed four times.
Single embryos were frozen in 10 wl PBS each. The 26 analyzed
IVF embryos were obtained from nine superovulated females and
three different IVF attempts.

Preantral follicles were isolated from 12—14-day-old C57BL/6]
x CBA/Ca females and cultured, as described previously in refer-
ence 25. Culture medium consisted of a-MEM glutamax with
5% FCS, 5 pg/ml insulin, 5 wg/ml transferrin, 5 ng/ml sodium
selenite (Sigma-Aldrich, Munich, Germany), and 10 mIU/ml
recombinant FSH. In vitro folliculo- and oogenesis was per-
formed for 12 days and on every fourth day 20 pl of medium was
replenished; 10 mIU/ml LH (kindly donated by Merck Serono)
was added once at the beginning of culture. In vitro ovulation was
stimulated by 1.5 IU/ml recombinant hCG (donated by Merck
Serono) and 5 ng/ml recombinant EGF (Promega, Mannheim,
Germany). After 18 hours of maturation, COC containing com-
petent metaphase II oocytes were harvested and used for IVE.
Eighteen in vitro grown (IVC) and fertilized two-cell embryos
were obtained from ten in vitro follicle cultures and five different

IVFEs.
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note the abnormally methylated H79 and SNRPN alleles in oocyte no. 4.

Figure 6. Methylation patterns of H19, SNRPN, PEG3 and OCT4 in bovine IVM oocytes and first polar bodies. Each line indicates an individual allele (LD
product). Each box displays alleles that were recovered from a single oocyte and/or the corresponding polar body (the oocyte number is indicated on
the left side). Maternal alleles of imprinted genes are highlighted in red. OCT4 alleles are marked in black. Open circles represent unmethylated CpG
sites and filled circles methylated CpGs. CpG site 17 (gray dot) of bovine PEG3 represents a C/T SNP and was excluded from methylation analysis. Please

To obtain early morula-stage embryos, 6—8-week old super-
ovulated (for protocol, see above) or non-superovulated C57BL6/]
females were mated with Cast/Ei males. Embryos were flushed
from the oviducts 60 h after fertilization. Only “high quality”
16-cell embryos (by visual inspection) were used for further anal-
ysis. Embryos with developmental delay or morphological signs
of fragmentation were discarded.

Bovine oocytes. Oocytes were collected from abattoir ovaries
and in vitro matured in TCM199 medium (Sigma-Aldrich), as
described previously in reference 26. Cumulus cells were removed
by enzymatic treatment with 0.1% hyaluronidase and subsequent
vortexing. To prepare the oocytes for physical manipulation,
they were washed three times in TCMair and then incubated in
TCMair containing 7.5 pg/ml cytochalasin B (Sigma-Aldrich)
for 10 min at 39°C. The extruded first polar body was visualized
by inverted light microscopy and removed using microneedles
(with 20-25 wm diameter). Oocytes were washed again three
times in PBS containing 0.1% polyvinyl pyrrolidone. The oocyte
and the corresponding polar body were transferred into separate
tubes and frozen at -80°C until further use.

Primer design. PCR and sequencing primers (Table 3) were
designed using the Pyrosequencing Assay Design Software
(Biotage, Uppsala, Sweden). To discriminate between maternal
(M. musculus) and paternal (M. musculus castaneus) alleles, prim-
ers were chosen from regions that contain a strain-specific SNP.

The four studied mouse genes (H19, Snrpn, Igf2r and Oct4) as
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well as bovine OCT4 were analyzed by bisulfite pyrosequencing,
which can quantify the methylation levels of a limited number
(1-7) of CpGs located within 30-50 bp 3' from the sequencing
primer. Three imprinted bovine genes (H19, SNRPN and PEG3)
were analyzed by direct sequencing of bisulfite-treated DNA. This
allows one to look at 20-30 CpGs within an amplicon. Addition
of M13 sequence and a G or C rich tag containing at least 50%
cytosines (forward primer) or guanines (reverse primer) to the
nested PCR primers for direct sequencing improved the bisulfite
sequence quality,”** by increasing the binding specificity during
the Sanger sequencing reaction.

Bisulfite conversion. DNA from individual mouse embryos
and bovine oocytes, respectively, was extracted and bisulfite
converted using the EZ DNA Methylation Direct Kit (Zymo
Research, Orange, CA USA), which is particularly suited for
small amounts of DNA. Briefly, 1 wl of proteinase K (20 pg/.l)
and 10 pl of 2x digestion buffer were added to the tube contain-
ing a single embryo or oocyte. After incubation for 20 min at
50°C, 130 p.l of bisulfite conversion mix were added. Proteinase
K digestion breaks down the proteins associated with the DNA
freeing it for the conversion reaction, which was performed in a
thermal cycler at 98°C for 8 min and 64°C for 3.5 h. Then the
DNA was cleaned with a spin column and eluted in 10 pl elution
buffer.

Limiting dilution (LD) bisulfite pyrosequencing of
mouse embryos. For the LD analysis of two-cell embryos, the
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Table 3. Genes and primers for bisulfite (pyro)sequencing

Gene/
repeat

mH19

mligf2r

mSnrpn

mOct4

bH19

bSNRPN

bPEG3

bOCT4

Primer

outer forward

outer reverse
nested forward
nested reverse

pyrosequencing 1
pyrosequencing 2
outer forward
outer reverse
nested forward
nested reverse
pyrosequencing 1
pyrosequencing 2
outer forward
outer reverse
nested forward
nested reverse
pyrosequencing 1
pyrosequencing 2
outer forward
outer reverse
nested forward
nested reverse
pyrosequencing
outer forward
outer reverse
inner forward
inner reverse
outer forward
outer reverse
inner forward
inner reverse
outer forward
outer reverse
inner forward
inner reverse
outer/inner forward
outer reverse
inner reverse

pyrosequencing

Sequence (5'-3')

AAATTTTAATTTTGGTTGTTTTTG G
AAT CAATTA AAA AAATAA TAA AAC CC
TGGTTG TTT TTG GAA TAT AAT GTT
®AAA AAC AAA ACA CCT ATA CCCTTC

TTT AAG ATG ATA GTT ATT AG
TTG GTT TAT GGG GTT
GGT ATT TTG AGG GTG TAA ATT GTA
AAC CCT AAC ACA ACT AAA CAA CAT
GAA GGG TTT TGT GAT TAG GGT TAA
SAAC CCT AAC ACA ACT AAA CAA CAT
GTT GTA AGA GAG GTAAGTTT
AAA GGG TTG GAT TTT TAG
TTG GTAGTT GTT TTT TGG TAG GAT
ATA AAC CCA AAT CTA AAATAT TTT AAT CA
5TTG GTA GTT GTT TTT TGG TAG GAT
TAA AAT ACA CTT TCA CTA CTA AAATCC AC
TCCCAAACAATAACTA
ACT CCCTCT CCT CTC TAC
TTG AGT GGG TTG TAA GGA TAG G
AAA AAATTT CACCTCTCCCTCC
GTA GGG GTG AGA GGATTT TGA A
PCCA CCCTCT AACCTT AACCTCT
GTT TGG AAG ATA TAG GTA GA
GAG GGG TAT TGA GAG GTT G
CAA ACA TAA AAATCC CTC AAT ATC CC
‘AGA GGT TGT GGG TGT GGA GAT A
4TCC TCT CCC ACCTTC AAC AA
GGG GTG GGG TAGATATTATTITT
AAA AAA AAA AAA TAT TAC CCA CCA CAC
SGGTTTTTTT GTT TGA GAG AG
dAAA AAA AAA AAATAT TAC CCA C
GAT ATGTTT ATT TTT GGT TGT TGG
ACC CTA ATC CCA AACTCC AACTAA CC
‘GTG TGG GGG TAT TAGAGT TTG T
4ACC CTA ATC CCA AACTCCA
TGG AGA GGG GTTTTG AAG AA
CAA AAATCT CCACCCAAACC
5TCC AAA CCC CAA ACT CCT AAACT
GGA GTT GGA AGT GAA GGT

Amplicon
length
(bp)

292

176

422

384

295

264

329

197

279

230

299

276

280

235

180
156

Chromosomal
localization (bp)?
MMU 7

149, 766, 893—
149, 767, 185

149, 766, 905~
149, 767,072

MMU 17
12, 935, 356-12, 935, 778

12,935, 394-12, 935, 778

MMU 7
67, 149, 848-67, 150, 143

67, 149, 879-67, 150, 143

MMU 17
35, 642, 662-35, 642, 991

35, 642, 766-35, 642, 963

BTA 29
51, 358, 501-51, 358, 779

51, 358, 512-51, 358, 741
NW_001501801.1 (BTA 21)
23,984-24, 282

23,984-24, 259
BTA18
64, 374, 680-64, 374, 959

64, 374, 680-64, 374,914
BTA 23

27,905, 312-27, 905, 491

27,905, 312-27, 905, 467

Number
of CpGs

20

30

2

Strain-
specific
SNP

rs338202061

rs46625914

rs46036463

2According to Ensembl version 61 of the mouse genome and NCBI release Btau 4.0 of the bovine genome, respectively. "Biotinylated. Tagged with
M13 (italics) and stuffer sequence (bold) TGT AAA ACG ACG GCC AGT CCA CTC ACT CAC CCA CCC. “Tagged with M13 (italics) and stuffer sequence (bold)
CAG GAA ACA GCT ATG ACC GGG TGG GAG GTG GGA GGG.
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bisulfite-treated DNA was diluted to a final volume of 200 .l
Aliquots with 10 pl template each were distributed into 20 wells
of a microtiter plate; four negative controls containing no tem-
plate were added to each LD. For 16-cell embryos, the 10 pl
bisulfite-converted DNA of a single morula were diluted 1:90 to
a final volume of 900 pl and distributed into 90 wells of a PCR
microtiter plate; six water controls were added. The optimum
dilution was determined empirically. To ensure that most LD
products represent a single DNA molecules, the number of wells
should be larger than the maximum number of DNA molecules
in the starting sample and after LD analysis at least half of the
wells should not contain a PCR product.

First-round multiplex PCR was performed in 25 .l reactions,
each well containing 2.5 pl AmpliTaq Gold buffer and 0.25 pl
AmpliTaq Gold polymerase (Applied Biosystems, Darmstadt,
Germany), 4 pl MgCl,, 0.5 pl dNTPs and 0.3 wl (10 pmol/
wl) of each outer primer of the studied genes (Table 3). PCR
was carried out with an initial denaturation step at 95°C for 9
min, 35 cycles of 94°C for 20 sec, 52°C for 30 sec and 72°C for
1 min, and a final extension step at 72°C for 10 min. In a second
round, nested singleplex PCRs for each of the studied genes were
performed using 1 pl of the first-round multiplex PCR product
as a template. The reaction volume consisted of 2.5 .l 10x buf-
fer and 0.2 pl Fast Start Taq polymerase (Roche, Mannheim,
Germany), 0.5 pl dNTDPs, 1.25 pl (10 pmol/pl) of each forward
and reverse primer and 18.3 pl PCR grade water. Cycling condi-
tions were as follows: H19, 95°C for 5 min, 35 cycles of 95°C for
30 sec, 57°C for 30 sec and 72°C for 1 min and a final extension
at 72°C for 7 min; Igf2r, 95°C for 5 min, 37 cycles of 95°C for
30 sec, 57°C for 30 sec and 72°C for 1 min, and a final extension
at 72°C for 7 min; Snrpn, 95°C for 5 min, 29 cycles of 95°C for
30 sec, 55°C for 30 sec, and 72°C for 1 min, and a final exten-
sion step; Oct4, 95°C for 5 min, 38 cycles of 95°C for 30 sec,
57°C for 30 sec, and 72°C for 1 min, and then 72°C for 7 min.
The singleplex PCRs (5 I each) were run on an agarose gel to
visualize reactions yielding a product representing a single DNA
molecule (allele) in the starting sample. Pyrosequencing was per-
formed on a Pyromark Q96MD system with the PyroGold SQA
reagent kit (Qiagen, Hilden, Germany). The Pyromark Q-CpG
software was used to analyze the methylation levels as well as the
strain specific SNDs.

Direct bisulfite sequencing of bovine oocytes and polar bod-
ies. The bisulfite-treated DNA of a single oocyte or first polar

body was distributed in 5 wells each of a microtiter plate. Three
water controls were also run. Multiplex PCR with a mixture of
outer primers for the four studied genes (Table 3), followed by
gene-specific single PCRs with nested inner primers was used
to amplify individual alleles. FastStart Taq Polymerase (Roche
Diagnostics) was used in both first and second round PCR. In
general, PCR amplifications were carried out in 25 pl reactions
(see above) with an initial denaturation step at 95°C for 4 min,
30-35 cycles of 95°C for 30 sec, primer-specific annealing tem-
perature for 30 sec, 72°C for 45 sec, and a final extension step at
72°C for 5 min. Multiplex PCR was performed with an anneal-
ing temperature of 54°C for 35 cycles. Gene-specific nested PCR
of H19 was performed with 65°C annealing temperature and 32
cycles; SNRPN, PEG3 and OCT4 were amplified at 57°C anneal-
ing temperature for 30 cycles. Direct bisulfite sequencing of the
three imprinted genes was performed on an ABI 3130x! auto-
mated sequencer. OCT4 was analyzed by bisulfite pyrosequenc-
ing, as described above.

Outlook

Although ARTs are widely applied in animals and humans, their
epigenetic effects in individual germ cells and early embryos have
not been systematically analyzed. Improving human infertility
treatment and the in vitro production of embryos in farm ani-
mals requires a better knowledge about the natural epigenetic
variability in early embryos and the extrinsic variations due to
manipulations of germ cells and/or embryos. Our LD assay pro-
vides the possibility to analyze the methylation patterns of mul-
tiple genes in minute amounts of DNA. Our results on bovine
oocytes demonstrate that LD can efficiently recover alleles from
single bisulfite-treated cells. The LD protocol described here is
robust and should be valuable in various kinds of tissues, includ-
ing somatic cell nuclear transfer derived embryos as well as stem
cells and cancer cells of various types.
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