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Blastomere biopsy influences epigenetic reprogramming
during early embryo development, which impacts neural
development and function in resulting mice
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Abstract Blastomere biopsy is used in preimplantation
genetic diagnosis; however, the long-term implications
on the offspring are poorly characterized. We previously
reported a high risk of memory defects in adult biopsied
mice. Here, we assessed nervous function of aged biop-
sied mice and further investigated the mechanism of neural
impairment after biopsy. We found that aged biopsied mice
had poorer spatial learning ability, increased neuron degen-
eration, and altered expression of proteins involved in neu-
ral degeneration or dysfunction in the brain compared to
aged control mice. Furthermore, the MeDIP assay indicated
a genome-wide low methylation in the brains of adult biop-
sied mice when compared to the controls, and most of the
genes containing differentially methylated loci in promoter
regions were associated with neural disorders. When we
further compared the genomic DNA methylation profiles of
7.5-days postconception (dpc) embryos between the biopsy
and control group, we found the whole genome low meth-
ylation in the biopsied group, suggesting that blastomere
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biopsy was an obstacle to de novo methylation during early
embryo development. Further analysis on mRNA profiles
of 4.5-dpc embryos indicated that reduced expression of de
novo methylation genes in biopsied embryos may impact
de novo methylation. In conclusion, we demonstrate an
abnormal neural development and function in mice gen-
erated after blastomere biopsy. The impaired epigenetic
reprogramming during early embryo development may be
the latent mechanism contributing to the impairment of
the nervous system in the biopsied mice, which results in a
hypomethylation status in their brains.

Keywords Blastomere biopsy - Neurodegenerative
disorders - Epigenetic reprogramming - DNA methylation -
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Introduction

Assisted reproductive technologies (ARTs) have been widely
used in the treatment of human infertility. However, some
processes involved in ART-mediated conception are very dif-
ferent from natural conception, such as ovarian hyperstimu-
lation and exposure of the embryo to tissue culture medium.
Both clinical investigations and animal studies have indi-
cated an increased incidence of developmental abnormali-
ties in ART offspring [1-4]. Moreover, the non-physiological
manipulations used during ART are thought to contribute to
the risk of developmental abnormalities [3, 4].
Preimplantation genetic diagnosis (PGD) has been one
of the major clinical components of assisted reproductive
technologies (ARTs) since 1990 [S]. PGD is used for two
distinct purposes: for aneuploidy screening to enhance
the success of in vitro fertilization, and to detect genetic
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disorders if family members are known to have a disease
or are carriers [6, 7]. Compared to other ARTs, the proto-
col required for PGD includes not only superovulation and
in vitro embryo culture but also the more invasive biopsy
procedure of removing one or two blastomeres from the
embryo. At present, evaluation of the influence of blasto-
mere biopsy on offspring development is less. Some clini-
cal investigations have assessed the biopsy risk by compar-
ing the health outcomes of PGD offspring and ICSI/IVF
offspring, which obtained different conclusions [5, 8-13].
Some researchers reported that blastomere biopsy does
not have a negative effect on embryo viability or neonatal
health [5, 8, 9]. Others think it influences early embryonic
development, lowers the live birth rate, and results in lower
neurologic scores of 2-year-old children [10-13]. These
clinical investigations only assessed embryonic develop-
ment and young children’s health due to the age restric-
tion of PGD offspring, and could not perform mechanism
research. In recent years, animal models were gradually
used for studying potential effects of ART technology on
its offspring, which can perform mechanism research and
enable long-term safety assessments of ART because of the
short life span of the animals. Studies on mouse models
have revealed that embryo culture and transplant operation
cause an abnormal development in their offspring [1, 4],
but it has not been used for the assessment of biopsy risk.

In our previous study, we revealed that blastomere
biopsy led to a high risk of defective memory function
in the resulting adult mice [14], which is consistent with
a recent result of population-based study that 2-year-old
PGS children had lower neurologic optimality scores than
control IVF children [13]. These results imply that devel-
opment of the nervous system is sensitive to the embryo
biopsy procedure. To ascertain the harmful effects of blas-
tomere biopsy on the nervous system of the offspring, in
this study we further evaluated the nervous system function
of aged control and biopsied mice to determine whether
degenerative neural disorders were more frequent in the
biopsied group. Moreover, the potential mechanism that
contributes to neural impairment in biopsied mice was
investigated. From this study, we hope to provide valuable
information on the safety and possible procedure improve-
ments of PGD.

Materials and methods

Mouse model

ICR mice in the biopsied or control groups were derived
from biopsied embryos or in vitro cultured embryos with-

out biopsy, respectively. Cleavage-stage biopsy and embryo
transfer were performed according to previously published
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procedures [14]. All animal experiments were approved by
the ethical board of Nanjing Medical University.

Spatial learning assay and pole climbing test

Spatial learning ability was assayed using the acquisition
trials of the Morris water maze test, as previously described
[1, 15]. Thirty-seven 84-week-old mice in the biopsied
group and fifteen 84-week-old mice in the control group
were tested. A total of 18 trials were performed over three
consecutive days with six trials per day. Data was analyzed
using a tracking system (PolyTrak, San Diego Instruments,
San Diego, CA, USA).

The pole climbing test was conducted as previously
described [16]. Two parameters were recorded: the time
until the mice turned their heads downwards, and the time
until the mice touched the floor with their front claws. Each
mouse (83 weeks old, biopsy n = 7, control n = 10) was
tested three more times individually, with 1-min intervals
between tests.

Tissue collection and morphological analysis

The brain tissues from 86-week-old mice were divided into
three and fixed in formaldehyde solution for immunohisto-
chemical examination, glutaraldehyde solution for ultrastruc-
tural examination, or liquid nitrogen for Western-blot analy-
sis. For ultrastructural examination, the tissue blocks were
postfixed with 2 % OsO, and embedded in Araldite (Zhongx-
ing Bary Technology Co., Beijing, China). Ultrathin sec-
tions were stained with uranyl acetate and lead citrate and
examined by electron microscopy (JEM.1010, JEOL, Japan).
The brain tissues of 10-week-old mice were frozen in liquid
nitrogen and used for DNA and protein extraction.

Immunohistochemistry

Paraffin-embedded sections were immunostained as previ-
ously described [17] by incubation overnight at 4 °C with
primary antibody against MBP (1:200, Santa Cruz Biotech-
nology, sc-13914) followed by HRP-conjugated secondary
antibody (ZSGB-BIO, ZB-2306). Immunoreactivity was
visualized using diaminobenzidine, viewed by bright field
microscopy (Axioskop 2 plus; Zeiss, Germany), and quan-
tified using Image] software (a free Java image process-
ing program, http://imagej.software.informer.com). MBP
expression was calculated as the ratio of the intensity of the
positive signal/area of striatum.

2-DE, gel image analysis and protein identification

Proteins were extracted from the brains of three
86-week-old mice from each group and separated by
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two-dimensional gel electrophoresis (2-DE), as previously
described [14]. Gels were silver stained, scanned, and ana-
lyzed using ImageMaster 2D Platinum software (Version
5.0, GE Healthcare, San Francisco, CA, USA). The relative
volume of each spot (% vol) was calculated; mean =+ stand-
ard deviation values were compared using ImageMaster 2D
Platinum software.

Differently expressed spots (>1.5-fold and p < 0.05,
Student’s t test) were excised, denatured, alkylated, trypsin-
digested, and analyzed using an Ultraflex Il MALDI-TOF-
TOF mass spectrometer and FlexControl 2.4 software
(Bruker Daltonics GmbH, Bremen, Germany) using previ-
ously described analysis and search conditions [14].

Methylated DNA immunoprecipitation (MeDIP) assay

The MeDIP assay and analysis was performed according
to the NimbleGen’s DNA Methylation user’s guide and
performed at CapitalBio Corporation (Beijing, China).
Briefly, genomic DNA was extracted from the brain tissues
of 10-week-old adult mice or from 7.5-days postconcep-
tion (dpc) embryos (three samples in the biopsied group
and three samples in the control group) using the DNeasy
Blood and Tissue Kit (QIAGEN Inc., Valencia, CA, USA).
For MeDIP assay, one sample required more than 5 pg of
purified DNA, which was extracted from one 10-week-
old mouse or from eighty 7.5-dpc embryos. Then, DNA
was sonicated to create random 500-bp fragments, and the
methylated DNA was immunoprecipitated using mouse
monoclonal antibodies against 5-methylcytidine and anti-
mouse-coupled IgG Biomag magnetic beads, eluted, and
purified by phenol chloroform extraction and ethanol pre-
cipitation. The input and immunoprecipitated DNA were
labeled with Cy3- and Cy5-labeled random 9-mers, respec-
tively, hybridized to NimbleGen MMS8 CpG Promoter
arrays (single arrays containing all known CpG Islands
annotated by UCSC and all well-characterized RefSeq pro-
moter regions, from approximately —1,300 to 4500 bp of
the TSSs, covered by ~385,000 probes) and scanned using
the Axon GenePix 4000B microarray scanner.

For each probe, the IP/Input log?2 ratio is computed and
scaled to center the ratio data around zero. Regions of sig-
nificant positive enrichment in ChIP-based methylation
microarray data were identified using a modified ACME
algorithm for peak identification [18]. Briefly, from the
scaled log2-ratio data, a fixed-length window (750 bp) was
placed around each consecutive probe and the one-sided
Kolmogorov—Smirnov (KS) test was applied to determine
whether the probes were drawn from a significantly more
positive distribution of intensity log-ratios than those in the
rest of the array. The resulting score for each probe was the
—log 10 p value from the windowed KS test around that
probe. Regions with more than two probes scoring above

2.0 were defined as MeDIP peaks, and peaks were mapped
to genes and CpG islands.

To identify the differentially methylated loci between
the biopsied and control groups, the log2-ratio values of
probes locating in the same region of the chip were com-
pared between the two groups. If the values of at least two
adjacent probes had significant differences between the
biopsied and control groups (p < 0.05, Student’s ¢ test), the
corresponding MeDIP peaks were defined as differentially
methylated loci.

The methylation patterns of genomic DNA were visu-
alized by hierarchical cluster (HC) analysis, using Cluster
analysis 3.0 software (an open source software, http://clus
ter.updatestar.com). HC analysis was used for all samples,
using the log2-ratio values of probes. The differentially
methylated loci were then grouped by a hierarchical clus-
tering algorithm in terms of the Pearson correlation coef-
ficient of the sample and the average linkage method.

Bisulfite sequencing

Genomic DNA extracted from 10-week-old brain tissues or
7.5-dpc embryos was subjected to bisulfite treatment (Epi-
tect Bisulfite Kit, QTAGEN Inc.), and differentially methyl-
ated regions were amplified by PCR using HotStarTaq Plus
Master Mix Kit (QIAGEN Inc.). The PCR conditions were
95 °C for 5 min, followed by 35 cycles of 94 °C for 30 s,
52-58 °C for 30 s, and 72 °C for 30 s, with a final exten-
sion at 72 °C for 7 min. Primer sequences and annealing
temperatures are presented in Supplementary Table S4. The
products were electrophoresed, purified using the QIAprep
Spin Miniprep Kit, (QIAGEN Inc.), subjected to TA clon-
ing, and sequenced to determine their methylation status.

Quantitative real-time PCR analysis

Equal amounts of RNA (200 ng) were reverse-transcribed
into cDNA. Each sample was assayed in duplicate (1 wl
cDNA, 8 pmol primers, 10 nl SYBR Premix EX Tag II,
0.4 1 Rox Reference Dye in 20-p1 volumes) using the ABI
Prism 7300 Sequence Detection System (Perkin-Elmer
Applied Biosystems, MA, USA) at 94 °C for 30 s, followed
by 40 cycles of 94 °C for 5 s, 53-60 °C for 30 s, and 72 °C
for 30 s. Primer sequences and annealing temperatures are
presented in Supplementary Table S4. Melting curve anal-
ysis was performed to confirm the real-time quantitative
PCR products.

Western blotting
Western blotting of brain tissue lysates was performed

as previously described [17] using anti-MBP (1:200;
sc-13914, Santa Cruz Biotech, CA, USA), anti-SODI1
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(1:1,000; ab16831, Abcam, Cambridge, UK), anti-NEFL
(1:500; ap7332c, Abgent Inc, CA, USA), anti-ALDH2
(1:500; apl432d, Abgent Inc.), anti-DPYSL2 (1:500;
ap13939c, Abgent Inc.), anti-Myelin PLP (1:500; ab83032,
Abcam), and anti-GAPDH (1:1,000; KC-5G5, Kangchen
Biotech, Shanghai, China).

Microarray analysis

RNA was isolated from 4.5-dpc embryos (three samples
in biopsied group and three samples in control group;
each sample was extracted from 70 embryos) and micro-
array analysis was performed by the Bioassay Laboratory
of CapitalBio Corporation (Beijing, China) using Gene-
Chip Mouse 430 2.0 Arrays (Affymetrix, Santa Clara, CA,
USA), according to the manufacturer’s protocol [19]. The
chips were scanned with a GeneChip 3000 laser confocal
slide scanner (Affymetrix) and the data was analyzed using
the Microarray Suite 5.0 Analysis software (Affymetrix).
Differentially expressed transcripts were selected using a g
value <0.05 (false discovery rate when the gene was evalu-
ated for genetic variations) and fold change >2 or < —2.

Results
Neural impairments in aged biopsied mice
Behavioral test

Spatial learning was assayed using the hidden platform ver-
sion of the Morris water maze test. In the acquisition trials,
the mice were expected to find the hidden platform located
in the fourth quadrant as quickly as possible within 60 s.
The aged control group displayed evident improvements
over the 3 days of testing (comparing with the first or sec-
ond acquisition time, the third time decreased significantly,
p < 0.05, Student’s ¢ test), whereas the aged biopsied mice

(Y

70r1
m Biopsied

@ Control

Latency (sec)

First Second Third

Fig. 1 Nervous system function behavioral test. a Morris water maze
acquisition trials on 84-week-old mice. Average time to find a hidden
platform was measured, indicating the third acquisition time differed
significantly in the control and biopsied mice (biopsy n = 37, control
n =15, *p < 0.01). b Pole climbing test on 83-week-old mice. Times
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made no progress (the third acquisition time had no obvi-
ous difference with the first or second time, p > 0.05, Stu-
dent’s ¢ test). By comparing the first, second, or third acqui-
sition time, respectively, between the two groups, we found
that the third acquisition time differed significantly in the
aged control and biopsied mice (p < 0.01, Student’s ¢ test;
Fig. 1a). These results preliminarily proved the impaired
spatial learning ability in biopsied mice.

The pole climbing test was conducted to evaluate the
muscle endurance and locomotor coordination of mice. In
the pole climbing test, the length of time until the mouse
turned its head downwards and the length of time until
the mouse touched the floor with its front claw were com-
pared. No significant differences were observed between
the aged biopsied and control groups (p > 0.05, Student’s ¢
test; Fig. 1b), confirming that the biopsied mice had similar
muscle coordination as control mice. This result excluded
the locomotor influence on the acquisition time. Combined
the results of Morris water maze test and pole climbing
test, we demonstrated that blastomere biopsy significantly
altered the spatial learning ability of the resulting aged
animals.

In our previous study of adult biopsied and control mice,
no differences between groups were observed in the acqui-
sition trials, although the poorer memory function of the
biopsied mice was revealed by the probe trials [14]. Unfor-
tunately, the aged biopsied and control mice in this study
failed to complete the probe trials and reversal trials of
the Morris water maze test due to their poor health. Thus,
the memory function of the aged offspring could not be
evaluated.

Brain morphological analysis

The ultrastructure of the hippocampus from three aged
biopsy mice and three aged control mice was examined.
A series of neuronal regression phenotypes, includ-
ing mitochondrial degeneration, increased lipofuscin,

b
20
W Biopsied
@ Control
~ 15
)
8 10
E
[ 5L
N =

Head downwards Touch floor

until the mouse turned its head downwards and touched the floor
with its front claw were measured; no significant differences were
observed between the biopsied and control groups (biopsy n = 7, con-
trol n = 10, p > 0.05)
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Fig. 2 Morphological analysis a
of brain tissues in aged biopsied
and control mice (86 weeks old;
n = 3 each). a Ultrastructural
analysis of the hippocampus.
Increased neuronal regres-

sion, mitochondrial degenera-
tion, increased lipofuscin, and
hypomyelination (arrows)

were observed in the biopsied
group; arrowheads indicate
normal mitochondria and
myelin sheath in control group.
b MBP immunostaining in the
striatum (*p < 0.05). ¢ Western
blotting of MBP in brain tissues
(*p <0.05)

s

Biopsied

Control

Biopsied

MBP

synaptic loss, and hypomyelination were observed more
frequently in the aged biopsy group compared to con-
trol mice (Fig. 2a). Immunostaining verified the lower
expression of myelin basic protein (MBP) in the stria-
tum of aged biopsy mice, compared to the control group
(p < 0.05; Fig. 2b), in accordance with Western-blot anal-
ysis of MBP expression in brain tissues from aged mice
(p < 0.05; Fig. 2c).

Analysis of differential protein expression in the brain

The protein expression changes in the brain of biopsied
aged mice were analyzed by two-dimensional gel

Mitochondrion degeneration
B ™ 7

Lipofuscin increase Hypomyelination

= ¥

Control

200 1

150
125
100
75 |
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25

Mean intensity

Biopsied Control

1271

Control

Level of MBP protein

Control

Biopsied

electrophoresis (2-DE) and matrix-assisted laser desorp-
tion/ionization-time of flight mass spectrometry (MALDI-
TOF-TOF). Quadruple 2-DE maps of the brain proteins
from the aged control and biopsied groups are presented
in Fig. 3a. By analyzing the 2-DE gels using ImageMaster
2D Platinum software, we identified 58 significantly dif-
ferentially expressed protein spots in the biopsied group
compared to the control group; 44 of these spots were
successfully identified, corresponding to 38 known pro-
teins (further detailed information is listed in Table S1).
PathwayStudio analysis indicated that 12/38 proteins were
involved in cellular processes linked to neural degeneration
or dysfunction (Fig. 3b). The expression of four proteins
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Fig. 3 Protein alterations in the brain of aged biopsied mice
(86 weeks old). a 2-DE maps of brain proteins. b PathwayStudio
analysis; 12/38 differentially expressed proteins (ovals) were involved

involved in neural degeneration: superoxide dismutase 1
(SOD1), neurofilament protein (NEFL), aldehyde dehy-
drogenase 2 (ALDH2), and dihydropyrimidinase-like 2
(DPYSL2), was further examined in the brain tissues of
aged biopsied and control mice by Western blotting. Con-
sistent with the ImageMaster 2D Platinum software analy-
sis, the levels of SOD1 and NEFL were decreased, and the
levels of ALDH2 and DPYSL?2 were increased in the aged
brains of biopsied mice, compared to the control group
(Fig. 3c¢).
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in cellular processes (cubes) related to neural degeneration or dys-
function. ¢ Western blotting confirmation of 2-DE ImageMaster 2D
Platinum software analysis

Epigenetic alterations are observed in the brains
of biopsied mice

MeDIP assay analysis of genomic methylation

Methylation was analyzed by immunoprecipitating
sheared genomic DNA using an anti-5-methylcyto-
sine antibody and hybridization to NimbleGen MMS§
Meth 385 K CpG plus Promoter microarrays. Cluster
analysis of the hybridization signals was performed to
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Fig. 4 Analysis of genomic methylation in the brain of adult biop-
sied and control mice (10 weeks old; n = 3 each). a MeDIP profiling
of global methylation. b Bisulfite sequencing of the CHD4 promoter

characterize the specific methylation patterns of genomic
DNA in the adult biopsied and control brains (brain
samples from three biopsy mice and three control mice,
respectively). Two clusters corresponding to two dis-
tinct methylation patterns were identified. The three
biopsied samples grouped in the same cluster which
showed low methylation (green), while the three control
samples grouped in another cluster which showed high
methylation (red; Fig. 4a). These results suggested that
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(*p < 0.01). ¢ Real-time PCR analysis of CDH4. d Western-blot anal-
ysis of PLP, a gene regulated by the CHD4-EGR2-NAB complex

genome-wide low methylation was induced in the brain
of the adult biopsied mice.

We also investigated the differentially methylated loci in
the adult biopsied and control brains by examining the dis-
tribution of the signals on the arrays. Eleven differentially
methylated loci (corresponding to the promoter regions of
11 genes) were identified (1.5-fold difference over at least
two adjacent probes, p < 0.05). Six of these genes were
found to be associated with neural disorders (Table 1).
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Table 1 The genes containing differentially methylated loci in promoter regions in adult biopsied and control mice

Gene name Annotation Methylation pattern
in biopsied mice
Ireb2 Alzheimer’s disease; resembling Parkinson’s disease Hypomethylation
Acsml Schizophrenia Hypermethylation
Chd4 Peripheral nerve myelination Hypomethylation
Kcne2 Neuronal excitability; schizophrenia Hypermethylation
Gm239 Atrophin-1 is the protein product of the dentatorubral-pallidoluysian atrophy (DRPLA) gene. Hypermethylation
DRPLA OMIM:125370 is a progressive neurodegenerative disorder.
Whbscr22 Williams-Beuren syndrome (WBS) (mental retardation, unique cognitive and personal profiles) Hypermethylation
Plunc Mycoplasma infection and allergic inflammation Hypomethylation
Tslp Inflammation and gastrointestinal allergy Hypermethylation
Dndl1 Germ cell development Hypermethylation
Prm1 Spermatogenesis and spermatid development Hypermethylation
Cma2 Generation and degradation of Ang II Hypomethylation

Validation of methylation status and preliminary functional
analysis of the CHD4 gene

We selected chromodomain helicase DNA-binding protein
4 (CHD#4) for further analysis. Bisulfite sequencing was per-
formed to validate the differential methylation of the CHD4
promoter region. Fifteen positive clones from each sample
(six brain samples from three adult biopsy mice and three
adult control mice, respectively) were picked for sequencing
and the methylation rate was calculated. The biopsied mice
displayed hypomethylation of the CHD4 promoter region
compared to the control group (p < 0.01; Fig. 4b), consist-
ent with the results of the MeDIP assay. To determine the
effects of abnormal methylation of the CHD4 promoter,
real-time PCR analysis was performed to examine CHD4
transcription. Increased CHD4 mRNA expression was
observed in the brains of the adult mice from the biopsied
group compared to the control group; however this differ-
ence was not statistically significant (p > 0.05; Fig. 4c).
Myelin proteolipid protein (PLP), a protein necessary
for myelination, is a target gene regulated by the CHD4—
early growth response-2 (EGR2)—NGFI-A/Egr-binding
protein (NAB) complex. To investigate the effect of CHD4
on neural degeneration, we quantified the expression of
PLP by Western blotting. Compared with control mice, the
expression of PLP was markedly decreased in the brain tis-
sues of some of the adult and aged biopsied mice (Fig. 4d).

Genome-wide low methylation in biopsied 7.5-dpc
embryos

MeDIP assay and bioinformatic analysis

To elucidate the potential mechanism contributing to epi-
genetic alterations and neural impairment in the brain of
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biopsied mice, we profiled the global methylation level
in 7.5-dpc embryos from the biopsied and control groups
(n = 3 each group) using the MeDIP assay. In the clus-
tering analysis, the biopsy group replicates sub-clustered
together, showing low methylation (green). In contrast, the
control group replicates clustered closely together, show-
ing high methylation (red; Fig. 5a). We further examined
the overall distribution of signals on the arrays. After data
standardization, we identified significantly differentially
methylated loci in the biopsied group: 3,468 low methyl-
ated loci and 1,308 high methylated loci, compared with
the control group (69 of these low methylated loci and two
of the high methylated loci were more than 1.8-fold differ-
entially methylated, p < 0.05; Table 2).

The low methylated loci in the biopsied group were
selected for further analysis. Nineteen differentially
methylated loci (corresponding to the promoter regions
of 20 genes) were screened out on the basis that the
regions with differentially methylated peaks for least
two adjacent probes were more than 1.8-fold differ-
ent (Fig. 5b; Table S2). The 20 genes with differentially
methylated promoter regions were further analyzed by
PathwayStudio software, which indicated that 11 genes
were involved in embryo development. Some of these
genes participate in important events during embryo
development, including cell proliferation, differentiation,
and apoptosis; others are involved in development-related
diseases (Fig. 5¢).

Validation of differential methylation of the Glisl promoter

The transcription factor Gli-similar 1 (Glisl) regulates
the expression of a variety of genes involved in embryo
development [20]. Bisulfite sequencing was performed
to confirm the differential methylation of the Glis/
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Fig. 5 Analysis of genomic methylation in biopsied and control 7.5-
dpc embryos (n = 3 each). a MeDIP assay of global methylation. The
left lane shows the morphology of embryo and surrounding deciduas
at 7.5-dpc (the arrow indicates the position of the embryo). The right
lane indicates the result of cluster analysis. b Example of differen-

promoter. At least 15 positive clones from each sample
(three examples from biopsied 7.5-dpc embryos and three
examples from control 7.5-dpc embryos) were picked for
sequencing and the methylation rate was calculated. Con-
sistent with the MeDIP assay, the biopsied embryos dis-
played hypomethylation of the Glis! promoter compared

Biopsied
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of Glis1 promoter
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tially methylated loci (black rectangle; >1.8-fold difference for at
least two adjacent probes). ¢ PathwayStudio analysis of differentially
methylated genes (ovals); 11 genes were involved in cellular pro-
cesses (cubes) related to embryo development. d Bisulfite sequencing
and real-time PCR validation for Glis

to the control group; however, this difference was not
statistically significant (Fig. 5d). Accordingly, real-time
PCR analysis confirmed increased transcription of Glis/
in the biopsied embryos compared to the control group;
however, this difference was also not statistically signifi-
cant (Fig. 5d).
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Table 2 Differentially methylated loci between the biopsied and con-
trol 7.5-dpc embryos

Differentially ~ Total  >2.0-fold  1.8-2.0-fold  1.5-1.8-fold
methylated loci difference  difference difference
(biopsied vs.

control)

Low methylated 3,468 29 40 326
loci

High methylated 1,308 0 2 7
loci

Reduced expression of genes involved in methylation
in biopsied 4.5-dpc embryos

Microarray analysis

Differential gene expression in mRNA samples derived
from 4.5-dpc embryos (blastocysts) of the biopsied group
(n = 3) and control group (n = 3) were identified using
Affymetrix Mouse Genome 430 v2.0 GeneChips. We iden-
tified 183 differentially expressed genes (>1.5-fold dif-
ference); 54 genes were upregulated and 129 genes were
downregulated in the biopsied embryos (Table S3). Path-
wayStudio analysis indicated that 58 of these 183 genes

(31.7 %) participated in a variety of biological processes,
including DNA methylation, chromatin remodeling, the
cell cycle, oxidative stress, embryo development, and cell
differentiation (Fig. 6a).

Database for Annotation, Visualization and Integrated
Discovery (DAVID) analysis was also performed for the 183
differentially expressed genes to identify enriched biologi-
cal themes. Seven gene ontology (GO) terms for biological
processes were overrepresented in the transcripts upregu-
lated in the biopsied embryos, mainly related to “metabolic
process” and the “response” to various stimuli, such as stress
and DNA damage. Seven overrepresented biological process
terms were identified for the transcripts that were downregu-
lated in the biopsied embryos, mainly associated with cell
cycle events and transcriptional regulation (Fig. 6b).

Real-time PCR verification

Two differentially expressed genes (Ehmt2 and Cul3),
which participate in de novo methylation, and two differ-
entially expressed genes (Ncor2 and Phgdh) involved in
cell differentiation were selected for further analysis. Real-
time PCR confirmed that these transcripts were expressed
at lower levels in the biopsied 4.5-dpc embryos, compared
to the control group (p < 0.05; Fig. 6¢).
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Fig. 6 Differential gene expression in biopsied and control 4.5-dpc
embryos (n = 3 each). a Microarray analysis. Differentially expressed
genes mainly participate in DNA methylation, chromatin remodeling,
cell cycle, oxidative stress, embryo development, and cell differentia-
tion. b DAVID analysis indicated that the transcripts upregulated in
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Discussion

PGD is currently widely applied in clinical practice, yet
concerns regarding the safety of this method are grow-
ing [14, 21]. At present, only some clinical investigations
have assessed the effect of biopsy procedure on embry-
onic development and young children’s health, but these
have obtained different conclusions [5, 8-13]. The long-
term health implications of blastomere biopsy on offspring
have not yet been systematically assessed. Our recent study
revealed that adult biopsied mice had poorer memory com-
pared to control mice, indicating that development of the
nervous system is sensitive to the blastomere biopsy pro-
cedure, and that biopsied mice may have a potentially
high risk of neurodegenerative diseases [14]. It is common
knowledge that aging is a major risk factor for neurode-
generative diseases, and aging is usually accompanied by
increased dysfunction in the nervous system [22]. To ascer-
tain the harmful effects of blastomere biopsy on the nerv-
ous system of the resulting offspring, in the present study
we further evaluated the nervous system function of aged
mice to determine whether degenerative neural disorders
are more frequent in the biopsied group. Moreover, the
potential mechanism contributing to these neural impair-
ments was investigated.

Behavioral activity, brain histology, and molecular alter-
ations were examined to assess nervous system function in
the aged mice. The acquisition trials of the Morris water
maze test and pole climbing test indicated that the blas-
tomere biopsy procedure significantly affected the spatial
learning ability of the resulting aged animals (Fig. 1). In
our previous study of adult mice, no difference in spatial
learning ability was observed between the biopsied and
control groups, although compromised memory function
was detected in the biopsied mice [14]. The above results
indicated that the adverse effects of biopsy procedure on
the offspring’s nervous system become more serious with
age. When the biopsied mice at adult stage, the neural
impairment is still not sufficient to affect spatial learning;
when mice get old, the neural impairment becomes more
serious, which results in poorer learning ability. Unfortu-
nately, the aged biopsied and control mice only completed
the acquisition trials, and could not continue completing
the probe trials and reversal trials of the Morris water maze
test because they were old and feeble. Thus, the memory
function of the aged offspring could not be evaluated.

Previous studies in rodents have indicated that the hip-
pocampus is crucial for spatial learning [23, 24]. Neuron
degeneration in the hippocampus is considered a key con-
tributing factor to the decline in learning and memory func-
tion [25]. In this study, a series of neuron regression pheno-
types were more frequently observed in the hippocampus
of aged biopsy mice compared to control mice (Fig. 2a).

The structural alterations to hippocampal neurons were in
accordance with the reduced learning ability of the aged
biopsied mice. Our previous study of adult mice showed
that blastomere biopsy could impair the structure of the
myelinated nerve fibers in the corpora striatum, which was
confirmed by decreased expression of the myelination-
related protein MBP [14]. In this study, immunostaining of
the striatum and Western-blotting analysis of brain tissues
verified the lower expression of MBP in the brains of the
aged biopsy mice (Fig. 2b, c). These results indicate that
blastomere biopsy leads to more serious neuron degenera-
tion during aging in the brains of the resulting offspring.

Neuronal impairment in the brain tissues of the aged
biopsied mice was also confirmed at the molecular level.
Proteomic analysis indicated that the expression of many
proteins involved in neural degeneration or dysfunction
were altered in the brain tissues of aged biopsied mice
compared to control aged mice (Fig. 3b). These changes
may have contributed to neuron degeneration. For exam-
ple, the protein expression levels of SOD1 and NEFL were
significantly reduced in the brains of aged biopsied mice.
Reduced expression of SODI is reported to contribute to
mitochondrial dysfunction and neuron degeneration [26,
27], and mutation of NEFL results in severe, early onset
axonal neuropathy [28]. Conversely, DPYSL2 and ALDH2
are involved in neuronal repair, regeneration, and develop-
ment when neuron degeneration or dysfunction occur [29,
30]. Increased expression of DPYSL2 and ALDH2 was
observed in the brains of aged biopsied mice compared
to controls, further implying that neuronal impairment
occurred in the aged biopsied mice.

Taken together, our results suggest that blastomere
biopsy affects neural development and function in the
resulting offspring, and that the biopsied mice have a
higher risk of neurodegenerative diseases in old age. This is
consistent with a recent study that reported that 2-year-old
PGS children had lower neurologic optimality scores than
control IVF/ICSI children [13]. Thus, a large-scale inves-
tigation of neural function needs to be performed in adult
and even aged PGD offspring.

Currently, the influence of ART procedures on the health
of the offspring is gradually emerging [2, 13, 21]. However,
the mechanisms contributing to these adverse effects are
still not clear. In recent years, epigenetic deregulation has
received increasing attention as a possible cause of adverse
ART outcomes, as the incidence of imprinting disorders is
reported to be increased in ART offspring [31, 32]. Addi-
tionally, evidence for the epigenetic effects of ART has
been obtained in mice. Both superovulation and embryo
culture have been reported to alter imprinted methyla-
tion in the resulting embryos, which can influence embryo
development and even physiological parameters at the adult
age [33, 34]. At present, studies on the epigenetic effects

@ Springer



1772

Y. Wu et al.

of ART have mainly focused on imprinted genes, and the
effects of a limited range of ART procedures on imprinted
methylation in the resulting embryos have been studied.
The definitive answers to many questions about the adverse
effects of ART await genome-wide epigenetic profiling of
the offspring of various ART techniques [35].

Here, we characterized the genomic DNA methyla-
tion patterns in the brains of adult biopsy and control mice
using the MeDIP assay. Genome-wide low methylation was
observed in the biopsy group when compared to the control
group (Fig. 4a), which might be associated with the neu-
ral impairment observed in biopsy mice. On the other hand,
most of the genes containing differentially methylated loci
in promoter regions were found to be associated with neu-
ral disorders (Table 1). We selected a gene showing low
methylation in the biopsied group, CHD4, for further inves-
tigation. The increased expression of CHD4 gene in the
brains of the biopsied mice was found, which might due to
the reduced methylation of the CHD4 promoter (Fig. 4c).
It has been demonstrated that NAB2 represses transcrip-
tion by interacting with CHD4, and the expression of many
genes is directly down-regulated by the CHD4-Egr2-NAB
complex in vivo [36, 37]. Thus, increased expression
of CHD4 in the brains of the biopsied group may influ-
ence the function of the nervous system by repressing the
expression of genes regulated by the CHD4-Egr2-NAB
complex. For example, PLP, a target gene repressed by
CHD4-EGR2-NAB, is necessary for myelination [36, 38,
39]. We observed that the expression of PLP was markedly
decreased in some biopsied mice, compared to controls
(Fig. 4d), which could possibly contribute to neuron degen-
eration of these mice.

Based on these results, we suggest that hypomethylation
in the brain is involved in the neural impairment observed
in biopsied mice. It is known that an important epigenetic
reprogramming event, i.e., whole genomic demethylation
and then remethylation (defined as de novo methylation),
occurs during early embryo development. Demethylation
is initiated immediately after fertilization, and genome
hypomethylation is observed until the blastocyst stage [40].
DNA methylation begins to be reestablished during or after
implantation at 4.5 dpc, and the remethylation of almost
all genes has been completed, and corresponds to the char-
acteristic methylation pattern of adult somatic tissues, by
6.5 dpc [41]. All PGD-related manipulations are performed
during the demethylation stage. Since DNA methylation
and demethylation are both sensitive to environmental fac-
tors, we investigated whether blastomere biopsy disturbed
epigenetic reprogramming during early embryo develop-
ment, and if this could result in epigenetic alterations in the
tissues of adult mice.

To address this issue, the MeDIP assay was performed to
compare the genomic DNA methylation profiles of 7.5-dpc
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embryos in the biopsy and control group. Whole-genome
low methylation was observed in the biopsied embryos
(Fig. 5a), suggesting that blastomere biopsy presented an
obstacle to de novo methylation during early embryo devel-
opment (from 4.5 to 6.5 dpc). This impaired remethyla-
tion during early embryo development may have resulted
in the hypomethylated status in the brain of the resulting
adult mice (Fig. 4a). The genes showing low methylation in
promoter regions were then selected for further analysis. It
is worth noting that most of these differentially methylated
genes identified in 7.5-dpc biopsied embryos are involved
in cell proliferation, differentiation, and apoptosis (Fig. 5c).
Thus, the altered expression level of these genes may influ-
ence the development of various tissues, which in turn may
affect organ function. Further evaluations of the physiologi-
cal functions of other organs in PGD offspring are required.

Profiling of mRNA expression in 4.5-dpc embryos (blas-
tocyst stage) helped to understand why blastomere biopsy
influenced remethylation during early embryo develop-
ment. A total of 183 differently expressed genes were
identified between the biopsy and control embryos. Most
differently expressed genes (70.5 %) were downregulated
in the biopsied embryos; these downregulated genes were
mainly associated with cell cycle events and transcriptional
regulation. By further analyzing this group of genes, we
found that several genes participated in de novo methyla-
tion. For example, the protein encoded by Ehmt2 can inter-
act directly with DNA methyltransferases and mediate de
novo methylation [42]. Cul3 also participates in de novo
methylation by interacting with the DNA methyltransferase
DNMT?3b [43]. Thus, decreased expression of these genes
may disturb de novo methylation at the blastocyst stage
(4.5-dpc embryo), which may contribute to the genome
hypomethylation observed in biopsied embryos at 7.5 dpc.
In addition, it was found that many downregulated genes
were involved in cell differentiation, including Ncor2 and
Phgdh, which participate in neuron differentiation and neu-
rogenesis [44, 45]. Decreased expression of these genes
may influence early embryo development and affect the
structure and function of specific organs, such as the nerv-
ous system impairment observed in this study.

A small number of differentially genes were upregulated
in the biopsied embryos at 4.5 dpc. The enriched biological
themes for these upregulated genes were mainly “response
to stress or DNA damage” and “metabolic process.” This
may reflect a defense response of the embryos to the biopsy
procedure, which may increase the expression of metabo-
lism-related genes (including peptides, cofactors, coen-
zyme metabolism, etc.) in order to promote embryo sur-
vival and growth.

It obviously, only some differentially genes were
involved DNA methylation. Other genes participate in sev-
eral biological processes, including cell differentiation, cell
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cycle, etc. (Fig 6a). These results indicated that the biopsy
procedure influenced early embryo development from sev-
eral aspects. The exact role of methylation-related genes as
well as other differentially genes needs to be investigated
further.

In conclusion, we demonstrated abnormal neural devel-
opment and function in mice generated after blastomere
biopsy, and showed that biopsied mice may have a higher
risk of neurodegenerative disorders in old age. Moreover,
we suggest that impaired epigenetic reprogramming during
early embryo development may be the latent mechanism
that contributes to nervous system impairment in biop-
sied mice. This study first revealed the negative impacts
of biopsy procedure on the offspring’s later development
and explored the possible mechanism that will provide
valuable information on procedure improvements of PGD.
More studies should be performed to address the possible
adverse effects of blastomere biopsy on the development of
offspring. Unfortunately, the sample size is relative small
in this study, and some methods used also have technical
limits, which may weaken the comprehensiveness of our
results. The more large-scale and depth research needs to
be performed in the future. Anyway, this study provides
feasibility and foundation for further large sample popula-
tion study.
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