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Abstract
Purpose We tested whether in vitro production (IVP) causes changes in DNAmethylation in fetal liver and skeletal muscle and if
exposure of cultured embryos to colony-stimulating factor 2 (CSF2) alters DNA methylation.
Methods Female fetuses were produced by artificial insemination or transfer of an IVP embryo. Embryos were treated from days
5 to 7 after fertilization with CSF2 or vehicle. DNA methylation in fetal liver and skeletal muscle was determined by post-
bisulfite adaptor tagging-based sequencing. The degree of DNA methylation for CpG sites in 50-bp windows of the promoter
region 500 bp upstream of the transcriptional start site was compared between treatments.
Results For liver, there were 12 genes (6% of those analyzed) in which DNAmethylation was affected by treatment, with one 50-
bpwindow per gene affected by treatment. For muscle, the degree of DNAmethylation was affected by treatment for 32windows
(19% of the total windows analyzed) representing 28 distinct genes (23% of analyzed genes). For 19 of the 28 genes in muscle,
the greatest deviation in DNA methylation was for the CSF2 group.
Conclusion Results are consistent with alterations in the methylome being one of the mechanisms by which IVP can result in
altered fetal development and postnatal function in the resultant offspring. In addition, results indicate that maternally derived
cell-signaling molecules can regulate the pattern of DNA methylation.
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Introduction

An occasional consequence of pregnancy achieved using the
in vitro–produced embryo is one or more alterations in the
fetal, neonatal, or postnatal phenotype of the offspring
(reviewed in [1–4]). In cattle, for example, in vitro production
(IVP) of embryos can lead to fetal overgrowth [5, 6] and
increased frequency of congenital malformation and calf death
[7–9]. There are also reports in cattle that animals derived
from an IVP embryo have increased postnatal growth and
altered circulating concentrations of hormones and metabo-
lites during the prepubertal period [10], and, for females pro-
duced using reverse-sorted semen, reduced milk yield [9].
Modification of the developmental program of the embryo
produced in vitro is just one aspect of a larger phenomenon
whereby changes in the microenvironment of the embryo,
in vivo as well as in vitro, can modify the characteristics of
the offspring, often in a manner dependent upon embryo sex
(reviewed in [2, 11]).

The mechanisms by which the developmental program of
the embryo is altered by its microenvironment are probably
multifactorial. One of the key factors is likely to be modifica-
tions in the embryonic epigenome. Alterations in DNA meth-
ylation caused by in vitro production have been described at
various points during pre- and postnatal development in cattle
[12–14], sheep [15], pigs [16], mice [17], and humans
[18–21].

One possible cause of aberrant programming during em-
bryo culture is the absence of cell-signaling molecules pro-
duced by the reproductive tract that act on the developing
embryo to shape its development (see [22] for review). One
of the best-studied of these molecules is colony-stimulating
factor (CSF2). Secreted by the oviduct and endometrium
[23–27], CSF2 can regulate competence of the embryo to
develop to the blastocyst stage [25, 26, 28–31], blastocyst
gene transcription [32–34], and ability to establish pregnancy
after transfer into females [29, 35, 36]. Furthermore, treatment
with CSF2 from days 5 to 7 altered DNA methylation in
trophoblast at day 15 of pregnancy [37] and resulted in birth
of heifer calves with greater postnatal growth compared with
calves from embryos cultured without CSF2 [38].
Transcriptomic analysis has revealed that one action of
CSF2 is to regulate genes involved in stress responses in the
blastocyst [34], and data from the human implicate oxidative
stress in aberrant DNA methylation in the placenta caused by
embryo culture [19].

In a companion paper [39], it was observed that gene ex-
pression in liver, skeletal muscle, and placenta of female fe-
tuses at day 86 of gestation was altered by IVP as compared
with that for fetuses produced by artificial insemination (AI).
Moreover, the addition of CSF2 to culture medium from days
5 to 7 of development alleviated some of these effects, partic-
ularly in placenta and liver [39]. Here, we report the results of

a study to examine patterns of DNA methylation in liver and
skeletal muscle from the same fetuses. It was hypothesized
that DNA methylation would be disrupted by in vitro produc-
tion and that exposure of cultured embryos to CSF2 would
ameliorate some abnormalities in DNA methylation.

Materials and methods

Production of fetuses and tissue collection

Female Holstein fetuses were produced by either AI or by
transfer of an embryo produced in vitro into a Holstein cow.
Details of AI, embryo production, and embryo transfer were
previously published [39]. All embryos were produced using
X-sorted sperm from a single Holstein bull. For IVP, embryos
were cultured in a medium called synthetic oviduct fluid-
bovine embryo 2. The composition of this medium, which
contains salts, energy substrates, amino acids, and bovine se-
rum albumin, is reported elsewhere [40]. Embryos were treat-
ed from days 5 to 7 after fertilization with either CSF2 (10
ng/ml recombinant bovine CSF2) or vehicle (diluent used for
CSF2; referred to as IVP treatment). Embryos were trans-
ferred to Holstein recipient females at day 7 after fertilization.
Gestation proceeded for 86 days, when fetuses were obtained
from reproductive tracts upon slaughter of the cows by stun-
ning and exsanguination. A total of 29 single female fetuses
were obtained (9 AI, 12 IVF, and 8 CSF2).

Tissues samples of approximate 1 × 1 × 1-mm size were
obtained from the main lobe of the liver and the
semitendinosus muscle, snap-frozen in liquid nitrogen, and
stored at − 80 °C until DNA extraction.

DNA isolation and library construction
for post-bisulfite adaptor tagging
reduced-representation bisulfite sequencing

Procedures were performed by Epigentek (Farmingdale, NY,
USA). DNA was isolated from liver and muscle using the
FitAmpTM Blood and Cultured Cell DNA Extraction Kit after
disaggregation (Epigentek) and DNA concentration deter-
mined using a fluorescent method (FitAmp General DNA
Quantification Kit, Epigentek). DNA (300 ng per sample)
was subjected to enzymatic digestion with 20 units of MspI
(New England BioLabs, Ipswich, MA, USA), which recog-
nizes CCGG as a cut site and cleaves after the first cytosine to
create double-stranded DNA fragments with 5’ CG dinucleo-
tides on both sticky ends. Size selection for less than 300-bp
DNA fragments was performed on agarose gel to enrich for
CG rich regions. Selected DNA fragments was subjected to
bisulfite conversion using the Methylamp™ DNA
Modification kit (Epigentek) to deaminate unmethylated cy-
tosine residues to uracil while preserving methylated cytosine
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(5-mC) residues. Three thermocycles of 95°C for 30 sec and
65°C for 30 min were used for DNA conversion. Converted
DNAwas cleaned using theMethylamp™DNAModification
kit (Epigentek). Bisulfite conversion efficiency was checked
using MethylampTM MS-qPCR Fast Kit (Epigentek). Post-
bisulfite library preparation involved double-strand DNA
(dsDNA) synthesis, dsDNA purification, ligation, PCR am-
plification, and library DNA clean up carried out using
EpiNext™ High-Sensitivity Bisulfite-Seq kit (Epigentek).
Purified and cleaned libraries were amplified and sequenced
on an Illumina HiSeq 4000 instrument.

Quality checking and mapping

The raw sequencing reads were subjected to quality control
using FastQC (version 0.11.5) [41]. Low-quality reads/bases
and adaptor sequences were trimmed by Trim Galore software
(version 0.5.0) [42], which was set to retain reads longer than
20 bp with a minimum phred score of 20. Furthermore, six
bases were removed from the 5’ end of reads to reduce the
methylation bias typically observed in post-bisulfite adaptor
tagging (PBAT) libraries. After trimming, the remaining reads
were aligned to the reference bovine genome (UMD3.1) using
Bismark (version 0.19.1) [43] coupled with Bowtie 1 (version
1.2.2) [44]. For this procedure, default parameters along with
the “–pbat” option were used, and only uniquely aligned reads
were retained for methylation status.

Quantification of methylation levels

Uniquely aligned reads were subjected to two post-alignment
processes before methylation calling. First, potential PCR du-
plications were marked and excluded from analysis using the
MarkDuplicates tool from the Picard package (version 1.104)
[44]. Secondly, reads were locally realigned around insertions
and deletions using the Bis-SNP tool (version 1.0.0) [45] to
promote aligning in the flanking of insertion and deletion
regions. The degree of methylation of each cytosine was cal-
culated with the Bismark methylation extractor (version
0.19.1) [46] with the parameters: –comprehensive, –report, –
bedGraph, –CX, –buffer_size 50%, and –no_header. Reads
from both strands were combined to calculate the degree of
methylation. For an individual sample, methylation of an in-
dividual CpGwas calculated only for those CpG covered with
at least 5 reads.

One of the single nucleotide substitutions is C to T.
Since more than 60% of all single nucleotide polymor-
phisms (SNP) occur in a CpG context [47], identification
of C to T SNP is necessary to quantify methylation levels
as accurately as possible. To perform SNP calling and
distinguish C>T SNP from the C>T substitutions caused
by bisulfite conversion, two widely used tools, Bis-SNP
(version 1.0.0) [45] and BS-SNPer (version 1.1) [48],

were applied. The parameters for Bis-SNP were set as
follows: -stand_call_conf 20, -mbq 20, and -mmq 30.
Next, raw calls of Bis-SNP were subsequently filtered
using the Bis-SNP VCF postprocess walker using param-
eters: -qual 20, -sb -0.02, -minCT 5, -maxCov 120, -qd 1,
-mq0 0.1, -minSNPinWind 2, and -windSizeForSNPfilter
10. BS-SNPer ran by default parameters. Finally, over-
lapped results of both methods were considered as the
final SNP list. The SNP so identified represent false pos-
itives for DNA methylation and were therefore removed
from the methylation call results.

Determination of promoter DNA methylation

Information on the transcription start sites (TSS) was ac-
quired for protein-coding genes and non-coding RNAs
from RefSeq annotation GCF_000003055.6 [49] for Bos
taurus genome build UMD3.1.1. The degree of DNA
methylation for CpG sites within the promoter region lo-
cated 500 bp upstream of the TSS of detected genes was
compared between treatment groups. The promoter region
of each gene was segmented into 50-bp windows. Only
windows with at least one CpG site (5 reads) detected in
at least three animals per treatment were subjected to fur-
ther analyses. For each sample, the degree of DNA meth-
ylation within each window was calculated as the number
of reads covering methylated CpG divided by the total
number of reads covering all CpG sites. The number of
methylated CpG in a window was modeled as a random
binomial variable. A logistic regression model was con-
structed for data in each window and fitted by the R func-
tion “glm” [50]. We then applied Storey’s method [51] to
control false discovery rate (FDR) by calculating the ad-
justed P values. The list of genes subjected to analysis of
methylation is shown in Supplemental File 1 Table S1.
Details on each gene in which at least one window was
significant with an FDR-adjusted P < 0.10 (including gene
identifier, chromosome, type of gene, level of statistical
significance, and, for significant windows, average meth-
ylation level) are shown in Supplemental File 1 Tables S2
and S3 for liver and Supplemental File 1 Tables S4 and S5
for muscle.

Prediction of transcription factor binding sites

Transcription factor (TF) binding sites were predicted for the
promoter regions of all genes analyzed. The R packages
“TFBSTools” [52] and database “JASPAR2018” (vertebrate
data [53]) were used for TF binding site prediction, and the
cutoff for minimum score of function “searchSeq”was set to a
stringency of 90%. This prediction was conducted for both
strands of DNA sequences.
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Results

Liver

The total number of 50-bp windows in the promoter region
subjected to analysis of variance for liver was 245,
representing 185 distinct genes. The list of analyzed genes is
in Supplemental File 1, Table S1. There were 12 genes (6% of
analyzed genes) in which the degree of DNAmethylation was
significantly affected by treatment (FDR-adjusted P < 0.05),
with one 50-bp window affected for each gene (Supplemental
File 1 Tables S2 and S3). Ten of the 12 genes were protein-
coding genes [LOC100299600 (i.e., ABCA2), SCN4A,
LOC100336464 (liprin-alpha-1-like), UQCRC2, RADIL,
PAPOLB, MOV10L1, RPS6, TNMD, and LOC781152 [P-an-
tigen family, member 3 (prostate-associated)-like], whereas 2
encoded for long non-coding RNA (LOC104969056 and
LOC104976235). Chromosomes with more than one differ-
entially methylated gene were BTA19 (LOC104969056 and
SCN4A), BTA25 (RADIL and PAPOLB), and X (TNMD and
LOC781152).

Means for percent methylation for those 50-bp windows
with FDR-adjusted P < 0.05 are shown in Fig. 1. There were
five genes where the degree of methylation was either lower
(three genes) or higher (two genes) for IVP and CSF2 com-
pared with AI. This pattern is indicative that IVP disrupted
methylation in a manner not corrected by CSF2. There were
two genes where methylation was either lower (MOV10L1) or
higher (SCN4A) for IVP than AI and where the degree of
methylation was similar between AI and CSF2. This pattern
is indicative that IVP disrupted methylation but CSF2
prevented this effect. Lastly, there were another five genes
where DNA methylation was either lower (two genes) or
higher (three genes) for CSF2 than for AI and IVP, whichwere
generally similar to each other. This pattern is indicative that
IVP only disrupted methylation when CSF2 was added to the
culture medium.

Muscle

The total number of 50-bp windows in promoter regions that
were analyzed for muscle was 166 representing 124 distinct
genes (Supplemental File 1, Table S1). The degree of DNA
methylation was affected by treatment (FDR-adjusted P <
0.05) for 32 windows (19% of the total windows analyzed)
representing 28 distinct genes (23% of genes analyzed)
(Supplemental File 1, Tables S4 and S5). There was one gene
[LOC100299600 (i.e., ABCA2)] in which DNA methylation
was affected by treatment for three 50-bp windows and two
genes (LOC101908982 and LOC104976233) in which DNA
methylation was affected by treatment for two 50-bp win-
dows. Methylation in the other 25 genes was affected by treat-
ment for one window only.

A total of 21 of the 28 genes with differential methylation
were protein-coding genes [ENG, LOC100299600 (ABCA2),
LOC789547, LOC100297820 (patched domain-containing
protein 3-like), LOC101908982, SIAH1, SMIM17, RAC3,
LOC784898 (liprin-alpha-1-like), UQCRC2, GRIFIN,
LOC104976233, COL9A2, RIBC2, LMF2, FGFRL1,
LOC107131131, ZBTB33, TNMD, LOC781152 ((P-antigen
family, member 3 (prostate-associated)-like)) and FOXP3].
A t o t a l o f s ev en we r e l ong non - cod i ng RNA
(LOC104973278, LOC104969056, LOC104975442,
LOC100848246, LOC104975712, LOC104975780, and
LOC101907383).
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Fig. 1 Percent methylation in 50-bp windows in promoter regions affect-
ed by treatment in the liver. Treatments were artificial insemination (AI;
yellow), in vitro production (IVP; salmon), or in vitro production with
colony-stimulating factor 2 (CSF2; blue). Lines between bars indicate
means that differed (FDR-adjusted P < 0.05). Genes were categorized
as to the pattern of treatment effect (IVP and CSF2 vs AI, IVP vs AI
and CSF2, and CSF2 vs others)
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Chromosomes with more than one differentially methylat-
ed gene were BTA11 [ENG and LOC100299600 (ABCA2)],
BTA16 [LOC100297820 (patched domain-containing protein
3-like) and LOC 101908982], BTA18 (SIAH1 and SMIM17),
BTA19 (LOC104969056 and RAC3), BTA21 (LOC789547,
LOC784898, and LOC104975442), BTA25 (UQCRC2 and
GRIFIN), BTA3 (COL9A2 and LOC101907383), BTA5
(RIBC2 and LMF2), and X [ZBTB33, TNMD, LOC781152
((P-antigen family, member 3 (prostate-associated)-like)), and
FOXP3)].

Four of the 28 genes displaying differential methylation
also contained a differentially methylated window in the liver
[LOC100299600 (ABCA2), UQCRC2 , TNMD , and
LOC781152 (P-antigen family, member 3 (prostate-associat-
ed)-like], with the 50-bp window being the same for three of
the four genes, with the exception being LOC781152.

There were three windows in promoter regions where
methylation was either lower (two windows) or higher (one
window) for IVP and CSF2 than AI (Fig. 2). There were ten
windows where methylation for IVP was either lower (four
windows) or higher (six windows; of which, five were signif-
icant) than AI and where CSF2 was similar to AI (Fig. 2). The
most common pattern, observed for 19 windows, was for the
greatest deviation in DNA methylation to be in the CSF2
group, with methylation being either lowest (12 windows) or
highest (seven windows) in this group (Fig. 3).

Predicted transcription factor sites

The TF predicted to bind to 50-bp windows experiencing
differential DNA methylation are listed in Supplemental File
Table S6 for liver and Supplemental File Table S7 for muscle.
The 21 most-represented TF are shown in Table 1. The most
frequently occurring TF for liver were ARNT::HIF1 (6 win-
dows; 50% of windows), MEIS1 (6 windows; 50% of win-
dows), HIC2 (5 windows; 42% of windows), and TCFL5 (5
windows; 42% of windows). The most frequently occurring
TF for muscle were MEIS1 (21 windows; 66% of windows),
HIC2 (14 windows; 44% of windows), NFIX (14 windows;
42% of windows), and NKX2-8 (14 windows; 44% of win-
dows). A total of 13 TF (MEIS1, HIC2, NFIX, NKX2-8,
ZNF354C, FOXD2, HLTF, KLF5, NEUROD, E2F6, NRF1,
TCF3, and TCF4) were among the 21 most-represented for
both the liver and muscle.

Discussion

Results from the current experiment indicate that disruption in
DNA methylation in promoter regions of the genome caused by
production of embryos in vitro was more extensive for the mus-
cle (23% of genes analyzed had differential methylation in the
promoter region) than for the liver (6% of genes had differential

methylation). This conclusion highlights the potential for tissue-
specific alterations in DNA methylation associated with in vitro
production of embryos. It is likely that alterations in DNAmeth-
ylation as described here contribute to changes in prenatal devel-
opment and postnatal phenotype associated with in vitro produc-
tion of mammalian embryos [1–4].

Results also indicate that CSF2, a maternally derived mol-
ecule implicated in regulation of preimplantation embryonic
development in several species [25, 26, 28–38], can act in a
promoter-dependent manner to either modulate disruption in
DNA methylation caused by in vitro production or, more
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Fig. 2 Percent methylation in selected 50-bp windows in promoter re-
gions affected by treatment in the muscle. Treatments were artificial in-
semination (AI; yellow), in vitro production (IVP; salmon), or in vitro
production with colony-stimulating factor 2 (CSF2; blue). Lines between
bars indicate means that differed (FDR-adjusted P < 0.05). Shown are
means for windows where either IVP or CSF2 were different from AI or
where IVP was different than AI and CSF2
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frequently, cause additional alterations in DNA methylation.
Thus, cell-signaling molecules can act on the embryo to cause
long-term changes in the methylome.

The finding that IVP and CSF2 altered DNA methylation
more extensively for genes in skeletal muscle than for genes in
liver is consistent with an earlier finding in the same fetuses
regarding expression of 92 genes in the muscle, liver, and pla-
centa [39]. The number of genes in which transcript abundance
was altered by treatment was 27 for skeletal muscle vs 9 for
liver and 12 for placenta. Perhaps, the degree of epigenetic
reprogramming caused by culture conditions affects mesoderm
precursors of skeletal muscle more than precursors of liver
(endoderm) or placenta (trophectoderm). One of the most ex-
treme phenotypes associated with in vitro production of

embryos in cattle, the large offspring syndrome (LOS), is char-
acterized by excessive muscle growth and imprinting errors [6,
14]. Nonetheless, muscle is not the only tissue in which embryo
culture conditions can lead to alterations in postnatal pheno-
type. Culture of mouse embryos to the blastocyst stage in the
presence of serum, for example, increased the incidence of
hepatomegaly and liver steatosis in females [54, 55].

It was hypothesized that CSF2 treatment would reduce
disruption in DNA methylation caused by in vitro production
of embryos. The rationale was that treatment with CSF2 from
days 5 to 7 can alter DNAmethylation in trophoblast at day 15
of pregnancy [37] and increase competence of embryos to
establish pregnancy after transfer to recipients in cattle [29,
35] and humans [36]. Additionally, alterations in gene expres-
sion associated with IVP in the fetuses used here were reduced
by CSF2 in the liver and placenta (though not skeletal muscle)
[39]. It is also relevant that the analysis of gene expression
indicates that CSF2 can modify stress responses in the bovine
embryo [34] and experiments in the human indicate that oxi-
dative stress could be responsible for some aberrant DNA
methylation in the placenta [19]. Despite all this reasoning,
results do not, however, support the initial hypothesis. In the
liver, CSF2 did correct the degree of methylation for two 50-
bp windows but also was associated with more aberrant meth-
ylation as compared with AI for 5 50-bp windows. In the
muscle, the most common pattern of altered methylation was
for the CSF2 group to have the greatest deviation from AI.
Thus, it is likely that CSF2 can regulate the methylome of the
preimplantation embryo but not in a way that mostly corrects
dysregulation of DNA methylation associated with in vitro
production. The fact that CSF2 causes such extensive changes
in the methylome of the muscle is consistent with the idea that
CSF2 can program postnatal growth, as has been reported for
heifer calves born following IVP [38].

It is not clear how the observed changes in DNA methyla-
tion would affect gene expression. In another study with the
LOS model [56], the relationship between DNA methylation
in the promoter region and transcript abundance in bovine
fetal skeletal muscle depended on the CpG density in the
promoter. The correlation between methylation and transcript
abundance was negative when the CpG density was high or
intermediate but was not significant when CpG density was
low [56]. In the current experiment, the absolute magnitude of
the difference in methylation between treatments was very
small for several windows and may not have been sufficient
to change gene expression.

One possibility is that changes in epigenetic status of a few
genes, either earlier in development or contemporaneously,
exert more widespread changes in the transcriptome. The ob-
served changes in methylation in the promoter region of the
TF gene FOXP3 may be one example of a change in DNA
methylation in a single gene being responsible for more ex-
tensive alterations in gene expression if target genes of
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Fig. 3 Percent methylation in additional 50-bp windows in promoter
regions affected by treatment in muscle. Treatments were artificial insem-
ination (AI; yellow), in vitro production (IVP; salmon), or in vitro pro-
duction with colony-stimulating factor 2 (CSF2; blue). Lines between
bars indicate means that differed (FDR-adjusted P < 0.05). Shown are
means for windows where CSF2 was different from other groups
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FOXP3 are dysregulated. There are also changes in miRNA
associated with LOS in cattle that can likely change gene
expression [57]. The finding that two of 12 differentially
methylated genes in liver (17%) and seven of 28 differentially
methylated genes in muscle (25%) were long non-coding
RNA means that changes in DNA methylation in these genes
could conceivably have downstream effects on expression of a
wider variety of genes. Long non-coding RNA can interact
with proteins, mRNA, microRNA, and DNA to affect epige-
netic regulation, transcription, translation, and protein func-
tion [58, 59].

Certain putative TF binding sites were frequently repre-
sented in differentially methylated windows in promoter re-
gions. One of the transcription factors is NFIX, which is im-
plicated in the Sotos overgrowth syndrome in humans [60,
61]. Five (MEIS1, NKX2-8, MEIS3, LBX1, and NOTO) are
homeobox genes which play important roles in developmental
processes. MEIS1 has been implicated in cardiomyogenesis
[62], hematopoiesis [63], and the neurological disorder rest-
less legs syndrome [64]. NKX2-8 is expressed in the fetal liver
[65], regulates alpha-fetoprotein production [66], and is a tu-
mor suppressor gene [67]. MEIS3 is involved in an organiza-
tion of the neural plate [68], while LBX1 is involved in the
spinal cord organization [69], and NOTO controls

morphogenesis and left-right patterning of the notochord
[70]. Disruption in actions of TF factors such as these caused
by epigenetic changes in promoter region accessibility could
conceivably contribute to the alterations in fetal development
associated with IVP, including LOS.

Interestingly, several of the genes in which promoters were
differentially methylated are located on the X chromosome.
One of the characteristics of altered developmental program-
ming during the preimplantation period is sexual dimorphism,
with the postnatal phenotype caused by a change in the envi-
ronment of the preimplantation embryo sometimes being dif-
ferent for female offspring than male offspring (reviewed in
[2]). X-chromosome inactivation has not yet occurred by the
blastocyst stage in cattle [71], and perhaps changes in meth-
ylation in genes located on the X chromosome contribute to
the phenomenon of sex-dependent programming of postnatal
development.

In conclusion, production of bovine embryos in vitro
causes changes in DNA methylation in fetal tissues at day
86 of gestation, with the extent of alterations being greater
for the skeletal muscle than the liver. Treatment of cultured
embryos with CSF2 can also modify DNA methylation as
compared with the embryo produced in vivo. These results
reinforce the idea that alterations in the methylome are one

Table 1 The 21 most-represented
transcription factors that poten-
tially bind to 50-bp windows that
experienced differential
methylation

Liver Muscle

Transcription
factor

Number of windows (% of
total)a

Transcription
factor

Number of windows (% of
total)

ARNT::HIF1A 6 (50%) MEIS1 21 (66%)

MEIS1 6 (50%) HIC2 14 (44%)

HIC2 5 (42%) NFIX 14 (44%)

TCFL5 5 (42%) NKX2-8 14 (44%)

NEUROD 4 (33%) SPIB 10 (31%)

NFIX 4 (33%) ZNF354C 10 (31%)

NRF1 4 (33%) FOXD2 9 (28%)

THAP1 4 (33%) HLTF 9 (28%)

ZNF354C 4 (33%) FOXL1 8 (25%)

AHR::ARNT 3 (25%) KLF5 8 (25%)

E2F6 3 (25%) MEIS3 8 (25%)

FOXD2 3 (25%) NEUROD2 8 (25%)

GCM1 3 (25%) SNAI2 8 (25%)

GCM2 3 (25%) E2F6 7 (22%)

HLTF 3 (25%) FOXP3 7 (22%)

KLF5 3 (25%) LBX1 7 (22%)

MYB 3 (25%) MYOD1 7 (22%)

MZF1 3 (25%) NOTO 7 (22%)

NKX2-8 3 (25%) NRF1 7 (22%)

SP1 3 (25%) TCF3 7 (22%)

TCF3 3 (25%) TCF4 7 (22%)

aOther transcription factors that potentially bind to three windows were TCF4 and TFAP2A
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of the mechanisms by which in vitro production of embryos
can result in altered fetal development and postnatal function
in the resultant offspring.
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