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Embryos generated with the use of assisted reproductive technol-
ogies (ART) can develop overgrowth syndromes. In ruminants, the
condition is referred to as large offspring syndrome (LOS) and
exhibits variable phenotypic abnormalities including overgrowth,
enlarged tongue, and abdominal wall defects. These character-
istics recapitulate those observed in the human loss-of-imprinting
(LOI) overgrowth syndrome Beckwith–Wiedemann (BWS). We
have recently shown LOI at the KCNQ1 locus in LOS, the most
common epimutation in BWS. Although the first case of ART-
induced LOS was reported in 1995, studies have not yet deter-
mined the extent of LOI in this condition. Here, we determined
allele-specific expression of imprinted genes previously identified
in human and/or mouse in day ∼105 Bos taurus indicus × Bos
taurus taurus F1 hybrid control and LOS fetuses using RNAseq.
Our analysis allowed us to determine the monoallelic expression
of 20 genes in tissues of control fetuses. LOS fetuses displayed
variable LOI compared with controls. Biallelic expression of im-
printed genes in LOS was associated with tissue-specific hypo-
methylation of the normally methylated parental allele. In addition,
a positive correlation was observed between body weight and the
number of biallelically expressed imprinted genes in LOS fetuses.
Furthermore, not only was there loss of allele-specific expression
of imprinted genes in LOS, but also differential transcript amounts
of these genes between control and overgrown fetuses. In sum-
mary, we characterized previously unidentified imprinted genes in
bovines and identifiedmisregulation of imprinting at multiple loci in
LOS.We concluded that LOS is a multilocus LOI syndrome, as is BWS.

genomic imprinting | assisted reproductive technologies | large offspring
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Genomic imprinting is a series of precisely regulated epige-
netic processes that lead to parental allele-specific expres-

sion of a subset of genes in mammals (1). Proper allelic ex-
pression of imprinted genes plays an important role in embryonic
and neonatal growth, placental function, and postnatal behavior
(2). Allele-specific DNA methylation at discrete regions estab-
lished during gametogenesis defines the functional asymmetry of
parental alleles (1). These regions, termed differentially meth-
ylated regions (DMRs), are required to regulate the imprinted
expression of these genes. DNA methylation of DMRs is erased
in primordial germ cells, re-established during gametogenesis,
and maintained when the global DNA demethylation occurs
during preimplantation development (1). In addition to DNA
methylation, other epigenetic modifications and mechanisms
such as noncoding RNAs (ncRNAs) and histone posttransla-
tional modifications may contribute to parental allele-specific
expression of these genes (1).
Because of the dynamic epigenetic reprogramming that occurs

during oocyte growth and preimplantation development (3),
environmental perturbations during this time period, such as the
use of assisted reproductive technologies (ART), can affect im-
print establishment and maintenance (4). Numerous prospective

studies in animals (5–8) and retrospective studies in humans (9)
have shown that ART can induce improper regulation of geno-
mic imprinting. ART is commonly used in clinics to treat sub-
fertility and infertility, and each year as high as 5.9% of infants
born in developed countries are conceived by the use of these
technologies (10, 11). In agriculture, ART is also widely used to
increase the number of offspring produced from genetically su-
perior individuals in a shortened period (12). Multiple reports
have indicated that ART-conceived offspring are more likely to
develop imprinting disorders such as Beckwith–Wiedemann
syndrome (BWS) in human (9, 13, 14) and large offspring syn-
drome (LOS) in ruminants (15–19).
BWS is the most common pediatric overgrowth syndrome,

which is characterized by complex and variable symptoms such
as prenatal and postnatal overgrowth, ear creases, macroglossia,
umbilical hernia, and predisposition to develop childhood tumors
(20). BWS has an estimated worldwide frequency of 1 in 13,700
live births (20) with no noted sex bias (21) and a weighted rel-
ative risk of 5.2 in children conceived with the use of ART (9).
Most BWS cases are sporadic and are associated with epimu-
tations in human chromosome 11p15.5, a region that harbors
KCNQ1 and H19/IGF2 imprinted loci (20). Approximately 50%
of BWS cases are associated with the loss of methylation at the
KvDMR1 (i.e., KCNQ1 locus) and 2–7% are associated with the
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gain of methylation of the DMR at the H19/IGF2 locus (20).
Recent studies have shown that a subset of BWS individuals with
hypomethylation at the KCNQ1 locus also exhibited aberrant
DNA methylation at other imprinted loci (13, 22–28).
LOS in ruminants exhibits a variable combination of anoma-

lies that recapitulate the phenotypes commonly observed in BWS
(16). These anomalies can have detrimental effects on both the
dam and offspring, including difficult delivery due to the over-
sized nature of the fetus and the inability of the newborn to
suckle and breathe. We have recently reported that phenotypic
and epigenetic similarities exist between LOS and BWS, such as
macroglossia, macrosomia, and ear malformation, as well as loss
of methylation at the KvDMR1 on the maternal allele (29).
These parallels make LOS an appropriate animal model for the
study of BWS and the understanding of the etiology of these
overgrowth syndromes (29).
The incidence of LOS complications is variable and little is

known about the molecular cause(s) of this complex phenotype.
Given the variable phenotypes of BWS and LOS and the fact
that only 50% of individuals exhibit LOI at the KCNQ1 locus
(20, 29), we hypothesize that these overgrowth syndromes exhibit
LOI at loci beyond those primarily used for diagnosis of BWS,
namely KCNQ1 and H19/IGF2 DMRs.
In this study, we assessed the allelic expression of imprinted

genes previously identified in human and/or mouse in somatic
tissues of day ∼105 (d105) bovine control and LOS fetuses (term
of ∼280 d; SI Appendix, SI Methods). We identified 20 genes
exhibiting monoallelic expression in control fetal tissues and
found that approximately half were biallelically expressed in at
least one tissue in LOS. Furthermore, we observed that biallelic
expression of imprinted genes was associated with loss of DNA
methylation at DMRs in a tissue-specific manner. Finally, our
data show that misregulation of imprinted genes goes beyond
loss of allele-specific expression and provide insights into the
variable gene expression observed in this condition.

Results
Control and LOS Bovine Fetal Tissues Preparation and RNA Sequencing
Reads Processing. In the current study, we used high-throughput
RNA sequencing (from here on referred to as “RNAseq”) to
determine allelic expression of imprinted genes previously iden-
tified in human and/or mouse in somatic tissues of d105 control
and LOS bovine female fetuses (Fig. 1A). Fetuses used in this
study were Bos taurus indicus (B. t. indicus) × Bos taurus taurus
(B. t. taurus) F1 hybrids (29). Only females were used in this study
to avoid any potential sex-specific effects on gene expression (30).
On average, control fetuses weighed 405 g and LOS fetuses
weighed 592 g (P = 0.008; SI Appendix, Fig. S1 and Table S1).
Kidney, brain, skeletal muscle (from here on referred to as
“muscle”), and liver from each fetus were used for RNAseq
analysis. These tissues were selected as they are representative
of the primary germ-cell lineages: ectoderm (brain), mesoderm
(kidney and muscle), and endoderm (liver). Moreover, kidney
and liver are organs that have been documented to be sus-
ceptible to tumors in children affected by BWS (20).
We first aligned the reads to the bovine whole-genome as-

sembly B. t. taurus UMD3.1 (SI Appendix, Table S2). The reads
that aligned to the known imprinted genes were then compared
among all four tissues of each fetus, and genes with at least one
consistent variant nucleotide in at least two tissues were used for
subsequent analysis. Of the 105 known imprinted genes detected
by RNAseq in our study, 72 genes (SI Appendix, Table S4) had at
least one single nucleotide polymorphism (SNP) with sufficient
read depth (≥10) to assess allelic expression. A gene was con-
sidered to be monoallelically expressed if the expression of the
allele with the fewer reads accounted for less than 15% of the
total reads (SI Appendix, SI Methods). The other 33 genes were
not used for further analysis as the heterozygous nature of the

bovine makes it impossible for us to determine with any certainty
if the reads originated from one or both alleles. For example, if
all reads have a base that differs from the reference genome, two
scenarios are possible: (i) the gene is monoallelically expressed
or (ii) the gene is biallelically expressed and both alleles contain
the same base.

Allelic Determination of Imprinted Genes in d105 Control Fetal
Tissues. Of the 72 genes assessable for allelic expression, 52 (SI
Appendix, Table S4) were biallelically expressed in d105 fetal
kidney, brain, muscle, and liver. The remaining 20 genes were
observed to be imprinted in at least one tissue from any fetus. Of
these, 18 were expressed monoallelically in the kidney and 14,
17, and 14 in brain, muscle, and liver, respectively (Fig. 1B and SI
Appendix, Figs. S2–S4 and Table S3). Thirteen genes (i.e.,
DIRAS3, DLK1, GNAS, GTL2, H19, MAGEL2, NAP1L5, NNAT,
PEG3, PEG10, PLAGL1, RTL1, and SNRPN) exhibited mono-
allelic expression in all of the tissues analyzed where the genes
were expressed, whereas 7 genes (i.e., BEGAIN, CDKN1C, IGF2,
IGF2R, INPP5F, PHLDA2, and SGCE) showed tissue-specific im-
printing (Fig. 1B and SI Appendix, Figs. S2–S4 and Table S3).

Allelic Expression of Imprinted Genes in LOS. Allelic expression of
the 20 genes identified to be imprinted in control tissues was
then determined in tissues of LOS fetuses. For a gene to be
described as experiencing loss-of-imprinted gene expression (as
defined by our 15% cutoff), that gene must be monoallelically
expressed in the same tissue in all control fetuses. We observed
loss-of-imprinted gene expression in nine, eight, eight, and six
genes in kidney, brain, muscle, and liver, respectively (Fig. 1 B
and C and SI Appendix, Figs. S2–S4). Of these, IGF2R showed
universal LOI in LOS kidney, muscle, and liver whereas INPP5F
was biallelically expressed in the brain of all LOS fetuses. In
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Fig. 1. Loss of imprinting in LOS. (A) Flowchart of methodology. (B) Allele-
specific expression analysis of imprinted genes identified by RNAseq in day
∼105 B. t. indicus x B. t. taurus fetal kidney. The parental origin of imprinted
gene expression (IGE) is defined according to the known imprinting status in
human and/or mouse. Samples are arranged from left to right in ascending
order by weight and by treatment group. A sample with at least 15% ex-
pression from the repressed allele was considered biallelically expressed.
Genes that showed biallelic expression in LOS but not in control fetuses are
indicated by red boxes. Missing data for RTL1 indicate lack of discriminating
SNPs between parental alleles in the reads. We obtained the allelic expres-
sion of the long ncRNA KCNQ1OT1 (indicated by asterisk) in a previous study
(29). (C) Heat map illustrating the degree of loss of imprinting for the
biallelically expressed genes. Numbers represent the percentage of tran-
scripts expressed from the normally repressed allele. A “0” represents <15%
expression from the repressed allele (actual percentages may be found in SI
Appendix, Table S3).
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other tissues, however, these genes had variable allelic expres-
sion in control and/or LOS fetuses (SI Appendix, Table S3).
Fetuses LOS #3 and #4 displayed LOI of NNAT in all of the
tissues analyzed whereas LOS #4 had loss-of-imprinted expres-
sion of PLAGL1 in brain, kidney, and muscle. Notably, there is
a positive correlation between the number of imprinted genes
showing LOI in each LOS fetus and their body weights (SI
Appendix, Fig. S5).

Confirmation of SNPs Identified by RNAseq. We first performed
Sanger sequencing of genomic DNA from eight B. t. taurus
animals, the B. t. indicus sire, and several of the B. t. indicus ×
B. t. taurus F1 hybrids to verify 37 of the SNPs identified by
RNAseq. For 35 SNPs, both the chromosome position and allele
variants matched between RNAseq and Sanger sequencing (SI
Appendix, Table S6). The other two SNPs were not confirmed by
Sanger sequencing, possibly due to RNAseq alignment errors.
The confirmed SNPs indicated that SGCE, PEG10, NAP1L5,
SNRPN, PEG3, and MAGEL2 were paternally expressed in the
d105 bovine fetal tissues analyzed, showing conservation of
maternal-allele silencing of these genes in bovine, human, and
mouse. We were not able to determine parental allele-specific
expression of NNAT because the five SNPs within the exons are
heterozygous in both B. t. indicus and B. t. taurus (Fig. 2B and SI
Appendix, Table S6).

Confirmation of Loss-of-Imprinted Expression Identified by RNAseq.
To exclude potential false-positive imprinted expression caused
by RNAseq systemic errors (31), we verified allele-specific ex-
pression of PEG3, NNAT, SNRPN, and PLAGL1 by conven-
tional methods (Fig. 2). Paternal expression was validated for
PEG3, SNRPN, and PLAGL1 in control fetuses. In addition,
imprinted expression was also confirmed for NNAT although
parental origin of the transcript was not assessable due to the

lack of subspecies-specific polymorphisms (Fig. 2B). In contrast to
controls, PEG3, SNRPN, NNAT, and PLAGL1 were biallelically
expressed in LOS fetuses (Fig. 2 and SI Appendix, Fig. S6).

Association Between Allelic Expression and Transcript Abundance of
Imprinted Genes. To assess if the biallelic expression of imprinted
genes was associated with the increased amount of transcripts, we
normalized the read counts aligned to each gene locus to de-
termine the transcript abundance. We found that loss of imprinted
gene expression in LOS tissues did not always correlate with the
amount of transcript (SI Appendix, Fig. S7). For example, the in-
creased number of transcripts of SNRPN, NNAT, and PLAGL1
was associated with biallelic expression in kidney and muscle (P <
0.01), but not in brain. Furthermore, IGF2R had a lower total level
of expression in both liver and muscle of all LOS fetuses, although
IGF2R was biallelically expressed in both tissues.

DNA Methylation Analysis of PLAGL1, SNRPN, and NNAT DMRs. As
described above, SNRPN, NNAT, and PLAGL1 exhibited LOI in
several of the LOS fetuses. These genes have also been dem-
onstrated to be associated with BWS (22–24, 28). Thus, we
assessed allele-specific DNA methylation of the three DMRs.
DNA methylation of PLAGL1 was examined in a region

within the DMR (32) that contained 28 CpGs on the paternal
(B. t. indicus) and 29 CpGs on the maternal (B. t. taurus) allele
(Fig. 3A and SI Appendix, Table S7). PLAGL1 is maternally
repressed and acquires maternal methylation during oocyte
growth in bovine (32). As expected, we observed methylated
maternal alleles and unmethylated paternal alleles in kidney,
brain, muscle, and liver of the control fetus analyzed (Fig. 3A and
SI Appendix, Fig. S8A). Methylation of CpGs within this region
was substantially reduced on the maternal allele in the kidney of
LOS #4 (Fig. 3A) coincident with the biallelic expression of this
gene in this tissue (Fig. 1B). However, biallelic expression of
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PLAGL1 did not coincide with a reduction in DNA methylation
in brain and muscle (SI Appendix, Fig. S8A).
We next examined the methylation at the DMR (32) of the

maternally imprinted gene SNRPN (Fig. 3B). The SNRPN DMR
displayed differential methylation in the brain of the control
fetus analyzed (Fig. 3B and SI Appendix, Table S7) but showed
a substantial loss of methylation in the brain of LOS #4 fetus.
Loss of methylation of this DMR in this tissue (Fig. 3B) is as-
sociated with the gain of maternal expression of this gene (SI
Appendix, Fig. S2).
Finally, we analyzed DNA methylation at NNAT in control and

LOS fetuses. Because the NNAT DMR has not been previously
reported in bovine, we chose to analyze a CpG island at the NNAT
promoter region (Fig. 3C) that was syntenic to the human NNAT
DMR (33). We examined a region within the CpG island that
contained 33 CpGs on the paternal and 34 CpGs on the maternal
allele (Fig. 3C and SI Appendix, Table S7). Control fetus #2 dis-
played an unmethylated paternal allele and a methylated maternal
allele in both kidney and brain (Fig. 3C and SI Appendix, Fig. S8B),
which strongly suggests that NNAT is maternally imprinted in bo-
vine as in human and mouse (34, 35). LOS fetus #4 showed re-
duced DNA methylation on the maternal allele in kidney but not in
brain (Fig. 3C and SI Appendix, Fig. S8B).

Determination of the Transcript Level of Imprinted Genes Previously
Identified in Human and/or Mouse in Bovine d105 Fetuses. Given the
diverse phenotype and various loss-of-imprinted gene expres-
sions in LOS, we compared imprinted gene transcript abundance
of each LOS fetus to the average of four controls to identify
differentially expressed imprinted genes for each LOS individual
using edgeR (36, 37). With the threshold of false discovery rate
set at < 0.05, we identified 53, 21, 47, and 35 imprinted genes as
being differentially expressed in kidney, brain, muscle, and liver,
respectively, in at least one LOS fetus (SI Appendix, Fig. S9). The
fetuses differed in the type of tissue that displayed the highest
number of misregulated genes with the kidney of LOS #3
exhibiting inappropriate levels of expression in 50 of the 53 genes
and the muscle of LOS #4 showing altered expression in 40 of
the 47 genes (SI Appendix, Fig. S9).

Discussion
Beckwith–Wiedemann syndrome and large offspring syndrome
are similar fetal overgrowth conditions (29, 38). Phenotypically,
these are heterogeneous syndromes characterized by variable
developmental anomalies including macrosomia, macroglossia,
abdominal wall defect, and ear malformations. These syndromes
also share LOI at the KCNQ1 locus (29), the most common
epimutation in BWS, observed in 50% of patients (20). Even
though reports describing BWS date back to the early 1960s (39)
and the first cases of ART-induced LOS were reported in 1995
(15, 18), no molecular signature has been identified that can
consistently and reliably predict and diagnose these syndromes
and/or their varied phenotypes. To date, only a small set of
imprinted genes have been queried in LOS (29, 40, 41). With the
current study, we advance the field by describing the imprinted
signature of d105 unaffected bovine fetuses and by identifying
misregulated imprinted loci in LOS.
Approximately 200 imprinted genes have been identified in hu-

man and mouse (igc.otago.ac.nz/search.html and www.mousebook.
org/imprinting-gene-list, respectively), and little is known about the
allele and tissue specificity of these genes in bovine. In our study we
detected expression of 105 of these genes with 52 being biallelically
expressed and 20 having monoallelic expression in the fetal tissues
analyzed. The remaining 33 genes were not assessable in our system.
RNAseq analysis confirmed the maternal expression of CDKN1C,
H19, and PHLDA2 and the paternal expression of IGF2 and
PLAGL1 (29, 42). In addition, we demonstrated paternal expres-
sion of NNAT, NAP1L5, MAGEL2, PEG3, PEG10, SGCE, and
SNRPN, which is similar to what has been reported for human and
mouse (43). Furthermore, we also show that BEGAIN, DIRAS3,
DLK1, GNAS, GTL2, IGF2R, INPP5F, and RTL1 are mono-
allelically expressed, although our analysis precludes us from
ascribing the allelic origin of the transcripts. Because monoallelic
expression of imprinted genes is tissue- and stage-specific (1), it
is possible that the biallelically expressed genes in the present
study are imprinted in other tissues and/or developmental stages.
An example is TSSC4, which has been previously reported to be
imprinted in bovine placenta (44); however, this gene exhibited
biallelic expression in fetal d105 kidney, brain, muscle, and liver.

Maternal 
(B. t. taurus)

Paternal 
(B. t. indicus)

Maternal 
(B. t. taurus)

Paternal 
(B. t. indicus)

LOS #4 Kidney 

Control #4 Kidney Control #2 Brain 

LOS #4 Brain 

B 
SNRPN 

(37 CpGs) 

AAGGA 
AAAGA 

PLAGL1 

(29 CpGs) 

Paternal:   
ACGGG 
ACTGG 

A 

Maternal: 

 PCR primers:   

NNAT 

(34 CpGs) 

ACGCG 
ACACG 

C 

Control #2 Kidney 

LOS #4 Kidney 

Fig. 3. DNAmethylation of the PLAGL1, SNRPN, andNNATDMRs in control and LOS fetuses. (A–C, Top) Schematics of the regions analyzed. Bent arrows and black
boxes represent transcription start sites and first exons. Vertical lines illustrate the CpGs distributed across the region (drawn to scale). The positions of bisulfite-
convertedDNA-specific PCRprimersare shownasarrowsfacingeachother. Singlebisulfitemapsrepresent thenumberofCpGscontainedwithineachamplicon.Circles
depict the CpGs examined within the region of interest (the unmethylated maternal allele is shown as an example). SNPs (in boldface) used to determine parental
origins are indicated by vertical arrows. (A–C, Bottom) Allele-specific bisulfite sequencing of PLAGL1, SNRPN, andNNATDMRs, respectively. Each row= one strand of
DNA; open circles, unmethylated CpG sites; filled circle, methylated CpG sites; missing circles are due to SNPs or undetermined bases because of sequencing issues.
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We demonstrate that half of the imprinted genes in controls
displayed biallelic expression in LOS, making this a multilocus
LOI syndrome, as is BWS (13, 22–28). The profile of LOI was
dependent on the tissue, fetus, and degree of macrosomia and
may provide insights into the understanding of the etiology of the
anomalies observed in LOS and BWS. For example, Wilm’s tu-
mor of the kidney, a high-risk childhood cancer in BWS, dis-
played hypomethylation at the NNAT promoter that coincided
with up-regulation of the NNAT transcript (33). In our study we
observed a similar situation where biallelic expression and an
increased transcript amount of NNAT was associated with
hypomethylation of its DMR in LOS kidney. Furthermore, we
detected biallelic expression of the paternal gene PLAGL1,
which corresponded with the increased transcript amount of this
gene in the muscle and kidney of the largest LOS fetus. PLAGL1
is a known regulator of embryonic growth, and mice lacking the
paternal allele of this gene exhibit growth retardation (45). In-
terestingly, PLAGL1 has been documented to bind the DMR of
the KCNQ1 locus in a methylation-dependent manner, suggest-
ing the involvement of this molecule in the misregulation of this
locus, as has been suggested by others (46).
In the current study, we also determined the transcript amount

of imprinted genes to determine if their misregulation in LOS
transcends parental allele-specific expression. Similar to what
others have reported in the mouse, biallelic expression of im-
printed genes does not always correlate with increased transcript
level in bovine (7, 47). For example, even though IGF2R was
biallelically expressed in liver and muscle of LOS fetuses, the
total transcript amount was lower than in the controls where
monoallelic expression of this gene was observed. Lower IGF2R
levels have been previously observed in LOS (40).
Furthermore, differentially expressed imprinted genes in each

LOS fetus were analyzed in the GeneCard database (www.
genecards.org) (Table 1) to assess the attributes of these genes
(e.g., gene ontology, disorders, phenotypes, expression patterns).
The analysis showed that these genes were most significantly
enriched with the descriptors “Beckwith–Wiedemann syndrome,”
“growth size and body phenotype,” “cellular phenotypes,” and
“tumors,” indicating similarities in the types of imprinted genes
misregulated in LOS and BWS. In addition, differentially expressed
genes were implicated in tumor and/or body size control, which
suggests that misregulation of these genes may contribute to the
overgrowth phenotype of LOS. The analysis allowed us not only to
confirm the imprinted genes previously known to be associated with
LOS such as IGF2R (40) and CDKN1C (29), but also to identify
previously unidentified candidates that can be used to predict or
diagnose LOS at the molecular level. A gene of interest, for ex-
ample, is FBXO40, which was down-regulated by at least twofold in
the muscle of all LOS fetuses. Recently, Shi and coworkers dem-
onstrated that FBXO40 is a negative regulator of IGF1 signaling in

muscle differentiation and observed increased body weight and
muscle mass in FBXO40 null mice at 6 wk of age (48). Other genes
with a potential link to the overgrowth seen in LOS are MKRN3
and NNAT, which were up-regulated in the muscle of the two
largest LOS fetuses by >3.5- and 2.37-fold, respectively, compared
with controls. MKRN3 and NNAT are protein-coding genes with
currently undefined function in muscle.
In summary, our study characterizes previously unknown ex-

pression of imprinted genes in unaffected and LOS bovine
fetuses. We conclude that LOS is a multilocus LOI syndrome, as
is BWS. Future studies will assess if genes identified in this study
are similarly misregulated in BWS.

Materials and Methods
An expanded and detailed version of our methodology may be found in SI
Appendix, SI Methods.

Fetal Tissue Collection and Illumina RNAseq. Day 105 B. t. indicus × B. t. taurus
F1 hybrid control and LOS fetuses were used to analyze allele-specific expres-
sion and DNA methylation of imprinted genes. Fetuses used in this study
were produced by us as part of a previous study (29). All animal procedures
were performed at TransOva Genetics by veterinarians, and all procedures were
approved by their animal care and use committee. Serum was purposely used
in that study to supplement the culture media to increase the incidence of the
overgrowth phenotype. This method enables us to have a reliable system to
study the etiology and progression of LOS. In our previous study, we gener-
ated nine control fetuses (five females and four males) and seven LOS fetuses
(four females and three males). In the current study, all four females in the
LOS group were used. For the control group, we randomly chose four of the
five females to analyze the same number of samples in each treatment group.

Total RNAwas isolated from kidney, brain, muscle, and liver of four control
and four LOS females using TRIzol Reagent (Invitrogen) according to the
manufacturer’s instructions. RNA quality was assessed using spectrometry
and agarose gel electrophoresis. RNAseq libraries were prepared using
standard Illumina protocol and sequenced on an Illumina HiSeq. 2000 plat-
form as single-end reads. The raw FASTQ files are publically available at
Gene Expression Omnibus (accession no. GSE63509).

Bioinformatics Analysis.After quality trimming, RNAseq reads were aligned to
the bovine genome reference (UMD3.1) using TopHat2 (49). Only reads that
had >95% identity with the reference genome were used for the analyses.
Uniquely aligned RNAseq reads were normalized to the library size to
compute counts per million. Known imprinted genes were selected based on
the human and mouse imprinted gene databases (igc.otago.ac.nz/search.
html; www.geneimprint.com/site/genes-by-species; www.mousebook.org/
mousebook-catalogs/imprinting-resource). Imprinted genes annotated by
RefSeq or Ensembl were analyzed.

SNPs between B. t. indicus and B. t. taurus were identified by the fol-
lowing criteria: (i) at least 10-read coverage at a given chromosome position;
(ii) presence of only one variant allele (different from the reference allele);
and (iii) at least three reads for the lower expressed allele. To further reduce
the false-positive SNPs, only the SNPs that exist in at least two of the four
tissues (e.g., liver and muscle) from a single individual were kept for further
analysis. Only genes that had one or more SNPs and at least 10 SNP-containing

Table 1. Shared descriptors of differentially expressed imprinted genes in LOS fetuses

Rank Descriptor No. of genes Associated imprinted genes P value

1 Beckwith–Wiedemann
syndrome

13 CDKN1C, H19, IGF2, IGF2R, KCNQ1, NAP1L4, PEG3, PHLDA2, PLAGL1,
SLC22A18, SNRPN, TSPAN32, TSSC4

1.00 × 10−16

2 Growth/size/body
phenotype

34 ANO1, CD81, CDKN1C, COMMD1, DCN, DHCR7, DIO3, DLK1, DNMT1,
GATM, GLIS3, GNAS, H19, IGF2, IGF2R, KCNQ1, LIN28B, MAGEL2, MEST,
PDE10A, PDE4D, PEG10, PEG3, PHLDA2, PLAGL1, PON3, RASGRF1, RB1,
RTL1, SLC22A3, SNRPN, TCEB3, TP73, UBE3A

1.00 × 10−16

3 Cellular phenotype 30 AMPD3, AXL, CDKN1C, DCN, DIO3, DLK1, DNMT1, GNAS, H19, IGF2, IGF2R,
L3MBTL1, MAGEL2, MEST, NDN, PDE4D, PEG10, PEG3, PHLDA2, PLAGL1,
PON2, PON3, RASGRF1, RB1, SGCE, SLC22A3, SNRPN, TCEB3, TP73, UBE3A

2.11 × 10−15

4 Tumors 32 AMPD3, ANO1, AXL, BLCAP, CALCR, CD81, CDKN1C, DCN, DIO3, DLK1, DNMT1,
GNAS, H19, IGF2, IGF2R, L3MBTL1, NAP1L4, NDN, NNAT, NTM, PEG3, PLAGL1,
QPCT, RB1, SLC22A18, SLC22A3, TCEB3, TFPI2, TP73, TSPAN32, UBE3A, WIF1

1.02 × 10−14
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read counts were analyzed. Only genes with at least 15% of reads from the
repressed allele were considered biallelically expressed.

SNP Validation by Sanger Sequencing. DNA was isolated from B. t. taurus,
B. t. indicus, and B. t. indicus × B. t. taurus F1 hybrid tissues by phenol–
chloroform extraction. PCR amplifications were performed using GoTaq Hot
Start polymerase (Promega), and amplicons were sequenced at the Univer-
sity of Missouri DNA core using the 96-capillary Applied Biosystems 3730
DNA analyzer with Big Dye Terminator.

Analysis of Allelic Expression. Allele-specific expression of PEG3 and SNRPN
was validated using RT-PCR followed by Sanger sequencing. The PCR
reactions were prepared and sequenced as described above. Allelic expres-
sion of NNAT and PLAGL1 were determined using RT-PCR followed by re-
striction fragment length polymorphism and PAGE.

DNA Methylation Analysis. Genomic DNA was mutagenized with sodium bi-
sulfite using the Imprint DNA Modification Kit (Sigma) according to the
manufacturer’s instructions. Amplified PCR products were ligated with pCC1
vector and cloned using a CopyControl PCR cloning kit according to the
manufacturer’s instructions, except all of the cloning incubation procedures
were performed at room temperature. Colonies were usually visible within
2 d. Positive colonies were sequenced as described above.
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