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ABSTRACT

Possible phenotypic impairments associated with maternal stress during gestation in beef
cattle may be explained by epigenetic effects. This study examined the impact of prenatal
transportation stress on DNA methylation of lymphocytes of Brahman cows over the first 5
years of life. Methylation analysis through reduced representation bisulphite sequencing was
conducted on DNA from lymphocytes from 28 paired samples from 6 prenatally stressed (PNS)
and 8 control (Control) females obtained initially when they were 28 days of age and 5 years
of age. There were 14,386 CpG (C = cytosine; p = phosphate; G = guanine) sites differentially
methylated (P < 0.01) in 5-yr-old Control cows compared to their lymphocyte DNA at 28 days
of age, this number was slightly decreased in 5-yr-old PNS with 13,378 CpG sites. Only 2,749
age-related differentially methylated CpG sites were seen within PNS females. There were
2,637 CpG sites differentially methylated (P < 0.01) in PNS cows relative to Controls at 5 years
of age. There were differentially methylated genes in 5-yr-old cows that contributed similarly
to altered gene pathways in both treatment groups. Canonical pathways altered in PNS
compared to Control cows at 5 years of age were mostly related to development and growth,
nervous system development and function, and immune response. Prenatal stress appeared to
alter the epigenome in Brahman cows compared to Control at 5 years of age, which implies
a persistent intervention in DNA methylation in lymphocytes, and may confer long-lasting
effects on gene expression, and consequently relevant phenotypic changes.
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placenta [4]. During foetal development, exposure
to elevated maternal cortisol induces dysregulation
of the HPA axis in offspring that can have long-
lasting behavioural and neurobiological effects [5].
However, the postnatal effects of adrenocortico-
tropic hormone injection to increase cortisol dur-
ing gestation were not the same as observed with
transportation stress on cattle [6], which demon-
strates that elevated cortisol alone is not sufficient
to induce the postnatal effects.

DNA methylation is a well-studied and docu-
mented epigenetic alteration. It is affected by the
addition of a methyl group to cytosines, typically
at cytosine-guanine dinucleotides in mammals;
this modification modulates gene expression at
the transcription level [2]. Evidence from animal
and human studies has shown the regulation of
gene expression through DNA methylation or
other epigenetic mechanisms as a key factor

Introduction

Epigenetic mechanisms contribute to regulation of
gene expression that mediates all mammalian
development [1], and enable intrinsic and envir-
onmental signals to alter the genome [2]. As envir-
onmentally sensitive components, epigenetic
modifications have emerged

as a possible key mechanism by which prenatal
stress affects foetal (and subsequent) development.
The prenatal period through weaning is a time of
maximal epigenetic plasticity in mammals [3]. In
utero, with placental maintenance of the foetal
environment, the foetus is vulnerable to a wide
variety of external environmental exposures.
Stress-triggering stimuli appear to initiate mater-
nal hypothalamus-pituitary-adrenal (HPA) axis
activity, resulting in increased glucocorticoid
secretion that affects the foetus through the
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regulating the link between prenatal stress and
unfavourable outcomes. Tobi et al. [7] reported
a correlation between altered methylation at CpG
dinucleotides (C = cytosine; p = phosphate bond;
G = guanine) in the DNA of whole blood cells and
early gestation stress in the study conducted with
adult individuals prenatally exposed to famine
during the Dutch Hunger Winter of 1944 and
1945. The effects of prenatal transportation stress
[8,9] on temperament have been shown in calves.
Prenatal stress altered lymphocyte DNA methyla-
tion profiles early in life (28 days of age) in males
(10; half-siblings to the females in the present
study) and females (11; the same females in the
present study). Littlejohn et al. [10] uncovered
stress-response genes that were differentially
methylated in prenatally stressed bull calves.
Considering the possible consequences on animal
welfare, health, and reproduction, prenatal stress
in beef cattle may be a source of economic and
welfare problems. The objective of this study was
to examine the effects of prenatal transportation
stress on lymphocyte DNA methylation changes of
Brahman heifer calves during the first 5 years of
life by investigating DNA methylation patterns of
both PNS and Control groups at two postnatal
time points (day 28 and year 5). We hypothesized
that DNA methylation patterns would change
from 28 days of age to 5 years of age when cows
are mature. Furthermore, the normal pattern of
methylation changes would be disturbed for
some genes and pathways in animals exposed to
transportation as a prenatal stressor.

Materials and methods
Animal procedures and sample acquisition

All procedures were in compliance with the
Guide for the Care and Use of Agricultural
Animals in Research and Teaching (FASS, 2010)
and approved by the Texas A&M Agrilife
Research Animal Use and Care Committee.
Blood samples were obtained from 5-yr-old
Brahman cows (females) whose dams either a)
were exposed to transportation during gestation
as prenatal stress treatment group or b) served as
the non-transported control group. Details of the
initial exposure were previously described by

Littlejohn et al [12]. Briefly, pregnant Brahman
cows (n = 48; these cows were artificially-
inseminated and confirmed as conceived in the
same week) were transported in trailers for
2-hour periods at 60 + 5, 80 = 5, 100 * 5,
120 = 5, and 140 + 5 days of gestation as per
our original prenatal transportation stress model
[9]. Non-transported pregnant cows (n = 48)
were designated as a Control group. The earliest
time point to initiate transportation stress (day
60; the later portion of first trimester of gestation)
was selected to be after placentation is completed
in the cow in order to minimize the risk of
inducing early embryonic or foetal loss [13].
The latest time point to apply transportation
stress (day 140; the middle trimester of gestation)
was selected to be before stress-induced elevation
in secretion of foetal adrenal cortisol might
induce premature parturition in the cow [14,15].
Transported and control cows were maintained
together in the same pasture and nutritional con-
ditions. Transported cows gave birth to 21 female
and 20 male calves (prenatally stressed group;
PNS), while cows that were maintained as con-
trols gave birth to 18 female and 26 male calves
(Control). Blood samples were obtained from all
calves at 28 days of age and leukocytes stored at -
80°C. For the study reported herein, 28 matching
blood samples were analysed from the same 6
PNS and 8 Control females when they attained
28 days and 5 years of age. The animals were
selected at random when they averaged 5 years
of age.

Sample analysis

Processing of blood samples and DNA extraction
White blood cells were isolated from 10-mL blood
samples upon centrifugation. They were cleaned
through repeated washes with blood cell lysis buf-
fer to lyse red blood cells followed by centrifuga-
tions, while leaving leukocytes intact. Extraction of
DNA was performed using a phenol-chloroform
extraction protocol, and extracted DNA was sus-
pended in 150-to-200 pL Tris-EDTA buffer and
stored at — 80°C. Samples were transported on dry
ice to Zymo Research Corp. (Irvine, CA) for
reduced representation DNA methylation analysis,
as previously described [12].



Library construction and alignment of DNA reads
Profiling of DNA methylation was conducted with
the reduced representation bisulphite sequencing
(RRBS)  platform  (Methyl-MiniSeq, = Zymo
Research Crop, Irvine, CA). For library prepara-
tion, 300 ng genomic DNA from 28 paired sam-
ples from the 14 subjects collected at 28 days and
5 years of age was digested with Taqal and Mspl
restriction enzymes followed by adaptor ligation.
Bisulphite conversion of processed DNA frag-
ments was accomplished in conformity with the
EZ DNA methylation-lightning kit by Zymo
Research. After polymerase chain reaction (PCR)
amplification, bisulphite-treated DNA fragments
were sequenced using an Illumina HiSeq platform.
Sequenced DNA reads were aligned to the UMD
3.1 Bos taurus genome assembly [16] with Bismark
software [17] by Zymo Research to extract methy-
lation information of cytosine nucleotides.

Preprocessing of data

The minimum read coverage was set to 5x for each
CpG site to minimize the data loss; the recom-
mended coverage to obtain satisfactory sensitivity
is between 5x and 15x for < 3 biological replicates
for genome-wide DNA methylation analysis [18],
and CpG sites with high coverage (> 500x) were
removed to eliminate potential PCR bias. The
median coverage normalization was applied to
read coverages between samples to prevent intro-
duction of bias. Methylation ratios were deter-
mined by dividing the number of methylated
reads mapped to a CpG site by the total number
of reads mapped to the same CpG site.

Differential DNA methylation analyses and
annotation

Differentially methylated CpG sites were identified
by analysis with the R/Bioconductor package
methylKit version 1.8.1 [19]. Key comparisons
included:

1. Age: day 28 and year 5 methylation ratios
within PNS and Control groups.

2. Treatment: year 5 methylation ratios of PNS
and Control groups.

Overdispersion corrections were performed by
applying a scaling parameter to variance estimated
by the model to account for within-condition
variability and to avoid high false-positive rates
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[20]. Probability (P) values of age comparisons
were corrected for multiple testing using a sliding
linear model [21] but they were not in treatment
comparisons because of the exploratory nature of
this effort and the few detections. Differentially
methylated CpG (dmCpG) sites were declared
using two criteria: P < 0.01 from Fisher’s exact
test and the absolute value of difference in methy-
lation between treatment and control ratios > 0.10.
More than 10% increase and decrease in methyla-
tion were considered hypermethylated and hypo-
methylated, respectively. Differentially methylated
sites were annotated (located on the reference
genome) using the R/Bioconductor package anno-
tatr version 1.8.0 [22] to the reference genome
UMD 3.1 Bos taurus assembly [16]. Promoter
regions were defined as located within 1,000 bp
upstream and 400 bp downstream of the transcrip-
tion start sites of genes. Age methylation differ-
ences were calculated by subtracting the
methylation ratio at 28 days of age from that at
5 years of age within the two treatment groups.
Treatment methylation differences were estimated
for samples obtained at 5 years of age by subtract-
ing the methylation ratio in Control cows from
that of PNS cows.

Pathway analysis

Differentially methylated genes were defined as
genes that had at least one CpG site within their
promoter region; differentially methylated genes
within the age comparisons and the treatment com-
parison were subjected to Ingenuity Pathway
Analysis (IPA; Redwood City, CA) to determine
altered canonical pathways and biological functions
that were potentially induced by methylation differ-
ences. Probability values for canonical pathways of
enriched genes were calculated with right-tailed
Fisher’s exact tests for each canonical pathway in
which differentially methylated genes were enriched.

Results and discussion
Mapping summary

At 28 days of age the read pairs averaged
39,106,892 and 37,353,167 for samples from the
Control and PNS heifers, respectively. The
Control and PNS samples had 39,067,133 and
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49,781,832 read pairs average at 5 years of age,
respectively, in which variations are attributed to
procedures associated with sample processing.
Sodium  bisulphite treatment  successfully
resulted in a 99% conversion rate for each sam-
ple in each treatment and age group. All CpG
sites were mapped against the reference genome
from 29 to 31% efficiency in samples from both
treatments at both ages. Each unique CpG site
averaged from 7x to 9x coverage. The mapping
efficiency varies depending on sequence quality
and read number, as well as the quality of the
reference genome annotation [23].

Methylation at 28 days and 5 years of age in
Control cows

A slight majority (59%) of dmCpG sites were hypo-
methylated in Control cows at 5 years of age com-
pared to those females at 28 days of age (Table 1).
There were more hypermethylated dmCpG within
promoters and exons, while the opposite was the
case for introns. Epigenetic changes are common
with ageing [24]; age prediction models have been
proposed based on changes in DNA methylation
with high accuracy [25]. Overall DNA methylation
declines gradually with increasing age [26]; how-
ever, age-associated hypermethylation or hypo-
methylation of DNA has been documented at

specific loci [25]. Because of the large volume of
results, the 30 sites with the smallest P-values, that
are hypermethylated and hypomethylated within
promoters and gene bodies in this study are
included in Supplementary Tables la to 1d.
Concise information from those is shown for com-
parison purposes in the appropriate tabular and text
presentation of PNS results. Changes in DNA
methylation induced by age in the Control group
were detected across the entire bovine genome
(Supplementary Figure 1).

Methylation at 28 days and 5 years of age in PNS
cows

There were 13,378 CpG sites identified as differ-
entially methylated (P < 0.01) in DNA from PNS
cows at 5 years of age compared to their DNA at
28 days of age with a slight tendency towards an
increase in methylation (52% of the total
dmCpG sites were hypermethylated). Most
dmCpG sites were detected in intergenic regions,
and the remaining dmCpG sites were distributed
across introns, promoters, and exons with lower
percentages in PNS. The distribution of dmCpG
sites across the entire bovine genome (Figure 1)
may suggest methylation events that are part of
the dynamic regulation of CpG sites as a part of
normal development.

Table 1. Distribution of dmCpG sites (P < 0.01) across genomic regions.

Number of Hypomethylated® Hypermethylated®
Comparison/location Number® Proportion affiliated genes Number Proportion Number Proportion
Control year 5 — day 28
Total 14,386 1 2,164 8,454 1 5,932 1
Intron® 3,002 0.21 1,045 1,840 0.22 1,162 0.20
Exon® 1,296 0.09 639 256 0.03 1,040 0.17
Promoter 1,446 0.1 423 169 0.02 1,277 0.21
Intergenic 9,119 0.63 6,182 0.73 2,937 0.49
PNS year 5 - day 28
Total 13,378 1 2,823 6,447 1 6,931 1
Intron® 2,976 0.22 1,545 1,596 0.25 1,380 0.20
Exon? 1,617 0.12 924 298 0.05 1,319 0.19
Promoter 1,901 0.14 1,46 145 0.02 1,756 0.25
Intergenic 7,583 0.57 4,402 0.68 3,181 0.46
PNS year 5 — Control year 5
Total 2,637 1 182 930 1 1,707 1
Intron® 86 0.03 77 34 0.04 52 0.03
Exon® 87 0.03 73 16 0.02 71 0.04
Promoter 11 0.04 87 32 0.03 79 0.05
Intergenic 2,410 0.91 859 0.92 1,551 0.91

%Introns and exons together were considered to be the gene body region.

PDue to coannotation of sites, the sum of number of CpG sites differs from the totals slightly.
“Decrease in DNA methylation in females at 5 years of age relative to 28 days of age or of PNS relative to Control females.
dIncrease in DNA methylation in females at 5 years of age relative to 28 days of age or of PNS relative to Control females.
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Figure 1.

Differential methylation in promoter regions of
PNS cows

There were 1,901 differentially methylated CpG
sites (P < 0.01) located in promoter regions of
DNA from cows at 5 years of age compared to
their DNA at 28 days of age (Table 1). The 30
hypermethylated sites in promoter regions with
the smallest P-values are listed in Table 2 along
with the genes with which they are affiliated. Only
two hypermethylated CpG sites were common in
PNS and Control females at 5 years of age (Table
2). However, the majority of the genes (20 of 30)
that had hypermethylated CpG sites within their
promoters were the same in PNS and Control
5-yr-old cows; these may be downregulated
(assuming that hypermethylation is suppressive
[27]) as a normal response to ageing. Other (that
is, not in the top 30 sites) hypermethylated CpG
sites (P < 0.01) located in promoter regions of
5-yr-old PNS and Control cows are presented in
Supplementary Tables 2a and 2b, respectively.
Among those in Table 2, a single gene had some
documented connection with stress in animals.
The potassium voltage-gated channel subfamily
C member 1 (KCNCI) gene had eight hyper-
methylated CpG sites (P < 0.01) in 5-yr-old PNS
cows, but was not differentially methylated in
5-yr-old Control cows. The KCNCI protein mod-
ulates potassium ion transport based on the vol-
tage difference and is expressed in GABAergic
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interneurons [28]. In the offspring of pregnant
mice exposed to valproic acid, which is a drug
confirmed to induce seven-fold greater occurrence
of autism spectrum disorders or related symptoms
[29], brain expression levels of Kcncl were reduced
by approximately 40% [30].

There were 145 hypomethylated CpG sites
detected in promoter regions of 5-yr-old PNS
cows compared to their DNA at 28 days of age.
The 30 hypomethylated CpG sites with the smal-
lest P-values are shown in Table 3. There were 4
hypomethylated CpG sites common to 5-yr-old
Control and PNS cows. Additional hypomethy-
lated CpG sites (P < 0.01) within the promoter
region of listed genes (Table 3) in Control cows
as well as PNS cows show the differences in
methylation patterns (Supplementary Tables 2c
and 2d); while 23 of those listed genes had their
promoter regions hypomethylated only in the
5-yr-old PNS group, the promoter regions of 6
genes were hypomethylated commonly. One hypo-
methylated CpG site was located within the pro-
moter region of myelin-associated glycoprotein
(MAG), which may have a role in mammalian
response to stress. Schraut et al. [31] reported
elevated expression of MAG in hippocampal
DNA extracted from mice exposed to a restraint
stress paradigm of prenatal stress. The MAG gene
had 2 hypomethylated CpG sites in Control cows
(one of those was common in Control and PNS
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Table 2. Top 30 hypermethylated CpG sites (P < 7.02E-09) located within promoter regions of genes in PNS cows at 5 years of age

compared with 28 days of age.

Additional sites

BTA® Mb Difference® Gene* Control PNS
3 85.2 0.62 Nuclear factor | A (NFIA) 2 8
29 6.0 0.24 Folate hydrolase 1B (FOLH1B) 5 13
4 7.6 0.29 Uridine phosphorylase 1 (UPP1) 0 3
8 773 0.51 Ciliary neurotrophic factor receptor (CNTFR) 1 0
3 44.8 0.24 Sorting nexin 7 (SNX7) 3 2
2 20.9 0.27 Homeobox D13 (HOXD13) 16 2
17 45.2 0.38 Zinc finger protein 891 (ZNF891) 0 2
1 40.6 0.43 EPH receptor A6 (EPHA6) 19 20
X 145.4 0.25 Anosmin 1 (ANOST) 0 3
10 57.7 0.21 One cut homeobox 1 (ONECUTT) 1 1
1Al 1.2 0.20 BCL2 like 11 (BCL2L11) 2 1
8 75.1 0.25 PNMA family member 2 (PNMA2) 0 1
14 79.0 0.28 ATPase H+ transporting VO subunit D2 (ATP6V0D2) 0 1
3 448 0.20 Sorting nexin 7 (SNX7) 3 2
25 38.1 0.24 Neuronal pentraxin 2 (NPTX2) 5 0
2 415 0.33 Potassium voltage-gated channel subfamily J member 3 (KCNJ3) 2 3
12 90.0 0.26 SRY-box 1 (SOX1) 4 3
7 59.5 0.18 POU class 4 homeobox 3 (POU4F3) 2 0
3 85.2 0.48 Nuclear factor | A (NFIA) 2 8
5 1.9 0.30 Thyrotropin releasing hormone degrading enzyme (TRHDE) 2 8
18 13.2 0.21 Junctophilin 3 (JPH3) 0 1
8 5.8 0.39 Heart and neural crest derivatives expressed 2 (HAND2) 3 8
13 55.1 0.27 Neurotensin receptor 1 (NTSRT) 1 1
1 40.6 0.38 EPH receptor A6 (EPHA6) 19 20
21 66.3 0.13 HHIP like 1 (HHIPLT) 0 2
10 59.1 0.25 Gliomedin (GLDN) 0 1
10 214 0.37 BCL2 like 2 (BCL2L2) 4 0
8 101.8 0.19 Sushi, von willebrand factor type A, EGF and pentraxin domain containing 1 (SVEPT) 0 8
15 353 0.23 Potassium voltage-gated channel subfamily C member 1 (KCNCT) 0 7
4 120.5 0.24 Vasoactive intestinal peptide receptor 2 (VIPR2) 4 0

BTA: Bos taurus autosome. X indicates Bos taurus X chromosome.

PMethylation difference was calculated by subtracting the mean methylation ratio in PNS at 28 days of age from the mean methylation ratio in PNS

at 5 years of age.

“Genes in bold have the same CpG site differentially hypermethylated in Control (P < 0.01) as in PNS.
Total number of CpG sites differentially hypermethylated (P < 0.01; methylation ratio difference > 0.1) in the same gene’s promoter in Control
cows, and additional sites in the promoter of the same gene in PNS, respectively.

cows); however, the common CpG site had
a smaller P-value in PNS cows, which may indicate
increased expression of this gene relative to
Control cows.

Differential methylation in gene body regions of

PNS cows

As many as 4,593 CpG sites located within gene
body regions were differentially methylated in
5-yr-old PNS cows, more frequently hyper-
methylated with 2,699 sites (Table 1). The 30
hypermethylated CpG sites with the smallest
P-values are presented in Table 4. Two of
those genes appear to have a stress-response
role. Dipeptidyl peptidase like 6 (DPP6)
encodes a subunit of voltage-gated potassium
channel subfamily D member 2 that modulates
neuronal excitability in the brain [32].

Associations have been shown between DPP6
gene variants and neurodevelopmental disor-
ders, including autism spectrum disorder
[33,34]. Three hypermethylated CpG sites
within DPP6 were detected in both PNS and
Control 5-yr-old cows. However, hypermethyla-
tion of these three sites was stronger in PNS as
indicated by magnitudes of P-value and methy-
lation differences (Supplementary Tables 3a and
3b). The number of hypermethylated sites in
the homeobox protein lim-1 (LHXI) gene
body in PNS (n = 7) is noteworthy compared
to Control (n = 0). The LHXI gene is integral
for differentiation of GABAergic interneurons
through modulating paired box gene 2 expres-
sion [35], and in the GABAergic inhibitory-
neurotransmitter programming for appropriate
development of interneurons [36].
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Table 3. Top 30 hypomethylated CpG sites (P < 1.76E-04) located within promoter regions of genes in PNS cows at 5 years of age

compared with 28 days of age.

Additional sites®

BTA? Mb Difference® Gene® Control PNS
10 419 -0.24 Melanoma-associated antigen 10-like (LOC678806) 1 4
10 419 -0.30 Melanoma-associated antigen 10-like (LOC6178806) 1 4
3 68.1 -0.46 ST6 N-acetylgalactosaminide alpha-2,6-sialyltransferase 5 (STEGALNACS) 1 0
2 1334 -0.34 Phospholipase A2 group IIE (PLA2G2E) 0 0
12 90.7 -0.26 Transcription factor Dp-1 (TFDP1) 0 1
19 12.8 -0.27 Chromosome 19 C170RF64 homolog (C19H170RF64) 0 0
X 14.1 -0.26 Zinc finger protein 280 C (ZNF280C) 2 0
3 923 -0.43 acyl-CoA thioesterase 11 (ACOTT1T) 0 0
25 414 -0.18 Kinesin-like protein (F1IN4G9) 0 0
7 45.5 -0.18 polo like kinase 5 (PLK5) 0 0
19 39.2 —-0.40 Proline rich 15 like (PRR15L) 0 0
18 14.3 -0.39 acyl-CoA synthetase family member 3 (ACSF3) 0 0
1 101.6 -0.43 Proline rich coiled-coil 2B (PRRC2B) 0 0
5 91.8 -0.32 Phospholipase C zeta 1 (PLCZ1) 0 0
5 91.8 -0.32 Capping actin protein of muscle Z-line subunit alpha 3 (CAPZA3) 0 0
1 38.2 -0.42 Protein phosphatase 4 regulatory subunit 3B (PPP4R3B) 1 0
1 143.6 -0.30 PR/SET domain 15 (PRDM15) 0 1
13 30.2 -0.29 Non-coding RNA: RF00026 0 0
6 5.5 -0.12 Mitotic arrest deficient 2 like 1 (MAD2LT) 1 0
26 229 -0.11 Nuclear factor kappa B subunit 2 (NFKB2) 0 0
18 46.2 -0.22 Myelin-associated glycoprotein (VIAG) 2 0
13 79.4 -0.29 RIPOR family member 3 (RIPOR3) 0 0
12 90.7 -0.38 Transcription factor Dp-1 (TFDPT) 0 1
29 50.3 -0.36 Troponin 12, fast skeletal type (TNNI2) 0 0
7 183 -0.29 Zinc finger protein 414 (ZNF414) 0 0
16 49.7 -0.25 Leiomodin 1 (LMODT) 0 0
16 77.5 -0.22 CD46 molecule (CD46) 0 0
1 147.4 -0.35 Collagen type VI alpha 1 chain (COL6AT) 0 1
3 20.2 —-0.38 Extracellular matrix protein 1 (ECMT) 0 1
13 754 -0.25 Zinc finger SWIM-type containing 3 (ZSWIM3) 0 0

BTA: Bos taurus autosome. X indicates Bos taurus X chromosome.

PMethylation difference was calculated by subtracting the mean methylation ratio in PNS at 28 days of age from the mean methylation ratio in PNS

at 5 years of age.

Genes in bold have the same CpG site differentially hypomethylated in Control (P < 0.01) as in PNS.
“Total number of CpG sites differentially hypomethylated (P < 0.01; methylation ratio difference > 0.1) in the same gene’s promoter in Control cows,
and additional sites in the promoter of the same gene in PNS, respectively.

There were 1,894 hypomethylated CpG sites
detected within gene body regions. The most sig-
nificant 30 hypomethylated CpG sites are listed in
Table 5. Of those, 23 were hypomethylated in both
5-yr-old PNS and Control cows. The genes in
Table 5 have many other hypomethylated CpG
sites (P < 0.01 and methylation ratio difference of
at least 0.1) that are listed in Supplementary Tables
3c and 3d. A hypomethylated CpG gene body site
was located in the inner mitochondrial membrane
peptidase subunit 2 (IMMP2L) gene on Bos taurus
autosome (BTA) 4, which may have neurological
roles related to stress. This gene has been reported
to be associated with neurodevelopmental disor-
ders including autism spectrum disorder [37] and
schizophrenia [38]. The number of hypomethy-
lated sites in the 5-yr-old PNS and Control cows
(9 and 14, respectively) may suggest decreased

IMMP2L gene expression associated with ageing
in cattle.

Differential methylation and age:
correspondence across treatments

Individual CpG sites that were differentially
methylated in 5-yr-old Control and PNS cows
were compared based on their chromosomal coor-
dinates (Figure 2). There were over three times as
many hypomethylated CpG sites that overlapped
the two treatments than hypermethylated CpG
sites. While the overlap of dmCpG sites can be
attributed to the changes associated with ageing in
both PNS and Control, dmCpG sites unique to
PNS suggest that the ageing changes in dmCpG
sites may be influenced by the stress imposed
while these cows themselves were in utero. The
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Table 4. Top 30 hypermethylated CpG sites (P < 1.19E-09) located within gene body regions in PNS cows at 5 years of age

compared with 28 days of age.

Additional sites®

BTA? Mb Difference® Gene® Control PNS
4 103.7 0.28 ubinuclein 2 (UBN2) 31 14
17 0.6 0.14 Carboxypeptidase E (CPE) 0 1
7 51.3 0.18 GDNF family receptor alpha 3 (GFRA3) 4 2
29 6.0 0.24 Folate hydrolase 1B (FOLH1B) 6 14
19 55.9 0.36 Cytoglobin (CYGB) 3 2
29 444 0.40 Latent transforming growth factor beta binding protein 3 (LTBP3) 7 1
4 7.6 0.29 Uridine phosphorylase 1 (UPPT) 1 3
3 44.8 0.24 Sorting nexin 7 (SNX7) 3 1
4 117.3 0.29 Dipeptidyl peptidase like 6 (DPP6) 3 2
X 83.2 0.15 Phosphorylase kinase regulatory subunit alpha 1 (PHKAT) 13 6
9 70.3 0.39 A-kinase anchoring protein 7 (AKAP7) 0 0
14 47.2 0.24 MAL, T cell differentiation protein 2 (gene/pseudogene) (MAL2) 2 0
5 54.1 0.19 Solute carrier family 16 member 7 (SLC16A7) 6 2
27 26.4 0.23 WRN RecQ like helicase (WRN) 8 9
3 24.2 0.27 T-box 15 (TBX15) 14 15
X 145.4 0.24 Anosmin 1 (ANOST) 0 4
8 71.7 0.23 NK2 homeobox 6 (NKX2-6) 7 6
15 53.6 0.38 Rho guanine nucleotide exchange factor 17 (ARHGEF17) 0 0
13 24.5 0.21 Pancreas associated transcription factor 1A (PTF1A) 4 4
11 1.2 0.20 BCL2 like 11 (BCL2L11) 1 2
2 107.6 0.38 WNT family member 10A (WNT10A) 3 3
14 79.0 0.28 ATPase H+ transporting VO subunit D2 (ATP6V0D2) 0 1
3 44.8 0.20 Sorting nexin 7 (SNX7) 3 1
5 26.2 0.40 Homeobox C9 (HOXC9) 0 1
3 121.1 0.34 THAP domain containing 4 (THAP4) 3 2
19 13.6 0.52 LIM homeobox 1 (LHXT) 0 6
8 30.0 0.53 Nuclear factor | B (NFIB) 0 1
17 7.7 0.60 Pescadillo ribosomal biogenesis factor 1 (PEST) 0 2
13 24 0.30 Lysosomal associated membrane protein family member 5 (LAMP5) 0 0
25 28.9 0.20 Calneuron 1 (CALNT) 1 3

BTA: Bos taurus autosome. X indicates Bos taurus X chromosome. DNA methylation in bolded chromosomes was located within exons, otherwise

within introns.

PMethylation difference was calculated by subtracting the mean methylation ratio in PNS at 28 days of age from the mean methylation ratio in PNS

at 5 years of age.

‘Genes in bold have the same CpG site differentially hypermethylated in Control (P < 0.01) as in PNS.
Total number of CpG sites differentially hypermethylated (P < 0.01; methylation ratio difference > 0.1) in the same gene’s gene body in Control
cows, and additional sites in the gene body of the same gene in PNS, respectively.

majority of dmCpG sites were located in inter-
genic regions (Table 1); these may be benign or
not influential on gene expression [39]. However,
they may be indicative of genomic regions that are
regulatory and(or) have an enhancement or inhi-
bition effect on expression of nearby (or far away)
genes [40,41].

Differential methylation of prenatal stress vs.
controls at 5 years of age

The distribution of CpG sites tested across the
entire genome is shown in Figure 3, and signifi-
cant CpG sites that were differentially methylated
in PNS cows relative to Control cows at 5 years of
age are depicted above the P-value threshold
(unadjusted P < 0.01). Few dmCpG sites met sig-
nificance criteria. Because of the limited number

of differences, the results that follow are based
upon unadjusted P-values. There were 2,637
dmCpG sites (Table 1) with a notable tendency
towards an increase in methylation in PNS cows at
5 years of age (65% of CpG sites hypermethylated)
compared to Control at 5 years of age.

Promoter regions

A total of 111 dmCpG sites were located within
promoter regions of genes. Hypermethylation of
promoter regions results in heterochromatin for-
mation that prevents transcription factors from
binding promoter regions of genes and ultimately
represses gene expression [42]. Genes with promo-
ter regions that were hypermethylated in PNS
compared to Control may be downregulated.
There were 79 hypermethylated CpG sites within
promoter regions. The 30 hypermethylated CpG
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Table 5. Top 30 hypomethylated CpG sites (P < 1.17E-12) located within gene body regions in PNS cows at 5 years of age compared

with 28 days of age.

Additional sites®

BTA? Mb Difference® Gene® Control PNS
13 31.6 -0.24 Cubilin (CUBN) 16 6
22 2.9 -0.15 Zinc finger CW-type and PWWP domain containing 2 (ZCWPW2) 36 22
22 379 -0.17 Synaptoporin (SYNPR) 27 7
X 83.2 -0.21 Phosphorylase kinase regulatory subunit alpha 1 (PHKA1) 46 27
29 50.3 -0.56 Lymphocyte specific protein 1 (LSP1) 0 1
4 120.6 -0.17 Ubiquitin carboxyl-terminal hydrolase 17-like protein 6 (LOC112446467) 2 1
19 11.1 —0.54 Tubulin delta 1 (TUBD1) 0 0
X 135.8 -0.20 Motile sperm domain containing 2 (MOSPD2) 6 4
13 63.8 -0.18 Charged multivesicular body protein 4B (CHMP4B) 5 1
4 30.6 -0.16 Dynein heavy chain 11, axonemal (LOC104968411) 8 0
6 89.2 -0.17 ADAM metallopeptidase with thrombospondin type 1 motif 3 (ADAMTS3) 48 23
4 95.1 -0.13 Coatomer protein complex subunit gamma 2 (COPG2) 6 3
1 575 -0.15 Solute carrier family 9 member C1 (SLC9C1) 66 36
4 57.4 -0.17 Inner mitochondrial membrane peptidase subunit 2 (IMMP2L) 14 8
1 574 —-0.18 Solute carrier family 9 member C1 (SLC9C1) 66 36
s 36.6 -0.18 Regulator of G protein signalling 7 (RGS7) 1 9
9 88.3 -0.32 Retinoic acid early transcript 1 L (RAET1G, ULBP21) 4 0
14 61.1 -0.55 Zinc finger protein, FOG family member 2 (ZFPM2) 0 2
26 47.1 -0.17 Dedicator of cytokinesis 1 (DOCK1) 12 8
19 41.2 -0.18 Retinoic acid receptor alpha (RARA) 7 2
5 75.9 —-0.52 Potassium channel tetramerization domain containing 17 (KCTD17) 0 1
25 19.0 -0.24 Dynein axonemal heavy chain 3 (DNAH3) 113 67
6 27.0 -0.15 Methionyl aminopeptidase 1 (METAP1) 5 1
1 57.5 -0.15 Solute carrier family 9 member C1 (SLC9C1) 66 36
1 94.5 —-0.50 Crumbs cell polarity complex component 2 (CRB2) 1 0
1 575 —-0.14 Solute carrier family 9 member C1 (SLC9C1) 66 36
25 18.9 -0.24 Dynein axonemal heavy chain 3 (DNAH3) 113 67
7 327 -0.43 Synuclein alpha interacting protein (SNCAIP) 0 0
4 67.5 -0.17 Carboxypeptidase vitellogenic like (CPVL) 3 2
17 0.6 -0.19 Carboxypeptidase E (CPE) 6 2

BTA: Bos taurus autosome. X indicates Bos taurus X chromosome. DNA methylation in bolded chromosomes was located within exons, otherwise

within introns.

PMethylation difference was calculated by subtracting the mean methylation ratio in PNS at 28 days of age from the mean methylation ratio in PNS

at 5 years of age.

‘Genes in bold have the same CpG site differentially hypomethylated in Control (P < 0.01) as in PNS.
Total number of CpG sites differentially hypomethylated (P < 0.01; methylation ratio difference > 0.1) in the same gene’s gene body in Control
cows, and additional sites in the gene body of the same gene in PNS, respectively.

sites with the lowest P-values within promoter
regions are listed in Table 6. Several of those
genes may have neural or stress-response involve-
ment. One of those CpG sites was located within
the promoter region of the Rho guanine nucleotide
exchange factor 7 (ARHGEF?) gene on BTA 12.
This gene produces a regulator of the number of
y-aminobutyric acid A [GABA(A)] receptors at
the neuronal surface in rats. Knockdown of
ARHGEF7 results in a diminished level of
GABA(A) receptors [43]. The strength of inhibi-
tory synaptic transmission depends on the surface
levels of GABA(A) receptors at synaptic sites [44].
Interrupted inhibition resulting from a decreased
number of GABA(A) receptors can disrupt the
balance between excitatory and inhibitory neuro-
transmission (E/I balance) in the brain [43].
Changes in the E/I balance have been associated

with neuropsychiatric diseases, including attention
deficit hyperactivity disorder [45] and bipolar dis-
order [46]. The sorting nexin 7 (SNX7) gene har-
bours a dmCpG site within the promoter region.
In humans, an allele related to reduced expression
of SNX7 has been identified as a potential for
increased risk for vulnerability for bipolar disorder
and psychotic symptoms by means of elevated
brain kynurenic acid generation [47]. The gene
solute carrier family 30 member 10 (SLC30A10)
is essential for maintaining Mn levels. Elevated
levels of Mn induce neuropathologic defects [48].
Loss-of-function mutations in SLC30A10 were
associated with neurodegenerative symptoms due
to Mn accumulation in the brain and blood [49].
Aschner et al. [50] postulated that impaired nor-
epinephrine (NE) neurotransmitter systems [51]
altered GABA transporter and receptor expression



528 (&) K.Z CILKIZ ET AL.

Hypomethylated sites in PNS

Hypermethylated sites in PNS

Figure 2.
10-
.0
o
=
[
3
@
o
-
o
kel
T
-10
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Chromosome
Figure 3.

and alleviated extracellular GABA levels [52] due
to excessive Mn deposition in the brain.
Adrenergic receptor alpha 2B (ADRA2B) had
a hypermethylated CpG site within its promoter
region; this gene encodes the a2B adrenergic
receptor that modulates neurotransmitter release
including NE from the noradrenergic neurons
[53]. A deletion variant of ADRA2B was associated
with elevated emotional memory [54]. Zoladz et al.
[55] reported the effects of stress exposed just
before learning on long-term memory in
ADRA2B deletion carriers, suggesting increased
risk for traumatic memory formation. Liberzon
et al. [56] reported an association between
a polymorphism in ADRA2B and increased

Hypermethylated sites in Control

7 TLEY
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vulnerability for development of post-traumatic
stress disorder.

Hypomethylation of CpG sites located within pro-
moter regions is often associated with activation of
gene expression. Overall, 32 CpG sites (P < 0.01)
located within promoter regions were hypomethy-
lated in PNS compared to Control cows at 5 years of
age. The 30 hypomethylated CpG sites with the low-
est P-values within promoter regions along with the
corresponding genes are listed in Table 7. A number
of hypomethylated CpG sites (n = 13) were located
within the promoter region of ubiquitin-specific
peptidase 12 (USP12). There were 4 CpG sites in
the promoter region (near BTA 12, 32.9 Mb) for
this gene that were hypomethylated in lymphocytes
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Table 6. Top 30 hypermethylated CpG sites (P < 2.82E-03) located within promoter regions of genes in PNS cows compared with

Control cows at 5 years of age.

BTA® Mb Difference® Gene

25 20.2 11.58 Cerebellar degeneration related protein 2 (CDR2)

12 89.5 14.61 Rho guanine nucleotide exchange factor 7 (ARHGEF7)
21 10.8 15.93 Nuclear receptor subfamily 2 group F member 2 (NR2F2)
15 66.9 17.42 Four-jointed box kinase 1 (FJXT)

15 343 15.72 CXADR like membrane protein (CLMP)

22 51.5 30.43 Laminin subunit beta 2 (LAMB2)

5 26.2 2141 Homeobox C12 (HOXC12)

18 64.9 12.84 Zinc finger protein 772 (ZNF772)

4 101.8 15.80 Pleiotrophin (PTN)

6 8.9 14.73 RNA gene (RFO000T)

17 1.5 18.60 Tolloid like 1 (TLLT)

3 44.8 10.73 Sorting nexin 7 (SNX7)

14 344 11.97 Chromosome 8 open reading frame 34 (C14H80RF34)
16 24.1 11.24 Solute carrier family 30 member 10 (SLC30A10)

3 118.6 14.68 Twist family BHLH transcription factor 2 (TWIST2)

18 8.8 11.69 M-phase phosphoprotein 6 (MVPHOSPH6)

17 54.4 14.85 Rab interacting lysosomal protein like 1 (RILPLT)

28 26.1 16.41 Neurogenin 3 (NEUROG3)

3 3.6 15.36 Retinoid X receptor gamma (RXRG)

1 2.2 14.29 Adrenoceptor alpha 2B (ADRA2B)

12 254 13.97 Doublecortin like kinase 1 (DCLK1)

7 48.7 11.05 C-X-C motif chemokine ligand 14 (CXCL14)

9 40.3 15.10 Methyltransferase like 24 (METTL24)

14 37.6 13.63 Musculin (MSC)

6 97.6 11.88 Bone morphogenetic protein 3 (BMP3)

4 76.7 14.89 Insulin like growth factor binding protein 1 (IGFBPT)
19 27.2 17.48 Zinc finger MYND-type containing 15 (ZMYND15)

4 6.0 13.43 Von willebrand factor C domain containing 2 (VW(C2)
7 5.1 13.27 Arrestin domain containing 2 (ARRDC2)

X 7.2 22.37 Glutamate ionotropic receptor AMPA type subunit (GRIA3)

@BTA: Bos taurus autosome. X indicates Bos taurus X chromosome.

PMethylation difference was calculated by subtracting the mean methylation ratio in Control at 5 years of age from the mean methylation ratio in

PNS at 5 years of age.

of these PNS females at 28 days of age [11]. The
differentially methylated CpG site in the promoter
region of transmembrane protein 215 (TMEMI15)
was also hypomethylated in lymphocyte DNA of
the PNS females at 28 days of age [11]. Aron et al.
[57] showed that USP12 deubiquitinase suppresses
neurodegeneration caused by the mutant huntingtin
gene by inducing neuronal autophagy in
Huntington’s disease. Ephrin receptor A4 (Epha4)
regulates neurogenesis by modulating proliferation
of hippocampal neurogenic precursors in the adult
mouse brain [58].

Gene body regions

There were 173 differentially methylated CpG sites
within gene body regions in PNS relative to Control
cows. Those were almost equally divided between
exons and introns. DNA methylation levels in tran-
scribed gene regions have been positively correlated
with gene expression levels [59]. Methylation within
gene body regions has been positively correlated

with transcription levels, possibly due to enhanced
efficiency of transcription elongation by blocking
alternate promoters and regulatory regions [60].
The 30 hypermethylated CpG sites with the
lowest P-values within gene body regions in PNS
cows are listed in Table 8 along with the corre-
sponding genes. Genes having those CpG sites
could potentially be upregulated [59]. At least
two of those genes may have a role in neural
activity or response to stress. A dmCpG site was
detected in the gene body of solute carrier family
39 member 8 (SLC39A8), which encodes a Mn
and Zn influx transporter. A site in this gene
was differentially methylated in lymphocyte
DNA of the PNS females at 28 days of age [11].
Mutations in SLC39A8 resulted in decreased Mn
uptake, and ultimately caused severe Mn defi-
ciency, resulting in neurological disorders [61].
Allelic variations in SLC39A8 caused inefficient
Mn regulation and constituted neurodevelopmen-
tal consequences and increased risk for
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Table 7. Top 30 hypomethylated CpG sites (P < 9.03E-03) located within promoter regions of genes in PNS cows compared with

Control cows at 5 years of age.

BTA® Mb Difference” Gene
12 329 —27.81 Ubiquitin specific peptidase 12 (USP12)
12 329 —26.70 Ubiquitin specific peptidase 12 (USP12)
12 329 —23.52 Ubiquitin specific peptidase 12 (USP12)
12 329 —24.07 Ubiquitin specific peptidase 12 (USP12)
12 329 -23.36 Ubiquitin specific peptidase 12 (USP12)
18 2.6 -10.89 Chymotrypsinogen B2 (CTRB2)

14 23 —21.66 Zinc finger protein 485 (ZNF485)

8 11.2 -13.18 Transmembrane protein 215 (TMEM215)
1 8.8 —-16.85 ADAM metallopeptidase with thrombospondin type 1 motif 5 (ADAMTS5)
12 329 -27.42 Ubiquitin specific peptidase 12 (USP12)
12 329 —-28.53 Ubiquitin specific peptidase 12 (USP12)
12 329 —26.50 Ubiquitin specific peptidase 12 (USP12)
12 329 —26.50 Ubiquitin specific peptidase 12 (USP12)
12 329 -25.39 Ubiquitin specific peptidase 12 (USP12)
12 329 —26.50 Ubiquitin specific peptidase 12 (USP12)
26 11.0 -12.85 Cholesterol 25-hydroxylase (CH25H)

12 329 —24.97 Ubiquitin specific peptidase 12 (USP12)
10 385 -10.36 Transmembrane protein 62; (TMEM62)
24 32.6 —24.09 Impact RWD domain protein (IMPACT)
12 329 -25.39 Ubiquitin specific peptidase 12 (USP12)
X 56.9 —22.06 Ring finger protein 128 (RNF128)

8 107.6 -13.59 Tripartite motif containing 32 (TRIM32)
2 110.4 -12.47 EPH receptor A4 (EPHA4)

12 90.0 -18.99 SRY-box 1 (SOXT)

10 438 -12.17 Laeverin (LVRN)

13 38.2 -14.76 Solute carrier family 6 member 9-like (LOC5715755)
15 17.4 -12.90 ELMO domain containing 1 (ELMOD1)
1 104.9 -14.75 U6atac minor spliccosomal RNA (LOC112448934)
18 64.9 —12.45 Zinc finger protein 772 (ZNF772)

18 64.7 -17.03 Zinc finger protein 304 (ZNF304)

@BTA: Bos taurus autosome. X indicates Bos taurus X chromosome.

PMethylation difference was calculated by subtracting the mean methylation ratio in Control at 5 years of age from the mean methylation ratio in

PNS at 5 years of age.

behavioural problems from attention deficit
hyperactivity disorder in children [62]. Another
significantly hypermethylated CpG site was
detected in the gene body of DPP6, which had
hypermethylated CpG sites detected in PNS and
Control cows at 5 years of age compared with
28 days of age [11]. The DPP6 gene, encoding an
important component of A-type potassium (K)
channels in the brain [63], has been implicated
in neurodevelopmental disorders. Lin et al. [34]
demonstrated that Dpp6 deficiency resulted in
impaired behaviours regarding memory, learning,
and recognition in mice.

There were 50 hypomethylated CpG sites
detected within gene body regions. The 30 hypo-
methylated CpG sites with the lowest P-values that
were located within gene body regions are listed in
Table 9. A single dmCpG was detected in the
transcriptional corepressor chromodomain Y like
(CDYL); a gene body region CpG was hypomethy-
lated in lymphocytes in females at 28 days of age

[11]. Qi et al. [64] reported that Cdyl modulates
branching of hippocampal neurons. Later, those
same researchers showed that Cdyl controls neu-
ronal migration by suppressing the expression of
the Rho family of GTPases A in Cdyl knockout
mice, and loss of Cdyl enhances excitability of
cortical pyramidal neurons [65]. Expression of
this gene product (CDYL) in the brain (prelimbic
cortex) appears to be influential in depressive
behaviours associated with stress in mice [66].

Pathway analysis

Age - control cows

There were 64 canonical pathways enriched in
Control cows at 5 years of age relative to 28 days
of age (Supplementary Table 4a); 44 of those were
also identified in PNS cows. Genes with dmCpG in
promoters were enriched in the pathways of two
main categories: ‘Organismal/Cellular Growth,
Proliferation and Development’ and
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Table 8. Top 30 hypermethylated CpG sites (lowest P < 2.42E-03) located within gene body regions in PNS cows compared with

Control cows at 5 years of age.

BTA® Mb Difference® Gene

25 20.2 11.58 Transmembrane protein 180 (LOC101905757)

1 29 11.32 Hormonally up-regulated neu-associated kinase (HUNK)
21 10.8 15.93 Nuclear receptor subfamily 2 group F member 2 (NR2F2)
1 83.7 14.94 LRAT domain containing 1 (LRATDT1)

23 51.6 11.87 Forkhead box F2 (FOXF2)

15 343 15.72 CXADR like membrane protein (CLMP)

6 238 14.77 Solute carrier family 39 member 8 (SLC39A8)

5 26.2 21.41 Homeobox C12 (HOXC12)

7 48.1 21.11 Paired like homeodomain 1 (PITXT)

18 64.9 12.84 Zinc finger protein 772 (ZNF772)

4 101.8 15.80 Pleiotrophin (PTN)

21 3.0 23.12 ATPase phospholipid transporting 10A (Putative) (ATP710A)
7 48.1 16.37 Paired like homeodomain 1 (PITXT)

28 454 15.89 C-X-C motif chemokine ligand 12 (CXCL12)

25 27.8 16.24 Solute carrier family 5 member 2 (SLC5A2)

18 19.7 13.90 Spalt like transcription factor 1 (SALLT)

13 733 29.53 Junctophilin 2 (JPH2)

24 46.0 13.84 Sialic acid binding Ig like lectin 15 (SIGLEC15)

21 61.2 12.40 Goosecoid homeobox (GSC)

18 8.8 11.69 M-phase phosphoprotein 6 (MPHOSPH6)

10 329 13.70 Meis homeobox 2 (MEIS2)

3 3.6 15.36 Retinoid X receptor gamma (RXRG)

7 48.7 11.05 C-X-C motif chemokine ligand 14 (CXCL14)

7 42 14.99 Ceramide synthase 1 (CERST)

3 16.8 18.36 Natriuretic peptide receptor 1 (NPR1)

4 117.3 22.39 Dipeptidyl peptidase like 6 (DPP6)

1 105.9 16.92 Glutamate ionotropic receptor NMDA type subunit 1 (GRINT)
1" 98.1 10.29 GTPase activating Rap/RanGAP domain like 3 (GARNL3)
10 103.3 21.83 Tetratricopeptide repeat domain 7B (TTC7B)

4 76.7 14.89 Insulin-like growth factor binding protein 1 (IGFBPT)

BTA: Bos taurus autosome. DNA methylation in bolded chromosomes was located within exons, otherwise within introns.
PMethylation difference was calculated by subtracting the mean methylation ratio in Control at 5 years of age from the mean methylation ratio in

PNS at 5 years of age.

‘Neurotransmitters and Other Nervous System
Signaling’. Of 19 enriched pathways related to
‘Organismal/Cellular Growth, Proliferation and
Development’, 14 canonical pathways were
enriched in PNS as well. This was exactly the
case in terms of numbers (14 canonical pathways
out of 19 enriched in PNS females) for
‘Neurotransmitters and Other Nervous System
Signaling’.

Age — PNS cows

There were 77 canonical pathways enriched in
PNS cows at 5 years of age in comparison to
their own DNA at 28 days of age (Supplementary
Table 4b). In PNS, the top ten altered canonical
pathways were involved in ‘Organismal/Cellular
Growth, Proliferation and Development’ and
‘Neurotransmitters and Other Nervous System
Signaling’ which make up two main signalling
pathway categories.

The majority of the canonical pathways (n = 20)
were related to ‘Organismal/Cellular Growth,
Proliferation and Development’. Since DNA
methylation is a key method of regulation of
gene expression throughout mammalian develop-
ment and cell differentiation [67], detection of
a number of pathways associated with this func-
tional group is not surprising and suggests changes
in developmental dynamics of DNA methylation.
Four enriched pathways were common to PNS and
Control cows and associated with stem cell differ-
entiation and pluripotency, including the ‘Role of
NANOG in Mammalian Embryonic Stem Cell
Pluripotency’ and the ‘Human Embryonic Stem
Cell Pluripotency’ pathways. Massart et al. [68]
reported differential methylation and distinct
genes and enriched pathways corresponding to
age (birth and 2 years of age) in T lymphocytes
of rhesus monkeys (that is, postnatal DNA con-
tinued to evolve as the monkeys progressed
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Table 9. Top 30 hypomethylated CpG sites (P < 6.50E-03) located within gene body regions in PNS cows compared with Control

cows at 5 years of age.

BTA® Mb Difference” Gene

18 46.4 -18.75 ATPase H+/K+ transporting subunit alpha (ATP4A)

15 784 -10.13 SPI-1 proto-oncogene (SPIT)

23 49.5 -15.36 Chromodomain Y like (CDYL)

6 91.1 -13.77 Amphiregulin (AREG)

22 29 -17.73 Zinc finger CW-type and PWWP domain containing 2 (ZCWPW2)
4 98.8 -19.07 Leucine rich repeats and guanylate kinase domain containing (LRGUK)
20 41.0 —-17.88 Natriuretic peptide receptor 3 (NPR3)

21 34.8 -11.25 Coiled-coil domain containing 33 (CCDC33)

17 47.1 —45.21 Adhesion G protein-coupled receptor D1 (ADGRD1)

X 100.1 -10.72 Moesin (MSN)

11 10.1 -17.24 Ladybird homeobox 2 (LBX2)

20 2.1 -11.14 Lymphocyte cytosolic protein 2 (LCP2)

8 7.7 -11.97 NK2 homeobox 6 (NKX2-6)

9 26.4 -17.24 TPD52 like 1 (TPD52 L1)

10 329 —-10.81 Meis homeobox 2 (MEIS2)

26 11.0 -12.85 Cholesterol 25-hydroxylase (CH25H)

16 69.6 —23.49 Phospholipase A2 group IVA (PLA2G4A)

20 235 -11.91 Solute carrier family 38 member 9 (SLC38A9)

8 533 —-15.60 Forkhead box B2 (FOXB2)

25 40 —17.88 Periplakin (PPL)

25 0.5 -17.94 RAB40C, member RAS oncogene family (RAB40C)

28 13 —-38.23 Polypeptide N-acetylgalactosaminyltransferase 2 (GALNT2)
7 45.7 -11.43 One cut homeobox 3 (ONECUT3)

23 49.2 -41.33 Phenylalanyl-TRNA synthetase 2, mitochondrial (FARS2)
20 3.0 -17.19 RAN binding protein 17 (RANBP17)

5 30.7 —29.53 Complement Clq like 4 (C7QL4)

X 56.9 —22.06 Ring finger protein 128 (RNF128)

28 7.0 —-11.04 Solute carrier family 35 member F3 (SLC35F3)

8 107.6 -13.59 Astrotactin 2 (ASTN2)

22 29 —14.56 Zinc finger CW-type and PWWP domain containing 2 (ZCWPW2)

BTA: Bos taurus autosome. X indicates Bos taurus X chromosome. DNA methylation in bolded chromosomes was located within exons, otherwise

within introns.

PMethylation difference was calculated by subtracting the mean methylation ratio in Control at 5 years of age from the mean methylation ratio in

PNS at 5 years of age.

through weaning phase through adolescence).
Littlejohn et al. [12] reported that these two path-
ways were enriched with genes differentially
methylated in 28-d-old bull calves (several sets of
half-siblings to the females evaluated in the pre-
sent study) exposed to prenatal transportation
stress as compared to control animals. Another
enriched pathway was the ‘cAMP-Response
Element Binding Protein (CREB)’ which is an
intracellular protein, and plays a critical role in
the regulation of expression of the dopaminergic
neuron-related gene [69]. Gene expression ana-
lyses in humans suggested that the transcriptional
potential of CREB might be regulated at the epi-
genetic level via methylation as well as phosphor-
ylation [70,71]. Among the enriched pathways of
the present study, the role of ‘Wnt/p-catenin
Signaling’ in skeletal muscle fibrosis and neural
development were reported in detail [72,73].
These signalling pathways might be related to

a set of critical growth and developmental pro-
cesses in offspring exposed to prenatal stress.
‘Neurotransmitters and Other Nervous System
Signaling’ consisted of 17 canonical pathways
including ‘Axonal Guidance Signaling’, ‘GABA
Receptor Signaling’ and ‘Corticotropin Releasing
Hormone Signaling’. Out of those, 14 canonical
pathways were also altered in 5-yr-old Control
females, but with distinct sets of methylated
genes. The most significantly altered canonical
pathway in PNS was ‘Axonal Guidance Signaling’
(P = 8.54E-14) with 55 differentially methylated
genes, and in Control (P = 1.71E-6) with 32 dif-
ferentially methylated genes. The different set of
genes would imply changes in ‘Axonal Guidance
Signaling’ induced by prenatal stress, which
appears to be consistent with altered expression
levels of genes associated with neuropathology
and axonal guidance in the brain through epige-
netic changes in rats exposed to stress in utero



[74]. There were different ‘Neurotransmitters and
Other Nervous System Signaling’ pathways
enriched in PNS compared to Control cows,
which suggest prenatal stress may induce impair-
ments in nervous system development and
function.

Treatment — PNS vs. control cows

Potential canonical pathways altered in PNS com-
pared to Control cows at 5 years of age were
analysed by using genes harbouring dmCpG
sites within their promoter regions. There were
32 pathways enriched (P < 0.05); those pathways
and genes affiliated with the dmCpG are pre-
sented in Supplementary Table 5. Altered cano-
nical pathways were mainly clustered into 3
categories;  ‘Neurotransmitters and  Other
Nervous System Signaling’, ‘Organismal/Cellular
Growth and Development’, and ‘mmune
Response’.

The majority of the altered pathways (n = 11)
including ‘GABA Receptor Signaling’, ‘CREB
Signaling in Neurons’, ‘Opioid Signaling
Pathway’, ‘Endocannabinoid Neuronal Synapse
Pathway’ and ‘Glutamate Receptor Signaling’,
were involved in neurotransmitters and other
nervous system signalling. Prenatal stress altered
the methylation patterns of genes associated with
‘GABA Receptor Signaling’ in heifer calves (the
same females in the present study) at 28 days of
age [11]. In this signalling pathway, GABA is the
main inhibitory neurotransmitter in the brain,
and interruption of GABAergic inhibition can
result in emotional imbalance, depression, and
anxiety [75].

Pathway analysis indicated the importance of
genes involved in ‘Organismal/Cellular Growth
and Development’ as in ‘Netrin Signaling’, ‘BMP
Signaling Pathway’, and ‘Corticotropin-Releasing
Hormone (CRH) Signaling’. Corticotropin-
releasing hormone modulates neuroendocrine
system activity through adjusting the hypothala-
mic-pituitary-adrenal axis and plays an instru-
mental role in the adjustment of autonomic and
behavioural adaptive response to stress [76].
Prenatal stress-induced differential methylation
of the CRH signalling pathway in the hypothala-
mus of rats [77] and in lymphocytes of bull calves
that were paternal half-siblings (not all by one
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sire) to the females in the present study [12].
The comparison of PNS and Control lymphocyte
methylation of these females at 28 days of age
[11] also highlighted differentially methylated
genes associated with the CRH pathway. As
such, potential changes in neurological function
date back to early stages in life and may persist
into adulthood.

Results suggest a possible effect of prenatal
stress-induced methylation on the bovine immune
system and thus animal health and welfare.
Enriched immune response pathways included
‘FcyRIIB Signaling in B Lymphocytes’ that nega-
tively regulates B cell activation, cellular prolifera-
tion and antibody secretion [78], and ‘PKCO
Signaling in T Lymphocytes’, which is an impor-
tant mediator of mature T cell activation and IL-2
production [79]. Methylation status of DNA in
T cells corresponded to the effect of prenatal stress
in humans [80].

Conclusions

Genome-wide DNA methylation differences in
lymphocytes of female Brahman cattle due to
age and prenatal stress were substantial.
Detected methylation differences highlighted
biological pathways related to organismal and
cellular development and growth and nervous
system development and function. Diversity in
the sets of genes altering the same pathways as
well as different sets of pathways suggest some
influence of stress in utero. Prenatally stressed
cows developed unique methylation patterns
compared to Control cows over the course of
their initial 5 years of life, which suggests an
interaction of ageing with prenatal stress. It
was not surprising to observe similar changes
in the enriched pathways of PNS and Control
females that correspond with ageing. Prenatally
stressed cows at 5 years of age compared to
28 days of age had differential DNA methylation
of genes biologically relevant to neuropathology
and behaviour and pathways related to develop-
ment, nervous system development and func-
tion, and immune response. Results suggest
that there are potential gene expression level
changes induced by prenatal stress; these may
in part account for phenotypic differences later
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in life. Methylation differences of lymphocyte
DNA should be compared to those of DNA of
different tissue lineages, especially those with
confirmed physiological roles in response to
stress.
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