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Paternal aging impacts expression kA
and epigenetic markers as early as the first
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Abstract

Background Advanced paternal age (APA) is associated with adverse outcomes to offspring health, including
increased risk for neurodevelopmental disorders. The aim of this study was to investigate the methylome and
transcriptome of the first two early embryonic tissue lineages, the inner cell mass (ICM) and the trophectoderm

(TE), from human blastocysts in association with paternal age and disease risk. High quality human blastocysts were
donated with patient consent from donor oocyte IVF cycles from either APA (= 50 years) or young fathers. Blastocysts
were mechanically separated into ICM and TE lineage samples for both methylome and transcriptome analyses.

Results Significant differential methylation and transcription was observed concurrently in ICM and TE lineages of
APA-derived blastocysts compared to those from young fathers. The methylome revealed significant enrichment

for neuronal signaling pathways, as well as an association with neurodevelopmental disorders and imprinted genes,
largely overlapping within both the ICM and TE lineages. Significant enrichment of neurodevelopmental signaling
pathways was also observed for differentially expressed genes, but only in the ICM. In stark contrast, no significant
signaling pathways or gene ontology terms were identified in the trophectoderm. Despite normal semen parameters
in aged fathers, these significant molecular alterations can adversely contribute to downstream impacts on offspring
health, in particular neurodevelopmental disorders like autism spectrum disorder and schizophrenia.

Conclusions An increased risk for neurodevelopmental disorders is well described in children conceived by aged
fathers. Using blastocysts derived from donor oocyte IVF cycles to strategically control for maternal age, our data
reveals evidence of methylation dysregulation in both tissue lineages, as well as transcription dysregulation in
neurodevelopmental signaling pathways associated with APA fathers. This data also reveals that embryos derived
from APA fathers do not appear to be compromised for initial implantation potential with no significant pathway
signaling disruption in trophectoderm transcription. Collectively, our work provides insights into the complex
molecular mechanisms that occur upon paternal aging during the first lineage differentiation in the preimplantation
embryo. Early expression and epigenetic markers of APA-derived preimplantation embryos highlight the susceptibility
of the future fetus to adverse health outcomes.
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Background

The impact of advanced maternal age (AMA) and the
means by which it negatively affects fertility and repro-
ductive outcomes has been well documented, while those
of advanced paternal age (APA) remain unclear [1-6].
Nevertheless, an association has been made between
paternal age and adverse reproductive outcomes includ-
ing increased risk of miscarriage [7], and lower birth
rates [7, 8], as well as birth defects [9-12], early child-
hood cancers [13-16], autosomal dominant diseases
[17], and neurodevelopmental disorders [18—22]. Apart
from genetic mutations, other underlying mechanisms
and mode of inheritance for this paternal age effect on
offspring health has not yet been fully elucidated, but is
hypothesized to be multifactorial in nature. Epigenetic
mechanisms that control gene expression, such as DNA
methylation, provide one explanation for the non-genetic
paternal transmission of offspring disease susceptibility.
This study addresses the question of how early in embryo
development epigenetic differences and disease risk are
identifiable.

Epigenetic regulation involves modifiable and inherited
alterations that govern gene expression independently
of DNA sequence. A series of crucial epigenetic repro-
gramming events occur during gametogenesis and pre-
implantation-stage embryogenesis [23]. In the germline,
DNA methylation marks are erased followed by sperm-
or oocyte-specific acquisition. A second wave of erasure
occurs immediately after fertilization. This demethylation
is a rapid and active process in the male pronucleus, but
passive and replication-dependent in the female pro-
nucleus. Global remethylation transpires in the blasto-
cyst-stage embryo, initiating tissue-specific methylation.
However, imprinted genes and perhaps other develop-
mentally critical regions escape the embryonic portion
of epigenetic reprogramming, enabling a mechanism for
epigenetic generational inheritance [24]. Unlike genetic
errors, the epigenome can be disrupted during these
critical periods by various environmental and intrin-
sic factors, such as parental aging. Indeed, we were the
first to report an observed generational inheritance of
comparable epigenetic dysregulation in human sperm
and blastocysts upon paternal aging, with confirmed sig-
nificant susceptibility at neurodevelopmental genes [25].
This has led to questioning the subsequent effect on the
embryonic transcriptome with respect to disease risk, as
well as distinguishing the level of susceptibility of the two
embryonic cell lineages of the blastocyst.

The first cell lineage differentiation in the mammalian
preimplantation embryo separates the inner cell mass

(ICM) and trophectoderm (TE) tissues of the blastocyst.
Both acquire lineage-specific DNA methylation that may
function to specify the unique transcriptional identi-
ties regulating their cell fate. However, the dynamics of
the methylome within isolated ICM and TE tissues is not
well described, nor has the effect of APA been addressed.
Likewise, the influence of altered DNA methylation
on ICM and TE transcriptomes is not well understood.
Therefore it is important to elucidate both the immedi-
ate effects on the expression of genes involved in critical
functions during preimplantation development, as well
as long-term epigenetic effects on developmental pro-
cesses and offspring health. Thus, this study was designed
to investigate alterations to the APA-related methylome
and transcriptome concurrently in both the ICM and
TE tissues. Only donor oocyte-derived blastocysts were
utilized to strengthen our findings by strategically con-
trolling for confounding effects of advancing maternal
age. Here we are the first to demonstrate significant epi-
genetic dysregulation and gene expression perturbations
independently observed as early as the first cell lineage
differentiation in association with paternal aging.

Methods

Ethics statement

Surplus cryopreserved human blastocysts were donated
from couples who had completed IVF treatment, with
informed patient consent and Institutional Review Board
approval.

Samples

Blastocysts (n=54) from donor oocyte IVF cycles and
normozoospermic patients with advanced paternal age
(“APA”; > 50 years) or young paternal age (“young’, <36
years) were selected to eliminate both known female and
male infertility factors. Karyotypically normal blasto-
cysts were scored based on developmental stage, inner
cell mass, and trophectoderm appearance [26], and were
all morphologically graded as high, transferrable quality
(Day 5 or Day 6 of development, grade=4BB), matched
between APA and young for blastocyst grade and timing
of development at the time of cyropreservation. Ovar-
ian stimulation, oocyte retrieval, intracytoplasmic sperm
injection (ICSI), embryo culture, vitrification, and warm-
ing procedures were routinely performed as previously
reported [27].

Blastocysts were warmed and mechanically separated
into two samples; the entire inner cell mass (ICM), and
only trophectoderm (TE) cells. Concurrent DNA and
RNA isolations were performed using a modified version
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of the Dynabeads mRNA DIRECT Micro Kit (Ambion by
Life Technologies). Briefly, samples were lysed in Dyna-
bead lysis buffer, then mixed with pre-washed Dynabeads
Oligo (dT),5 to capture mRNA. The supernatant contain-
ing DNA was used for methylome sequencing while the
Dynabeads-mRNA complex was washed as the protocol
directed, eluted in cold Tris-HCI, and used for transcrip-
tome sequencing, as outlined below.

Methylome sequencing

Paired ICM and TE blastocyst samples (n=24) were
processed and analyzed using the ultra-low DNA input
whole genome bisulfite sequencing (WGBS) prep work-
flow (Zymo Research, Irvine, CA). Samples were prepared
for WGBS using an adapted library preparation protocol
[28]. Approximately 0.5 pg of methylation sequencing in
situ spike-in control oligos were added to help validate
and assess the overall workflow and resulting data out-
put. Samples were first bisulfite converted using the EZ
DNA Methylation-Direct Kit (Zymo Research) according
to the manufacturer’s instructions. This was followed by a
second strand synthesis reaction, then Splinted Ligation
Adapter Tagging (scSPLAT) using specially designed and
pre-annealed oligos. PCR was performed using Illumina
TruSeq Unique Dual Indices. Library quality control was
performed on the Agilent 4200 TapeStation. Libraries
were sequenced on an Illumina NovaSeq 6000 instru-
ment (150 bp PE reads).

Sequence reads from ultra-low input WGBS libraries
were identified using standard Illumina base calling soft-
ware. Raw FASTQ files were adapter and quality trimmed
and 15 bases were further trimmed off at the 5" end of
Read 1 according to the Nextera recommendations using
TrimGalore 0.6.4. An additional 8 bases were trimmed
off at the 5" end of Read 2, according to the author’s and
aligner’s instructions. FastQC 0.11.9 was used to assess
the effect of trimming and overall quality distributions
of the data. Alignment to the reference genome was per-
formed using Bismark 0.22.3.

Group average methylation values were calculated for
all CpGs passing filter. Five million of these for each loca-
tion (ICM or TE) were sampled at random for the global
average methylation density plot. One million were sam-
pled at random for the global average methylation violin
plots. Differentially methylated CpGs and differentially
methylated regions (DMRs) were detected with Biocon-
ductor dispersion shrinkage for sequencing data (DSS).
Significant CpGs and DMRs had FDR<0.05 and absolute
methylation difference>10%. Each DMR was annotated
by overlapping its genomic region with other functional
regions including genes, exons, introns, promoters,
and CpG islands. Unsupervised hierarchical cluster-
ing and cytoband enrichment were generated as previ-
ously described [25]. DMR region overlap statistics were
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calculated using the regioneR package in R and 1,000
permutations.

Transcriptome sequencing

Paired ICM and TE blastocyst samples (2=30) under-
went cDNA conversion and library preparation using
the NEBNext Single Cell/Low input RNA library prep kit
(Ilumina, San Diego, CA), followed by RNA-Seq on the
Ilumina NextSeq500 with the use of 1x76 bp platform.
Reads generated were mapped to the human genome
(hg19) with the use of gSNAP, and gene expression (val-
ues expressed as fragments per kilobase per million
[FPKM]) was derived by Cufflinks. Analysis for differen-
tially expressed genes (DEGs) was completed after the
removal of technical outliers using DESeq. Due to the
limited number of DEGs, a log2FC cutoff was not imple-
mented, but a significance cutoff of FDR<0.1 was used.
For unsupervised hierarchical clustering, significant
genes were clustered using Pearson’s rank correlation
and average linkage using the “hclust” function with the
pheatmap package in R.

Gene enrichment analysis

Significant overlaps between DMR-associated genes
(ICM DMRs, TE DMRs), or differentially expressed
genes (ICM DEGs, TE DEGs), and gene lists of inter-
est were calculated using Fisher’s Exact Test followed by
p-value adjustment for multiple comparisons using the
Benjamini-Hochberg method, with a p<0.05 to define
significance. Significant GO and KEGG enrichment was
calculated using clusterProfiler in R and significant Reac-
tome enrichment was calculated using ReactomePA. An
adjusted p<0.05 was used to define significance.

The current list of known and putative human
imprinted genes were downloaded from the Genomic
Imprinting ~ Website  (http://www.geneimprint.com,
accessed 04/03/2023). Autism Spectrum Disorder (ASD)
genes were downloaded from SFARI Gene (https://gene.
sfari.org/, accessed 04/03/2023), a database of genes
implicated in autism susceptibility. Genes were filtered
for an enrichment score<3. Schizophrenia (SZ) genes
were downloaded from a SZ GWAS study [29], which
identified 287 distinct genomic loci associated with 2091
genes. Bipolar disorder (BD) genes were downloaded
from dbBIP, a BD database (http://dbbip.xialab.info/
Download, accessed 04/03/2023). Only genes from the
Psychiatric Genomics Consortium (PGC) 2 and 3 were
used.

Imprinted methylation validation

Paired ICM and TE blastocyst samples (n=24)
underwent targeted bisulfite pyrosequencing for the
KCNQI1OT1 imprinting control region (ICR) using the
PyroMark Q24 Advanced system (Qiagen). Bisulfite
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conversion was performed using the EZ DNA Methyla-
tion-Direct Kit (Zymo Research), followed by nested PCR
amplification using the Platinum II Hot-Start PCR Master
Mix (Invitrogen); Pyrosequencing primers were designed
in-house with the use of PyroMark Assay Design Soft-
ware v.2.0.1.15 (Qiagen). Forward primer: GAGTTTAT
GGTAATGTTTGGTATTTAGAAG, Reverse primer: C
GCCAGGGTTTTCCCAGTCACGACCCAAACCACC
CACCTAACAAA, universal reverse biotinylated primer
in the second round: 5'Biotin-CGCCAGGGTTTTCCCA
GTCACGAC, and Sequencing primer: GATGGGAGGT
GGGTA. Pyrosequencing reactions were prepared using
the PyroMark Q24 Advanced CpG Kit (Qiagen), and the
DNA methylation level was calculated as a ratio of the
C to T peaks at a given CpG site using PyroMark Q24
Advanced Software v.3.0.0. (Qiagen). Student’s t test was
used for methylation differences between young and APA
cohorts of ICM or TE, where p<0.05 was considered to
be statistically significant.

Results

Patient samples

Blastocysts selected for this study were donated with
patient and IRB consent from donor oocyte IVF cycles
(young fertile women) with normozoospermia based
on WHO criteria [30] and internal clinical standards, in
order to eliminate contributing female and male factor
infertility. Blastocysts were grouped by paternal age, with
APA defined as >50 years, and young fathers as <36 years
selected as controls. Sperm parameters and IVF cycle
data are presented in the supplementary (Additional
Table 1). Apart from paternal age (mean age+standard
deviation: young: 34.3+£1.7 years, APA: 54.4+3.3 years;
p=1.18E-14), we did not observe any statistically sig-
nificant differences between groups in terms of patient

a) b)
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variables and sperm parameters, or IVF cycle outcomes
including fertilization and blastocyst development rates.

Methylome analyses

The global ICM and TE paired methylomes from young
and APA-derived blastocyst samples were examined
using an ultra-low input WGBS approach. An average
of 458 million reads and 66% mapping efficiency was
achieved, capturing 46 million unique CpGs at 11X cov-
erage and 0.996 correlation coefficient. Despite extremely
limited starting DNA input, genomic coverage was high
and consistent; gene body (91.6% average coverage), pro-
moters (93.1% average coverage) and CpG islands (94.4%
average coverage) (Additional Table 2).

We identified 8,707 and 14,953 CpGs as statistically
significant between the young and APA groups for ICM
and TE, respectively (p<0.05). A significant increase in
global methylation was observed in both tissue lineages
of APA-derived blastocysts (Fig. 1a) with a corresponding
high proportion of hypermethylated regions compared
to young (Fig. 1b). From these, 1,897 ICM and 2,022 TE
differentially methylated regions (DMRs) were identified
(Table 1). Unsupervised hierarchical clustering analy-
sis of DMRs differentiated between the young and APA
groups in both ICM and TE, demonstrating distinct sam-
ple branches and unique methylation patterns (Fig. 2).

Individual cytoband enrichment for DMR-associated
gene density was analyzed to determine whether spe-
cific chromosomal regions were more susceptible to
age-related methylation alterations (Fig. 3). We found
that methylation alterations appear clustered at certain
chromosomal locations, with a significant enrichment
identified at 12 cytobands in ICM and 15 cytobands in
TE (FDR<O0.05). Five cytobands were independently
enriched in both datasets, with the greatest enrichment
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Fig.1 Global DNA methylation in APA and young blastocysts. APA is significantly hypermethylated compared to young in both ICM and TE (p < 0.05),

visualized using (a) violin plots and (b) line plots
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Table 1 APA ICM and TE significant differentially methylated regions (DMRs) and pathways
Young (34.3 £+ 1.7 years) APA Inner Cell Mass (ICM) APA Trophectoderm (TE)
APA (54.4 £ 3.3 years) n=1,897 DMRs n=2,022 DMRs

Hypermethylated Hypomethylated Hypermethylated Hypomethylated
Total DMRs (p<0.05) 1713 180 1890 124
DMR-associated significant CpGs 7771 936 14,061 892
DMR-associated Genes 1114 130 1299 98
GO terms 93 133
KEGG pathways 0 25
Reactome 6 4

" o [T

1

group
Young ICM
0.8 [l APA ICM

E} .06

E

,
o
IS

Fig. 2 Significant DMR-associated CpG sites. Heat map representation of the hierarchical clustering of significant (p < 0.05) DMR-associated CpG sites
in (@) ICM and (b) TE, from hypermethylation (yellow; 100%) to hypomethylation (purple; 0%). Samples in both ICM and TE cluster into two distinct groups

by young and APA samples

of these being chr19p13.3 (ICM: q=3.35E-05; TE:
q=5.83E-03) (Additional Table 3).

We identified 1,223 and 1,383 DMR-associated genes in
ICM and TE, respectively (p<0.05), with 251 genes over-
lapping both datasets (p=1.46E-102). To gain functional
insight into the genes with APA-induced altered DNA
methylation, we performed a gene ontology enrichment
analysis on the significant DMR-associated genes in the
ICM (n=93) and TE (n=131). Interestingly, both ICM
and TE DMRs were highly enriched for genes involved
in neuronal signaling and synaptic transmission, as well
as genes involved in regulation of embryonic develop-
ment and cell differentiation and proliferation includ-
ing GTPase regulator activity and protein kinase activity
(Fig. 4), suggesting an overall vulnerability for embry-
onic and neurodevelopmental pathways in association
with paternal aging. Many of the gene ontology terms
were identical between the two comparisons, especially
within the cellular component and molecular function
categories. Approximately one-quarter of genes within

these identical GO terms overlapped (27% in ICM, 19%
in TE, p<0.05), suggesting that similar regions of the
genome in both lineages are susceptible to disruption
by paternal aging. Reactome enrichment identified simi-
lar processes within the ICM including neuronal system
and various signal transduction processes, which are
involved in regulation of cellular events including migra-
tion, adhesion, division, establishment of cellular polar-
ity and intracellular transport during embryogenesis.
Similar signal transduction processes were identified in
APA-derived TE DMRSs, as well as hormone-driven reg-
ulatory pathways involved in energy metabolism (Addi-
tional Fig. 1). We performed a statistical comparison of
our methylome results to previous studies on paternal
age-related human sperm and blastocyst methylation
changes [25, 31, 32]. Significant overlap of DMR-associ-
ated genes was identified for both the APA-derived ICM
and TE tissue lineages, demonstrating generational cor-
relation of an altered methylation landscape in sperm
and embryo (Additional Table 4). As several neuronal
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DMRs relative to Young
I Hypermethylation
l Hypomethylation
Enriched Cytobands

B TE

H ICM

Fig. 3 Genomic circle plot. Significant cytobands (FDR < 0.05) and DMRs (p < 0.05) for APA ICM (green) and TE (blue) throughout the genome. Two
innermost layers are significant ICM (green), and TE (blue) cytobands in APA compared to young blastocysts. The two purple layers are hypomethylated
(purple) DMRs for ICM and TE, respectively. Finally the outermost layers are hypermethylated (orange) DMRs for ICM and TE, respectively. ChrX and ChrY

were excluded from analysis

signaling pathways were highly represented among
regions of the genome that were differentially methyl-
ated, and APA is known to be associated with increased
risk to neurodevelopmental disorders, we next compared
publicly available gene lists to our DMR-associated genes
(Table 2). For APA-derived ICM, a significant enrichment
was identified for genes implicated in autism spectrum
disorder (149 genes, q=6.9E-41; OR: 4.3) and schizo-
phrenia (108 genes, q=1.4E-03; OR: 1.4). Likewise, for
APA-derived TE, significant enrichment was identified
for autism spectrum disorder (150 genes, q=6.6E-36; OR:
3.8), schizophrenia (122 genes, q=7.3E-04; OR: 1.4), and
bipolar disorder (30 genes, q=9.1E-03; OR: 1.7). Again

approximately one-quarter of genes implicated in neu-
rodevelopmental disorders are present in both datasets
(25% in ICM, 24% in TE, p<0.05).

Finally, given that imprinted genes function in the
developing brain and exhibit various characteristics
similar to neurodevelopmental disorders, we chose to
compare the current list of known and putative human
imprinted genes to the DMR-associated genes identified
between the young and APA groups for ICM and TE. We
found that ICM DMRs overlapped with 18 imprinted
genes (q=6.0E-03; OR: 2.2) and 3 imprinting control
regions (MEG3, SNRPN, KCNQI10OT1) while TE DMRs
overlapped with 20 imprinted genes (q=3.9E-03; OR:
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APA ICM vs Young ICM GO Analysis
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APA TE vs Young TE GO Analysis of
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Fig. 4 Gene ontology analysis of DMR-associated genes in ICM and TE. Significant gene ontology (GO) enrichment analysis (p < 0.005) categorized
into biological process (BP), cellular component (CC), and molecular function (MF) groups for (@) ICM (n=19 GO) and (b) TE (n=45 GO) in APA compared

to Young blastocysts.

Table 2 Neurodevelopmental disorder associations for differentially methylated regions (DMRs)

Disease Overlapping genes Fold enrichment (odds ratio) OR 95% confidence interval P-Value FDR
APA Inner Cell Mass (ICM)

Autism spectrum disorder 149/1127 4.30 3.56-5.18 1.0E-41* 1.0E-40%
Schizophrenia 108/2092 143 1.16-1.76 8.5E-04* 1.9E-03%
Bipolar disorder 21/430 132 0.81-2.05 0.20 0.24
APA Trophectoderm (TE)

Autism spectrum disorder 150/1127 3.77 3.12-4.53 3.6E-36* 31E35%
Schizophrenia 122/2092 144 1.17-1.74 3.2E-04% 78E-04%
Bipolar disorder 30/430 1.71 1.13-24 7.6E-03*% 1.2E-02%

* Indicates significance FDR<0.05

2.1) and 3 imprinting control regions (MEG3, PLAGLI,
N4BP2L1) (Additional Tables 5 and 6). The KCNQ1OT1
imprinting control region (ICR) was selected for targeted
methylation validation in an additional cohort of young
and APA blastocysts. Hypermethylation was identified
with statistical significance found in the ICM samples
(Young ICM: 39.3%; APA ICM: 47.8%; p=0.029, Young
TE: 41.0%, APA TE: 47.2%, p=ns), suggesting an aberrant
gain in methylation from the unmethylated paternal con-
tribution (Additional Fig. 2).

Transcriptome analyses

A low input mRNA-seq approach was used to examine
the paired ICM and TE transcriptomes from the same
young and APA-derived blastocysts. The filtered reads
distribution averaged 51 million single-end reads with
73% uniquely aligned (Additional Table 7). Altogether,

31,497 transcripts were expressed in combined ICM and
TE samples. Statistical analysis was performed to iden-
tify differentially expressed genes (DEGs). Controlling
for cellular location, we identified 145 genes in ICM, and
323 genes in TE with significant differential expression
in blastocysts derived from aged fathers relative to those
derived from young fathers (FDR<0.1) (Table 3). Within
the APA-derived ICM, 72 genes had increased gene
expression and 73 had decreased gene expression, while
those within the APA-derived TE had 208 increased and
115 decreased, compared to those derived from young
fathers. Unsupervised hierarchical clustering analysis of
significant DEGs differentiated between the young and
APA in both ICM and TE tissue groups, demonstrating
distinct sample branches and unique expression patterns
(Fig. 5).
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Table 3 APA ICM and TE significant differentially expressed genes (DEGs) and pathways

Young (34.3 £+ 1.7 years) APA Inner Cell Mass (ICM) APA Trophectoderm (TE)
APA (54.4 £ 3.3 years) n=145 DEGs n=323 DEGs
Upregulated Downregulated Upregulated Downregulated
Total DEGs (FDR<0.1) 72 73 208 115
GO terms 18 0
KEGG pathways 10 0
a) b) {17
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Fig. 5 Significant differentially expressed genes. Heat map representation of the hierarchical clustering of significant (g < 0.1) differentially expressed
genes (DEGs) in (@) ICM (n = 145 DEGs) and (b) TE (n = 323 DEGs), where a positive z-score (red) corresponds to up-regulation and a negative z-score
(blue) corresponds to down-regulation relative to the mean. Samples in both ICM and TE cluster into two distinct groups by young and APA samples

For functional perspective, we performed pathway
analysis and gene ontology enrichment analysis for dif-
ferentially expressed genes in APA-derived ICM and TE
portions. Significant neuronal signaling pathways were
identified within the ICM of APA blastocysts, including
GABAergic synapse and glutamergic synapse (FDR<0.1;
Additional Fig. 3a), with all top ten pathways having some
involvement in neurodevelopmental signaling and many
involved in the etiology of autism spectrum disorder.
Gene ontology enrichment analysis for affected biologi-
cal processes include biological regulation of hormones
and peptides (transport and secretion), while the molec-
ular function category included organic acid and amino
acid localization (transport and secretion) (FDR<O0.1;
Additional Fig. 3b). Linear regression analysis illustrated
a significant progressive increase in gene expression
as paternal age increased for ten genes within the ICM
(Additional Fig. 4). In stark contrast, zero significant
pathways or gene ontology terms were identified for the
differentially expressed genes in the TE of APA-derived
blastocysts relative to younger fathers.

Genes implicated in neurodevelopmental disorders
such as autism spectrum disorder, schizophrenia and
bipolar disorder, were not significantly enriched among
the differentially expressed genes of the ICM or TE upon
paternal aging. Combining results from all three disor-
der datasets, only 12 genes were identified with altered
expression in the APA-derived ICM, and 28 in the APA-
derived TE (Table 4). Likewise, there was no statistical
enrichment for human imprinted genes among the tran-
scriptome datasets, with only two imprinted genes differ-
entially expressed in the ICM and one imprinted gene in
the TE of APA blastocysts (Additional Table 5).

Methylome and transcriptome overlap

There is very limited overlap with no correlation between
DMR-associated genes in the methylome data and the
differentially expressed genes in the transcriptome
data for either the ICM or the TE upon paternal aging.
Only five overlapping genes exist in the APA-derived
ICM between significant DMR-associated genes and
significant RNA-seq differentially expressed genes
(ADAMTS20, DOP1B, GDPD4, NOS2, SPAGI6).
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Table 4 Neurodevelopmental disorder associations for differentially expressed genes (DEGs)

Disease Overlapping genes

Fold enrichment (odds ratio)

OR 95% confidence interval P-Value FDR

APA Inner Cell Mass (ICM)

Autism spectrum disorder 4/1127 0.77
Schizophrenia 6/2092 0.73
Bipolar disorder 2/430 1.01
APA Trophectoderm (TE)

Autism spectrum disorder 8/1127 0.68
Schizophrenia 18/2092 0.83
Bipolar disorder 2/430 045

0.21-2.01 0.82 0.82
0.22-1.36 0.31 0.73
0.12-3.72 0.73 0.82
0.29-137 0.36 0.73
0.49-1.34 0.50 0.80
0.05-1.65 0.34 0.73

* Indicates significance FDR<0.05

None of these five are implicated in neurodevelopmen-
tal disorders, nor are present in any of the methylome
gene ontology terms. Likewise, only eleven overlapping
genes exist in the APA TE between significant DMR-
associated genes and significant RNA-seq differentially
expressed genes (APOM, ARL17B, COL20A1, FAM53A,
MIR646HG, OACYLP, OSBPL1A, PRKAG2, TPGS2,
TRIM62, URGCP). ARL17B is implicated in schizophre-
nia, TPGS2 is found in the microtubule gene ontology
term, and PRKAG2 is part of 4 pathways (AMPK signal-
ing pathway, Lysine degradation, Cholinergic synapse,
GnRH secretion) as well as the protein serine/threonine
kinase activity gene ontology term. Finally, zero overlap-
ping pathways exist, as APA-derived TE transcriptome
did not reveal any significant pathways or gene ontology
terms.

Nevertheless, both datasets harbor significant genes
involved in neuronal signaling. In fact, glutamergic syn-
apse, the main excitatory neurotransmitter in the brain,
is identified in both the ICM transcriptome and the ICM
and TE methylomes, and presents a possible route for
identifying early markers to neurodevelopmental disease
in blastocysts generated by aged fathers.

Discussion

A greater health risk has been identified for children
conceived by fathers over 50 years of age, including an
increased adjusted odds ratio (OR) for developing the
neurodevelopmental disorders autism spectrum disor-
der (OR: 2.26 to 3.37), schizophrenia (OR 1.59-4.62),
and bipolar disorder (OR 1.27-2.84) [33]. While the
paternal age effect appears to be a multifaceted phenom-
enon, the association with these multifactorial disorders
is robust and reproducible. Paternal factors, such as epi-
mutations arising in the sperm as men age, may occur
at genes essential for embryonic development or impli-
cated in offspring health conditions, providing a poten-
tial mechanism for these adverse outcomes. In particular,
there have been studies demonstrating DNA methyla-
tion errors at genes important for neurodevelopment in
sperm upon advanced paternal age [25, 31, 32, 34]. Yet,
minimal information exists on the possible consequences

that age-related sperm methylation errors may have post-
fertilization on embryogenesis and offspring health. In
a mouse study that analyzed DNA methylation in aged
sperm, similar epigenetic errors were observed in off-
spring embryonic brain as well as effects on offspring
behavior [35]. Likewise, our group reported generational
inheritance of corresponding epigenetic dysregulation in
sperm and embryo during IVF treatment [25]. Here, we
are the first to dissect the epigenomes of the ICM and TE
cell lineages of human blastocysts in response to paternal
aging. We are also the first to describe an altered tran-
scriptome that appears to be independent of the DNA
methylation changes, yet still impacting gene pathways
implicated in neuronal signaling and neurodevelopmen-
tal disorders, specifically in the inner cell mass.

Advanced paternal age has the potential to lead to a
detrimental effect on semen quality as well as increased
DNA fragmentation, particularly in men over 50 years
of age [36]. We purposefully excluded patients that were
outside normal clinical semen parameter ranges [30],
to eliminate any possible confounding influence from
male factor infertility. Studies on clinical reproductive
outcomes of older men are oftentimes difficult to inter-
pret due to the lack of adjustment for maternal age. For
our study we strategically included only donor oocyte
IVF cycles (young fertile women) to control for the pro-
found effects of female aging on fertility. In spite of our
study design, the blastocyst epigenome and transcrip-
tome were both disrupted in these embryos derived from
advanced paternal age compared to young paternal age
counterparts.

A significant increase in global methylation was
observed in both ICM and TE lineages of APA-derived
blastocysts with a corresponding high proportion of
hypermethylated regions. These DMRs were clustered at
significant cytobands throughout the genome; four cyto-
bands were independently enriched in both ICM and TE
tissues, with the greatest enrichment being chr19p13.3.
We previously identified this subtelomeric region as
being enriched in sperm and intact blastocysts derived
from APA fathers [25]. Subtelomeric regions may be
excluded from large-scale epigenetic reprogramming
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events [37-39], or a looser chromatin conformation may
be required to access the large number of genes in this
region. Both explanations support an avenue of vulner-
ability to epigenetic disruption.

A statistically significant overlap of DMR-associated
genes was detected among ICM and TE datasets from
aged fathers compared to young. With that said, very
similar gene ontology enrichment was observed, particu-
larly in the cellular compartment and molecular function
categories. Many overlapping cellular component terms
centered on neurotransmission activity, such as glutama-
tergic synapse, neuron to neuron synapse, asymmetric
synapse, postsynaptic specialization, and postsynaptic
density. We observed a similar association with neuro-
transmission, specifically opioid signaling, in our prior
work on APA-derived sperm and blastocysts [25]. Molec-
ular function overlapping terms included various activi-
ties required for embryonic development like regulation
of cell proliferation and differentiation, metabolism, and
cell signaling. Such terms included GTPase regulator
activity, NTPase regulator activity, protein serine/threo-
nine kinase activity, and phosphatidylinositol binding.
Finally, while the biological process category was mostly
unique between ICM and TE, the premise of the terms
were similar and relevant to the other categories; neu-
rotransmission and embryonic developmental activity.
Reactome enrichment identified comparable pathways
in the ICM of APA-derived blastocysts, including neuro-
nal system and various signal transduction processes. For
example, RHO GTPases are involved in the regulation
of many fundamental cellular processes important dur-
ing embryonic development, including morphogenesis,
polarity, movement, and cell division. As a consequence,
RHO GTPases play important roles in neuronal develop-
ment, and disruption plays a role in the etiology of neu-
rodegenerative diseases [40]. Similar signal transduction
processes were identified in APA-derived TE DMRSs, as
well as hormone-driven regulatory pathways involved in
energy metabolism.

APA-derived ICM and TE DMRs encompassed sta-
tistically significant enrichment for neurodevelopmen-
tal genes implicated in autism spectrum disorder and
schizophrenia. The incidence of these neuropsychiat-
ric conditions is known to increase progressively with
increasing paternal age [33]. Evidence for abnormal DNA
methylation in association with these disorders is also
described [41-43]. Our group reported a relationship
between paternal aging and epimutations at genes impli-
cated in these disorders in sperm and intact blastocysts
[25], with 108 genes overlapping our present study in
ICM and TE tissues. A number of these genes were also
present in pathways identified by gene ontology enrich-
ment analysis, such as ANKS1B, CACNAI1C, IGSF9B
and SHANKS3. Mechanistically, alterations to DNA
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methylation may occur in sperm over time as men age,
and persist through fertilization at this group of genes
which appear to be highly susceptible to epimutations.
Another group of genes that present a level of vul-
nerability are imprinted genes, since gametes acquire
parent-of-origin specific genomic imprints that then per-
sist through fertilization and embryonic development
by evading epigenetic reprogramming [44]. Imprinted
genes are known to play an essential role in brain devel-
opment and contribute to some neurodevelopmental
conditions [45], as well as development of the placenta.
Upon paternal aging in a mouse model, methylation dif-
ferences were found in brain-expressed imprinted loci,
with concurrent behavioral changes [46]. Twenty-three
imprinted genes were found to be altered within the
ICM or TE of APA-derived blastocysts compared to
young, with seven altered in both lineages. In particu-
lar, DLGAP?2 is one imprinted gene that had differential
methylation in both the ICM and TE, as well as in the
intact blastocyst and sperm from aged fathers [25]. This
gene is also found in the overlapping gene ontology terms
involved in neurotransmission from ICM and TE DMRs,
and has been implicated in the development of autism
[43, 47, 48]. Imprinting control regions (ICRs) were also
impacted within the ICM and TE of APA-derived blas-
tocysts. Results from our targeted methylation analysis
at the KCNQ1OT1 ICR validates the hypermethylation
observed for this region in the global methylome data, as
well as aligns with a paternal age effect representing an
aberrant gain of methylation presumably from the sperm
contribution. To translate these results to later stages in
embryonic development, a comparable gain of methyla-
tion was observed at the Kcnglotl ICR in mouse embry-
onic placentas derived from aged males [49], and older
paternal ages have been linked to hypermethylation in
human IVF placentas collected at time of delivery [50].
There was a remarkably large overlap of DMR-associ-
ated genes between the ICM and TE methylomes upon
paternal aging, suggesting that many of the same genomic
regions may be susceptible to methylation dysregulation.
Concordant with the increased risk of impaired neuro-
cognitive phenotypes observed in offspring, paternal age-
induced epigenetic alterations occurred at genes involved
in several neuronal signaling gene ontology terms,
imprinted genes, and genes implicated in neurodevelop-
mental disorders. While this result was mostly expected
in the ICM methylome, we were surprised to discover
this to also be true in the TE methylome. Interestingly,
a number of recent studies have discussed the placenta-
brain-axis (PBA), such that abnormal regulation of cer-
tain genes in the placenta affect the fetal brain [51-55].
The placenta produces neurotransmitters that may cir-
culate and influence brain development, and it has been
implicated that neurobehavioral disorders such as autism
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spectrum disorder likely trace their origins back to pla-
cental disturbances. Due to this intimate relationship, it
has been proposed that the placenta is a promising tissue
for identifying DNA methylation changes at genes that
also function in the fetal brain, with possible associations
to autism spectrum disorder diagnoses.

Like the methylome, paternal age strongly impacted
ICM and TE transcription. However, only differentially
expressed genes in the ICM of APA-derived blastocysts
exhibited statistical enrichment for gene ontology terms
and pathways. Neurotransmission and other signaling
pathways known to play a role in the brain, such as gluta-
mergic synapse, GABAergic synapse, apelin signaling and
relaxin signaling, were identified. Significantly altered
genes associated with some of these pathways include
SLC38A3 and ADCYS5, which are critical for amino acid
and amide transport vital to not only ICM proliferation,
but also future brain function [56, 57]. Others include
NOS2, an important signaling molecule of the central
nervous system associated with neurotransmission and
diverse brain disorders [58], and AGTRI1, which is asso-
ciated with susceptibility to brain neurodegeneration
[59]. Linear regression analysis illustrated a progressive
increase in gene expression as paternal age increased
for eleven genes, two of which show an association with
brain function; ITGA2 has been linked to axonogen-
esis [60] while SLC25A27 is involved metabolism in the
brain, and is implicated in autism spectrum disorder as
well as a possible connection to schizophrenia [61, 62].
Interestingly, all of the top ten KEGG pathways have
some involvement in neurodevelopmental signaling and
many are involved in the etiology of autism spectrum
disorder. Numerous key gene ontology terms were iden-
tified including the regulation of hormones and peptides
through transport and secretion, as well as amino acid
and organic acid transport activity. Additional DEGs in
the ICM of APA-derived blastocysts have been deter-
mined critical for blastocyst cell proliferation, such as IL6
involved in ICM cell numbers and expansion. Yet, despite
this strong association with pathways important to brain
function, it may be too early in development to impact
transcription for genes implicated in neurodevelopmen-
tal disorders or imprinted genes, as none of these expe-
rienced a statistical enrichment among the differentially
expressed genes in either the ICM or TE of blastocysts
derived from APA fathers.

Though both the ICM and TE comparisons lead to a
similar number of differentially expressed genes, by com-
parison we found no significant signaling pathways or
gene ontology terms enriched in the trophectoderm of
aged fathers. As the trophectoderm lineage is responsible
for implantation into the uterus and forms the placenta,
our results support clinical data showing comparable
IVF outcomes of donor oocyte APA cycles to those of
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younger men [5, 63]. Rather, the ICM lineage that gives
rise to the fetus displayed various altered pathways and
gene ontology terms important in brain function, which
may contribute to downstream consequences of offspring
health and align with clinical reports of greater risks after
birth.

Interestingly, enrichment for the glutamatergic synapse
pathway was identified in both the APA-derived methy-
lome and transcriptome datasets. Glutamatergic synapse
is involved in establishing neuronal network connections
during brain development and mediating the cellular
processes required for neurotransmission [64]. Thus, dis-
ruptions may play a relevant role in neurocognitive dis-
ease, and presents a possible route for identifying early
markers to neurodevelopmental disorders.

Mechanisms exist for aged sperm to transfer altered
chromatin signatures to the embryo. However, it is
unclear when the adverse effects on offspring health ini-
tially occur. The question remains, how early in embryo
development epigenetic differences and disease risk are
identifiable. Here, we report alterations to the methylome
and transcriptome as early as the blastocyst stage, with
differences observed in the first two cell lineages. How-
ever, despite these events taking place within the same
embryos, there is very limited overlap and no correlation
between DMR-associated genes in the methylome data
and the differentially expressed genes in the transcrip-
tome data for either the ICM or the TE lineages. This
suggests that two independent mechanisms are likely at
play during embryogenesis; the immediate cascade of
altered gene expression occurring in the APA-derived
preimplantation embryo, and the long-term alteration of
epigenetic marks potentially inherited from APA sperm
that will influence transcription later in development
and after birth. Since altered DNA methylation does not
appear to directly influence gene expression at the pre-
implantation stage, it may be that additional epigenetic
mechanisms, such as histone modifications and miRNA
expression profiles, or another paternal effect factor, is
leading to the immediate and transient changes in blas-
tocyst gene expression. The large number of synthesized
mRNA transcripts expressed in the preimplantation
embryo likely represent the plasticity of the embryo and
its ability to adapt to its ever-changing environment.
Excess transcripts present in the blastocyst may be gen-
erated only for utilization if needed, with post-transcrip-
tional regulatory processes occurring at this time. Thus,
the transcriptome represents a snapshot of the present
timepoint, and is likely not a true reflection of future
health and disease risk. Nevertheless, it was interest-
ing to observe transcriptomic dysregulation involving
numerous neuronal signaling pathways in the ICM only,
showing potential early disruption to future brain devel-
opment. Meanwhile, methylome changes are stable and
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inherited as cell division and differentiation occur dur-
ing development, and are likely the mechanism leading
to future predisposition to disease. Both ICM and TE
methylomes were highly impacted at genes implicated
in neurodevelopmental disorders and neuronal signal-
ing pathways, with possible subsequent transcriptional
changes occurring later in development.

It is important to highlight the strengths and limita-
tions to this study. The use of only donor-oocyte IVF
cycles controlled for the profound influence of female
aging on fertility and was a strategic approach to isolating
the effects of paternal age on embryos. Significant patient
confounders such as paternal BMI, smoking status,
semen analyses results and IVF cycle outcomes were con-
trolled for, however, additional medical history like famil-
ial backgrounds and offspring health conditions are not
collected by the IVF clinic. The small sample sizes used
for genome-wide methylome and transcriptome analy-
ses, although necessary for economic purposes, could
represent a technical limitation that may have adversely
impacted the statistical power of our results. Finally, the
starting input material was also considerably limited,
especially following the dissection of ICM and TE tissues
and further isolation of DNA and RNA from the same
embryo. However, the ability to examine methylome and
transcriptome within the same embryos and tissues was a
significant strength for the aim of our study.

Based on the divergent ages between our young and
APA groups, it is difficult to ascertain if a specific pater-
nal age threshold leads to altered methylation and tran-
scription patterns. Epidemiological studies suggest a
linear relationship between increasing paternal age and
the risk for neurodevelopmental disorders in their off-
spring [33]. Likewise, we and others have reported a
linear relationship between increasing paternal age and
methylation alterations in sperm [25, 65]. However,
APA is a subtle and varying effect to male reproductive
potential, and inter-individual variability between males
exceeds age-associated variation [65]. Similarly, not
every blastocyst that is derived from an APA father will
become a child that presents with a neurodevelopmental
disorder, and these disorders themselves exist on a spec-
trum of symptom severity that may not always be clini-
cally diagnosed. Since the dynamic nature of epigenetic
modifications enables them to be influenced by various
intrinsic and environmental factors, it would be unrea-
sonable to expect an absolute effect similar to a genetic
mutation. Therefore, we instead predict that a thresh-
old for APA-induced epigenetic alterations exists, and
only if surpassed, culminates in a predisposition to dis-
ease and ultimately an observed phenotype in offspring.
Ongoing investigation into specific genes which consis-
tently show altered methylation patterns will further our

Page 12 of 14

understanding of the role of paternal age in the etiology
of these neurological conditions.

While our results revealed potential expression mark-
ers for susceptibility that can be detected as early as the
first blastocyst tissue lineage division, the lack of cor-
relation between the ICM and TE makes transcription
profiling of biopsied TE cells futile. Rather, the placenta-
brain-axis (PBA) relationship supports the idea that TE
cells are a promising avenue for classifying DNA methyl-
ation errors at genes that also function in the fetal brain,
with possible associations with future neurodevelop-
mental disorders. In this fashion, we may achieve a way
to epigenetically rank embryos for offspring disease risk
assessment using biopsied TE cells from IVF blastocysts.

Conclusions

To summarize, an increased risk for neurodevelopmen-
tal disorders, including autism spectrum disorder and
schizoprenia, have been observed in children conceived
by fathers of advanced paternal age. Our data confirms
that as early as the preimplantation embryonic stage, the
ICM of embryos derived from APA fathers display tran-
scriptomic dysregulation involving numerous neuronal
signaling pathways. Meanwhile, no significant pathway
signaling disruption was observed in trophectoderm
cells, consistent with clinical findings where APA-derived
embryos are not typically compromised during the pre-
and post-implantation stages. Instead, both the ICM and
TE lineages display methylome changes involving neu-
rotransmission and neuronal signaling, highly enriched
for genes implicated in neurodevelopmental disorders
including autism spectrum disorder and schizophrenia,
and numerous imprinted genes. These genes may have
an increased susceptibility to epimutations in the sperm
as men age, are likely inherited via fertilization with the
potential to persist throughout embryonic development
and after birth. Thus, disease risk may be identifiable as
early as the first cell lineage differentiation during preim-
plantation embryonic development, and following fur-
ther investigations for threshold and cumulative risk of
specific target genes, trophectoderm DNA methylation
may be a future avenue for epigenetic embryo ranking in
couples with advanced paternal age.
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