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Abstract

Individual development is influenced by both genetic processes and environmental factors,
which interact throughout the lifespan. In mammals, early life parental care is particularly
important in setting up developmental trajectories with long lasting consequences for physiology
and behavior. In humans, early life stress which is often in the form of reduced parental care is
associated with accelerated developmental outcomes and increased risk of mood disorders later
in life. Research on neurobiological mechanisms mediating the impacts of early life parental care
on these outcomes is generally completed in mice and rats, species which typically only provide
maternal care in laboratory settings. Prairie voles are a laboratory rodent species which serve as
a model of human-like social behaviors: they form monogamous pair bonds, and critically, both
mothers and fathers provide parental care to the pups. In prairie voles and other rodents, animals
raised with higher parental care are more social later in life. Prairie voles raised with high parental
care are display more alloparental behavior as juveniles and have increased propensity to form a
pair bond and provide high parental care to their own pups as adults.

One well studied mechanism which partially mediates the effects of early life parental care
on social behavior later in life is the oxytocin system. Oxytocin is a neuropeptide hormone which
regulates social behavior throughout the lifespan. Oxytocin acts primarily by binding to its one
known receptor, the oxytocin receptor. In voles, the distribution of the oxytocin receptors in the
brain differentiates between monogamous and non-monogamous species, and within prairie
voles, the amount of oxytocin receptors in key brain regions is associated with species-typical
social behaviors including pair bonding and parental care. While much work is done on the
oxytocin system in prairie voles, many other neurobiological systems are involved in such
complex behaviors.

This dissertation investigates how early life social experiences impact
neurodevelopmental outcomes, in part by examining epigenetic regulation of gene expression. In
Chapter 2, | examine how early life experience in the form of parental care impacts gene
regulation of the oxytocin receptor. | examine two regions of the oxytocin receptor gene (Oxtr)
promoter, a region termed MT2 and a region within exon 3. | find that while early nurture is
associated with reduced DNA methylation in both MT2 and exon 3, only DNA methylation in MT2
is strongly associated with oxytocin receptor gene expression. Further, | identify a novel isoform
of Oxtr which is under genetic control and is coregulated with the main transcript.

In Chapter 3, | use RNA-seq to identify genome-wide transcriptional changes associated
with early nurture, which reveals differential gene expression in male offspring but not female
offspring. | also examine neuroanatomical outcomes and find that in male offspring only, higher
care by fathers leads to more excitatory synapses characterized by small-area terminals and
shorter synaptic zones. | also find that in both sexes higher total parental care is associated with
higher density of microglia. | then examine social behavior and find that male prairie voles raised
with higher care by fathers is display more pup retrieval behavior as juveniles, while female
offspring appear to display fewer pup retrievals. Finally, | show that high total parental care slows
development, as indexed by epigenetic age.

In Chapter 4, | study the impact of adolescent social experiences on epigenetic age, a
blood-derived metric for biological aging and healthspan, in humans. Using samples from the
longitudinal KLIFF/VIDA study, | find that adolescents that experience peer struggles (i.e. lack of
social connectedness, insecure attachments, etc.) have higher epigenetic age in midlife,
indicating that positive social experiences are protective against biological aging and poor health
outcomes. Further, the effect size of poor peer relationships on epigenetic age is comparable to
that of lifetime history of cigarette smoking, suggesting that individual and public health outcomes
are as highly influenced by social relationships as other environmental factors with known impacts
on healthspan.
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Chapter 1: Introduction

Early life experience and psychosocial development

Early life experiences interact with an individual’s genetic architecture to influence
developmental processes and phenotypes. For example, early life stress can accelerate the onset
of developmental markers including molar eruption! and puberty?2. Early life stress also alters the
developmental timing of neurological processes. Seminal work using fMRI showed that in typically
developing children, there is a developmental shift in amygdala-prefrontal cortex functional
connectivity®. However, this shift occurs earlier in children raised in institutions, suggesting
accelerated development of this circuit®. Development of other circuits are also altered by extreme
early life stress®. This change in the pace of development is thought to be adaptive at the time,
but increases allostatic load later in life, leading to health problems and psychological distress’
(though it should be noted that early life stress may also lead to “hidden talents”)2.

Though much research in early life experience in humans has focused on extreme early
life stressors, more subtle variations in early life experience also impact psychosocial
development. For example, both maternal and paternal warmth are associated with increased
prosociality in preschool aged children®, and both environmental stimulation and parental
nurturance are associated with cognitive abilities in childhood?°. Effects of early life experience
last throughout the lifespan: kangaroo care, or increased skin-to-skin contact early in life,
increases maternal-child behavioral synchrony from infancy through young adulthood!!. These
studies indicate that subtle variations in parental care impact offspring throughout the lifespan.

The oxytocin receptor as a candidate gene for studying the impacts of early life
experience on the epigenome

The oxytocin system is critically involved in regulation of social behaviors throughout the
lifespan®?. Oxytocin is a neuropeptide hormone which acts both in the brain and periphery to
regulate many psychological and physiological processes®®. Oxytocin signaling is dependent on
its binding to its one known receptor, the oxytocin receptor!*. The oxytocin receptor is expressed
in many brain regions associated with social behaviors*®. The oxytocin system is sensitive to early
life experience. Levels of oxytocin in blood plasma'® and urine are reduced in adults who
experience early life stressors!’. However, peripheral concentrations of oxytocin may not reflect
central oxytocin levels, particularly under basal conditions (i.e. no oxytocin administration or other
paradigm such as acute stress)®. Additionally, measuring oxytocin peptide is challenging and
interpretation may vary based on methodology used!®?°. Further, because oxytocin must signal
via its receptor the availability of the oxytocin receptor must be considered, though oxytocin
receptor expression cannot be assayed from central tissues in living participants. For this reason,
a biomarker of the oxytocin receptor may be the most reliable indicator of one’s ability to access
their endogenous oxytocin system.

Epigenetic modifications are chemical modifications to DNA and the histone proteins
which package DNA into chromatin which modify gene expression. Epigenetic regulation of gene
expression can be sensitive to the environment, particularly during periods of rapid development
such as early life?t. Work from our lab has shown that DNA methylation of the oxytocin receptor
gene (OXTR) is sensitive to early life experience, related to gene expression, and correlated in
blood and brain tissues??. In both humans and animal models, early life parental care leads to
reduced DNA methylation at OXTR, which may be related to increased social behavior later on?2.
For example, our lab has shown that maternal engagement during infancy reduces OXTR
methylation, which is related to infant temperament and the infant’s brain response to emotional
faces?*?°, Thus, OXTR is a good candidate gene for examining how experience regulations the
epigenome.



Prairie voles: a translational model of human social behaviors

Mechanistic understanding of how early life experience impacts social behaviors requires
accessing brain tissue throughout development, which is not possible in human studies. Rodents
have long been used to study neurobiology, and much of what is known about the neurobiology
of maternal behavior is from studies completed in mice and rats. Early studies in rats and mice
also led to discoveries about how early maternal care influences physical and psychosocial
development?®?’, However, mice and rats do not fully model human caregiving as they are not
biparental; that is, only mothers provide care to pups in these species. Paternal care is only
robustly present in socially monogamous species, comprising 3-5% of all mammalian species?®2°,
Studying the effects of early life experience in a biparental species allows for higher variability in
early life experiences. Prairie voles are well suited for these studies since they are a socially
monogamous, biparental species with much literature supporting the role of oxytocin in mediating
affiliative and parental behaviors®. Further, their genome is sequenced and reasonably well
annotated, allowing for transcriptomic studies. Studies in prairie voles have made use of RNA-
sequencing techniques to understand gene regulation of monogamous pair bonds®!32,

There is abundant literature studying the impact of early life experience in prairie voles. A
study of natural parenting behaviors found that high contact care is associated with slower
development and more social behavior as juveniles®:. Manipulations of early life parental
behaviors support this result, though specific behavioral alterations may be dependent on the kind
of manipulation. Studies using a handling paradigm, which increases parental behavior, find a
sex-specific effect on behavioral outcomes. Males raised in the high-care (handled) condition
display more alloparenting behavior (parental behavior towards a novel infant pup) than males
raised in the low care condition while there is no difference in female offspring*%®. However,
female offspring raised in the high-care condition had a higher propensity to form a pair bond than
those raised in the low care condition, while there was no difference among parenting conditions
in male offspring3*.

Other studies have used a different manipulation: removing fathers. This leads to a
general reduction in care but also the loss of what may be a specific type of care. In one study
with no other manipulation than removal of paternal care, female alloparental behavior was
impacted: females raised in the single-mother condition displayed less alloparental behavior than
females raised in the biparental condition, while there was no effect on male offspring®. However,
there was no sex difference in the effect of parenting condition on pair bonding, where both male
and female offspring raised in the single-mother condition displayed less propensity to form a pair
bond?®®. A second study combined this manipulation with a foraging tradeoff condition where food
was placed at the top of an incline, making it harder to retrieve. This study found that male
offspring’s social investigation behavior was sensitive to the foraging tradeoff condition (which led
to reduced paternal huddling in the biparental-raised pups but did not impact duration of maternal
huddling) such that males raised in the tradeoff condition spent less time investigating a novel
conspecific®’. A third study again used paternal deprivation but included a third group where the
father was replaced with an older sister, who provided an equivalent duration of care®. This study
found that while paternal deprivation reduces the propensity to form a pair bond in both male and
female offspring, this deficit can be rescued in female offspring only by the presence of an older
sister®, These studies indicate that there are sex-specific impacts of early life parental care on
social behaviors later in life, and there may be a specific role for fathers in species-typical social
development in male offspring. However, the role of natural variation in paternal behavior has not
yet been studied, and while behavioral studies are abundant, few studies have investigated the
underlying genetic and neurodevelopmental processes mediating the effects of early life
biparental care on social behavior in this species beyond the role of oxytocin and the closely
related neuropeptide vasopressin.



Specific Studies

This dissertation is comprised of three studies which will examine the developmental
consequences of early life social experiences using three unique but complementary approaches.
The first two studies will use prairie voles as a model system to understand how early life parental
care impacts neurodevelopment underpinning social behaviors. The third study is a translational
aim which examines how adolescent social experience impacts biological indicators of aging.

Chapter 2: Examine the impact of early nurture on epigenetic regulation of the oxytocin
receptor gene. In this chapter, | show that early nurture 1) is associated with decreased DNA
methylation across Oxtr which is related to increased expression of the canonical transcript and
2) is not associated with expression of a novel transcript, which is instead related to genetic
variation in Oxtr. These results further establish prairie voles as an excellent model organism to
examine epigenetic regulation of the oxytocin receptor and provide evidence that epigenetic
processes observed in human peripheral tissue also occur in brain tissue.

Chapter 3: Explore transcriptomic, neurodevelopmental, and behavioral consequences of
early nurture. In this chapter, | show that 1) epigenetic aging is decelerated by high care
parenting, 2) early nurture is associated with widespread transcriptomic changes in male offspring
but not female offspring, 3) genes upregulated in male offspring are related to glutamatergic
circuitry, 4) parental care composition impacts excitatory synapse density in male offspring only,
5) total parental care is moderately associated with microglia density in both sexes, and 6)
parental care composition has sex-specific impacts on pup retrieval behaviors. These results build
on Chapter 2 by examining genome-wide gene regulation. The results of these studies dissociate
the impact of two distinct features of parental care in prairie voles. Specifically, | find that higher
total parental care is associated with both reduced epigenetic age and increase microglia cell
density in both male and female offspring. Further, | find that more care by fathers is specifically
associated with increased excitatory synapse density in male offspring only and has opposing
effects on pup retrieval behavior in male and female offspring.

Chapter 4: Determine the impact of adolescent social experience on epigenetic age at
midlife. In this chapter, | show that 1) adolescents that struggle with social integration have
increased epigenetic age at midlife, and 2) impacts of adolescent social experience on epigenetic
age are comparable to lifetime history of cigarette smoking. These results provide translational
evidence that similar epigenetic aging processes to those described in Chapter 3 are present in
humans as well, which has large individual and public health implications. Furthermore, these
results, combined with epigenetic aging results in Chapter 3, indicate that prairie voles are a
suitable model for examining physiological impacts of social behavior on aging.

Chapter 5: Discussion and Overall Significance. In this chapter, | synthesize results from each
of the studies to develop an overarching interpretation of the impact of early life social experience
on neurobehavioral and physiological outcomes throughout the lifespan.
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Introduction

A major goal of translational neuroscience is to identify biomarkers of psychiatric disorders
which can be used to inform diagnosis, predict possible courses of disease progression, or predict
likelihood of response to a particular treatment. A common target of efforts to identify biomarkers
of psychiatric disorders is the oxytocin system?. The oxytocin system is an attractive target for
biomarkers because of its involvement in many psychiatric disorders®, modulation of a wide range
of physiological processes®, and potential use as medication via intranasal administration®".
While many studies use serum oxytocin levels as a biomarker, proper collection and
measurement of oxytocin is challenging, and interpretation may vary based on methodology®.

Epigenetic modifications are promising biomarkers for disease since they are easily
measured, variable in the population, and can be influenced by the environment®. A prominent
epigenetic biomarker is DNA methylation, which is the addition of a methyl group to cytosine
residues. DNA methylation typically occurs when cytosine is followed by guanine and generally
leads to decreased gene expression'®. One epigenetic biomarker for the oxytocin system is DNA
methylation of the oxytocin receptor gene, OXTR. OXTR structurally consists of four exons and
three introns in humans!t. DNA methylation in MT2, a 405 bp region overlapping exon 1 and intron
1 of OXTR, regulates transcription both in vivo and in vitro'2. OXTR is expressed throughout the
human brain, with highest levels of expression in striatum, thalamus, and olfactory regions?®3.
Reduced expression of OXTR has been documented in the superior temporal gyrus in autism*
and in the posterior medial temporal cortex in schizophrenia®®. Increased expression of OXTR
was reported in the prefrontal cortex of patients with depression and bipolar disorder?®.

Dysregulation of OXTR expression in multiple psychopathologies has led many to study
the epigenetic state of OXTR in both typical and clinical groups. These studies have generally
focused on two regions of the OXTR gene: MT2 (covering much of exon 1 and some of intron 1)
and exon 3. For example, dysregulated DNA methylation in MT2 has been associated with
autism*4, callous-unemotional traits'’'8, anorexia nervosa®®?°, schizoaffective disorders?::22, post-
partum depression?, attachment anxiety?*, obsessive compulsive disorder?®, and anxiety and
depression?®. DNA methylation in MT2 is associated with neural endophenotypes in typical
populations: DNA methylation is positively correlated with brain activity during animacy
perception?’, emotion perception?®2?°, and social attention®°. DNA methylation in exon 3 has also
been associated with several psychopathologies, including anxiety and depression?63!, social
anxiety disorder®?, obsessive compulsive disorder?®33, post-traumatic stress disorder3*, callous
unemotional traits'’, and social communication deficits®®. Despite the many studies connecting
epigenetic markers at OXTR and psychological outcomes, several questions remain. Most studies
measure DNA methylation in peripheral tissues such as blood or saliva, and the association
between DNA methylation in these tissues and the brain is not established for all CpG sites.
Furthermore, even if DNA methylation is measured in the brain, it is not yet known what the
relative contributions of DNA methylation in the MT2 region and exon 3 region are in controlling
OXTR expression.

In order to investigate epigenetic mechanisms controlling OXTR expression in the brain
we use prairie voles as an animal model. Prairie voles are highly social rodents with
characteristics resembling human social behavior including pair bonding and biparental care of



offspring®¢. We have previously shown that prairie voles are also a good model for studies of
OXTR: the region of MT2 containing CpG sites -901, -924, and -934 is highly conserved in
prairie voles and humans, but not in mice or rats®’. We have also shown that DNA methylation
in this region is malleable to early life experience, which ultimately leads to changes in gene
expression in the juvenile period®” and adulthood®. In this study, we clarify the genetic structure
of Oxtr in prairie voles and compare the gene structure to human OXTR. We then investigate
the relationships between DNA methylation in MT2, DNA methylation in exon 3, and Oxtr
expression in the prairie vole brain. Finally, we describe novel findings related to prairie vole
Oxtr including previously unidentified SNPs in exon 3 and a novel alternative transcript present
in the nucleus accumbens.

Material and Methods

Human brain DNA and RNA samples

Genomic DNA and RNA isolated from the temporal cortex (BA 41/42) was obtained from
the Maryland National Institute of Child Health and Human Development Brain Tissue Center and
the Harvard Brain Tissue Resource Center (n= 11, male, 11-30yrs). Genomic DNA was analyzed
for OXTR DNA methylation at CpG sites in the MT2 region of the promoter and gene expression
was evaluated as previously described (Gregory et al., 2009).

Animal model

Subjects were laboratory-bred prairie voles (Microtus ochrogaster), descendants of a wild-
caught stock captured near Champaign, lllinois. Breeding pairs were housed in large
polycarbonate cages (44cm x 22cm x 16 cm) and same sex offspring pairs were housed in smaller
polycarbonate cages (27cm x 16 cm x 16 cm) after weaning on postnatal day (PND) 20 (date of
birth=PNDO). Animals were given food (high-fiber Purina rabbit chow) and water ad libitum, cotton
nestlets for nesting material in breeding cages, and were maintained on a 14:10 light:dark cycle.
All procedures involved in generating tissue for the analysis of DNA methylation and gene
expression following handling were reviewed and approved by the IACUC at the University of
California, Davis.

Handling manipulation

Within 24 hours of giving birth, breeding pairs underwent a single handling manipulation
as previously described®" . Following this manipulation, parental care is heightened in the MAN1
group compared to the MANO group®’. On PND24 offspring were anesthetized with isoflurane and
euthanized via cervical dislocation and rapid decapitation for tissue collection. Brains were
extracted and flash frozen in liquid nitrogen and stored at -80 °C. One male and one female from
each litter were included in the analysis of Oxtr DNA methylation and Oxtr expression (MANO: n=
7 per sex; MANL1: n= 6 per sex). An additional 5 sibling pairs were included in the EGA analysis
in order to achieve adequate sample size such that the correlation matrix was full rank. These
animals did not undergo MANO or MAN1 manipulations.

Sectioning of the nucleus accumbens

Whole brains were stored at -80 °C and equilibrated to -20°C for two hours prior to
sectioning. Following sectioning, nucleus accumbens tissue was placed in a DNAse/RNAse free



microcentrifuge tube and flashed frozen with liquid nitrogen. Brain tissue was crushed using a
mortar and pestle in preparation for DNA/RNA isolation.

Identifying conserved MT2 and exonic regions in prairie voles

The structure of Oxtr in prairie voles was determined by viewing RNA-sequencing reads
near Oxtr. The sequence was taken for the whole region where reads were mapped and used to
determine conserved regions of the gene. The MT2 region of OXTR in humans as identified by
Kusui et al., 2001 (GRCh38, chr3:8,769,033-8,769,438) was compared to the Oxtr sequence in
prairie voles and with the NCBI BLASTn program, and a region in prairie voles was identified as
having a highly similar sequence of DNA. To assess the significance of this similarity of the MT2
region between human and prairie vole we used the UVa FASTA server
(http://fasta.bioch.virginia.edu/) and PRSS (DNA: DNA) to shuffle the prairie vole sequence 200
times and estimate the statistical significance of the shuffled scores.

Oxtr DNA methylation analysis

Extraction of DNA from nucleus accumbens tissue was done using the Qiagen AllPrep
DNA/RNA Mini Kit (Qiagen, Valencia, CA) following manufacturer instructions. Two hundred
nanograms of DNA was subject to bisulfite treatment (Kit MECOV50, Invitrogen, Carlsbad, CA),
which allows for the detection of methylated cytosines by sequencing. Twelve nanograms of
bisulfite converted DNA were used as template for PCR reactions. PCR was performed using a
Pyromark PCR kit (Qiagen, Valencia, CA), and each PCR reaction was amplified in triplicate on
three identical PCR machines (S1000 Thermal Cycler, Bio-Rad, Hercules, CA.). PCR primers,
PCR cycling conditions, and pyrosequencing primers are reported in Table S2.4. All reactions
were completed according to manufacturer instructions, except for the following which all included
3.5 nM MgCl: (provide in the Pyromark PCR kit): MT2, exon 3 sections 2-4, exon 3 sections 6-8.
Standard controls of 0% and 100% methylated DNA, as well as a no DNA control standard were
included for each PCR plate. The median DNA methylation value of the 0% control was 2%
(interquartile range: 1%-2%). The median DNA methylation value of the 100% control was 88%
(interquartile range: 85%-90%). Following PCR of exon 3 section 1, all samples were run on a 2%
agarose gel and a 375 bp product was extracted using the QIAquick Gel Extraction Kit (Qiagen,
Valencia, CA) which was subsequently used for pyrosequencing. All samples were randomized
for pyrosequencing to account for plate and run variability. Pyrosequencing was performed on a
Pyromark Q24 using Pyromark Gold Q24 Reagents (Qiagen, Valencia, CA) per the
manufacturer's protocol. Epigenotypes reported are an average of three replicates. The mean
deviation from the average ranged from 0.93% (MT2 CpG 7) to 2.29% (MT2 CpG 14).

Oxtr sequencing and SNP analysis

Ten nanograms of DNA was used as a template for PCR using a Pyromark PCR kit
(Qiagen, Valencia, CA). In order to determine the alleles at polymorphic sites, pyrosequencing
was completed using unknown base calling on a subset of samples using a Pyromark Q24 with
PyroMark Gold Q24 Reagents (Qiagen, Valencia, CA) per the manufacturer protocol. Once alleles
were identified, pyrosequencing was performed to measure genotypes of each sample. PCR
primers, PCR cycling conditions, and pyrosequencing primers are reported in Table S2.4. The
same primers were used for both unknown base calling and genotyping assays. SNPs KLW1 and
KLW2 were tested for Hardy-Weinberg equilibrium using the HWExact function in the
HardyWeinberg R package®. Linkage disequilibrium statistics for KLW1, KLW2, and NT213739
were determined using the LD function in the genetics R package“°.



Oxtr expression analysis

Extraction of RNA was done using the Qiagen AllPrep DNA/RNA Mini Kit (Qiagen,
Valencia, CA) following manufacturer instructions. RNA was processed for cDNA synthesis
following the protocol provided in the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA). Real-
time PCR for the Oxtr main transcript was conducted using a 7500 Fast Real-Time PCR System
(Applied Biosystems) using Power SYBR Green (Applied Biosystems No. 4367659). Real-time
PCR for the Oxtr alternative transcript was conducted using the CFX96 System (Bio-Rad) using
Power SYBR Green (Applied Biosystems). Real-time PCR for Pgkl was completed on both Real-
time PCR systems. See Table S2.5 for all RT-PCR primers and cycling conditions. All reactions
were run in triplicate (replicate standard deviation was <0.05) and their specificity verified by
melting curve analysis and separation on a 2% agarose gel. Primer performance was evaluated
using standard serial dilution and all primer sets performed within acceptable range for efficiency
(See Table S2.5). Relative gene expression is presented using the comparative Ct method, 2,

comparing target expression to Pgkl expression measured on the same Real-time PCR system.
Pgkl was chosen as a reference based on data in mouse brain showing its reliability across brain
regions and developmental time points*:.

RNA-sequencing and alignment

To identify the structure of Oxtr in prairie voles, we performed transcriptome analysis using
RNA-sequencing on a single RNA sample derived from the nucleus accumbens of a female MAN1
vole in our cohort. RNA quality was assessed using an Agilent Tape Station. The RIN score was
9.0. The library was generated from 500 ng RNA using the NEBNext Ultra Directional RNA Library
Prep Kit with mRNA magnetic isolation. The UVA Genome Analysis and Technology Core
performed paired-end sequencing (2 X 75 bp paired-end run) on the lllumina NextSeq 500
platform. A total of 125 million reads were generated. The raw sequencing data was subjected to
pre-processing steps of adapter removal and quality-based trimming using TrimGalore*? with
removal of auto-detected lllumina adapters and trimming of low-quality ends up to a threshold of
Q20. Reads that became shorter than 35 bp due to either adapter removal or quality trimming
were discarded. Quality control was completed with MultiQC*3. Novel transcript identification and
quantification was performed using a standard analysis approach outlined elsewhere**. Briefly,
sequencing data was aligned to the Microtus ochrogaster genome using a splice-aware aligner
STAR2%, followed by assembly and quantification using Stringtie*®. Alignments were viewed in
the Integrated Genomics Viewer*’.

Statistical analysis

Statistical computing and graphics were generated with R statistical software*. Graphics
were generated using the ggplot2 and ggpubr packages unless otherwise stated*®*°. For each
analysis, p < 0.05 was regarded as statistically significant with respect to multiple comparison
procedures as appropriate. The effect of handling on DNA methylation in MT2 and exon 3 was
determined using a mixed effects model with fixed effect of handling condition and random effects
of intercepts for individual and CpG site using the Ime4 package®. The type Il Wald F test in the
car package was used to determine significance of fixed effects®2. The effect of handling condition
on DNA methylation at individual CpG sites was determined using t tests followed by Bonferroni
correction. In both humans and in prairie voles, Spearman’s rank correlation was used to
determine the relationship between DNA methylation and gene expression and uncorrected p-
values are reported because the distribution of DNA methylation at some CpG sites in human
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MT2, prairie vole MT2, and prairie vole exon 3 are non-normal. For visualization purposes, we
plotted trend lines from linear regression models predicting DNA methylation from expression.
The community structure of the MT2 region was determined using exploratory graph analysis
(EGA) implemented in the EGAnet package®. We estimated the EGA network using the
Triangulated Maximally Filtered Graph (TMFG) model** as opposed to the graphical LASSO
(GLASSO) model, because the GLASSO procedure typically requires n (sample size) >> p (CpG
sites) to accurately compute partial correlations for each site. TMFG skirts this issue by modeling
the zero-order correlation matrix, rather than the partial correlation matrix. The effect of handling
condition on standardized network community score was determined using a 2 way community x
handling condition ANOVA, followed by t tests within each community and Bonferroni correction.
Spearman’s rho was used to determine the relationship between standardized network
community score and Oxtr expression because the distribution of standardized network
community scores is non-normal. The impact of Oxtr polymorphisms KLW1 and KLW2 (both A/G
SNPs) on gene expression was determined using a t test comparing A carriers (A/A and A/G) to
G/G homozygotes. The impact of sex, handling condition, and Oxtr polymorphisms KLW1, KLW?2,
and NT213739 on expression of the alternative transcript were determined using the Wilcoxon
Rank Sum test as expression of the alternative transcript was non-normal.

Results

Oxtr gene structure in prairie voles resembles human OXTR gene structure with high
homology in CpG-rich regions
Previously, the structure of the Oxtr gene in prairie voles was reported to have two exons which
are homologous to exons 3 and 4 in humans (MicOch1.0, GCA 000317375.1, Ensembl release
100). However, this gene in other rodents has four exons, similar to humans, including two exons
at the 5’ end of the gene which are not translated [39]. In order to determine the full structure of
Oxtr in prairie voles, we completed RNA-sequencing on RNA from the nucleus accumbens.
Viewing the read alignment in the Integrated Genomes Viewer (IGV) reveals that this gene has
four exons and three introns, much like the human gene (Figures 2.1A,B). In addition, the 3’ UTR
extends further than previously reported.

We assessed the homology between prairie voles and human for two CpG-rich regions in
OXTR where many human studies associated DNA methylation and neuropsychological
outcomes, MT2 and exon 3. Homology was determined using PRSS (DNA:DNA). For the MT2
region, this analysis identified a conserved region between human and prairie voles with 64.3%
shared identity (Figure S2.1A; Smith-Waterman score: 566; 64.3% similar; Z-score: 120.2; bits:
120.2; E(1000): 1x1031). For the exon 3 region, this analysis identified a conserved region
between human and prairie voles with 88.4% identity (Fig. S2.1B, Smith-Waterman score: 2275;
88.4% similar; Z-score: 1966.2; bits: 373.7; E(1000): 1x10-107),

DNA methylation in MT2 is sensitive to early life experience and associated with Oxtr
gene expression in prairie vole and human brains
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Figure 2.1. Oxtr gene structure and homology in prairie voles and humans. A) RNA-seq evidence
of Oxtr gene structure in prairie voles. The region shown is micOch1.0 scaffold JH996431.1: 26,340,626-
26,358,364. B) Gene schematic of OXTR in humans and Oxtr in prairie voles. Exons are indicated by
boxes (coding, white; untranslated, gray). Introns are shown with solid lines. The black boxes below the
transcripts delineate a CpG island identified using the CpG island function of the sequence manipulation
suite. Gray boxes above the transcripts denote conserved regions of the CpG island labelled as MT2
and exon 3. These conserved regions were assayed for DNA methylation.

We have previously shown that early life experience in the form of nurture prevents de novo DNA
methylation on 4 sites in MT2 (-934_1,-934_2, -924, and -901) and leads to increased Oxtr gene
expression as juveniles®’. We next aimed to characterize how early life experience affects DNA
methylation on other sites in MT2. We used a mixed model analysis to account for correlation
between DNA methylation values at these sites (Figure S2.2A). Across all sites in MT2, offspring
that received less parental care (MANO) have increased DNA methylation (Figure 2.2A, type |
Wald F test F1,24=8.386, p=0.008). Several of the sites are significantly correlated with expression
of Oxtr (Figure 2.2B, Table S2.1). In order to determine if this model is instructive for studying
humans, we compared OXTR DNA methylation to gene expression from human samples
collected from Brodmann Area 41/42%. In human brain tissue there is also a significant correlation
between DNA methylation at CpG sites -934, -924, and -901 and OXTR gene expression (Figure
2.2C, Table S2.2, -934: p=-0.78, p=0.007; -924: p=-0.68, p=0.02; -901: p=-0.66, p=0.028).
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Figure 2.2. DNA methylation in MT2 is impacted by early life experience and associated with Oxtr
expression. A) Offspring that received less parental care (MANO) have increased DNA methylation
across MT2 in the nucleus accumbens (13 male-female sibling pairs; MANO: n = 7 males, 7 females;
MAN1: n = 6 males, 6 females; mixed effect model with fixed effect of handling condition and random
effects of individual and CpG site; Type Il Wald F test F1,24=8.386, p=0.008). Follow up t tests between
handling conditions at each site were conducted with Bonferroni correction; * p<0.05, ** p<0.01. B) DNA
methylation in MT2 is associated with Oxtr expression in prairie vole nucleus accumbens. Spearman’s
rank correlation was used to determine correlation. Sites with significant correlations (not corrected for
multiple comparisons) are shown in color while non-significant sites are in gray. Spearman’s rho and p
values for each site are in Table S1.1. C) DNA methylation in MT2 is associated with OXTR expression
in human temporal cortex. Spearman’s rank correlation was used to determine correlation. Sites with
significant correlations (not corrected for multiple comparisons) are shown in color while non-significant
sites are in gray. Spearman’s rho and p values for each site are in Table S1.2.

CpG sites -934_1, -934_2,-924, and -901 are most highly associated with Oxtr gene
expression

DNA methylation at CpG sites in MT2 are highly correlated with each other (Figure S2.2A).
In order to further understand the structure of MT2, we employed Exploratory Graph Analysis
(EGA), a dimensionality reduction technique and network structure analysis tool®*>®¢. This tool
allows us to cluster CpG sites in an unsupervised manner based on the covariance of DNA
methylation values into distinct groups which provide non-redundant information. The results from
EGA suggest three distinct communities of CpG sites, largely reflecting the physical structure of
MT2: community 1 contains 5’ sites, community 2 contains sites in the middle, and community 3
contains 3’ sites (Figure 2.3A, Fig S2.2B-C). The reliability of the community structure was
determined using 1000 bootstrapped replications®’. The probability of each CpG site remaining in
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their community is shown in Figure 2.3B. Probabilities greater than 0.8 are considered stable.
Notably, CpG sites -934_1, -934_2,-924, and -901 all remain in their community nearly 100% of
the time, and this stability may indicate that these CpG sites are most tightly co-regulated.
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Figure 2.3. Network analysis of MT2 DNA methylation reveals importance of 3’ region. A)
Community structure network of CpG sites in MT2 containing three communities: community 1 (green)
which contains 5’ CpGs, community 2 (orange) which contains mostly CpGs in the middle of MT2, and
community 3 (blue) which contains mostly 3° CpGs. The weight of edges indicates higher covariance
between CpG sites. B) Item stability scores for each CpG site. CpGs with scores greater than 0.8 are
considered stable. C) Animals raised by low care parents (MANO) have higher standardized network
community scores, which represent DNA methylation within the community (13 male-female sibling
pairs; MANO: n = 7 males, 7 females; MAN1: n = 6 males, 6 females; 2 way handling condition x
community ANOVA, main effect of handling condition, F,72=22.41, p = 1.1e-5; no effect of
community, Fe, 72=0.001, p = .99. Follow up t tests between handling conditions at each community
were conducted with Bonferroni correction (* p<0.05, ** p<0.01) . Cohen’s d is provided to measure
effect size.) The effect size of handling condition on standardized network community score is largest
in community 3. D) Standardized network community scores for each community are correlated with
Oxtr gene expression using Spearman’s rank-correlation; community 1: p=-0.29, p=0.086; community
1. p=-0.37, p=0.03; community 3: p=-0.47, p=0.003.
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In order to determine which community of CpG sites are most sensitive to early nurture,
we compared standardized network community scores® for each community between the two
handling groups. The standardized network community scores are compressed representations
of the original DNA methylation data from CpG sites within the community and are analogous to
component vectors from principal components analysis. In this way, the network scores represent
weighted DNA methylation values from CpG sites within each network community. The
standardized network community scores differed by handling condition but not by community
(Figure 2.3C, 2-way community x handling condition ANOVA, main effect of handling condition
Fa, 72=22.41, p = 1.1e-5, no effect of community F 72=0.001, p = .99). We then performed follow
up t tests to determine which community was most affected by early nurture. The largest effect
was found in community 3, which contains sites -934_1, -934_2, -924, and -901 (Welch’s two
sample t test with Bonferroni correction and Cohen’s d; community 1: t17.3=1.88, p=0.229, d=0.77;
community 2: tp2.7=2.72, p=0.037, d=1.08; community 3: t3.4=3.70, p=0.003, d=1.42), indicating
DNA methylation at this cluster of sites is particularly sensitive to early nurture.

We then correlated standardized network community score with Oxtr expression.
Community 3 most correlates with gene expression (Figure 2.3D; community 1: p=-0.29, p=0.086;
community 1: p=-0.37, p=0.03; community 3: p=-0.47, p=0.003). Notably, community 3 contains
five of the eight sites in MT2 where DNA methylation significantly correlates with Oxtr expression
(Figure 2.2B). This is also the community where DNA methylation is most sensitive to early life
experience, indicating that CpG sites in this community may be functionally responsible for
regulation of gene expression.

DNA methylation in exon 3 is sensitive to early life experience but is not associated with
gene expression

In human studies, DNA methylation at CpG sites within exon 3 of Oxtr have been
associated with several neuropsychological outcomes!’:263135_|n prairie voles there is a highly
conserved region within exon 3 that contains 42 CpG sites (Figure 2.1B). We analyzed DNA
methylation across this region and found that DNA methylation in exon 3 is sensitive to early life
experience (Figure 2.4A, fixed main effect of handling condition, type Il Wald F test F(1,24=8.386).
Follow up t-tests were completed at each site to determine the sites most sensitive to early life
experience, but no sites remained significant after Bonferroni correction. DNA methylation in exon
3 was only associated with Oxtr gene expression at CpG 36 (Figure 2.4B, Table S2.3). Thus,
while early nurture affects DNA methylation in both MT2 and exon 3 of Oxtr, DNA methylation
levels in MT2 appear to be an important indicator of expression of the gene but the same is not
true of exon 3. Studies in humans identifying associations between DNA methylation and
neuropsychological outcomes likely find such results because DNA methylation in exon 3 is highly
correlated with DNA methylation in the 3’ portion of MT2 (Figure 2.5).

Identification of two single nucleotide polymorphisms (SNPs) within exon 3 which are
not associated with Oxtr gene expression

Within exon 3 there are two CpG sites with patterns of DNA methylation with a cluster of
prairie voles with DNA methylation between 50-75%, a cluster between 25-30%, and a few
individuals near 0% methylation. We hypothesized that these two sites are polymorphic with one
allele preserving the CpG and the other disrupting the CpG such that the cytosine is not
methylated. In the same cohort of MANO and MAN1 animals, pyrosequencing analysis revealed
that these two sites, KLW1 (CpG 25, JH996431.1:26,356,275, micOch1.0) and KLW2 (CpG 33,
JH996431.1:26,356,107, micOch1.0) are indeed single nucleotide polymorphisms (SNPs). KLW1
is an A/G SNP where A is the minor allele in this population (frequency=0.33). KLW?2 is also an
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Figure 2.4. Genetic and epigenetic features of exon 3 do not control Oxtr expression. A) Offspring
receiving less parental care (MANO) have decreased DNA methylation across exon 3 in the nucleus
accumbens (13 male-female sibling pairs; MANO: n =7 males, 7 females; MANL1: n = 6 males, 6 females;
mixed effect model with fixed effect of handling condition and random effects of individual and CpG site;
Type Il Wald F test Fu,24=8.386, p=0.018. CpG sites are numbered according to Fig S1.1B. B) DNA
methylation in exon 3 is not robustly associated with Oxtr expression in prairie vole nucleus accumbens.
Spearman’s rank correlation was used to determine correlation. CpG 36, the only site that has a
significant correlation with Oxtr expression (not corrected for multiple comparisons) is shown in black.
Sites that do not have a significant correlation with Oxtr expression are in gray. Spearman’s rho and p
values for each site are in Table S1.3.

A/G SNP where A is the minor allele in this population (frequency=0.27). Both SNPs are in Hardy-
Weinberg equilibrium in this population (Haldane’s exact test®®; KLW1: D=-0.22, p=0.84; KLW2:
D=-0.11, p=0.82). We also tested if these SNPs are in linkage disequilibrium with each other or
with another SNP in this gene, NT213739%°. All three SNPs are in linkage disequilibrium (Table
2.1). However, a larger sample is necessary for more accurate quantitation of linkage
disequilibrium. We next examined the effect of genotype at KLW1 and KLW2 on expression of
Oxtr. Neither KLW1 genotype nor KLW2 genotype impacted Oxtr expression (Figure 2.6A,B;
KLW1: t(23_9)=-0.06, p=0.95; KLW2: t(zo,4)=-0.89, p=0.38).

An interaction between DNA methylation of OXTR and SNP rs53576 genotype has been
reported in relation to neuropsychological outcomes in humans?33135_ This led us to hypothesize
that there are genetic x epigenetic interactions affecting Oxtr expression. In order to study this in
the prairie vole sample, we asked if the relationship between the standardized network community
score of community 3, which represents DNA methylation at the 3’ end of MT2, and Oxtr

. expression  differs by
Table 2.1. Linkage of SNPs KLW1, KLW2, and NT213739. genotype at SNPs KLW1,

SNP 1 SNP 2 r? % p value KLW2, or NT213739.
KLW1 KLW2 0.18 9.29 0.002 There are no significant
KLW1 NT213739 0.10 5.27 0.022 interactions, ||ke|y because

KLW2 NT213739 0.08 4.00 0.046 of the small Samp|e size,
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correlation of DNA methylation in MT2 and exon 3 CpG sites. The red box around MT2 CpGs 18 through
-901 indicates that these CpGs have the highest correlation with exon 3 sites.

but interesting patterns emerge. The correlation between community 3 standardized network
score and Oxtr expression is very similar in KLW21 A carriers and G/G voles (p=-0.56 and -0.48,
respectively; Figure 2.6C). ‘A’ carriers (A/A and A/G) of KLW2 have a stronger correlation
between these measures compared to KLW2 G/G voles (p=-0.88 and -0.28, respectively; Figure
2.6D). Voles with T/T genotype at NT213739 also have a stronger correlation between these two
measures compared to C/T individuals (p=-0.67 and -0.20, respectively; Figure 2.6E). These
results suggest a genetic by epigenetic interaction may impact Oxtr expression, but further studies



17

a _— b —_—
006 _.006
§ % §%
o S
ie - g2 s
g.g 0.04 o P g g 0.04 - T
LS T 3 e
5t " 5f i
£ o0.02- £ 0.02- z
0.00: A carriers a/a 0-00: A carriers [
KLW1 Genotype KLW2 Genotype
5’...CGTGGC[G/A]ACGGT...3’ 5’ ...GGCAGC[G/A]GCGGC.. .3’
CpG 25 CpG 33
c d a e
KLW1 A carriers KLW1 G/G KLW2 A carriers KLW2 G/G NT213739 C/T NT213739 T/T

n

. p=-056, p=0.042 p=-048,p=0.12 p=-0.88, p=0.00018 p=-028,p=033
b 2 .

5. P=02,p=081 p=-0.67, p=0.0039
.

-

Community 3
Standardized Network Score
Loe
/
Community 3
Standardized Network Score
1
- (=)

=
-

1
-

Community 3
Standardized Network Score
o

|
)

-2- s
0.02 0.03 0.04 0.05 0.06 0.020.03 0.04 0.05 0.06 0.020.03 0.04 0.05 0.06 0.02 0.03 0.04 0.05 0.06 0.02 0.03 0.04 0.05 0.06 0.02 0.03 0.04 0.05 0.06
Oxtr n Oxtr expression Oxtr expression
(normalized to Pgkt) (normalized to PgkT) (normalized to PgkT7)

Figure 2.6. Genetic x epigenetic interactions affecting Oxtr expression. A) Genotype at KLW1
does not impact Oxtr expression (A carriers: n=14; G/G: n=12; Welch two sample t test, t239=-0.06,
p=0.95). Animals are grouped by presence of minor allele (A) because of low abundance of A/A
homozygotes. The DNA sequence surrounding KLW1 is shown below the graph. B) Genotype at
KLW2 does not impact Oxtr expression (A carriers: n=12; G/G: n=14; Welch two sample t test, t20.4=-
0.89, p=0.38). Animals are grouped by presence of minor allele (A) because of low abundance of A/A
homozygotes. The DNA sequence surrounding KLW2 is shown the below the graph. C) The
relationship between MT2 DNA methylation (represented by community 3 standardized network score)
and Oxtr expression does not differ between KLW1 genotypes (A carriers: n=14, R=-0.49, p=0.076;
G/G: n=12, R=-0.51, p=0.091), but D) does differ between KLW2 genotypes (A carriers: n=12, R=-
0.84, p=0.00065; G/G: n=14, R=-0.35, p=0.22) and E) NT213739 genotypes (C/T: n=9, R=-0.17,
p=0.66; T/T: n=17, R=-0.61, p=0.01).

with larger samples from several prairie vole colonies are needed to test this hypothesis.

Identification of an alternative transcript of Oxtr beginning in intron 3 which is associated
with KLW2 genotype

In addition to Oxtr gene structure, RNA-seq data revealed a possible alternative transcript in Oxtr
consisting of a small exon in the third intron of the main transcript and the fourth exon of the main
transcript (Figure 2.7A, reads highlighted in yellow). We then measured this transcript in samples
from the early nurture experiment using RT-PCR. The transcript is present in all samples, and
there are no differences in expression based on nurture (Figure 2.7B, W=82, p=0.85) or sex
(Figure 2.7C, W=63, p=0.44). Expression of the alternative transcript is associated with the KLW2
A allele (Figure 2.7D, W=156, p=3.85e-7). Alternative transcript expression is not associated with
either KLW1 genotype (Figure S2.3A, W=77, p=0.98) or NT213739 genotype (Figure S2.3B, W=
42, p=0.10).

We next asked if the main transcript and this alternative transcript are co-regulated,
meaning that animals with high expression of the main transcript could also have high levels of
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Figure 2.7. Identification of an alternative transcript of Oxtr that is associated with KLW2
genotype. A) RNA-seq evidence of a novel alternative transcript of Oxtr originating in the third intron.
Reads providing evidence of this transcript are highlighted in yellow. B) Expression of the alternative
transcript is not impacted by sex (males: n=13, females: n=13; Wilcoxon rank-sum test, W=63, p=0.44).
C) Expression of the alternative transcript is not impacted by handling condition (MANO: n=14, MAN1:
n=12; Wilcoxon rank-sum test, W=82, p=0.85). D) Expression of the alternative transcript is associated
with the A allele of KLW?2 (A carrier: n=12, G/G: n=14; Wilcoxon rank sum test, W=156, p=3.85e-7). E)
Expression of the alternative transcript is positively correlated with expression of the main Oxtr transcript
in animals carrying the A allele of KLW2 (2 way KLW2 genotype x Oxtr main transcript expression
ANOVA, interaction effect F1,21)=23.723, p=8.14e-5, adjusted R?=0.734; A carriers: Spearman’s p=0.81,
p=0.0024; G/G: Spearman’s p=0.48, p=0.097).

alternative transcript expression. A 2-way ANOVA was conducted to determine the influence of
main transcript expression while accounting for KLW2 genotype. There was a significant
interaction between the expression of the main Oxtr transcript and KLW2 genotype (Figure 2.7E,
Fa,21=23.723, p=8.14e-5) such that Oxtr main transcript expression is positively correlated with
alternative transcript expression in KLW2 A carriers (p=0.81, p=0.0024) but there is no correlation
in animals with KLW2 G/G genotype (p=0.48, p=0.097). Thus, it appears that the main transcript
of Oxtr is co-regulated with the alternative transcript via a mechanism that is associated with the
A allele of KLW?2.

Discussion

The results from these studies clarify the contributions of genetic, epigenetic, and environmental
factors in determining Oxtr expression in the prairie vole brain. We show that the structure of Oxtr
in prairie voles resembles human OXTR. Within the CpG island spanning the first 3 exons of
OXTR, two regions have been associated with human neuropsychological outcomes: MT2 and
exon 3, both of which are highly conserved in the prairie vole. Using the prairie vole model, we
show that Oxtr expression in the nucleus accumbens is significantly associated with DNA
methylation in MT2 but not DNA methylation in exon 3. Furthermore, network analysis
implemented in EGA indicates that DNA methylation in the 3’ end of MT2, which contains CpG
sites -901, -924, -934 1, and -934_2 that we have previously reported on®”*, is most strongly
associated with Oxtr expression. Notably, we previously showed that DNA methylation of these
CpG sites in whole blood samples are correlated with gene expression in the brain in prairie
voles®’. Additionally, we show that CpG sites -901, -924, and -934 are strongly associated with
OXTR expression in human temporal cortex while other sites within MT2 are not. Previous studies
finding associations between DNA methylation in exon 3 and neuropsychological outcomes in
humans likely find this because DNA methylation in exon 3 reports on DNA methylation at CpG
sites in the 3’ portion of MT2. Collectively, these results indicate that human studies measuring
OXTR DNA methylation should focus measurements on MT2, where DNA methylation in both
central and peripheral tissues serve as a biomarker for gene expression in the brain.

Our findings expand upon our previous studies examining the relationship between early
life experience and Oxtr DNA methylation. Here, we show that increased parental care results in
hypomethylation across MT2 and exon 3 in the prairie vole brain. These results mirror human
studies which find that DNA methylation of OXTR is impacted by early life experience in both
MT2961 and exon 3%2. Additionally, childhood abuse in humans interacts with OXTR DNA
methylation in both MT2 and exon 3 to predict anxiety and depression?®. Our results further
establish prairie voles as an excellent rodent model for studying how early life experience impacts
regulation of the oxytocin system and social behavior.

We identified two novel SNPs in prairie vole Oxtr within exon 3. Both are A/G SNPs where
A is the minor allele and disrupts a CpG site. These SNPs, in addition to the previously identified
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SNP NT213739% offer an opportunity to model the common association of OXTR SNPs with
behavioral and psychiatric outcomes in humans®. Our results show that neither KLW1 nor KLW2
genotype is associated with Oxtr expression in the nucleus accumbens. It was previously reported
that the C allele of NT213739 was associated with increased Oxtr expression in the prairie vole
nucleus accumbens®®, although our group found no association®”. However, we found that there
is a stronger negative association between Oxtr DNA methylation and gene expression in animals
with A/A and A/G genotypes at KLW2 compared to those with G/G genotypes. Similarly, we found
that animals with T/T genotype at NT213739 show a strong negative association between Oxtr
DNA methylation and gene expression while there was no association in animals with the C/T
genotype. Although this analysis is underpowered, these results suggest that the KLW2 G allele
and NT213739 C allele lead to epigenetic dysregulation of Oxtr, perhaps by impeding the binding
of factors that regulate the gene. Further studies with appropriate sample size will be necessary
to study this phenomenon. These studies may shed light on mechanisms underlying the common
finding in human studies that OXTR DNA methylation interacts with genotype at OXTR SNP
rs53576 in certain psychopathologies?331%,

RNA-sequencing results led to the identification of a novel transcript of Oxtr. This transcript,
which is homologous to mouse Oxtr isoform H (GenBank KU686801.1)%*, originates in the third
intron of Oxtr. Expression of this transcript is associated with the A allele of KLW2, though further
work is necessary to determine if this SNP is functionally related to transcription of this alternative
transcript. In animals with a KLW2 A allele, expression of the main transcript and the alternative
transcript of Oxtr are positively correlated. The function of the novel transcript is unknown. One
possibility is that the alternative transcript regulates expression of the main transcript. For
example, it has been reported that non-coding RNAs bind DNMT1 to prevent DNA methylation in
a gene-specific manner, which in turn increases expression of that gene®®. If the novel transcript
is translated, it would result in a peptide containing most of the seventh transmembrane helix and
the C-terminus of OXTR. This peptide could alter the activity of the OXTR protein. Oxtr has been
shown to dimerize with type 2 dopamine receptors, though the precise dimerization sites are
unknown®¢¢7, It is possible that this OXTR fragment could dimerize with D2Rs, affecting the
function of oxytocin-dopamine interactions in the nucleus accumbens. This novel OXTR fragment
could also disrupt desensitization of OXTR after oxytocin stimulation, which is dependent on (-
arrestin binding to serine triplets in the C-terminus of OXTR®8, by sequestering available B-arrestin.
Further studies are necessary to determine the function of this alternative transcript. While this
transcript is present in mouse brain, we could not find any evidence of this transcript in human
nucleus accumbens using publicly available RNA-seq data from the GTEx project®®. Further
characterization of this transcript in humans will require appropriate, high quality human brain
samples.

Taken together, the results from these experiments offer insight into mechanisms of
regulation of Oxtr expression in the brain. These results will inform future studies of OXTR
involvement in human psychopathologies. Further work should focus on the 3’ region of MT2,
where DNA methylation is most sensitive to early life experience and most strongly correlates
with OXTR expression in both prairie vole and human brain. Additional studies in prairie voles
focused on the SNPs KLW2 and NT213739 can elucidate genetic by epigenetic interactions in
OXTR which mediate behavioral outcomes. The identification of a novel transcript of OXTR, if
also present in humans, has implications for OXTR gene regulation, protein function, and
behavioral outcomes.

Conclusions

These results provide strong evidence that DNA methylation in MT2, particularly the 3’
portion, is a better indicator of OXTR gene expression than DNA methylation in exon 3 in prairie
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voles. We also provide evidence that in human temporal cortex, DNA methylation in the 3’ portion
of MT2 is associated with OXTR gene expression while DNA methylation in other MT2 CpG sites
is not. Though associations exist between DNA methylation in OXTR exon 3 and
neuropsychological outcomes in humans, such results may reflect that DNA methylation in exon
3 is correlated with DNA methylation in MT2. Our findings suggest that future studies of OXTR
DNA methylation in humans should focus on MT2, particularly CpG sites -934, -924, and -901, as
these sites are most related to gene expression in both prairie vole and human brains.
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Figure S2.1. Alignment of conserved MT2 ad exon 3 regions in prairie voles and humans. A)
Alignment of MT2 region in prairie voles (micOch1.0 JH996431.1:26,357,582-26,357,959) and humans
(GRCh38, chr3: 8,769,034-8,769,438). In both prairie voles and humans, the minus (coding) strand is
shown. Prairie vole CpGs are in bold and numbered 1 through 24, with the exception of previously
studied CpG sites -934_1,-934 2,-924, and -901, which are named according to homology with human
CpG sites. Human CpGs are also in bold; select sites which have been previously studied or are directly
conserved in prairie voles are named according to distance from the translation start site 7°. B) Alignment
of exon 3 region in prairie voles (micOchl.0 JH996431.1:26,356,019-26,356,593) and humans
(GRCh38 chr3: 8,767,386-8,767,963). In both prairie voles and humans, the minus (coding) strand is
shown. CpGs in both humans and prairie voles are in bold; prairie vole CpGs are numbered 1 through
42,
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Figure S2.2. Dimensionality reduction of MT2 using Exploratory Graph Analysis. A)
Correlation matrix for DNA methylation in MT2 in prairie vole nucleus accumbens. B) Scree plot
indicating that DNA methylation in MT2 can be represented using 3 linear combinations. C)
Adjacency matrix indicating remaining correlations after dimension reduction displaying
correlations of DNA methylation at CpG sites with connections in the EGA network.
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Figure S2.3. Expression of the Oxtr alternative transcript is not impacted by KLW1 or NT213739
genotype. A) There is no significant difference in Oxtr alternative transcript expression levels between
KLW1 genotypes (A carrier: n=14, G/G: n=12; Wilcoxon rank sum test, W=77, p=0.98). B) There is so
significant difference in Oxtr alternative transcript expression levels between NT213739 genotypes
(C/T: n=9, T/T: n=17; Wilcoxon rank sum test, W=42, p=0.1). The data points are colored according to
KLW2 genotype to show that the observed increased present in NT213739 T/T animals is because of
increased numbers of KLW2 A carriers.
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Table S2.1. Correlation of MT2 CpG Sites with Oxtr gene expression in prairie vole

brain.
MT2 CpG Site Genomic Coordinate (bp) p p value
(michOch1.0)

1 JH996431.1: 26,357,956 -0.282608696 0.180369104

2 JH996431.1: 26,357,952 0.165217391 0.438653492

3 JH996431.1: 26,357,905 -0.145248971 0.498285055

4 JH996431.1: 26,357,892 -0.273162393 0.176435702

5 JH996431.1: 26,357,881 -0.228120797 0.272750625

6 JH996431.1: 26,357,877 -0.210434783 0.322103767

7 JH996431.1: 26,357,872 -0.297749573 0.148302135

8 JH996431.1: 26,357,869 -0.235429895 0.257256834

9 JH996431.1: 26,357,848 -0.376923077 0.064109728
10 JH996431.1: 26,357,839 -0.355897436 0.075012607
11 JH996431.1: 26,357,837 -0.272307692 0.187272965
12 JH996431.1: 26,357,819 -0.455726496 0.020292825
13 JH996431.1: 26,357,814 -0.273162393 0.176435702
14 JH996431.1: 26,357,794 -0.347692308 0.082347948
15 JH996431.1: 26,357,743 -0.316923077 0.114856522
16 JH996431.1: 26,357,738 -0.238974359 0.238642685
17 JH996431.1: 26,357,701 -0.547350427 0.004354648
18 JH996431.1: 26,357,671 -0.435897436 0.027038443
-934_1 JH996431.1: 26,357,648 -0.293675214 0.145172394
-934_2 JH996431.1: 26,357,642 -0.508376068 0.00877823
-924 JH996431.1: 26,357,628 -0.458461538 0.019482501
-901 JH996431.1: 26,357,607 -0.454358974 0.020708305
23 JH996431.1: 26,357,603 -0.44957265 0.022218149
24 JH996431.1: 26,357,600 -0.413076923 0.041186079

Correlation between DNA methylation in MT2 and gene expression was measured using
Spearman’s rho. Bolded sites indicate significant correlation of DNA methylation and Oxtr

expression. p-values are not adjusted for multiple comparisons. CpG sites in MT2 are named
according to Figure 1C. Genomic coordinates are provided using genome build michOch1.0

(GCA _000317375.1).



https://www.ncbi.nlm.nih.gov/assembly/GCA_000317375.1
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Table S2.2. Correlation of MT2 CpG Sites with OXTR gene expression in human

brain (BA41/42).

MT2 CpG Genomic coordinate (bp) [o} p value
Site (GRCh38.p12 /hg38)
-1155 Chr3: 8,769,343 NA NA
-1137 Chr3: 8,769,325 NA NA
-1132 Chr3: 8,769,320 0.5 0.1173068
-1126 Chr3: 8,769,314 -0.3 0.37008312
-1122 Chr3: 8,769,310 0.5 0.1173068
-1120 Chr3: 8,769,308 NA NA
-1109 Chr3: 8,769,297 -0.5597585 0.07334733
-1101 Chr3: 8,769,289 0.3 0.37008312
-1098 Chr3: 8,769,286 -0.094388 0.78251392
-1085 Chr3: 8,769,273 0.07515581 0.82616973
-1063 Chr3: 8,769,251 0.57981188 0.06152632
-1057 Chr3: 8,769,245 -0.175292 0.60618047
-1051 Chr3: 8,769,239 0.31013194 0.35332506
-1017 Chr3: 8,769,205 0.1 0.769875
-1002 Chr3: 8,769,190 0.5 0.1173068
-990 Chr3: 8,769,178 -0.4 0.22286835
-983 Chr3: 8,769,171 -0.363756 0.27146808
-959 Chr3: 8,769,147 -0.1284458 0.70663663
-934 Chr3: 8,769,122 -0.7818182 0.00701211
-924 Chr3: 8,769,112 -0.6833731 0.02043986
-901 Chr3: 8,769,089 -0.6560381 0.02837692
-860 Chr3: 8,769,048 -0.2186794 0.518272

Correlation between DNA methylation in MT2 and gene expression was measured using
Spearman’s rho. Bolded sites indicate significant correlation of DNA methylation and Oxtr

expression. p-values are not adjusted for multiple comparisons. CpG sites in MT2 are

named according to distance from translation start site, as was done in Gregory, Connelly
et al 7°. Genomic coordinates are provided using Genome Reference Consortium Human
GRCh38.p12 (GCA _000001405.27). At some CpG sites, there was no variation in DNA
methylation, as all subjects had 0% methylation. For these sites, Spearman’s rho could not

be calculated.
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Table S2.3. Correlation of Exon 3 CpG Sites with Oxtr gene expression.

Site Genomic Coordinates (bp) [o) p value
(michOchl.0)
1 JH996431.1: 26,356,568 -0.21983 0.279245
2 JH996431.1: 26,356,533 -0.27521 0.173111
3 JH996431.1: 26,356,507 -0.24444 0.227812
4 JH996431.1: 26,356,499 -0.31897 0.112429
5 JH996431.1: 26,356,493 -0.19863 0.329126
6 JH996431.1: 26,356,480 -0.2294 0.258417
/ JH996431.1: 26,356,445 -0.22667 0.26426
8 JH996431.1: 26,356,416 -0.18496 0.364051
9 JH996431.1: 26,356,412 -0.09265 0.6515
10 JH996431.1: 26,356,408 -0.08581 0.675853
11 JH996431.1: 26,356,386 -0.18222 0.371291
12 JH996431.1: 26,356,381 -0.19179 0.346322
13 JH996431.1: 26,356,372 -0.18974 0.351584
14 JH996431.1: 26,356,369 -0.15077 0.460516
15 JH996431.1: 26,356,366 -0.19658 0.334229
16 JH996431.1: 26,356,361 -0.15832 0.439846
17 JH996431.1: 26,356,357 -0.1665 0.414551
18 JH996431.1: 26,356,350 -0.12479 0.542051
19 JH996431.1: 26,356,341 -0.11521 0.573724
20 JH996431.1: 26,356,313 -0.24103 0.234541
21 JH996431.1: 26,356,311 -0.17197 0.399192
22 JH996431.1: 26,356,308 -0.32923 0.100864
23 JH996431.1: 26,356,285 -0.32513 0.105377
24 JH996431.1: 26,356,283 -0.25949 0.199765
25 JH996431.1: 26,356,275 -0.20342 0.31741
26 JH996431.1: 26,356,271 -0.31522 0.142866
27 JH996431.1: 26,356,212 -0.20957 0.302733
28 JH996431.1: 26,356,203 -0.20615 0.310833
29 JH996431.1: 26,356,196 -0.16991 0.404913
30 JH996431.1: 26,356,166 -0.15419 0.450299
31 JH996431.1: 26,356,123 -0.21162 0.297938
32 JH996431.1: 26,356,113 -0.27726 0.16983
33 JH996431.1: 26,356,107 -0.2588 0.200985
34 JH996431.1: 26,356,104 -0.12068 0.555523
35 JH996431.1: 26,356,101 -0.1159 0.571434
36 JH996431.1: 26,356,097 -0.39077 0.049325
37 JH996431.1: 26,356,073 -0.1453 0.477117
38 JH996431.1: 26,356,060 -0.13641 0.504746
39 JH996431.1: 26,356,056 -0.21641 0.286939
40 JH996431.1: 26,356,053 0.063932 0.755875
41 JH996431.1: 26,356,045 0.026325 0.898975
42 JH996431.1: 26,356,034 -0.05299 0.796906
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Correlation between DNA methylation in exon 3 and gene expression was measured using
Spearman’s rho. Bolded sites indicate significant correlation of DNA methylation and Oxtr
expression. p-values are not adjusted for multiple comparisons. CpG sites in exon 3 are
named according to Figure 1D. Genomic coordinates are provided using genome build
michOchl1.0 (Assembly accession ID: GCA 000317375.1).



https://www.ncbi.nlm.nih.gov/assembly/GCA_000317375.1

Table S2.4: PCR Primers and conditions for DNA methylation and SNP analysis
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Primer
Region of interest Names PCR primers PCR conditions Pyrosequencing primer
Step 1: 95°C/15 min, 1 KLW201_S1: 5-
MT2 KLW201_F 5-GTAGTTTTGTATTGTGGGAAAGT-3 cycle TTGGTTATAGTTTTTTTTTTGTTTT-3
Step 2: 94°C/30s,
58.6°C/30s, 72°C/30s, 45 | KLW201_S2: 5™
TSL201_R 5'-[biotin] CCAACAACCTCAAAACTCTACT-3 cycles GTTATAGATTAGAGGATTGTAAAGA-3
Step 3: 72°C/10 min, 1 KLW201_S3: 5-
cycle TGGAGTAGGTAGTTTTTTTATTTTG-3
KLW201_S4: 5-
Step 4: 4°C hold AGAGTTAGAGTATTTTTGAGGTTA-3
KLW201_S5: 5-AGGTTTTTTTTAGGTGG-3'
KLW201_S6: 5-GATGGTTAGTTAGTATTAGTG-3'
TSL201_S1: 5"
GAGGGAAGGTTTTGGAGTTTTTTATAT-3
TSL201_S2: 5-AGGGATTGAAAAGTGA-3
Step 1: 95°C/15 min, 1 KLW301_S1: 5-
Exon 3 KLW301_F 5-GAGGTGGAGGTGTTGTGTTTTATTTTGT-3' | cycle TTTTTTTTTATGAAGTATTTGAGTA-3
Step 2: 94°C/30s,
58°C/30s, 72°C/30s, 45
Section 1 KLW301_R | 5-[biotin]ACCAAACAACCCAACCATATC-3’ cycles
Step 3: 72°C/10 min, 1
cycle
Step 4: 4°C hold
5-AGGTGTTTTAGTAGTTGTTGTGGGATATT- | Step 1: 95°C/15 min, 1
Exon 3 KLW302_F 3 cycle KLW302_S2: 5-GTTGTTGTGGGATATTATTTT -3
5- Step 2: 94°C/30s,
[biotin] CATAAACCTTAAATCCCCAAAACTAAA- | 63°C/30s, 72°C/30s, 45
Section 2-4 KLW302 R | 3 cycles KLW302_S3: 5-TTTGTAGGTGGTGGG-3'
Step 3: 72°C/10 min, 1
cycle KLW302_S4: 5-GTTGTTTGGTTATTTGTTAGT-3
Step 4:4°C hold
Step 1: 95°C/15 min, 1
Exon 3 KLW305_F 5-TATGGTTGGGTTGTTTGGTGGTTA-3 cycle KLW305_S5: 5-GTTGTTTGGTGGTTAG-3




Section 5

KLW305_R

5
[biotin] CATAAACCTTAAATCCCCAAAACTAAA-
3

Step 2: 94°C/30s,
57°C/30s, 72°C/30s, 45
cycles

Step 3: 72°C/10 min, 1
cycle

Step 4:4°C hold
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Exon 3

Sections 6-8

KLW306_F

5-ATTTAGTTTTGGGGATTTAAGGTTTA-3'

KLW306_R

5'-
[biotinACCAATACAATAATAAAAATCATCTTCA
CT-3

Step 1: 95°C/15 min, 1
cycle

Step 2: 94°C/30s,
57°C/30s, 72°C/30s, 45
cycles

Step 3: 72°C/10 min, 1
cycle

Step 4: 4°C hold

KLW306_S6: 5-
GGGGATTTAAGGTTTATG-3’

KLW306_S7: 5’-
AGTTTTAAGATTTGGTAGAAT-3

KLW306_S8: 5-GAGGGGATTGAGGGA-
3

KLWA1

KLW325_F

5- TGTTCGCTTCCACCTACCTG-3'

KLW325_R

5'- [biotin]ATGAGCTTGACGCTACTGACTC-3'

Step 1: 95°C/15 min, 1
cycle

Step 2: 94°C/30s,
63°C/30s, 72°C/30s, 45
cycles

Step 3: 72°C/10 min, 1
cycle

Step 4:4°C hold

KLW325_81: 5-TTTCTCACTGCGCGA-3’

KLW2

KLW333_F

5'- GGACCCAAGGCCTATGTCA-3

KLW333_R

5'- [biotinATGAGCTTGACGCTACTGACTCG-3'

Step 1: 95°C/15 min, 1
cycle

Step 2: 94°C/30s,
58°C/30s, 72°C/30s, 45
cycles

Step 3: 72°C/10 min, 1
cycle

Step 4: 4°C hold

KLW333_S1: 5-TCAAGATCTGGCAGAAC-3’




Table S2.5: RT-PCR primers and conditions
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Gene Primers PCR conditions Efficiency
Oxtr main transcript F (TSL401_F): 5-GCCTTTCTTCTTCGTGCAGATG-3' Step 1: 95°C/10 min, 1 cycle E: 99.7%
R (TSL401_R): 5-ATGTAGATCCAGGGGTTGCAG-3' Step 2: 95°C/15s, 63.4°C/60s, 35 cycles R?: 0.993
Oxtr alternative transcript | F (JSD 201 F): 5-TTTTTGCTTTCCCAATGTGC-3' Step 1: 95°C/10 min, 1 cycle E: 100.3%
R (JSD_201_R): 5-CCGTGAACAGCATGTAGATCCA-3 | Step 2: 95°C/15s, 59.5°C/60s, 35 cycles R? 0.971
Pgkl F (TSL402_F): 5-TTGCCCGTTGACTTTGTCAC-3' Step 1: 95°C/10 min, 1 cycle E: 93.5%
R (TSL402_R): 5-GCCACAGCCTCAGCATATTTC-3' Step 2: 95°C/15s, 65.3°C/60s, 35 cycles R?: 0.998
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Abstract

Parental care during the critical period of early life influences developmental trajectories
with consequences throughout the life span. In prairie voles, a socially monogamous and
biparental species, early life parental care leads to increased sociality later in life. Though these
effects are partially due to changes in the endogenous oxytocin system, how early life parental
care may alter larger neurodevelopmental processes is not well understood. First, we examine
how epigenetic age is impacted by early nurture and find that prairie voles raised by higher care
parents have lower epigenetic age than those raised by low care parents, suggesting that early
nurture prevents epigenetic age acceleration. Next, using RNA-sequencing, we show that early
life parental care has a large, sex-specific impact on transcription in the nucleus accumbens:
males raised by high care parents have 321 differentially expressed genes at genome-wide
significance compared to males raised by low-care parents while females only have three. In
males, differentially expressed genes that are sensitive to early life care in the brain included
autism risk genes and genes involved in neurodevelopment and synaptic transmission. Using a
guantitative electron microscopy approach, we then show that the density of synapses in male
offspring is highly correlated with parental care composition, such that males raised with more
care by their fathers have more excitatory synapses with small synaptic zones. The same
measures are not impacted by parental care composition in female offspring. Finally, we show
parental care composition has sex-specific effects on pup retrieval behavior in juveniles such that
males raised with high paternal care display more pup retrievals while females raised by high
paternal care display fewer pup retrievals, indicting sex-specific impacts of parental care
composition on social behavior development. These results suggest that the developing male
brain is uniquely sensitive to paternal care which impacts sociality throughout the lifespan.

Introduction

Early life experiences, particularly nurture by parents, are critical determinants of the
developmental trajectory of neuropsychological outcomes. In humans, early life stress is
associated with many adverse neuropsychological outcomes, including disruptions in emotion
regulation! as well as changes to the structure and connectivity of limbic regions. More subtle
variations in parental behavior also have long lasting effects on neuropsychological outcomes in
children. For example, maternal and paternal warmth is correlated with increased prosocial
behavior?, and maternal warmth early in childhood is associated with decreased activation in the
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medial prefrontal cortex and striatum during reward anticipation in early adulthood®. While the
effects of early life experience in the form of parenting are well documented, the neurobiological
mechanisms mediating the effects are not well defined.

One mechanism by which early life experience impacts behaviors later in life is by
changing the pace of development. In humans, early life stress, particularly via lower parental
care, accelerates biological aging, with implications for stress response and emotion regulation
throughout the lifespan*®. One biological indicator of aging is epigenetic age, which uses DNA
methylation measurements to predict age®. If one’s predicted epigenetic age is higher than their
chronological age, they would be age-accelerated — that is, they have aged faster than their
chronological age suggests. We and others have shown that early life social experiences impact
epigenetic aging. Early life experiences that increase epigenetic age include exposure to violence,
trauma, low socioeconomic status, and poor peer relationships™1.

In rodent models, it is well established that variation in maternal care leads to individual
differences in development and behavior'?-14, One relevant model for studying development of
social behaviors is the prairie vole (Microtus ochrogaster), a species which displays human-like
social behaviors including monogamous pair bonding and both maternal and paternal care of
offspring?>1®. Prairie voles display a naturally wide range of parental behaviors which are linked
to offspring’s variability in pair bond formation and alloparenting (parenting a pup that is not one’s
own) later in lifel’-%. Early nurture can be increased in the laboratory by a single episode of
handling on the first day of life, leading to increased parental care behavior by the parents and
increased pair bond formation and parental care in the offspring?*22,

In mice and rats, it has been shown that early life nurture alters genome-wide gene
expression throughout the lifespan in many brain regions>-28, We have previously shown
differences in early nurture lead to changes in the epigenetic state and expression of the oxytocin
receptor gene, Oxtr, in the nucleus accumbens, the central brain region for reward pathways and
a node of the social decision making network critical for species-typical parental behaviors?:290,
Further, early nurture has consequences for neurodevelopmental outcomes including synapse
development and neuroimmune activity. For example, paternal deprivation in the biparental
rodent degu (Octodon degus) results in decreased spine density in cortical areas in juvenile
offspring®:32. In addition to oxytocin, early nurture and other early life stressors impact the
development of many neurotransmitter systems in the nucleus accumbens, including
glutamatergic signaling?’, catecholamines®, and opioids®**, indicating numerous experience-
dependent changes in the circuitry in this region. Early nurture can also alter neuroimmune
outcomes including the number and morphology of microglia®-¢, the expression of cytokines®":8
and other immune regulators®. In prairie voles, microglia proliferation is sensitive to social
experience*®#, Altogether, these studies suggest that early life experience profoundly impacts
the development and circuitry of the brain, including nucleus accumbens.

Many studies of early life experience use models that are not naturalistic, including
maternal separation and paternal deprivation, which may not recapitulate the typical childhood
experience*?. Additionally, even more naturalistic early life stress models such as the limited
bedding and nesting model, which induces chronic stress to the mother, results in atypical
parental behavior®®. Here, we examine the impact of parental care on neurodevelopment using
two types of parental care paradigms. The first is a handling model, where the parents of one
group are directly handled (MAN1) and the control group is indirectly handled (MANO). We have
previously shown that this subtle manipulation increases parental care during the first week of
life?* and promotes adult species typical behavior in offspring??. The second paradigm is a natural
parenting observation where the breeding pairs are unmanipulated and instead the parental
behaviors are directly quantified. Using these paradigms, we provide epigenetic and
neuroanatomical evidence that early nurture leads to slowed development. We also identify
transcriptional programs that are sensitive to early nurture in males only. Further, we found that
paternal care is associated with changes in excitatory synapses in nucleus accumbens of male
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offspring only. We also identify a sex-specific impact of paternal care on pup retrieval behavior in
juvenile prairie voles. These findings provide evidence that male prairie voles are uniquely
sensitive to early life paternal care with consequences for neurodevelopment and behavior and
provide a foundation for investigation of human male-biased neurodevelopmental disorders.

Material and Methods

Animal Model

Subjects were laboratory-bred prairie voles (Microtus ochrogaster) descended from a wild-
caught stock captured near Champaign, lllinois, previously used in our study of Oxtr DNA
methylation and expression?!. The procedures for the MAN paradigm, tissue collection, and DNA
and RNA isolation are repeated below. Breeding pairs were housed in polycarbonate hamster
cages (44cm x 22cm x 16cm). Same sex sibling pairs were housed in polycarbonate mouse cages
(27cm x 16cm x 16cm) after weaning on postnatal day 20 (PND20). Animals were given food
(high-fiber Purina rabbit chow) and water ad libitum, cotton nestlets for nesting material, and were
maintained on a 14:10 light:dark cycle. All procedures were approved by the IACUC at the
University of California, Davis (subjects for RNA-sequencing), the IACUC at Indiana University
(subjects for neuroanatomy), or the IACUC at the University of Virginia (subjects for behavior and
microglia time course). 13 male-female sibling pairs were used for RNA sequencing and DNA
methylation analysis. 11 male-female sibling pairs were used for immunohistochemistry and a
subset of 6 sibling pairs were used for electron microscopy. An additional 23 animals were used
for a developmental time course of microglia cell density. 27 male-female sibling pairs were used
for alloparenting testing. The total number of animals used in these studies is 125.

The MAN handling paradigm

Within 24 hours of giving birth, breeding pairs experienced a single handling manipulation,
either MANO (indirect) or MAN1 (direct), a paradigm used to increase parental care in prairie
voles?:2244 MANO, the indirect handling manipulation, consists of picking up the animals in a clear
plastic cup for 30 seconds. If animals were sitting, they were scooped into the cup. If animals
were walking around the cage, the cup was positioned so that the animals would walk into it. In
MAN1, the direct handling manipulation, the mother and father were picked up by the scruff of the
neck by a gloved hand for 30 seconds. In both manipulations, both the mother and father were
handled in the same way and pups were not handled by the experimenter. MAN1 breeders display
higher levels of parenting after the manipulation, which disappears before PND82!. There were
seven MANO litters and six MANL1 litters in this study. A total of 26 pups (one male and one female
from each litter) were used for the RNA-sequencing and DNA methylation experiments.

Tissue collection and nucleic acid isolation

Seven male-female sibling pairs from MANQO litters and six male-female sibling pairs from
MANL litters were used for RNA-sequencing. Within three days of weaning (PND21-24), brain
and blood tissues were collected, immediately frozen on dry ice, and stored at -80°C until nucleic
acid isolation. Brains were equilibrated to -20°C for two hours prior to dissection. Brains were
dissected by 1) a coronal cut to remove the olfactory bulbs, 2) a coronal cut at the optic nerve
chiasma just rostral to the hypothalamus and bregma, and 3) bilateral punches (1mm in diameter
and 2 mm in depth) to isolate the tissue including nucleus accumbens and cell-devoid regions of
anterior commissure. Following dissection,the nucleus accumbens tissue was placed in a
DNAse/RNAse free microcentrifuge tube and flash frozen with liquid nitrogen. DNA and RNA were
extracted from the nucleus accumbens punches with the Qiagen AllPrep DNA/RNA Mini Kit
(Qiagen, Valencia, CA) following manufacturer instructions, and stored at -20°C (DNA) or -80°C
(RNA) until further analysis.
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RNA-seq and transcript alignment

RNA quality was assessed using Agilent Tape Station. All samples had RIN score greater
than 7. Libraries were generated from 500 ng RNA using the NEBNext Ultra Directional RNA
Library Prep Kit (New England Biolabs, Ipswich, MA) with mRNA magnetic isolation. Multiplexed
libraries were sequenced at 2 X 75 basepair paired-end reads on the Illumina NextSeq 500
platform at Genome Analysis and Technology Core, University of Virginia, with 25 million reads
per sample. The raw sequencing data was subjected to pre-processing steps of adapter removal
and quality-based trimming using TrimGalore with removal of auto-detected lllumina adapters and
trimming of low-quality ends up to a threshold of Q20%°. Reads that became shorter than 35 bp
due to either adapter removal or quality trimming were discarded. Quality control was completed
with MultiQC*. Transcript abundances in the dataset were quantified using pseudoalignment
approach of Kallisto*’, against the annotated transcriptome of Prairie vole (Microtus ochrogaster,
MicOch v1.0, Ensembl release version 96, which includes 19,648 annotated genes. One sample
(MAN1 male) was excluded from further analysis because of poor sequencing quality.

Pan-mammalian DNA Methylation Array and Clock Scores

DNA concentration was measured using the Qubit 1X dsDNA BR assay
(Invitrogen, Eugene OR). 250 ng DNA was bisulfite converted using the EZ DNA
methylation kit (Zymo, Irvine, CA) and DNA methylation was assayed using the custom
lllumina chip “HorvathMammalMethylChip40”, which provides coverage of CpG site high
conserved in mammals*®. Array data was preprocessed and beta values were defined
using SeSaMe normalization*®C, Epigenetic age estimates were calculated for the
universal mammalian clock®?.

RT-PCR validation of RNA-seq results

RNA was processed for cDNA synthesis following the protocol provided in the iScript
cDNA Synthesis kit (Bio-Rad, Hercules, CA). Real-time PCR was conducted using the CFX96
System (Bio-Rad) using Power SYBR Green (Applied Biosystems). Real-time PCR for Pgkl was
completed on both Real-time PCR systems. See Supplementary Table 2.1 for all RT-PCR primers
and cycling conditions. All reactions were run in triplicate (replicate standard deviation was <0.05)
and their specificity verified by melting curve analysis and separation on a 2% agarose gel. Primer
performance was evaluated using standard serial dilution and all primer sets performed within
acceptable range for efficiency (See Appendix A, Table A.1l). Relative gene expression is
presented using the comparative Ct method, 2-°©, comparing target expression to Pgkl

expression measured on the same Real-time PCR system.

Statistical analysis of RNA-seq, gPCR, and Epigenetic Age Data

Principal components analysis on the 500 most variably expressed genes was completed
using the pcaExplorer package®? in R version 3.5.2%. Differential expression analysis was
completed using the DESeq2 package, which identifies significance at the genome-wide level®.
Only genes with greater than 1 transcript per million on average across samples (13,751 genes)
were included in the DESeq2 analysis. Samples were subset by sex before DESeg2 analysis,
such that MANO males were compared to MAN1 males and MANO females were compared to
MAN1 females.

Gene ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis was completed using the clusterProfiler package®. Input genes were
converted to mouse entrez IDs using biomaRt®®. To test for enriched GO terms, input genes were
restricted to genes with unadjusted p-values less than 0.05 and absolute fold change greater than
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1.25 compared to the background list of 13,751 genes with average expression greater than 1
transcript per million in our dataset. Upregulated and downregulated genes were examined
separately. For KEGG analysis, all genes with average expression greater than 1 transcript per
million were ranked by fold change and analyzed using gene set enrichment analysis.

Epigenetic age data was analyzed using a mixed linear model as implemented in the afex
R package. The age estimate from UniversalClock2 was regressed onto chronological age to
retrieve an epigenetic age acceleration score, which was the outcome in the model. The model
included fixed effects of handling condition, sex, and a handling by sex interaction, as well as a
random effect of litter ID to account for litter effects.

Natural parenting behavior scoring

Unmanipulated parenting behavior was observed for litters used for neuroanatomy and
behavior experiments. Scoring of natural parenting behavior was completed according to
previously published methods?*8. Briefly, animals were observed in their home cage for 20 minutes
and the following behaviors were scored for duration in both mothers and fathers: huddling, non-
huddling contact, licking and grooming, nest building, and autogrooming. Pup retrievals and
removals were scored for frequency. Additionally, active nursing, lateral nursing, and neutral
nursing were scored for duration in mothers only. Behavioral scoring was performed once on day
of birth (PNDO) and once on PND1. Behavioral scores were generated for each parent by taking
the average of pup-directed behaviors from both observations.

Tissue preparation for neuroanatomy

Ten male-female sibling pairs were used for immunohistochemistry and a subset of six
sibling pairs were used for electron microscopy. Animals were deeply anesthetized using
isoflurane gas and transcardially perfused with Tyrode’s solution (137mM NacCl, 5.5mM dextrose,
1.2mM MgCl, 2mM KCI, 0.4mM NaH2PO4, 0.9mM CacCl,, 11.9mM NaHCO3) until fluids ran clear
followed by a fixative solution containing 4% paraformaldehyde and 0.5% glutaraldehyde in 0.1M
phosphate buffer for 4-5 minutes. Brains were post-fixed in the skull overnight in a 4%
paraformaldehyde solution at 4°C. Brains were then removed, blocked and sectioned coronally at
60 um using a vibratome (Leica VT1000S) and collected in four series. One of the series was
mounted on subbed slides for myelin staining. All other sections were rinsed in 1% sodium
borohydride and stored in 0.05% azide in 0.01M PBS at 4°C until immunohistochemistry and
electron microscopy. An additional cohort of animals was used for a time course of microglia cell
density. Male-female sibling pairs were collected from our breeding colony at postnatal day 14,
20, and 30. They were deeply anaesthetized with an overdose of Euthasol and transcardially
perfused with Tyrode’s solution until fluids ran clear followed by 4% paraformaldehyde in 0.1M
phosphate buffer for 4-5 minutes and further treated as described above.

Myelin staining and light microscopy

Sections mounted on subbed slides were rehydrated in 0.02M PBS for 2 min and
incubated in 0.2% HAuUCI, for 12-15 min at 60°C®>’. Once fine myelinated fibers were differentiated,
the slides were transferred to an intensification solution of 0.2% KAuCl, for 2 min. Finally, sections
were incubated in 1% sodium thiosulfate for 3 min and rinsed three times in 0.02M PBS. Slides
were treated through a series of ethanol solutions for dehydration and through xylenes for clearing
the lipids from the tissue. All slides were cover slipped using the DPX mounting media (Sigma
Aldrich, St. Louis, MO). Sections were photographed using a Leica microscope (model LMDC
888011) and Leica MC170 digital camera.

Images of myelin stains were examined and sections included nucleus accumbens were
opened in Image Pro Plus, version 5.1 (Media Cybernetics). The area of the nucleus accumbens
was calculated by tracing the nucleus accumbens. Each area was multiplied by 240 to calculate
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a volume (each section represents 4 60 um sections) and these volumes were summed to
calculate total volume of nucleus accumbens.

Immunohistochemistry and confocal microscopy

One series of sections from light microscopy brains (n=22) were stained for microglia
markers. Free-floating tissue sections were rinsed in 0.01M PBS then blocked in 10% normal
donkey serum (Jackson ImmunoResearch) in 0.01M PBS for two hours. Sections were then
incubated in anti-lbal (Wako #019-19741, 1:1000) diluted 0.01M PBS containing 0.2% Triton-X
and 5% normal donkey serum at room temperature for three days. Following three three-minute
rinses in 0.01M PBS, the sections were incubated in anti-rabbit AF488 (Jackson
ImmunoResearch #711-545-152) for two hours in the dark. Sections were then rinsed in 0.01M
PBS (five three-minute rinses), mounted on slides and cover slipped using anti-fade mounting
medium containing DAPI (Vector Laboratories #H-1200-10). From each brain, the coronal section
containing nucleus accumbens was chosen based on the following criteria: corpus callosum is
present at the midline; lateral ventricles extend ventrally into nucleus accumbens; and
hippocampal formation is not present. Chosen sections were then imaged using a Carl Zeiss LSM
800 microscope using a 40X objective in 3D Z stack mode (0.825 um steps). For each section,
three images were taken from nucleus accumbens core from each hemisphere, totaling 6 images
per section.

Analysis of microglial morphology

Z stacks were imported into Fiji software (National Institutes of Health)®®. Labeled cells
were manually counted by a researcher blinded to parental care and divided by area to calculate
cell density. Two images, one from each hemisphere, were randomly selected for Sholl analysis
to examine microglial morphology. Sholl analysis was completed using the Sholl analysis plugin
in Fiji®®. Sholl analysis was performed by a researcher blinded to parental care on each cell in
each chosen image. First, surrounding processes not belonging to the cell of interest were
removed. Then, the line segment tool was used to draw a line from the center of each soma to
their longest process. The first shell was set at 4 um and subsequent shells were setin increments
of 2 um. The intersections at each shell were counted by the plugin.

Electron microscopy

One series of sections were resin-embedded for electron microscopy from 12 brains.
Following two three-minute rinses in 0.1M PB, the sections were treated with 1% osmium tetroxide
for one hour and subsequently rinsed in 0.1M PB three times for three minutes. Sections were
then dehydrated in 50% ethanol for three minutes and counterstained in 4% uranyl acetate in 70%
alcohol overnight. The sections were then fully dehydrated in a series of ethanol rinses and rinsed
twice in acetone (three minutes each). Sections were infiltrated with resin (Embed 812, EMS,
Hatfield, PA), flat embedded between two Aclar sheets, and cured in a 60°C oven for 1-2 days. A
region containing nucleus accumbens (coronal section was selected following the same criterial
above) was excised and placed in BEEM capsules (EMS, Hatfield, PA). Capsules were filled with
resin and cured for another 2-3 days until polymerized. The area of interest was documented with
a camera lucida and trimmed to a 1mm by 2 mm trapezoid. Ultrathin sections of 70 nm thickness
were collected on 200 mesh copper grids (Ted Pella, Redding, CA) using a Leica Ultracut UCT7
ultramicrotome.

Ultrathin sections were examined on a JEOL1010 electron micrograph equipped with a
16-megapixel CCD camera (SIA). Images were taken from three regions of interest in nucleus
accumbens core, just medial to the anterior commissure which was easily identified via the bundle
of myelinated axons. From each region of interest, 12-15 non-overlapping EM images were
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captured as 12,000X magnification. One male had poor ultrastructure and was not used for further
analysis.

Electron microscopy image analysis and quantification

Each EM micrograph was examined using Image-Pro Plus software, version 5.1 (Media
Cybernetics) by a researcher blinded to sex and parental care. In each micrograph, the number
of synapses were counted and the terminal profile areas, synapse lengths, and effective sampling
area were calculated. Profiles were identified as synaptic terminals if they met the following criteria:
1) a vesicle docking at the membrane, 2) at least 3 vesicles within the same profile, and 3) parallel
alignment of the postsynaptic plasma membrane with that of the terminal. The length of the
synapse was measured along the length of the parallel-aligned plasma membranes. If the
synapse was perforated, the synapse length included the perforation. Synapses were identified
as either asymmetric if a postsynaptic density was present or symmetric if a postsynaptic density
was absent. If a single terminal contacted two different postsynaptic profiles, each contact was
considered its own synapse. The postsynaptic profile was classified as a spine, dendritic shaft,
terminal, or cell body. A dendritic shaft was identified by the presence of microtubules organized
in parallel and/or the presence of mitochondria. Cell bodies were identified by the presence of
organelles such as endoplasmic reticulum, Golgi apparatus, or nucleus. Terminals were identified
by the presence of vesicles. Spines were identified by the absence of mitochondria and
microtubules. Additionally, the presence of a spine apparatus was used for classifying
postsynaptic profiles as spines, but was not necessary. The effective sampling area was
calculated as the total area of the individual micrograph minus the area of cell bodies, blood
vessels, and myelinated axons, as these elements are not expected to receive synaptic contact.

Volumetric synapse density was calculated as previously described (N\=Na/d where Na is
the number of synapses per square micrometer and d is the average synapse length in
micrometers)®%6t, This calculation was performed for each region of interest, resulting in three
measurements of synapse density per animal.

Alloparenting behavior

On PND 24, one male and one female from the litter (n=27 litters) were observed in an
alloparenting test to examine social behavior towards an infant pup. In a small polycarbonate
cage, a novel unrelated infant pup (1-3 days) was placed in a corner. The test animal was placed
in the opposite corner and was observed for 20 minutes while being videotaped from above.
Videos were scored for frequency of pup retrievals and duration of the following pup-directed
behaviors: sniffing, licking/grooming, huddling, non-huddling contact. Autogrooming was also
scored for duration. Latency to approach and latency to attack (if the animal attacked) were also
scored. Attacks were rare, but when they did occur, the test was ended and the infant was
immediately removed and checked for injury. The infant was treated and returned to its home
cage if the injury was minor or euthanized if necessary. Infants were used for a maximum to two
tests before being returned to their home cage.

Genotyping of Oxtr SNPs

Animals were genotyped for previously described SNPs NT213739%2 and KLW22°, which
have been associated with oxytocin receptor expression and social behavior in prairie voles. DNA
was isolated from ear punches collected from animals used for behavior using the DNeasy Blood
and Tissue Kit (Qiagen, Valencia, CA) according to manufacturer instruction. 2 uL of DNA was
used as template for PCR using a Pyromark PCR kit (Qiagen, Valencia, CA) which were then
pyrosequenced using a Pyromark Q24 with Pyromark Gold Q24 reagents (Qiagen, Valencia, CA).
For NT213739, 0.2uM of primers TSL202F 5° CAGGGACGTTCACGTTACATG-3" and TSL202R
5'- GACAGAGTCTCCAGCCAAGAAG-3' were used to amplify the Oxtr target fragment including
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SNP NT213739 with the following cycling conditions: [Step 1: (95 °C/15min)/1 cycle, Step 2:
(94 °C/30s, 56 °C/30's, 72 °C/30 s)/45 cycles, Step 3: (72 °C/10 min)/1 cycle, Step 4: 4 °C hold].
The sequencing primer TSL202S 5'- GAATCATCCCACCGT-3'was used for pyrosequencing. For
KLW2, 0.2 uM of primers KLW333_F 5- GGACCCAAGGCCTATGTCA-3’ and KLW33_R 5'-
ATGAGCTTGACGCTACTGACTCG-3’ were used to amplify the Oxtr target fragment including
SNP KLW2 with the following cycling conditions: [Step 1: (95°C/15min)/1 cycle, Step 2:
(94 °C/30 s, 58 °C/30 s, 72 °C/30 s)/45 cycles, Step 3: (72 °C/10 min)/1 cycle, Step 4: 4 °C hold].
The sequencing primer KLW333 S1 5 -TCAAGATCTGGCAGAAC-3 was used for
pyrosequencing.

Statistical analysis

For comparisons of synapse density across conditions, a linear mixed model was used
with fixed effects of total parental care, percent of total care comprised of paternal care, sex, and
nucleus accumbens volume. Random effects of litter ID and subject ID were used to account for
within-subject repeated measurements and litter effects. P-values for linear mixed models were
calculated using the Sattherwaithe method as implemented in the afex R package. Both terminal
profile areas and synapse length were non-normally distributed as they likely arise from multiple
populations of inputs each with their own normal distribution. As such, they were analyzed using
a generalized mixed model against a Gamma distribution with fixed effects of total parental care,
percent of total care comprised of paternal care, sex, and nucleus accumbens volume and
random effects of litter ID and subject ID with p-values for generalized linear mixed models were
calculated using the likelihood ratio test method as implemented in afex.

Statistical analysis of microglia cell density was conducted using a generalized linear
mixed model against a Gamma distribution with fixed effects of total parental care, percent of total
care comprised of paternal care, sex, and random effects of litter ID and subject ID. Sholl analysis
data was analyzed using a linear mixed model against a poisson distribution with fixed effects of
total parental care, percent of total care comprised of paternal care, sex, and nucleus accumbens
volume and random effects of shell radius, litter ID, and subject ID.

Alloparenting behavior was analyzed for three features: attack, total duration of pup
directed behavior, and frequency of pup retrievals during the test. Attack behavior was analyzed
using a mixed effects logistic regression model. Pup directed behavior and pup retrieval behavior
were only analyzed in animals which did not attack the stimulus pup. Pup directed behavior was
analyzed using a mixed linear model. Pup retrieval behavior was analyzed using a mixed effects
generalized linear model against a Poisson distribution. In all cases, a random effect of litter ID
was included to account for genetic relatedness. For each behavior, we tested for a sex by total
parental care interaction and a sex by parental care composition interaction within the same
model. Separately, we also tested for an effect of genotype at SNPs NT213739 and KLW2, which
has previously been associated with oxytocin receptor expression and social behavior in this
species®. All plots were created with the ggplot2 package®:.

Results

Early nurture prevents epigenetic age acceleration

Previous research indicates that high parental care delays development in prairie voles:
animals raised with high care open their eyes, eat solid food, and leave the nest later than those
raised with higher care'®. DNA methylation estimators of age can be used to determine if an
individual is aging at a faster or slower pace than predicted by their chronological age®. Recently,
a pan-mammalian methylation array and clock was developed to extend this tool to non-human
species*®*l. To examine if epigenetic age is lower in high care offspring, we used a commonly
used handling paradigm to manipulate parental care, then raised offspring to juveniles and
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Figure 3.1. High parental care leads to slowed maturation. A) Schematic showing experimental
design. Litters were placed in either the indirect (MANO) or direct (MAN1) handling condition and raised
until weaning. DNA and RNA were then isolated from nucleus accumbens. B) Prairie voles raised in the
MANZ1 condition have lower epigenetic age acceleration (F1,11=9.45, p=0.011).

isolated DNA from the nucleus accumbens, a brain region involved in reward and social behavior
(Figure 3.1A). We find that animals raised in the MANO condition, which receive lower total
parental care, have accelerated epigenetic aging (F(1,11)=9.45, p=0.011, Figure 3.1B). Notably, the
difference in the epigenetic ages of the two groups is over a week: the mean epigenetic age
acceleration of the MANO (low care) group is +3.869 days while the mean epigenetic age
acceleration of the MAN1 (high care) group is -4.928 days (in the case of MANL1, this is actually
age deceleration). There was no effect of sex (F,10.48=2.44, p=0.148) nor an interaction between
sex and handling condition (F11048=0.08, p=0.777). These results provide evidence that early
nurture leads to slowed development and prevent physiological aging.

Early nurture impacts expression of genes related to synaptic activity, neuroimmune
processes, and metabolism in male offspring only

In order to investigate how early nurture impacts gene expression, we performed RNA-
sequencing on PND24 nucleus accumbens samples exposed to a handling manipulation where
the MANO group receives less parental care during the first week of life than the MAN1 group??.
Differential expression analysis was performed separately for males and females because
previous literature indicated sex-specific transcriptomic responses to early life stress in other
rodent species?®-2% and sex-specific behavioral responses to the handling manipulation in prairie
voles??, In females, only three genes were differentially expressed at genome-wide significance
(FDR < 0.1): ENSMOCG00000004642, Ak8, and ENSMOCG00000000123 (Figure 3.2A,
Appendix A, Table A.2). In contrast, there were 321 differentially expressed genes in male
offspring, indicating higher sensitivity to early nurture in males (Figure 3.2A, Figure 3.3, Appendix
A, Table A.2). We used gene ontology analysis to investigate the biological processes that
differentially expressed genes are involved in. Gene ontology analysis was performed separately
for upregulated and downregulated genes. Upregulated genes (genes with higher expression in
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Figure 3.2. Early nurture impacts transcription of autism risk genes in male offspring only. A)
RNA-sequencing reveals 321 differentially expressed genes in males raised by high care parents vs
low care parents, but only 3 differentially expressed genes in females. B) Enrichment (n=42) of SFARI
autism risk genes in differentially expressed (DE) gene set in males. C) Graph showing log2(Fold
Change) of SFARI autism risk genes in both males and females. Points indicate log2(Fold Change) and
bars indicate the standard error of the estimate. Points are colored by SFARI risk category (1=high
confidence for autism risk, 2= strong candidate for autism risk, 3=suggestive evidence for autism risk).
Open points indicate genes responsible for syndromic forms of autism.

MAN1/high parental care males) are involved in neuronal processes including neural
development, synapse organization, and synaptic signaling (Appendix A, Table A.3). Further,
upregulated genes are localized to synaptic structures and are functionally involved in ion channel
activity and cell-cell adhesion (Appendix A, Table A.3). Downregulated genes (genes with lower
expression in MANZ1/high parental care males) are involved in metabolic processes and immune
processes (Appendix A, Table A.4). A separate KEGG pathways analysis further supports this
finding, with enriched KEGG pathways including neuroactive ligand- receptor interactions, axon
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Figure 3.3. RT-qPCR validation of RNA-seq. Three differentially expressed genes in males were
chosen for RT-gPCR validation. All genes are normalized to housekeeping gene Pgkl. Within-sex
comparisons are tested using Wilcoxon rank sum test. For each gene, there is no effect of treatment
on expression in females, but there is a significant effect of handling condition on expression in male
offspring. * p<0.05, ** p<0.01, ns p>0.05.

guidance, and several synaptic pathways (Appendix A, Table A.5). Given the male-specific
effects of early nurture on gene expression and social behavior, we tested if the differentially
expressed genes in males were enriched for autism risk genes. We found a significant enrichment
of genes in the SFARI gene set (Figure 3.2B&C) indicating that genes which are disrupted in
autism are also sensitive to early life experience and are related to more subtle variability in social
behaviors.

Parental care composition is associated with excitatory synapse density in male
offspring only

The results from the RNA-sequencing experiment indicate a male-specific impact of early
nurture on expression of genes related to neurodevelopment and synaptic activity. This led us to
hypothesize that male offspring raised by high care parents have more synapses in the nucleus
accumbens. We used electron microscopy to quantify the volumetric synapse density in the
nucleus accumbens core (Figure 3.4A). In 11 animals (6 female, 5 male), we characterized 2,335
synapses (median 204 synapses per animal) from 433 electron micrographs (median 36 images
per animal). Synapses were identified by the presence of a vesicle-filled profile abutting a
membrane and were classified as asymmetric or symmetric by comparing the presynaptic and
postsynaptic densities (Figure 3.4B&C). The most common type of synapse observed was
asymmetric onto spines (64.5%), followed by asymmetric onto dendrites (19.9%). Symmetric
synapses were less common and occurred more frequently onto dendrites (10.9%) than spines
(3.4%). Synapses onto cell bodies or axons were rare (<1%).

We first examined the effect of total parental care on synapse density using a linear mixed
model with fixed effects of the three way interaction of sex, total parental care, and synapse type
and random effect of sample (to account for repeated measurement) and litter ID (to account for
litter effects). Contrary to our hypothesis, there was no significant three-way interaction between
sex, total parental care, and synapse type (Fu51=0.496, p=0.49), but there was significant
interaction of total parental care and synapse symmetry (Fus51=13.3, p<0.001) such that
increased total parental care was moderately associated with an increase specifically in
asymmetric synapse density in both sexes (Figure 3.4D). While there was no significant
interaction of total parental care and sex on volumetric synapse density, we next asked if other
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aspects of parental care might be associated with synapse density in a sex-specific manner.
Recent studies indicate that in prairie voles there is a specific effect of paternal care on the
development of social behaviors and neuropeptide systems in male offspring only®45%, We next
tested if parental care composition (calculated as the paternal care duration divided by total
parental care duration), rather than total parental care, impacted synapse density. Though
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Figure 2.3. Care by fathers is associated with excitatory synapse density and synapse
morphology in male offspring only. See caption on next page.
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Figure 2.3. Care by fathers is associated with excitatory synapse density and synapse
morphology in male offspring only. A) Example myelin stain and atlas of brain section containing
nucleus accumbens (with the core filled in green). The zoomed inset contains the trapezoid sectioned
for electron microscopy, and the shaded black boxes show where pictures were taken from. B) Example
electron micrograph at 12,000X magnification. A dendrite is pseudocolored in yellow. Terminals are
blue and synapses are red. A cell soma is pseudocolored orange. C) A cross section of a dendrite
receiving two synapses, indicated by red arrowheads. The filled arrowhead shows an asymmetric
synapse, where the postsynaptic density is dark and thick. The blank arrowhead shows a symmetric
synapse, where the postsynaptic density is not darker or thicker than the presynaptic density. D) There
is a moderate effect of total parental care on asymmetric synapse density, but no effect on symmetric
synapse density (total parental care x synapse symmetry interaction, F1,51=13.3, p<0.001). E) There is
a significant three-way sex x parental care composition x synapse symmetry interaction (F150=6.222,
p=0.016) such that male offspring raised with more paternal care are higher in excitatory synapse
density. Data points represent the average synapse density of three regions of interest in an animal
and bars represent the standard error. F) Male offspring raised with more paternal care have more
small-area synapses while female offspring show no relationship (sex x parental care composition
interaction, x%1=9.83, p=0.002). G) Male offspring raised with more paternal care have shorter synaptic
zones (sex x parental care composition interaction, x%1=6.27, p=0.012).

maternal and paternal care are inversely related, there is no correlation between total parental
care and the composition of that care (Supplementary Figure 3.5A-C), indicating that these are
independent features of parental care. Using a linear mixed model, we found a significant
interaction between sex, parental care composition, and synapse symmetry while accounting for
total parental care (F1,50=6.222, p=0.016) such that higher levels of paternal care are associated
with increased asymmetric synapse density in male offspring only (Figure 3.4E). These results
suggest that increased paternal care specifically alters the development of glutamatergic
synapses in the nucleus accumbens in male offspring only. Notably, males raised with low
paternal involvement have much lower synapse density than their sisters while no such sex
difference exists in siblings raised with more paternal involvement, suggesting that care by fathers
feminizes the nucleus accumbens.

The increased synapse density resulting from paternal care may occur for three reasons:
1) decreased nucleus accumbens volume 2) increased synaptogenesis, and/or 3) decreased
synapse pruning. Nucleus accumbens volume was measured using serial myelin sections. There
was no correlation between nucleus accumbens volume and total parental care (p(11)=-0.03,
p=0.93) nor was there a correlation between nucleus accumbens volume and parental care
composition (p(11)=-0.22, p=0.51). These results indicate that nucleus accumbens volume does
not change with parental care, nor do changes in synapse density result from changes in nucleus
accumbens volume.

Parental care composition impacts synapse morphology in male offspring only

We next tested if aspects of parental care were associated with cross-sectional terminal
areas. Terminal areas were non-normally distributed, so we used a generalized linear mixed
model with a gamma distribution. There was no significant effect of total parental care (x%1=2.56,
p=0.109) nor an interaction of total parental care and sex on terminal areas (Figure 3.4E,
X?1=1.40, p=0.238). There was, however, a significant interaction of sex and parental care
composition (Figure 3.4F, x*1)=9.83, p=0.002) such that more care by fathers was associated
with on average smaller terminals in male offspring only. Similarly, there was no effect of total
parental care on synapse length (x?1=1.22, p=0.270), nor an interaction of total parental care and
sex (Figure 3.4F, x?1)=0.24, p=0.623). There was a significant interaction of parental care
composition and sex (x?1)=6.27, p=0.012, Figure 3.4G) such that more care by fathers was
associated with on average shorter synapses in males only. Much like volumetric synapse density,
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there is a sex difference in both terminal area and synapse length in litters raised with less care

from fathers which is not present in the litters raised with more care from fathers.

Neuroanatomy Cohort

Usage ® Ibat 4 IbalandEM © NotUsed

UVA-52 B R=-0.55, p=0.0099 ¢ R=03,p=0.18
UVA-50 ! 50 !
UVA-30a
UVA-33 1500
UVA-34 L
UVA-23 g 5 A
- a— 1]
i 2 82
UVA-43 Parent £ 2% s
T UVA-16 S 0 >
S UvA-19 B o < Fa
Q UVA-40 g 0Q 40
UVA-12 . Sire ¥ 900 =]
UVA-11 = Q>
UVA-10 s go
UVA-20 2o,
Ovast 600 .
UVA-13 o
UVA-39 -
UVA-14 0 e
o 300
O O Q O N
& ) & Q '_§§> @0 090 . (LQQ < qu_s \@0 (\@Q
Duration of Parental Care (s) Paternal Care (s) Total Parental Care (s)
Behavior Cohort
801%%?@ L ' R=0.012, p=0.95
- =-0.47,p=0. 80 e
0C5B-4 P @
C11A-14 | ° o
%5%1_3 1500 °
0G3B5 _ £5 o
St 2 2% Lo °
OCEB-4 =
C9A-10 = -g w .¢ ®
T A0 o e al v .
a géggjf ‘® 1000 T4 e o °
ions 5 £3 o
C10B-11 = @ > °
OC7A-5 S eo o o °
U ., &t
OC4A-4 ¢ 20 °
C17A-9 500
C10A-11
U :
B7-27 ® 0 L
PSS o ® & o © © S ©® & &
BN NN & & & ,LQQ’ q’bg ,.1?9
Duration of Parental Care (s) Paternal Care (s) Total Parental Care (s)

Figure 3.5. Analysis of natural parental care. Descriptive analysis of natural parenting cohort used
for neuroanatomy (A-C) and alloparenting behavior (D-F). A) Bar graph showing total duration of
parental care provided by dams (red) and sires (blue). Not all observed litters were used in the study
because of single-sex litters or poor perfusions. Litters used for Ibal staining are italicized and litters
used for Ibal staining and electron microscopy are bold italicized. B) Maternal and paternal care are
inversely related. Litters used for Ibal staining are shown as filled circles. Litters used for Ibal staining
and electron microscopy are shown as filled triangles. Unused litters are shown as open circles. C)
Total parental care and composition of parental care are not correlated. Litters used for Ibal staining
are shown as filled circles. Litters used for Ibal staining and electron microscopy are shown as filled
triangles. Unused litters are shown as open circles. D) Bar graph showing total duration of parental care
provided by dams (red) and sires (blue). E) Maternal and paternal care are inversely related. F) Total
parental care and composition of parental care are not correlated.
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Microglia density is impacted by total parental care in both sexes, but microglia
morphology is not impacted by parental care

Results from the RNA-sequencing experiment indicate that male offspring of lower care
parents have higher expression of genes related to immune processes. Microglia, the resident
immune cells in the brain, are involved in the pruning of synapses during development®. In the
nucleus accumbens, microglial elimination of dopaminergic synapses during adolescence
contributes to the development of social behaviors in rats in a sex-specific manner®’. In order to
investigate possible changes to microglial activity resulting from different early life parental care,
we examined the number and morphology of microglia cells using Ibal immunostaining. First, we
examined the density of microglia. Using a mixed model with a Gamma distribution, we found a
moderate effect of total parental care on microglia density (x*1)=4.43, p=0.035) where more care
led to increased density, but no interaction with sex (x?1=0.94, p=0.333, Figure 3.6A&B). There
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Figure 3.6. Total parental care is associated with microglia cell density in both sexes. A) Example
confocal microscopy images of Ibal+ cells in male and female offspring raised by low and high care
parents. Scale bars = 20 um. B) Total parental care is associated with higher microglia cell density
(x4w=4.43, p=0.035). Data points represent the average microglia cell density of six regions of interest
images in nucleus accumbens core and bars represent the standard error. C) No effect of parental care
composition on microglia cell density (x%y=1.14, p=0.286).
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was no effect of parental care
p=0.064 composition (x%1=1.14, p=0.286), nor
p=0.98 an interaction of parental care

p=0.017 composition and sex (x?1=0.37,
200001 p=0.541, Figure 3.6C). We next used
Sholl analysis to examine the
+ morphology of the microglia. We
found no significant effects of sex,

15000 4 Sex total parental care, or parental care
+ ¢ Female composition on microglial
¢ wae morphology (a!l p values > 0.1).

* These results indicate that in both
sexes, parental care is positively
}

Microglia per mm®

10000 1 associated with microglia cell density.

This may be a result of a change in
the pace of development: it has
Q+ previously been shown that offspring
of low care parents hit developmental
markers earlier than those of high
P14 P24 P30 care parents®. Our results are
Age consistent with this finding, as
Figure 3.7. Microglia cell density decreases between | Microglia cell density decreases
postnatal days 14 and 30. Group averages for each age | rapidly between postnatal days 14
are shown with black squares with bars representing | and 30 (Figure 3.7).
standard error. Average cell density of each subject (from
multiple images) is shown with circles with bars o
repreF;enting gtar?dard error and color representing sex. Parental .C.are composition has
Data was analyzed using a mixed model against a Gamma | Se€X-specific effects on pup
distribution with random effects of subject and breeder pair. | retrieval behavior
There was a main effect of age (x%2=6.26, p=0.044) butno | We next tested if aspects of parental
effect of sex (x%»=0.0001, p=0.991) nor an interaction | care, including total parental care and

between age and sex (X @=2.27, p:0321) Post-hoc group parental care Composition (See
comparisons indicate that P14 animals have significantly Figure 3.5D-F), were related to social

higher microglia cell density than P24 animals (p=0.017) behavior during an alloparenting task

and are trending towards higher microglia cell density in : : .

P30 animals (p=0.064). Microglia cell density does not differ (Figure 3.84). Alloparenting behav'.or’
between P24 and P30 animals (p=0.98). or parental care towards offspring
that is not one’s own, is a commonly

studied social behavior in prairie voles and is sensitive to early life nurture®2268_|n both sexes,
total parental care was associated with less likelihood for a test animal to attack the stimulus pup
(Xx?w)=5.31, p=0.021, Figure 3.9A) and in non-attackers, a trend towards higher duration of pup-
directed care (Fq,1873=4.08, p=0.058, Figure 3.9C). There was no association of parental care
composition with either of these behaviors (attack: x?1)=0.01, p=0.924; pup directed care: F,
1717=0.13, p=0.727, Figure 3.9B&D). Previous work in the monogamous California mouse
indicates father-to-son transmission of pup retrieval behavior®®’°. We examined the sex-specific
impacts of total parental care and parental care composition on pup retrieval behavior in an
alloparenting task. There was no effect of total parental care (x%1=0.03, p=0.857) nor an
interaction of total parental care and sex (x%1)=0.25, p=0.618) on total pup retrievals (Figure 3.8B).
There was, however, a significant interaction of parental care composition and sex (x?1)=18.44,
p<0.001) such that males raised with more care by fathers show increased pup retrieval behavior
while females do not (Figure 3.8B). Pup retrieval and other alloparenting behavior was not

5000 1
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A associated with genotype at
PND 1-3 Alloparenting SNP NT213739 which has been
Parental Care Test associated with social behaviors
Observations in adulthood and is a moderator
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- ) in adulthood, nor were they

associated with SNP KLW2,
B which we have previously shown

Overall trend= 0.03, ns Trend= 1.03** i i
Trend= -1.01, p=0.059 Impacts expression of an

oxytocin receptor alternative
isoform?62.7! (Figure 3.10).
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The experiments in this
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it Male study indicate that while both
° male and female prairie voles
ﬁ are sensitive to total parental
A —r care, male prairie voles are
T T T T y y y y uniquely sensitive to the
\@Q ,7900 qy°° P&QQ 20 40 080 composition of that care.
Total Parental  Percent of Total Care Specifically, ~we find that
Care (s) Provided by Father increased total parental care is

associated with  decelerated
Figure 3.8. Care by fathers increases pup retrievals in male | aging, evidenced by decreased
offspring but decreases pup retrievals in female offspring. A) | epigenetic age of brain tissue,
Schematic showing experimental design. B) There is no | gnd higher microglia cell density
association of total parental care received and pup retrieval | ~gnsistent with younger brains.
behavior during an alloparenting test (x%1=0.03, p=0.857). There In male offspring only, we find
is a significant interaction of parental care composition and sex that early nurtur ,rt lar

(x%()=18.44, p<0.001) such that males raised with more paternal y nuriure exe. S .a ge
care display more pup retrievals as juveniles. Females raised with | €ffECtS on gene expression in the

higher paternal care display fewer pup retrievals as juveniles. nucleus accumbens, especially
of genes related to

neurodevelopment and excitatory synaptic transmission. Using quantitative electron microscopy,
we find that paternal care specifically is associated with increased excitatory synapse density in
the nucleus accumbens in male offspring only. These effects appear to be independent of
microglia, as the density and morphology of microglia are not significantly related to early nurture
in a sex-specific manner. Finally, we show that paternal involvement has opposing effects on pup
retrieval behavior in male and female offspring. Males raised with high paternal care are more
likely to perform more pup retrievals than those raised with lower paternal care while their sisters
raised with more paternal care are less likely to display pup retrieval behavior. These findings
provide evidence that early life experience fundamentally alters the development of male and
female brains and social behavior in a sex-specific manner, which has widespread implications
for studying how early life experience relates to future mental health disorder, the underlying
etiology of which may need to be understood to be different for men and women.

The RNA-sequencing results suggest that early nurture sets up a male-specific
transcriptional program that supports increased synaptic activity in nucleus accumbens. Genes
that are upregulated by parental care in males are involved in neurodevelopmental and synaptic
processes, with particular enrichment for genes which make proteins that act at asymmetric
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Figure 3.9. Total parental behavior, but not parental care
composition, impacts alloparenting behavior in both sexes. A)
Attack behavior is significantly predicted by sex (x%w=11, p<0.001,
higher in females) and total parental care (x%1=5.31, p=0.021), B)
but not parental care composition (x%2=0.01, p=0.924). Data were
analyzed with a mixed logistic regression but are presented with
parental care features on y axis and sex and attackers on the x axis
for data visualization purposes. C) In non-attackers, duration of pup
directed behavior is trending towards relationship with total parental
care (Fq, 18.73=4.08, p=0.058), D) but not parental care composition
(F(, 17.17=0.13, p=0.727) or sex (F(,19.52=1.99, p=0.174).
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synapses. Further, there is an
enrichment of autism risk
genes in the differentially
expressed genes in males,
with higher expression of
genes disrupted in autism in
the MAN1 (high care)
offspring (Figure 3.2B&C).
While variation in parental
care does not alter
expression of these genes to
levels that might cause
autism phenotypes (i.e. all
voles in this study display
species-typical social
behaviors), it remains
interesting that expression of
these genes are highly
variable and malleable by
changes in parental care in
males offspring only. Further
studies of mechanisms by
which autism risk genes are
programmed by the
environment may lead to
insights into the male bias for
autism and other

neurodevelopmental
disorders.

Using guantitative
electron microscopy  to
examine the impact of early
life parental care on synapse
density and morphology, we
identify that while putative
excitatory synapse density is
sensitive to total parental care
in both sexes, the
composition of that parental
care is strongly associated
with synapse density in male
offspring only. These results

are in line with work in other monogamous rodents that indicate male sensitivity to paternal care.
For example, paternal deprivation leads to synaptic changes throughout the brain in degus,
including changes to both dopamine innervation and the number of parvalbumin positive
interneurons in the nucleus accumbens® 7273, We observe increased density of asymmetric
synapses in males raised with more paternal care, and an increase in small-area terminals and
shorter synaptic zones. These results may indicate upregulation of a specific excitatory input
characterized by small terminals and short synapses or a generalized increase in synaptogenesis
which would resultin small, immature synapses. While paternal care increases excitatory synapse
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Figure 3.10. No effect of SNPs NT213739 and KLW2 on alloparental behavior. A) Attack behavior
is not predicted by genotype at NT213739 (x%1=0.19, p=0.662). B) In non-attackers, duration of pup
directed behavior does not differ by NT213739 genotype (Fq, 36.81)=0.35, p=0.557). C) Frequency of
pup retrievals does not differ by genotype at NT213739 (x%1=0.83, p=0.362). D) Attack behavior is
not predicted by genotype at KLW2 (x%1=0.0001, p=0.99). E) In non-attackers, duration of pup
directed behavior does not differ by KLW2 genotype (F(1,36.99=0.07, p=0.798). F) Frequency of pup
retrievals does not differ by genotype at KLW2 (x%1=0.05, p=0.818).

density in male offspring, there is no association between parental care composition and microglia
cell density or morphology. It may be that the synapse density results are independent of
microglial sculpting of accumbens circuitry or that differences in microglia cell density or
morphology might be observed earlier in development.

Finally, we show a sex-specific behavioral phenotype associated with care by fathers in
prairie voles. Previous work in prairie voles indicates that males are uniquely sensitive to care by
fathers which relates to social behavior as juveniles and adults and changes in neuropeptide
receptor density®*%>7* Here, we show that paternal involvement is related to pup retrieval
behavior such that males raised with more care by fathers display more pup retrievals during an
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alloparenting task while female offspring display fewer pup retrievals when raised with more care
by fathers. These results are consistent with studies in California mouse which suggest that
paternal pup retrievals are associated with pup retrievals by male offspring later in life . However,
California mouse female offspring also display higher pup retrieval behavior when raised by
fathers who display high pup retrieval™. Our study is different from the previous work in three
critical ways (other than species): first, the studies in California mouse manipulate paternal pup
retrieval behavior while we do not. Second, the age of the offspring differs: we use juveniles while
the previous studies use adults. Third, and perhaps most importantly, our study uses an
alloparenting test where the test subject is exposed to a pup that is not theirs, while the studies
in California mouse expose the test subject to their biological offspring. This may account for the
different behaviors in females, as female prairie voles are generally less alloparental than males
as juveniles’®. Altogether, our results suggest that male prairie voles are uniquely sensitive to
paternal care in terms of neurodevelopmental and social behavior processes. Further work should
focus on specific circuitries that are sensitive to paternal care and are related to alloparental
behavior.

One possible explanation for our results is that early paternal care alters the
developmental trajectory of male offspring such that there is increased synapse density, which
ultimately increases social behavior throughout the lifespan. A second explanation is that high
paternal care alters the pace of development such that at the juvenile timepoint there are
differences in gene expression, nucleus accumbens ultrastructure, and social behavior which
converge by adulthood. Further, these explanations are not necessarily mutually exclusive:
differences in pace of development may lead to dramatic differences during development and
more subtle differences in adulthood. While direct examination of these features in adulthood is
necessary to determine which explanation may be more likely, there is good evidence from this
study and others supporting either explanation. First, effects of early nurture and paternal care
impact social behavior in prairie voles throughout the lifespan, suggesting that behaviors among
voles raised with different parental care experiences do not converge by adulthood. There is a
strong impact of early life experience on partner preference behavior in adulthood®’’. However,
developmental timing is also impacted by early nurture, with prairie voles raised by high care
parents having lower epigenetic age (Figure 3.1B) and reaching developmental markers such as
eye opening, eating solid food, and leaving the nest later than those raised by high care parents?8.
Our microglia cell density results also support this explanation, as voles raised by high care
parents show increased microglia cell density which is indicative of a less mature brain (Figure
2.4B).

Our results indicate that parental care, and in particular the composition of that care, are
associated with gene expression programs and synapse density and morphology in male
offspring only. While it is possible that females are not as sensitive to early life experience, a more
likely explanation is that effects of early nurture in females may be found in other brain regions or
developmental timepoints. For example, the handling manipulation used in this study has sexually
dimorphic impacts on behavior: in males, MAN1 (high care parents) increases alloparenting
behaviors as juveniles while in females, MAN1 increases pair bond formation as adults?’.
Additionally, we do provide evidence that total parental care impacts aging and
neurodevelopmental processes in females, but we may have examined a timepoint where
differences in gene expression and neuroanatomical outcomes are larger in male offspring.
Future studies should aim to examine the timing of developmental changes associated with early
life experience in female prairie voles.

One limitation of these experiments is that gene expression, neuroanatomy, and behavior
were not measured in the same animal cohorts. These experiments are interested in baseline
potential for social behavior, not response to social stimuli, so we did not perform gene expression
or anatomy experiments on animals after an alloparenting test. Further work should be done to
connect excitatory synapse density to social behavior directly. A second limitation of these
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experiments is that the natural parenting experiments presented cannot differentiate between
effects of early experience and genetic effects. However, a previous cross-fostering experiment
indicates that alloparental behaviors are largely driven by rearing parents, not genetic parents .
A cross-fostering study to determine how development of synapse density in nucleus accumbens
is impacted by both genetic and environmental effects would build upon our results.

Overall, results from these experiments indicate that male prairie voles are uniquely
sensitive to their early rearing environment, with paternal care being very important for
neurodevelopment and the development of social behaviors. Our results are relevant to
understanding male-specific neurodevelopmental processes which may be associated with male
bias for neurodevelopmental disorders including autism. Prairie voles are an excellent model for
these studies given their enriched rearing environment resulting from biparental care. Further, our
results indicate that while many features of offspring development are related to total parental
care in both sexes, including aggression towards a pup, excitatory synapse density, and gene
expression, males are additionally sensitive to variation in the composition of this parental care,
which impacts specific neurodevelopmental and behavioral phenotypes.
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Adolescent peer struggles predict accelerated epigenetic aging in midlife. Development and
Psychopathology, 1-14. doi:10.1017/S0954579422000153

Abstract

This study examined struggles to establish autonomy and relatedness with peers in
adolescence and early adulthood as predictors of advanced epigenetic aging assessed at age 30.
Participants (N = 154; 67 male and 87 female) were observed repeatedly, along with close friends
and romantic partners, from ages 13 through 29. Observed difficulty establishing close
friendships characterized by mutual autonomy and relatedness from ages 13 to 18, an interview-
assessed attachment state of mind lacking autonomy and valuing of attachment at 24, and self-
reported difficulties in social integration across adolescence and adulthood were all linked to
greater epigenetic age at 30, after accounting for chronological age, gender, race, and income.
Analyses assessing the unique and combined effects of these factors, along with lifetime history
of cigarette smoking, indicated that each of these factors, except for adult social integration,
contributed uniquely to explaining epigenetic age acceleration. Results are interpreted as
evidence that the adolescent preoccupation with peer relationships may be highly functional given
the relevance of such relationships to long-term physical outcomes.

Introduction

This study examined peer relationship difficulties as predictors of epigenetic aging.
Identifying significant biomarkers of the aging process prior to the actual onset of disease is
fundamental to establishing meaningful approaches to prevention of diseases of aging®. Until
recently, the long period of onset of classic aging symptoms has made such examination
impractical in all but a few cases. Recent advances in epigenetic research, however, are now
making it possible to assess markers of aging that can be tracked well prior to the onset of any
actual disease. Early epigenetic aging algorithms—yielding measures of epigenetic age based
on patterns of methylation within the epigenome—were found to yield estimates that correlated
strongly with chronological age and added value in predicting future mortality?. By covarying out
actual chronological age, these measures also produce an indicator of epigenetic age
acceleration. This measure reflects the degree to which an individual's epigenome suggests that
they have already aged faster (or slower) than their chronological age would indicate (and is
distinct from other indices that seek to capture not lifetime aging but rather the current pace of
aging®).

Further research, though, found that these early measures were often driven more by
naturally unfolding biological processes than by external environmental factors®. This in turn led
to the development of second and third generation ‘epigenetic clocks’ that were specifically
designed to correlate with actual levels of physiological deterioration and also to be sensitive to
environmental factors. The present study used a third generation epigenetic aging measure,
DNAmMGrimAge, which was designed to capture aspects of epigenetic aging that were most
strongly correlated with actual indicators of physiological deterioration®>. DNAMGrimAge has been
linked to a broad range of health indicators, including early mortality, time-to-heart disease, and
time-to-cancer, and it has been found to outperform other existing epigenetic clocks (e.g.,
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DNAmAge) when it comes to predicting many such health outcomes. Further, its link to mortality
has been found to be robust across White, African American, and Hispanic individuals®.

Although not yet well-studied, there is good reason to believe that epigenetic age
acceleration will be linked to maladaptive social relationships earlier in life, in part due to the stress
that relationship difficulties create. Social baseline theory, for example, suggests that the human
brain is tuned to a default position of expecting to be in the presence of others who can act as
potential support figures in times of threat or stress®; the absence of supportive others is then
viewed as decreasing the individual's sense of relative safety. Theories regarding the role of
social safety note the significant stress that occurs-- and the adverse physiological effects that
follow-- when individuals perceive the social environment to be potentially threatening, for
example in the face of interpersonal conflict’8. Attachment theory has also long noted the
importance of felt security in human functioning across the lifespan®!°, and variations in
attachment have been associated with physiological risk factors such as altered immune
function!! and cortisol responses??.

Peer relationship struggles in adolescence seem likely to create the type of intense stress
that could lead to loss of a sense of safety. Indeed, the combination of hormonal changes, neural
development, and social demands in adolescence may make adolescent-era social stressors
particularly powerful3-*°,

One way to view and assess adolescent relationship stressors is in terms of the critical
dialectical challenge that adolescents face: They must learn how to establish peer relationships
that allow for autonomy and independence (including the ability to resist peer pressure) while still
providing a strong sense of connection!®. Mastering this challenge has been identified as a
fundamental marker of social competence with long-term implications for adult relationships and
functioning!’°. Given the importance of establishing autonomy in adolescence, it is unsurprising
that its absence in key relationships has been linked to higher levels of future hostile conflict°--
precisely the kind of threat to social safety known to influence physical health outcomes. Similarly,
failure to establish strong, connected relationships in adolescence seems likely to be inherently
lonely and stressful, as well as indicative of difficulties that are likely to cascade forward to future
social interactions, creating ongoing stress?!. Adult attachment theory has found support for the
idea that expectations regarding the availability of relationships that are autonomous yet
connected can also become internalized®?2, In sum, mastering this challenge in adolescence
appears to reflect the essence of what it takes to become socially integrated and to establish
social relationships as sources of safety vs. as sources of conflict and threat.

Prior to and during adolescence, struggles establishing and maintaining positive
connections with peers have been linked to higher levels of inflammation in adulthood?*-2°.
Similarly, poor social integration in early adulthood has also been linked to markers of greater
inflammation?® while poor close friendship quality has been found to predict lower self-reported
health quality in adulthood?’. In addition, over-involvement in romantic relationships in
adolescence—a potential marker of autonomy difficulties—has in turn been linked to higher levels
of adult blood pressure?. Whether and how these adolescent struggles with issues of autonomy
and connection have been linked to more fundamental aging processes, however, has not been
examined.

Evidence that chronic social stress is linked to long-term physical dysfunction suggests
that social difficulties in adolescence are likely to predict such dysfunction?®-31, Exposure to stress
has been found to potentially alter the epigenetic landscape across the lifespan, in part via its
effects on the hypothalamic-pituitary axis and the glucocorticoid signaling system32. Stress
exposure also appears linked to lasting changes in DNA methylation, forming a sort of ‘molecular
scar’ from this exposure®. Direct links between traumatic and threat-related experiences and
accelerated epigenetic aging from a range of studies further support the existence of a stress-
epigenetic aging connection®*-3". No research to date, however, has examined adolescent-era
social relationship difficulties in relation to epigenetic aging processes.
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This study assessed adolescent relationship difficulties via multiple methods. Self-reports
of the degree to which an individual does or does not feel integrated into and motivated to
participate in their social network are particularly useful for assessing the role of the individual’s
perceptions of relationship quality. Direct observations of the extent to which close relationships
are meeting the developmental need to establish autonomy and relatedness provide a more
objective perspective. Finally, interview techniqgues can assess implicit internalized
representations of relationships and allow for consideration of aspects expectations of
relationships of which individuals may or may not be fully conscious. This study used the Adult
Attachment Interview (AAl), which uses an individual’s description of early relationships to assess
the individual’'s current state of mind regarding close relationships. In particular, the AAI captures
the degree to which an individual possesses, at present, an internalized sense of themselves as
both autonomous and valuing of close relationships. This internalized sense—referred to as a
“secure state of mind regarding attachment”*®*—captures the fundamental sense of safety that
comes with expectations of relationships as likely to be both autonomous and valuable.

A mediational ‘chains of risk’ perspective suggests that early stressors, such as those that
arise from struggles to establish autonomy and relatedness with peers, may predict future health
outcomes by cascading forward to influence future relationship struggles both with peers and with
romantic partners, which in turn have been robustly linked to poor health outcomes?’21:39.40,
Hence, this study considered adolescent-era relationship factors as potentially acting via similar
mediating factors in adulthood. For example, we would expect potential links from difficulties in
social integration in adolescence to difficulties in social integration in adulthood to accelerated
aging, with similar pathways expected for observed autonomy and relatedness and for attachment
states of mind. Alternatively, more direct, unmediated links may also exist, as struggles at a
critical point in development, especially in the socially sensitive period of adolescence, could well
have long-term effects on physiology**. Cumulative lifetime stress has been previously shown to
predict epigenetic aging®® and evidence of such socially linked weathering effects on health
increasingly appear in the literature?®?31, Ultimately, both direct and mediated paths from
relationship struggles to health outcomes appear plausible and warrant examination.

Several specific non-relational mediators were also considered given their historical links
to health outcomes. A lifetime history of cigarette smoking was considered, given that one
important limit to research on predictors of epigenetic aging is the possibility that markers of social
stress are correlated with smoking behavior, which has been strongly related to aging*>*.
Smoking was primarily considered as a potential covariate, but the possibility that it would mediate
the effects of social difficulties that predict lifetime cigarette use was also considered. Similarly,
gender, racial/ethnic minority group membership, and adolescent family income were included as
covariates in all analyses given their well-established links to markers of health and aging**-*°.

This seventeen-year, multi-method, prospective exploratory study utilized a diverse
community sample to examine both direct and mediated pathways from adolescent struggles with
processes of autonomy and relatedness to adult patterns of accelerated epigenetic aging. This
study assessed struggles to establish autonomy and relatedness with peers from multiple vantage
points, including self-reports and direct behavioral observations.

This study considered both pathways from relationship struggles to epigenetic age
acceleration via four primary hypotheses:

Hypothesis 1: Observed struggles establishing autonomy and relatedness in relationships

with close friends across adolescence will predict epigenetic age acceleration, with links

potentially mediated by similar struggles with romantic partners in adulthood.

Hypothesis 2: An internalized lack of autonomy and valuing of relationships in adolescent

states of mind regarding attachment will predict epigenetic age acceleration, with links

potentially mediated by similar struggles in adulthood.
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Hypothesis 3: Self-reported struggles in social integration with peers in adolescence will
predict epigenetic age acceleration, with links potentially mediated by similar struggles in
adulthood.

Hypothesis 4: Multiple social predictors of epigenetic age acceleration will contribute
unique variance to epigenetic age acceleration after considering smoking history, but will
also have some of their effects mediated via this history.

Material and Methods

Participants

This report is drawn from a larger longitudinal investigation of adolescent social
development in familial and peer contexts. The final sample of participants (N = 154 (67 male
and 87 female)) was a subset of the original sample of 184 adolescents first assessed at age 13
and for whom epigenetic data was able to be obtained at age 30 (M = 29.7, SD = 2.16). This
reflected an 84% retention rate across the 17 years of the study. The final sample was
racially/ethnically and socioeconomically diverse: 86 (56%) adolescents identified themselves as
White, 48 (31%) as Black/African American, 2 (1%) as Asian, 1 (1%) as Hispanic, 1 (1%) as
American Indian, and 14 (9%) as from other or mixed racial/ethnic groups. Adolescents’ parents
reported a median family income at baseline in the $40,000 - $59,999 range (M = $43,900, SD =
$22,500).

Adolescents were initially recruited from the 7" and 8" grades of a public middle school
drawing from suburban and urban populations in the Southeastern United States. Students were
recruited via an initial mailing to all parents of students in the school along with follow-up contact
efforts at school lunches. Families of adolescents who indicated they were interested in the study
were contacted by telephone. Of all students eligible for participation, 63% agreed to participate
either as target participants or as peers providing collateral information. All participants provided
informed assent before each interview session, and parents provided informed consent.
Interviews took place in private offices within a university academic building.

Participants were first assessed annually over a six-year period across adolescence from
age 13.35 (SD = .64) to age 18.38 (SD = 1.04). For the adult follow-up self-report assessments,
data were obtained from participants annually from ages 22.8 (SD = .96) to age 28.6 (SD = 1.02).
In adolescence, participants also nominated the same-gender person they currently identified as
“the peer to whom they were closest” to be included in the study. In adolescence, close peers
came in during a visit along with the target participant and participated in observational
assessments, as described below. Close friends in adolescence reported that they had known
participants for an average of 4.3 to 5.7 years (SD = 3.1 to 3.8) across the various assessment
periods. Participants could select a different person at each assessment, given that friendships
change over time. Participants selected the same close friend approximately 40% of the time
across any one-year period. Only 13% of participants selected the same close friend at age 18
as they had at age 13, indicating that participants’ interactions generally reflected a range of
different relationships.

Romantic partner observations in adulthood were obtained for participants who were in a
relationship for at least three months’ duration and in which the romantic partner was willing to
come into our offices for an observational assessment. Romantic relationship assessments were
obtained whenever a participant was in such a relationship and willing to participate at some point
during three three-year windows. The result was that assessments were obtained at participant
ages 23.8 (SD = 1.12), 27.4 (SD = 1.43), and 30.31 (SD = 1.24). Approximately 50% of
participants had the same romantic partner from age 24 to 27, and 70% had the same partner
from age 27 to 30.
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Procedure

In the initial introduction and throughout all sessions, confidentiality was assured to all
study participants and adolescents were told that their parents would not be informed of any of
the answers they provided. Informed assent was obtained from adolescents and informed
consent was obtained from adolescents’ parents and from adult participants. Transportation and
childcare were provided if necessary. Adolescent/adult participants, their parents, their peers,
and their romantic partners were all paid for participation.

Attrition Analyses

Initial attrition analyses compared the 154 participants in the final sample to the 30 who
were excluded because they lacked epigenetic data. Attrition analyses revealed no differences
between these groups on any measures in the study. Among the participants with epigenetic
data, analyses also compared the 113 who had romantic partner observational data to the 41 who
did not. These analyses also revealed no differences between these groups on any measures in
the study.

Measures

Epigenetic Age (Age 30). The DNAmMGrimAge measure was developed by combining
DNA methylation markers of a range of physiological risk and stress factors. Unlike other
epigenetic clocks, increased DNAMGrimAge does not directly indicate the number of years of
increased aging, but instead captures and sums levels of methylation across a range of DNA sites
that are indicative of increased mortality and morbidity risk®. At the research arm of the local
university medical center, trained technicians drew eight and a half milliliters of whole blood from
participants into a PAXgene Blood DNA Tube (PreAnalytiX, Hombrechtikon, Switzerland).
Samples were stored at -20°C for short-term storage (up to 3 months) then transferred to -80°C
for long-term storage. DNA was extracted using the PAXgene Blood DNA kit (PreAnalytiX,
Hombrechtikon, Switzerland) according to manufacturer instructions. DNA concentration was
determined by Quant-iT™ PicoGreen® dsDNA reagent (Thermofisher Scientific, Waltham, MA,
USA) per manufacturers instruction. Florescence was detected using a Tecan Infinite M200 Pro
microplate reader (Tecan, Switzerland). 500 ng of DNA was bisulfite treated using a Zymo EZ
DNA Methylation kit (Zymo Research, Irvine, CA) using PCR conditions for lllumina’s Infinium
Methylation assay (95°C for 30 seconds, 50°C for 60 minutesx16 cycles). DNA methylation was
assayed using the lllumina Infinium MethylationEPIC BeadChips. Briefly, a total of 4 pL of bisulfite
converted DNA was hybridized to lllumina BeadChips using the manufacturer's protocols.
Samples were denatured and amplified overnight for 20 to 24 hours. Fragmentation, precipitation,
and resuspension of the samples followed overnight incubation, before hybridization to EPIC
BeadChips for 16 to 24 hours. BeadChips were then washed to remove any unhybridized DNA
and labeled with nucleotides to extend the primers to the DNA sample. Following the Infinium HD
Methylation protocol, the BeadChips were imaged using the lllumina iScan system (lllumina).

Raw .idat files were read and preprocessed using the minfi R package®’*¢. The data set
was preprocessed using noob for background subtraction and dye-bias normalization. All
methylation values with detection P > 0.01 were set to missing (median sample: 669 probes,
range: 255 to 4026), and probes with >1% missing values (n = 5,788) were removed from further
analysis. All samples were checked and confirmed to ensure that predicted sex matched reported
sex. Additionally, samples were checked for excessive missing data (>5%) and unusual cell
mixture estimates, which was estimated using the Houseman method as implemented in minfi*%-°,
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All samples passed these quality controls. Principal components analysis, as implemented in the
shinyMethyl R package, was used to examine batch effects®. The first seven principal
components were examined using plots and potential batch effects were tested using linear
models. Principal component 2, which accounted for 2.15% of the total variance, was associated
with position on the array (Fq, 245y = 14.93, p = 3.366e-16, adjusted R? = 0.2789). Principal
component 4, which accounted for 1.56% of the total variance, was associated with both bisulfite
conversion plate and array number (bisulfite conversion plate: Fp, 250y = 19.03, p = 2.307e-8,
adjusted R?=0.1252; array number: F@1, 221y = 7.98, p < 2.2e-16, adjusted R? = 0.462). Bisulfite
conversion plate and array number were associated with each other, as samples on the same
array originated from the same bisulfite conversion plate. Because samples were randomized
across plates and arrays, and proportions of variance explained by PC2 and PC4 were low, no
batch correction method was used. The ewastools R package was used to assess Illumina quality
control metrics and call genotypes and donor IDs to ensure the identity of repeated samples from
the same individual®?. All samples passed Illlumina quality controls.

To determine assay variability, we included one set of five technical replicates and an
additional ten sets of two technical replicates. After quality control filters and normalization
procedures were applied, the 5,000 CpGs with the most variable M values were used as input for
calculating Pearson’s correlation coefficients among all pairwise combinations of samples.
Pearson’s correlations of unrelated samples (different individuals) were below 0.8. Pearson’s
correlations of technical replicates ranged from 0.987-0.996, indicating high agreement between
technical replicates.

Unnormalized betas were filtered to include CpGs specified by Horvath as necessary for
calculation of various clocks. The betas were uploaded to Horvath’s online DNA methylation age
calculator (https://dnamage.genetics.ucla.edu), which provides measures of Horvath’s multi-
tissue age estimator?, DNA methylation GrimAge?®, and cell type abundance. A sample annotation
file was included. The options to normalize data and apply advanced analysis were selected.
Technical replicates were used to determine measurement error of DNAmMAge, the output of
Horvath’s multi-tissue age estimator. The absolute difference of DNAmMAge between technical
replicate pairs was taken, as was the highest absolute difference in the set of five technical
replicates. The median of the absolute difference was 2.02 years (range: 0.44-5.73 years),
comparable to previous reports of measurement error being approximately 2.41 years®:.
Variability of DNAmMAge in technical replicates did not differ by any demographic feature, including
sex, race, or age.

Attachment Interview and Q-sets®*°° (Ages 14 and 24). This structured interview probes
individuals' descriptions of their childhood relationships with parents in both abstract terms, and
with requests for specific supporting memories. Although the interview utilizes descriptions of
past relationships, it does so to yield a marker of the individual’s current state of mind regarding
themselves in close relationships. It yields an overall rating of security defined as a state of mind
of being ‘autonomous yet valuing of attachment relationships.” For example, participants were
asked to list five words describing their early childhood relationships with each parent, and then
to describe specific episodes that reflected those words. Other questions focused upon specific
instances of upset, separation, loss, trauma, and rejection. Finally, the interviewer asked
participants to provide more integrative descriptions of changes in relationships with parents and
the current state of those relationships. The interview consisted of 18 questions and lasted one
hour on average. Slight adaptations to the adult version were made to make the questions more
natural and easily understood for an adolescent population at age 14%6. These adaptations were
not used for the adult interviews at age 24. Interviews were audiotaped and transcribed for coding.

The AAI Q-set>™® was designed to closely parallel the Adult Attachment Interview
Classification System?®8, but to yield continuous measures of qualities of attachment states of mind.
Each rater read a transcript and provided a Q-sort description by assigning 100 items into nine
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categories ranging from most to least characteristic of the interview, using a forced distribution.
All interviews were blindly rated by at least two raters with extensive training in both the Q-sort
and with formal workshop training and certification for coding using the Adult Attachment Interview
Classification System. Q-sorts were then compared with a dimensional prototype sort for secure
VS. anxious interview strategies, reflecting the overall degree of coherence of discourse, the
integration of episodic and semantic attachment memories, and a clear objective valuing of
attachment. The individual correlation of the 100 items of an individual's Q-sort with a prototype
sort for a maximally secure transcript was then used as that participant's scale security score
(ranging from -1.00 to 1.00). Inter-rater reliability, assessed via the intraclass correlation
coefficient, for the final security scale score was .82 at age 14 and .71 at age 24, which is
considered in the good to excellent range for this statistic®’. Although this system was designed
to yield continuous measures of qualities of attachment organization, rather than to replicate
classifications from the Main and colleagues (2002) system, prior work has compared the scores
obtained to a subsample (N = 76) of adolescent AAl's that were classified by an independent
coder with well-established reliability in classifying AAl's. This was done by converting the Q-sort
scales described above into classifications using an algorithm described by Kobak (1993). Using
this approach, an 84% match for security vs. insecurity was obtained between the Q-sort method
and the classification method (kappa = .68). Prior research in adolescent samples has also
indicated that security assessed via this interview is relatively stable over a two-year period (i.e.,
r = .61)%® and has expected relations to theoretically predictable outcomes including depression,
aggression, and romantic behavior within adolescence®%-%2,

Autonomy and Relatedness in Romantic Partner Interactions (Ages 24, 28, 30). Each
adult participant-romantic partner dyad participated in an 8-minute videotaped task in which they
were asked to discuss an issue in their relationship that they had separately identified as an area
of disagreement. The discussion began with target participants playing a recording they had made
separately describing the problem and their perspective on it. Typical topics of discussion
included money, jealousy, moving, friends, and career issues. Researchers then coded
interactions using the Autonomy-Relatedness Coding Manual for Romantic Partner Dyads, a
coding system derived from the peer autonomy and relatedness coding system described above®?,
Specifically, participants’ interactions were coded for expressions of reasoning and confidence
(i.e., autonomy) as well as warmth and collaboration (i.e., relatedness). As above, scores were
averaged across partners and assessment to yield final scores for capacity to establish romantic
relationships characterized by autonomy and relatedness. Inter-rated reliability ranged from good
to excellent (e.g., ICC’s ranging from .69 to .90) across ages. When participants did not have a
romantic partner, these data were considered missing and handled via the FIML procedures.

Adolescent Social Integration (Ages 13 — 18). Social integration in adolescence was
assessed annually from age 13 to 18 via a six-item social integration scale created for this study.
The scale used the format of Susan Harter's Self-Perception Scale for Adolescents to reduce
social desirability biases®®. Items focused on the extent to which participants perceived
themselves to be integrated socially, for example, as ‘[setting] an example that other kids follow’
and ‘[having] a lot of ideas that other kids listen to;’ as well as the extent to which participants
desired such integration, for example, ‘getting a lot of ideas about how to be from friends’ and
‘I[finding it important] that other teens like them.” Scores across the six waves were then summed
and averaged to yield the final social integration score for adolescence. Internal consistency of
aggregated scale scores was good across the six assessment waves (Cronbach’s a= .75).
Construct validity for the scale is indicated by its modest links to the adolescent-era attachment
instrument measuring autonomy and valuing of relationships (r = .24, p < .01) and to ratings by a
close friend summed from ages 13 to 18 (r = .26, p < .001) of the degree to which the participant
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was viewed as socially accepted using the Social Acceptance scale from the Adolescent Self-
Perception Profile modified to obtain ratings of one’s friend (vs. oneself, as in the original scale)®.

Adult Social Integration (Ages 23 - 29). Social integration in adulthood was assessed
annually from age 23 to 29 via the four-item social integration scale from the Social Provisions
Scale®. The scale includes items such as “| feel part of a group of people who share my attitudes
and beliefs.” Scores across the seven waves were then summed and averaged to yield the final
social integration score for adulthood. Internal consistency of aggregated scale scores was good
across the seven assessment waves (Cronbach’s a = .89).

Lifetime History of Cigarette Smoking (Multiple waves, ages 13 - 30). Information
regarding lifetime cigarette use was derived from two sets of data. First, level of smoking was
assessed annually each year from age 13 to 18 in terms of number of packs smoked per day. At
age 30, data was also obtained regarding year at which smoking began, year at which smoking
ceased (if applicable) and average amount smoked in terms of number of packs per day. These
two types of data were then harmonized such that where data were inconsistent, the higher level
of reported smoking was used. The final score is calculated in terms of ‘pack years,’ reflecting
the product of the number of years smoked X the average number of packs of cigarettes smoked
each year (e.g., if an adult participant reported smoking 1 pack/day for 2 years, but the adolescent
data suggested more, than the adolescent data were used).

Analytic Plan

For all primary analyses, linear regressions were conducted using SAS PROC CALIS
(version 9.4, SAS Institute, Cary, NC). To best address any potential biases due to attrition in
longitudinal analyses, full information maximum likelihood (FIML) methods were used with
analyses including all variables that were linked to future missing data (i.e., where data were not
missing completely at random). Because these procedures have been found to yield the least
biased estimates when all available data are used for longitudinal analyses (vs. listwise deletion
of missing data), the entire original sample of 184 adolescents was utilized for these analyses.
Analyses began by entering effects of blood cell counts, as these can be correlated with (and
potentially confound) epigenetic age measures, and Lu and colleagues have found stronger
predictions to physiological outcomes when accounting for this potential confound®. In this
analysis and all further analyses, the blood cell counts were estimated using the Horvath method
for naive CD8+ T cells, CD8+ CD28- CD45RA- T cells, plasmablasts (B cells) and naive CD4+ T
cells®®. The Houseman method was used to estimate natural killer cells, monocytes, and
granulocytes®®. Chronological age was entered next, followed by participant demographic
characteristics. By examining predictors of epigenetic age after accounting for blood cell counts
and chronological age, the result is a prediction of epigenetic age acceleration (e.g., the extent to
which a participant is epigenetically aging faster than their chronological age would indicate).
Following entry of these variables, the primary predictor variables for each hypothesis were
entered as described below.

Results

Preliminary analyses

Means and standard deviations for all variables used in the study are presented in Table
4.1. For descriptive purposes, intercorrelations among primary constructs are presented in Table
4.2.



We also examined possible
moderating effects of gender,
racial/ethnic minority group
membership, and adolescent
family income on the relation of
social relationship qualities to
epigenetic aging. Moderating
effects were assessed by creating
interaction terms based on the
product of the centered main effect
variables. No moderating effects
were found for any of the analyses
reported below.

Primary analyses

Hypothesis 1: Observed struggles
establishing autonomy and
relatedness in interactions with a
close friend in adolescence will
predict epigenetic age
acceleration, with findings
potentially mediated by similar
struggles with romantic partners in
adulthood.

As shown in Table 4.3,
when measures of autonomy and
relatedness were added to the
model following the relevant
covariates, this step added
significant variance to the overall
model, with observed autonomy
and relatedness in adolescence
linked to epigenetic aging, such
that lower levels of autonomy and
relatedness in adolescence were
linked to greater epigenetic age
acceleration (8 = .22, p < .001).
Follow-up bootstrap mediational
analyses, using the PROCESS
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Table 4.1
Means and Standard Deviations of Primary
Measures and Demographic Variables

Blood Cell Counts

Naive CD8+ T cells

CD8+ CD28- CD45 RA- T cells
Plasmablasts

Naive CD4+ T cells

Natural Killer cells

Monocytes

Granulocytes

Demographic Factors
Chronological Age
DNAmMGrimAge

DNAmMAge

Lifetime Cigarette Use

Social Relationship Characteristics

Observed Autonomy & Relatedness with
Close Peer (Ages 13-18)

Observed Autonomy & Relatedness with
Romantic Partner (Ages 24, 27)

Autonomy & Valuing of Attachment (Age
14)

Autonomy & Valuing of Attachment (Age
24)

Adolescent Social Integration (Ages 13-
18)

Adult Social Integration (Ages 23-29)

Mean

285.8
3.28

1.94

770.3
0.194
0.058
0.634

29.7
37.6
29.8
2.49

2.36

2.27

0.25

0.026

7.11

13.8

44.3
3.13
0.191
95.9
0.032
0.269
0.104

2.176
4.95
4.41
4.17

0.34

0.49

0.42

0.46

2.06

1.68

macro in SAS¢ indicated that the mediated pathway from autonomy and relatedness with close
peers through autonomy and relatedness with romantic partners to epigenetic age acceleration
was not significant (Indirect effect = -.025, 95% CI [-.095, .027]).

Hypothesis 2: An internalized lack of autonomy and valuing of relationships in adolescent states
of mind regarding attachment will predict epigenetic age acceleration, with findings potentially
mediated by similar struggles in adulthood.
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Table 4.2
Intercorrelations Among Primary Constructs
2. 3. 4, 5. 6. 7. 8. 9.

1. Epigenetic Age BOFkx 2% L 24% 11 - 31 L 23% A7 5O
(DNAmMGrimAge) (30)

2. Chronological Age -- 14 .06 .09 .01 -.02 -.03 .20*
(30)

3. Observed Autonomy & - 39xxx - 30** 20* .06 30%**  -.01
Relatedness with Close Peer (13-
18)

4. Observed Autonomy & -- 34rxx Q7H* .15 22*% -12
Relatedness with Romantic
Partner (24, 27, 30)

5. Autonomy & Valuing of - Aexrx 23 26%*  -10
Attachment (14)

6. Autonomy & Valuing of -- 23%* 27 - 20
Attachment (24)

7. Adolescent Social Integration -- 207 - 22%*
(13-18)

8. Adult Social Integration (23-29) -- -.07

9. Lifetime Cigarette Use --

Note: Participant age(s) at time of assessment are in parentheses. ***p <.001. **p <.01. *p < .05.

Following the procedure described above, analyses next examined prediction of
epigenetic age acceleration from attachment states of mind reflecting an internalized sense of
autonomy and valuing of attachment at ages 14 and 24. As shown in Table 4.4, predictions were
found from attachment states of mind at age 24, but not from these states of mind at age 14.
Attachment states of mind indicative of both lack of autonomy and lack of valuing of attachment
at 24 were predictive of greater epigenetic age acceleration at age 30 (8=-.24, p <.001). Follow-
up bootstrap mediational analyses found evidence of a mediated pathway in which age 14
attachment states of mind predicted epigenetic age acceleration via age 24 attachment states of
mind (Indirect effect = -.116, 95% CI [-.211, -.050]).

Hypothesis 3: Observed struggles in social integration with peers in adolescence will predict
epigenetic age acceleration, with findings potentially mediated by similar struggles in adulthood.

Analyses next examined prediction of epigenetic age acceleration from self-reported
social integration in adolescence and adulthood. As shown in Table 4.5, predictions were found
from measures of social integration at both time periods, such that lower levels of social
integration were predictive of greater epigenetic age acceleration (8’s = -.16 and -.12 from
adolescence and adulthood respectively, p’s < .01 and .05). Follow-up bootstrap mediational
analyses revealed no evidence of a mediated pathway from social integration in adolescence thru
social integration in adulthood in predicting epigenetic age acceleration (Indirect effect = -.026,
95% CI [-.062, -.0002]).
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Table 4.3
Predicting Epigenetic Age Acceleration from Observed Behaviors
Displaying Autonomy and Relatedness
DNAMGrimAge
B 95% C.1. AR? R?
Step I. Blood Cell Counts
Naive CD8+ T cells - 43F** [-.59, -.27]
CD8+ CD28- CD45 RA- T cells .18* [.01, .33]
Plasmablasts -.21 [-.43, .01]
Naive CD4+ T cells AQ*** [.24, .56]
Natural Killer cells -11 [-.27, .05]
Monocytes .04 [-.10, .18]
Granulocytes .38** [.14, .62]
Statistics for Step 25%** .25%**
Step Il. Chronological Age
Statistics for Step AB¥F* [.33,.57] I el A2Fr*
Step lll. Demographic Characteristics
Gender (Male = 1, Female = 2) -.20%** [-.36, -.08]
Racial/Ethnic Minority Membership .15* [.01, .29]
Family of Origin Income -.04 [-.18, .10]
Statistics for Step 10%** H52%xx
Step IV. Social Relationship
Characteristics
Observed Autonomy & Relatedness with - 22%** [-.36, -.08]
Close Peer (Ages 13-18)
Observed Autonomy & Relatedness with -.09 [-.25, .07]
Romantic Partner (Ages 24, 27)
Statistics for Step .Q5*** 57
Note. *** p <.001. ** p <.01. *p <.05. B weights are from final model.

Hypothesis 4: Identified social predictors of age acceleration identified above will
contribute unique variance to epigenetic age acceleration after considering smoking history, but
will have some of their effects mediated via this history.

We next used a path analytic approach to examine the potential predictors of epigenetic
age acceleration simultaneously, along with a measure of lifetime cigarette smoking history to
assess their unique, conjoint, and mediated predictions of epigenetic age acceleration. We began
by entering potential mediated pathways from each adolescent-era predictor to aging via its
corresponding marker in adulthood. Modification indices were then used to identify any additional
links between predictor variables that would significantly improve model fit. Because
intercorrelations among cell count measures led to problems with model convergence when
included, these were instead handled by first regressing them out of the epigenetic age measure
prior to employing path analyses. The result is the same in either case in terms of what is being
predicted by substantive factors (i.e., epigenetic age after accounting for cell counts). The effect
of cell counts thus do not appear in the final model in Figure 4.1, as they were taken into account
at the prior stage.
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DNAmMGrimAge

95% C.I.

[-.61, -.30]
[-.02, .28]
[-.42, .01]
[.24, 57]
[-.24, .07]

[-.07, .20]
[.13, .62]

.30, .52]

[-.26, -.01]
.09, .36]
[-.22, .04]

[-.04, .23]
[-.37, -.11]

AR?

. 25***

. 17***

10w

.04**

. 25***

4%

52

'56***

RZ

Table 4.4
Predicting Epigenetic Age Acceleration from Autonomy &
Relatedness in Attachment States of Mind
B
Step I. Blood Cell Counts
Naive CD8+ T cells - 46%**
CD8+ CD28- CD45 RA- T cells 13
Plasmablasts -.20
Naive CD4+ T cells AL
Natural Killer cells -.08
Monocytes .06
Granulocytes 37>
Statistics for Step
Step Il. Chronological Age
Statistics for Step /N Rl
Step lll. Demographic Characteristics
Gender -.14*
Racial/Ethnic Minority Membership 23**
Family of Origin Income -.09
Statistics for Step
Step IV. Social Relationship Characteristics
Autonomy & Valuing of Attachment (Age 14) .09
Autonomy & Valuing of Attachment (Age 24) - 24%**
Statistics for Step
Note. *** p < .001. ** p <.01. * p <.05. B weights are from final model.

The final model fit the data well (y? (12) = 12.41, p = .41, GFl = .99, AGFI = .92, RMSE
= .01) and accounted for 50.2% of the variance in epigenetic age as shown in Figure 4.1. For
clarity, nonsignificant predictive links and covariances among predictors are omitted in the Figure.

Unique predictions of epigenetic age acceleration were found from each of the previously
identified predictors as well as from lifetime cigarette smoking history. Results of a regression
model that also includes cell count data is presented in Table 4.6. These results indicated that
the final block of five psychosocial predictors combined to predict 7.7% (p < .001) of the variance
in epigenetic age after accounting for cell counts, demographic factors, chronological age, and

lifetime history of cigarette smoking.

Post-hoc analyses

For comparative purposes, the model in Table 4.6 was also tested using the original
Horvath measure of DNAmMAge as the dependent variable. In this model, not shown, the block

of 5 psychosocial predictors was significant (x? (5) = 12.35, p = .03), but only observed

autonomy and relatedness with a close peer in adolescence was related to epigenetic age

acceleration (8 =-.19, p = .01).

Discussion
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Table 4.5
Predicting Epigenetic Age Acceleration from Self-reported Social Integration
DNAMGrimAge
B 95% C.1. AR? R2
Step I|. Blood Cell Counts
Naive CD8+ T cells - 45¥x* [-.60, -.29]
CD8+ CD28- CD45 RA- T cells .16* [.02, .31]
Plasmablasts -.22% [-.44, -.01]
Naive CD4+ T cells .39%** [.22, .55]
Natural Killer cells -12 [-.27, .03]
Monocytes .01 [-.12, .13]
Granulocytes .36** [.12, .60]
Statistics for Step -.19** [-.31, .07] 25%**
Step Il. Chronological Age
Statistics for Step W e A2
/N Rl [.30, .52]
Step lll. Demographic Characteristics
Gender -.19%* [-.31, -.07]
Racial/Ethnic Minority Membership 25%** [.12, .38]
Family of Origin Income -.07 [-.14, .12]
Statistics for Step 10%** H2¥xx
Step IV. Social Relationship
Characteristics
Adolescent Social Integration (Ages 13-18) -.16** [-.27, -.05]
Adult Social Integration (Ages 23-29) -.12* [-.23, -.01]
Statistics for Step .Q4x** 56***
Note. *** p <.001. ** p <.01. *p <.05. B weights are from final model.

The results of this study revealed a clear link between inability to establish social
relationships characterized by autonomy and relatedness in adolescence and accelerations in
epigenetic aging processes observable by age 30. Social relationship qualities were measured
via direct observations, a coded interview, and self-reports, and evidence from each approach
revealed links to epigenetic age acceleration. Further, analyses suggested that when considered
jointly, the different markers appeared to capture at least somewhat unique aspects of relationship
guality, in that several contributed uniquely to explaining epigenetic aging, even over and above
a measure of lifetime cigarette use. When considered together, measures of struggles to
establish social relationships characterized by autonomy and relatedness accounted for just
under 8% of the variance in epigenetic age acceleration over and above variance accounted for
by cigarette smoking and demographic factors. The combined variance accounted for by the
relationship measures was comparable to the variance accounted for by lifetime history of
cigarette smoking, providing an indicator of the substantial magnitude of the effects of observed.

Before considering the specific predictions observed, it is worth reflecting upon the
potential mechanisms that can account for these broad findings. It should first be emphasized,
however, that longitudinal predictions of this sort are not sufficient to support causal hypotheses.
Further, given that epigenetic techniques have only recently been developed, we did not assess
epigenetic aging at baseline data collection which additionally limits our ability to assess potential
causal hypotheses.

Although causal relationships cannot be clearly established, these findings are highly
consistent with the idea that social relationship difficulties can serve as both chronic and acute
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Figure 4.1. Predictors of Epigenetic Aging
Adolescence Early Adulthood Age 30

Lifetime History of Cigarette Smoking

Social Integration
(13-18)

N

Epigenetic Age

Dgees

[.10, .39]
-15°

.06, -.27]

Autonomy & Valuing
of Attachment (14)

Minority
Status

17

Autonomy & Valuing
of Attachment (24)
104, .31]

4209

Observed Autonomy
& Relatedness w/
Close Peer (13-18)

Figure 3.1 presents standardized estimates based on a path model in which all predictor variables
were used to predict epigenetic age (residualized after accounting for effects of cell counts). Links
across time between predictors were included where indicated via modification indices to improve
model fit. For clarity, non-significant paths, variables that had no significant predictive or mediated
relationships. and covariances among predictor variables are omitted. 95% confidence intervals are
presented in brackets. ™ p <.001. " p<.01. "p<.05.

stressors and may act similarly to other stressors that have been linked to epigenetic aging3+-=°.
Previously observed links between the glucocorticoid system and epigenetic changes appear as
potentially viable routes of action for these linkages®?, although research in this area is still in very
early stages. At first glance, the stress created by maladaptive autonomy and connection
processes with close others may seem quite distinct from the kinds of acute stress, typically
involving significant trauma, previously linked to epigenetic aging. A developmental perspective
can shed further light on these findings, however. Given the centrality of the developmental task
of establishing autonomy and relatedness with peers in adolescence®’, struggles with this process
may be particularly threatening during this period. Also, because adolescence is the first point in
the lifespan in which truly adult-like relationships can begin to form, these relationships take on
outsized importance as the first templates for future social relationships®. Further, while acute
stressors may be more severe, relationship difficulties are often chronic, creating a continuous
source of stress on the organism. Difficulties managing the balancing of autonomy and
relatedness with peers have previously been linked to a range of problematic psychosocial
outcomes, from depressive symptoms and long-term career difficulties, to ongoing difficulties with
peer relationships more broadly®®-"t. Notably, both autonomy threats and connection threats in
adolescence have now also been linked to indicators of deleterious physical changes well into
adulthood® 7273,

A link to epigenetic age acceleration was not found when assessing predictions from
autonomy and relatedness in romantic interactions at ages 24 and 28. One possibility is that,
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Table 4.6
Conjoint Prediction of Epigenetic Age Acceleration from Relationship Factors and
Lifetime Cigarette Use History
DNAMGrimAge
B 95% C.I. AR? R?
Step I. Blood Cell Counts
Naive CD8+ T cells -.35%** [-.49, -.20]
CD8+ CD28- CD45 RA- T cells 13 [-.00, .26 ]
Plasmablasts -.22* [-.41, -.02]
Naive CD4+ T cells L32%** [.17, .47]
Natural Killer cells -.07 [-.21, .06]
Monocytes .08 [-.04, .19]
Granulocytes 37 [.15, .58]
Statistics for Step 25%**  Dh¥kxk
Step Il. Chronological Age
Statistics for Step .36*** [.25, .47] AT7FE ARk
Step lll. Demographic Characteristics
Gender -.16** [-.27, -.05]
Racial/Ethnic Minority Membership 24%¥* [.11, .36]
Family of Origin Income -.04 [-.16, .07]
Statistics for Step A0 B2kkx
Step IV. Lifetime Cigarette Use 24%x* [.13, .35]
Statistics for Step Q7*%xx  BgFxx
Step IV. Social Relationship Characteristics
Observed Autonomy & Relatedness with close peer -.18** [-.29, -.07]
(Ages 13-18)
Autonomy & Valuing of Attachment (Age 14) A7 [.05, .30]
Autonomy & Valuing of Attachment (Age 24) - 17 [-.28, -.05]
Adolescent Social Integration (Ages 13-18) -.13* [-.23, -.03]
Adult Social Integration (Ages 23-29) -.05 [-.15, .05]
Statistics for Step 08***  g7***
Note. *** p < .001. ** p <.01. *p <.05. B weights are from final model.

beyond adolescence, autonomy and connection have already become well-established in most
relationships; hence potential threats to autonomy and connection may come to feel less acute
and intense. From this vantage point, adolescence may represent a particularly vulnerable period
in the lifespan regarding issues of autonomy and relatedness. Given evidence that relationship
stressors in adolescence can forecast adult physiological difficulties even if those stressors do
not continue?*?83  the possibility of such long-term weathering effects seems quite real. This
also makes biological sense as aging effects are cumulative and we would expect that adult
epigenetic age would be more influenced by events that happened in the past and have had time
to exert their influence on aging. It is also quite possible, of course, that the lack of findings in
adulthood simply reflects the smaller sample size of romantic partner observations or the
overlapping variance between the adolescent and adult measures, particularly given that the adult
measures were significantly related to epigenetic age in univariate correlations.

Findings regarding an internalized expectation of autonomy and connection in attachment
states of mind were also linked to epigenetic aging, though with a different temporal pattern than
observed displays of autonomy and relatedness. Attachment states of mind at 24 were predictive
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of epigenetic aging whereas those at 14 were not. From a developmental perspective, however,
this pattern is actually more consistent with a perspective emphasizing the role of adolescent peer
relationships than it might first appear. Attachment states of mind at 14 are believed to almost
entirely reflect experiences within the family of origin’4. Although there is considerable stability in
these states of mind over time, relative decreases in an overall state of autonomy and valuing of
attachment from 14 to 24 have been found to be strongly predicted by intervening peer
difficulties™. Hence, the temporal pattern of findings—with attachment states of mind becoming
linked to epigenetic aging at some point between 14 and 24—also points in the direction of
adolescent peer experiences as a key long-term predictor of epigenetic aging. This may also be
the reason for the apparent suppressor effect observed in final models in which attachment states
of mind at 14 showed a positive link to aging (in contrast to the negative, though non-significant,
link seen in simple correlations). Further supporting this post-hoc interpretation, in the final path
model, although not hypothesized, it was found that adolescent social integration was also
predictive of a secure state of mind reflecting autonomy and valuing of attachment at 24.

Lower levels of self-perceived social integration were also related to accelerated
epigenetic aging across both time periods. Although self-reports are problematic for many
purposes, in this case, self-perception may be useful as a proxy for the likely stress felt by
perceived absence of strong social support. Hence in accord with social baseline theory, it may
be the perceived absence of membership in a group of supportive others that is most threatening®.

Several limitations to these findings should also be keptin mind. In addition to the lack of
baseline epigenetic data, the study also lacked information about stressors that may have
occurred prior to adolescence and which may have affected both future social relationships and
epigenetic aging. In particular, experiences of childhood maltreatment, which have previously
been linked to epigenetic aging®®, could easily have influenced future relationship development
as well. Of course, it is also possible that prior childhood experiences had later effects that were
observable precisely because they were mediated via intervening relationship experiences of the
type measured in this study. Also, given that this study assessed a community sample in which
rates of severe abuse experiences were relatively rare, this factor alone would seem unlikely to
account for the magnitude and range of the effects observed.

A second limitation is that these findings were only partially replicated when using the
original epigenetic clock measure?. This may be explained by the differences in the clocks.
DNAmMGrimAge estimates epigenetic age using DNA methylation estimators of serum protein
levels of proteins which are markers of biological deterioration and which have been related to
stress. Horvath’s clock estimates epigenetic age only on the basis of an algorithm which captures
biological age and is less sensitive to environmental stressors. Although this is not surprising
given that this original measure is considered less sensitive to environmental influences, it
nonetheless adds an important cautionary note and indicates a clear need for future work to
assess the replicability of these findings. The difference in findings between these two epigenetic
clocks also makes clear the need for further research to explore just which epigenetic
mechanisms are implicated in potential social stressor effects as well as how these mechanisms
may translate into actual diseases of aging. Our lack of knowledge in this area should also make
clear that no single measure is sufficient to quantify all aspects of biological aging. A third
limitation is that, given the composition of our sample, our examination of potential effects of
genetic ancestry was, of hecessity, somewhat crude, even though such ancestry differences have
the potential to confound results”’. However, given that the epigenetic aging measure used has
been found robust across ancestry groups and that ancestry was considered as a covariate (and
not found to be a significant moderator), this limitation is unlikely to have altered results. Finally,
it should be noted that the final full model presented in Figure 1 is clearly exploratory in nature,
including both hypothesized as well as non-hypothesized pathways between variables.

Given these limitations, this is honetheless among the first studies to demonstrate long-
term linkages between struggles in key aspects of social relationships, beginning as early as
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adolescence, and epigenetic aging. These linkages were observed from adolescence to
epigenetic age acceleration at age 30, across multiple methods, and from a domain of social
functioning previously identified as central to social development. Given previous findings on
links from adolescent social experiences to other physical health outcomes, it is becoming
increasingly apparent that the adolescent preoccupation with peer relationships, rather than being
a quirk of this stage of the lifespan, may reflect a fundamental and biologically adaptive
attunement to a domain with long-term consequences for health and for societal efforts to
enhance health. For example, these findings may suggest new entry points for pediatricians
assessing potential behaviorally-linked risks to future physical health beyond the usual focus on
factors such as obesity, cigarette smoking, etc. Similarly, intervention approaches that directly
target the quality of adolescents’ social relationships’® might now warrant consideration not just
for their immediate effects on adolescent well-being, but for their potential long-term implications
for healthy aging. Finally, these findings suggest that parents trying to assess how their
adolescent is faring might give greater weight to the quality of their ongoing peer relationships.
Overall, then, these findings add growing urgency to calls to place a greater priority on processes
of lifelong social connection and disconnection as precursors to key health outcomes’®.
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Chapter 5: Overall Significance and Conclusion

Summary of Results

The experiments in this dissertation aim to understand mechanisms by which early life
experiences impact behavioral and health outcomes in both animal models and humans. Over
three aims, | show that early life social experience impacts epigenetic, neurodevelopmental, and
behavior outcomes with significant implications for health throughout the lifespan. These studies
advance our understanding of how genes interact with the environment during development and
impact ontogeny of social behaviors. Chapters 2 and 3 of this dissertation use prairie voles as an
animal model. Prairie voles are an excellent model for these studies because of their human-like
social behaviors. The third aim of this dissertation translates some of the findings of Chapter 3 to
humans using a longitudinal study.

In Chapter 2, | show that early life experience in the form of parental care impacts
epigenetic regulation of the oxytocin receptor gene, Oxtr, in prairie vole brain tissuel. The results
of this study show that in two regions of Oxtr, both of which are extensively studied in human
neuropsychological studies?, DNA methylation is reduced in offspring raised with higher care
parents. However, only DNA methylation in the MT2 region is predictive of Oxtr gene expression,
suggesting that studies in human should focus on this region of the gene. Further, using network
analysis, | show that specific sites at the 3’ end of MT2 are particularly sensitive to early life
experience and related to Oxtr gene expression. Finally, | identify and characterize a novel
transcript of Oxtr which is present in prairie vole brain tissue and under genetic control. This study
extends our previous findings examining Oxtr gene regulation in prairie voles and clarifies the
epigenetic regulation of the gene, which we hope will be used by others to inform future studies
in humans that examine neuropsychological impacts of Oxtr methylation®.

In Chapter 3, | show that early nurture slows development, measured by epigenetic age
in brain tissue. | then show that early life experience leads to widespread transcriptional changes
in prairie vole brain tissue in male offspring only. In males, high care parenting leads to increased
expression of genes related to synaptic transmission and neurodevelopment and decreased
expression of genes related to metabolism in neuroimmune processes. Using a natural parenting
paradigm, | then show that while total parental care impacts epigenetic and neuroanatomical
outcomes including epigenetic aging, excitatory synapse density and microglia cell density, male
offspring are highly sensitive to parental care composition. Specifically, male offspring raised with
more care by fathers have increased excitatory synapse density, with more synapses
characterized by small terminal areas and shorter synaptic zones. These results may indicate that
paternal care leads to increased synapse formation from a specific input into nucleus accumbens
core characterized by small terminal areas and short synaptic zones, though | have not identified
which input this may be. Finally, | show that parental care composition has opposing effects on
pup retrieval behavior in offspring. This study adds to the literature on early life experience by
differentiating the impact of different features of parental care. Namely, we show that total parental
care impacts neurological and social behavioral outcomes in both male and female prairie voles,
but parental care composition particularly impacts neurodevelopmental processes in male prairie
voles only. Importantly, this finding is allowed for by using an appropriate human-like model
system that displays biparental care.

In Chapter 4, | use the longitudinal KLIFF/VIDA study to examine how adolescent social
experience impacts epigenetic age. We find that an epigenetic estimator of mortality risk,
DNAmMGrimAge, is accelerated by peer struggles during adolescence, even after accounting for
demographic and lifestyle factors*®. In fact, the effect of combined social experiences during
adolescence on epigenetic age acceleration is comparable to lifetime history of cigarette smoking.
These results provide evidence that peer social relationships during adolescence have long
lasting impacts on healthspan and lifespan and add to our understanding of physiological impacts
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of social experiences. Further, these results are consistent with results from Chapter 3 which
show that reduced early life social experience is also associated with increased epigenetic age.

Mechanisms of Paternal Impact on Male Offspring

These results indicate that in prairie voles, paternal care has a specific impact on gene
expression, neuroanatomy, and behavior in male offspring. These results are consistent with
previous work in other monogamous rodents which indicate male-specific impacts of paternal
care®10, | identify neurobiological mechanisms which may mediate these paternal care effects:
namely, increased expression of transcriptional programs related to synaptic transmission and
increased excitatory synapse density in nucleus accumbens. Further research is necessary to
conclusively connect these neurobiological effects with behavioral effects by completing
neuroanatomical, neurogenetic, and behavioral experiments in the same animals. Additionally,
cross-fostering experiments would be helpful in separating genetic and rearing effects, which
would significantly expand upon these results.

The upstream mechanism connecting paternal care and neurobiological changes is
unknown. Based on the literature examining paternal effects in other monogamous rodents,
possible molecular mediators of paternal care include gonadal hormones*! and stress hormones??,
It is likely that the effects of paternal care are greatest in the first week of life and future studies
identifying mechanisms relating paternal care and future neurobiological outcomes should focus
on this critical period. Nonetheless, these results identify neurobiological outcomes associated
with paternal care in this biparental species which might be used to examine upstream
mechanisms.

In understanding how paternal care impacts neurodevelopment, one might consider
paternal care to be a form of environmental enrichment. Not only does paternal care lead to
increased overall care towards pups, but a greater qualitative diversity of parental behaviors.
Environmental enrichment has been noted to influence many of the phenotypes investigated in
these studies including heightening the oxytocin system3°, neuroanatomical variation'®, and
promoting social behavior'*>17 In fact, environmental enrichment counteracts the impact of low
parental care on some of these outcomes>*81° Though it is tempting to understand paternal care
as a form of environmental enrichment, evidence suggests that paternal care is uniquely important
in the development of male offspring. For example, if one expects that biparental care creates an
enriching environment simply by the presence of two caregivers, then it should not matter who
the caregivers are. However, male prairie vole offspring display reduced species-typical social
behavior (pair bonding) when raised by their mother and older sister, even though the total
guantity of parental care in this condition is equal to that of biparental care®. This suggests that
there is a unique aspect of paternal care which may not be able to be replaced by other forms of
environmental enrichment.

Epigenetic Age and Implications for Healthspan

In two chapters of this dissertation, | examine how epigenetic age is impacted by early life
social experience. Epigenetic age uses DNA methylation from several genomic sites to predict
biological age?°. Many different epigenetic clocks exist which may work in specific or all tissue
types and predict specific features of aging. Using the universal mammalian clock?!, | show that
increased parenting early in life leads to reduced epigenetic age in brain tissue as juveniles in
prairie voles. This is consistent with previous literature indicating that prairie voles raised by higher
care parents reach developmental milestones including eye opening, leaving the nest, and eating
solid food, later than prairie voles raised by lower care parents??. In Chapter 4, | use the GrimAge
clock, which estimates mortality risk, to show that experiencing peer struggles during adolescence
is associated with increased GrimAge in mid-adulthood*®. These results are consistent with
previous literature indicating that social support is highly predictive of longevity?® and work from
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another group connecting early life social experiences to epigenetic age later in life?4. These
results further our understanding of the physiological impact of social experience and the
importance of social support in individual and public health outcomes.

Conclusions

Across three studies, | examine how early life social experiences impact physiological and
psychological outcomes at the level of gene expression and epigenetic regulation,
neuroanatomical structures, and behavioral processes. Specifically, | show that in prairie voles,
increased duration of total parental care leads to increased expression of the oxytocin receptor
gene which may be mediated by reduced DNA methylation at critical CpG sites, reduced
epigenetic age, increased density of excitatory synapses and microglia cells, and reduced attack
behavior in an alloparenting test in both sexes. | additionally show that total parental care impacts
transcriptional programs in the nucleus accumbens of male prairie voles. Further, by
differentiating total parental care from the composition of that care, | show that in males only,
increased care by fathers leads to increased excitatory synapse density, more small-area
terminals and shorter synaptic zones, and increased pup retrieval behavior in an alloparenting
test. These results improve our understanding of sex differences in the response to the early
environment and indicate a specific role for male parents in raising male offspring, a phenomenon
which has previously been reported in prairie voles and other monogamous rodent species.
Additionally, | show that in humans, peer social struggles lead to increased epigenetic age, with
effect size equivalent to lifetime history of cigarette smoking. These results have significant
implications for health-related interventions and suggest that strong social relationships are critical
for extending lifespan and healthspan. Further, given the congruence of the epigenetic age data
in prairie voles and humans presented in this dissertation, these results establish that prairie voles
would be an excellent model to study the impacts of social experience on epigenetic age and
other aging outcomes at the mechanistic level. Overall these studies will inform future research
on mechanisms by which early life experience impacts physiological and behavioral outcomes.
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Appendix A: Tables Related to Chapter 2
Table A.1: RT-PCR primers and conditions
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Gene Primers PCR conditions Efficiency
Cda7 F: 5-GGAACCCCTTAACGCATTTAAAGA-3' Step 1: 95°C/10 min, 1 cycle E: 97.6%
R: 5'-TGGGCCAACACATCTTCCATAG-3' Step 2: 95°C/15s, 61.0°C/60s, 35 cycles R2: 0.989
Clqga F: 5-~AGGGAGGCCGGGTCTCAA-3' Step 1: 95°C/10 min, 1 cycle E: 100.9%
R: 5-CTCAGGCTTTGGGGGTTTC-3' Step 2: 95°C/15s, 61.0°C/60s, 35 cycles R?:0.995
Skap2 F: 5-TATGGCTGGTGGGTAGGAGAAA-3' Step 1: 95°C/10 min, 1 cycle E: 101.3%
R: 5'-TCCATCCTCCCCCTGGTCT-3' Step 2: 95°C/15s, 59.5°C/60s, 35 cycles R?:0.995
Pgkl F (TSL402_F): 5'-TTGCCCGTTGACTTTGTCAC-3' Step 1: 95°C/10 min, 1 cycle E: 93.5%
R (TSL402 R): 5-GCCACAGCCTCAGCATATTTC-3' Step 2: 95°C/15s, 65.3°C/60s, 35 cycles R?:0.998
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Table A.2: Differential gene expression in male and female offspring (MANL1 relative to MANO).

Female Offspring

row baseMean log2FoldChange IfcSE stat pvalue padj sig gene_name
ENSMOCG00000004642 480.51 -5.20 1.06 -4.88 1.05E-06 0.01 TRUE NA
ENSMOCG00000015262 154.94 -0.70 0.15 -4.57 4.84E-06 0.03 TRUE Ak8
ENSMOCG00000000123 65.08 -3.86 0.89 -4.32 1.59E-05 0.07 TRUE NA

Male Offspring
row baseMean log2FoldChange IfcSE stat pvalue padj sig gene_name
ENSMOCG00000002407 3288.97 0.17 0.03 511 3.24E-07 0.003 TRUE Zdhhcl7
ENSMOCG00000015396 744.37 0.37 0.08 4.91 9.06E-07 0.005 TRUE Exoc6b
ENSMOCG00000004975 266.15 0.54 0.11 4.73 2.29E-06 0.006 TRUE Sshi
ENSMOCG00000015467 812.92 -0.59 0.13 -4.68 2.91E-06 0.006 TRUE NA
ENSMOCG00000020416 2660.56 0.24 0.05 471 2.44E-06 0.006 TRUE Lrrtm2
ENSMOCG00000005941 887.36 0.34 0.07 4.8 4.62E-06 0.008 TRUE Wnk3
ENSMOCG00000006852 3464.23 0.30 0.07 455 5.29E-06 0.008 TRUE Tspyl4
ENSMOCG00000022372 1298.93 0.25 0.06 453 5.99E-06 0.008 TRUE Sfmbtl
ENSMOCG00000016949 219.30 -0.44 0.10 -4.47 7.81E-06 0.009 TRUE Cth
ENSMOCG00000008139 1125.97 0.25 0.06 4.37 1.26E-05 0.013 TRUE Itsn2
ENSMOCG00000010854 434.06 -0.52 0.12 -4.30 1.68E-05 0.016 TRUE Thynl
ENSMOCG00000015568 1239.41 0.37 0.09 4.27 1.96E-05 0.017 TRUE Etnkl
ENSMOCG00000012511 317.12 -0.49 0.11 -4.24 2.22E-05 0.018 TRUE Phospho2
ENSMOCG00000002006 825.61 -0.46 0.11 -4.22 2.46E-05 0.018 TRUE Ttc5
ENSMOCG00000000914 909.57 -0.33 0.08 -4.17 3.05E-05 0.019 TRUE NA
ENSMOCG00000014781 1203.47 0.34 0.08 4.14 3.47E-05 0.019 TRUE PlIxncl
ENSMOCG00000016314 386.94 -0.86 0.21 -4.13 3.69E-05 0.019 TRUE NA
ENSMOCG00000019426 766.46 0.26 0.06 4.13 3.57E-05 0.019 TRUE Thbcld30
ENSMOCG00000021616 3258.37 0.29 0.07 4.2 3.75E-05 0.019 TRUE Klhdc10
ENSMOCG00000023006 554.57 0.48 0.11 4.18 2.95E-05 0.019 TRUE Slc9a7
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ENSMOCGO00000017563 452.68 0.39 0.10 4.10 4.05E-05 0.020 TRUE Irs1
ENSMOCG00000000362 2399.30 0.26 0.06 3.95 7.73E-05 0.030 TRUE Dmxll
ENSMOCG00000011439 701.41 -0.37 0.09 -3.95 7.70E-05 0.030 TRUE Llph
ENSMOCG00000015464 228.20 -0.54 0.14 -3.97 7.13E-05 0.030 TRUE Lfng
ENSMOCGO00000017246 371.68 0.43 0.11 3.95 7.83E-05 0.030 TRUE Mtx3
ENSMOCG00000018532 611.74 0.61 0.15 3.96 7.61E-05 0.030 TRUE Csrnp3
ENSMOCG00000022302 863.48 -0.31 0.08 -3.98 6.83E-05 0.030 TRUE Amnl
ENSMOCG00000013595 1340.46 0.33 0.08 3.90 9.51E-05 0.034 TRUE Sesn3
ENSMOCG00000013936 620.38 0.52 0.13 3.89 1.01E-04 0.034 TRUE Pgapl
ENSMOCG00000014082 559.27 -0.26 0.07 -3.88 1.04E-04 0.034 TRUE Rpusdl
ENSMOCG00000018034 1475.53 0.31 0.08 3.88 1.03E-04 0.034 TRUE Cdh8
ENSMOCG00000020334 607.75 0.55 0.14 3.86 1.13E-04 0.036 TRUE Tnrc6b
ENSMOCG00000013858 3062.87 -0.38 0.10 -3.85 1.20E-04 0.038 TRUE Glol
ENSMOCGO00000003169 598.73 0.37 0.10 3.81 1.39E-04 0.039 TRUE Nfat5
ENSMOCG00000013274 420.58 -0.80 0.21 -3.81 1.40E-04 0.039 TRUE Rnase4
ENSMOCG00000016739 491.30 -0.32 0.08 -3.82 1.32E-04 0.039 TRUE Neu4
ENSMOCG00000017719 45457 0.49 0.13 3.82 1.34E-04 0.039 TRUE Lnpep
ENSMOCG00000016414 1286.09 -0.36 0.09 -3.78 1.57E-04 0.042 TRUE Ezr
ENSMOCGO00000010442 776.94 0.31 0.08 3.77 1.62E-04 0.043 TRUE NA
ENSMOCG00000006901 722.66 -0.74 0.20 -3.77 1.66E-04 0.043 TRUE Clqga
ENSMOCG00000014172 1977.75 0.25 0.07 3.75 1.74E-04 0.044 TRUE Faml69a
ENSMOCG00000003748 2009.89 0.36 0.10 3.73 1.90E-04 0.045 TRUE Gsk3b
ENSMOCG00000008224 826.88 -0.39 0.11 -3.74 1.87E-04 0.045 TRUE Cilqc
ENSMOCG00000014143 466.54 0.35 0.09 3.73 1.95E-04 0.045 TRUE NA
ENSMOCG00000003884 2248.23 0.37 0.10 3.71 2.05E-04 0.047 TRUE Aff4
ENSMOCG00000021860 932.59 0.29 0.08 3.70 2.14E-04 0.048 TRUE Tspyl5
ENSMOCG00000018124 1706.45 -0.35 0.09 -3.68 2.31E-04 0.051 TRUE Echl
ENSMOCG00000022870 572.20 0.30 0.08 3.67 2.40E-04 0.051 TRUE Zfp236
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ENSMOCG00000000277 295.95 -0.33 0.09 -3.64 2.70E-04 0.051 TRUE Rbks
ENSMOCG00000002807 271.26 0.38 0.10 3.64 2.76E-04 0.051 TRUE Csnklgl
ENSMOCG00000003347 1958.15 0.26 0.07 3.64 2.72E-04 0.051 TRUE Jmjdic
ENSMOCG00000005014 624.00 -0.24 0.07 -3.67 2.45E-04 0.051 TRUE Cep57
ENSMOCGO00000007538 322.19 0.51 0.14 3.64 2.69E-04 0.051 TRUE Tmtc3
ENSMOCG00000008367 1440.37 -0.21 0.06 -3.65 2.64E-04 0.051 TRUE NopS53
ENSMOCG00000009823 386.99 -0.26 0.07 -3.63 2.80E-04 0.051 TRUE Smarcd2
ENSMOCG00000016626 2403.87 0.27 0.07 3.66 2.57E-04 0.051 TRUE Pcnx
ENSMOCG00000016745 444.81 0.33 0.09 3.61 3.03E-04 0.052 TRUE NA
ENSMOCG00000017223 644.57 -0.32 0.09 -3.62 3.00E-04 0.052 TRUE Gadd45gipl
ENSMOCG00000019393 1474.16 -0.25 0.07 -3.62 2.94E-04 0.052 TRUE NA
ENSMOCG00000021899 5927.46 0.23 0.06 3.62 2.90E-04 0.052 TRUE Tripl2
ENSMOCG00000003236 341.34 -0.36 0.10 -3.58 3.47E-04 0.058 TRUE Nubpl
ENSMOCGO00000000679 14885.11 -0.66 0.18 -3.57 3.63E-04 0.060 TRUE NA
ENSMOCGO00000000167 767.54 -0.23 0.07 -3.55 3.88E-04 0.061 TRUE Tpgsl
ENSMOCG00000011054 1506.55 0.19 0.05 354 3.99E-04 0.061 TRUE Wapl
ENSMOCG00000011324 2684.29 -0.40 0.11 -355 3.88E-04 0.061 TRUE NA
ENSMOCG00000011846 1464.84 0.31 0.09 354 4.00E-04 0.061 TRUE Tle4
ENSMOCG00000016261 3952.50 -0.19 0.05 -3.56 3.77E-04 0.061 TRUE Ciltb
ENSMOCG00000017068 517.56 -0.29 0.08 -3.54 4.07E-04 0.061 TRUE Amdhd2
ENSMOCG00000003628 649.95 -0.32 0.09 -3.49 4.79E-04 0.065 TRUE Cecdcll5
ENSMOCG00000004257 1327.67 0.36 0.10 3.52 4.40E-04 0.065 TRUE Myo9a
ENSMOCGO00000005005 404.18 0.47 0.13 3.50 4.61E-04 0.065 TRUE Sic7al4
ENSMOCGO00000007289 1090.95 0.39 0.11 3.48 5.08E-04 0.065 TRUE Taokl
ENSMOCG00000010045 745.88 0.34 0.10 3.48 5.06E-04 0.065 TRUE Dgki
ENSMOCG00000011339 1178.17 -0.26 0.08 -3.50 4.73E-04 0.065 TRUE Ptges2
ENSMOCG00000011494 410.60 0.29 0.08 3.50 4.57E-04 0.065 TRUE Smcr8
ENSMOCGO00000012085 284.48 -0.38 0.11 -3.48 5.09E-04 0.065 TRUE Acads
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ENSMOCG00000012219 329.17 -0.40 0.11 -351 4.46E-04 0.065 TRUE Slc25a26
ENSMOCG00000015070 1825.79 -0.34 0.10 -3.48 4.96E-04 0.065 TRUE Ndufal3
ENSMOCG00000015177 468.95 -0.28 0.08 -3.48 5.09E-04 0.065 TRUE Wdr73
ENSMOCG00000017661 3640.02 0.15 0.04 3.50 4.69E-04 0.065 TRUE Zfp638
ENSMOCG00000020892 348.21 0.42 0.12 3.50 4.58E-04 0.065 TRUE Tbcld8
ENSMOCG00000019122 999.54 0.24 0.07 3.47 5.27E-04 0.066 TRUE SIf2
ENSMOCG00000016094 1863.18 -0.20 0.06 -3.46 5.37E-04 0.067 TRUE Cwcl5
ENSMOCG00000018478 1377.20 -0.63 0.18 -3.46 5.50E-04 0.067 TRUE Hopx
ENSMOCG00000018523 666.17 -0.27 0.08 -3.45 5.58E-04 0.067 TRUE Blvrb
ENSMOCGO00000013255 267.89 0.44 0.13 3.45 5.69E-04 0.068 TRUE NA
ENSMOCG00000005122 205.28 -0.44 0.13 -3.44 5.86E-04 0.069 TRUE Ppplr3g
ENSMOCG00000011713 1212.40 0.38 0.11 343 6.13E-04 0.071 TRUE Xprl
ENSMOCG00000017060 488.31 -0.50 0.15 -3.42 6.18E-04 0.071 TRUE Skap2
ENSMOCGO00000019618 729.87 0.44 0.13 341 6.39E-04 0.073 TRUE NA
ENSMOCGO00000004441 270.76 -0.58 0.17 -3.39 7.06E-04 0.074 TRUE NA
ENSMOCG00000005519 1206.21 -0.33 0.10 -3.38 7.16E-04 0.074 TRUE Mrps7
ENSMOCG00000008839 1602.40 0.16 0.05 341 6.61E-04 0.074 TRUE Pura
ENSMOCG00000012435 2277.52 -0.22 0.06 -3.38 7.23E-04 0.074 TRUE NA
ENSMOCGO00000013336 389.48 0.50 0.15 3.39 6.87E-04 0.074 TRUE NA
ENSMOCG00000013494 438.41 0.34 0.10 3.38 7.22E-04 0.074 TRUE NA
ENSMOCG00000015205 954.14 0.34 0.10 341 6.52E-04 0.074 TRUE NA
ENSMOCG00000016300 212.79 -0.46 0.14 -3.39 7.08E-04 0.074 TRUE Lamb3
ENSMOCG00000019107 792.19 0.50 0.15 3.39 7.09E-04 0.074 TRUE Zkscanl6
ENSMOCG00000021198 2759.91 0.20 0.06 3.39 6.98E-04 0.074 TRUE Setd5
ENSMOCG00000021683 900.15 -0.24 0.07 -3.40 6.76E-04 0.074 TRUE NA
ENSMOCG00000020635 1092.60 0.26 0.08 3.37 7.39E-04 0.075 TRUE Larp4
ENSMOCG00000002992 861.34 -0.28 0.08 -3.35 8.04E-04 0.076 TRUE Mrpl9
ENSMOCG00000009609 4586.15 0.38 0.11 3.35 8.10E-04 0.076 TRUE Usp9x
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ENSMOCGO00000011900 373.06 0.36 0.11 334 8.52E-04 0.076 TRUE NA
ENSMOCG00000012691 2719.68 0.34 0.10 3.34 8.52E-04 0.076 TRUE Nsd1l
ENSMOCG00000014836 582.13 -0.29 0.09 -3.37 7.59E-04 0.076 TRUE Mrpl28
ENSMOCG00000015085 682.11 0.37 0.11 334 8.34E-04 0.076 TRUE Map3k2
ENSMOCGO00000015256 666.63 -0.29 0.09 -3.36 7.65E-04 0.076 TRUE Parl
ENSMOCG00000016460 1108.31 0.30 0.09 3.33 8.68E-04 0.076 TRUE Cep350
ENSMOCG00000017115 438.96 -0.50 0.15 -3.35 7.95E-04 0.076 TRUE Bud3l
ENSMOCG00000018312 636.16 -0.20 0.06 -3.36 7.90E-04 0.076 TRUE Ube2e2
ENSMOCG00000019479 1229.33 0.21 0.06 3.33 8.66E-04 0.076 TRUE Rbm27
ENSMOCGO00000020195 1987.00 0.23 0.07 3.36 7.81E-04 0.076 TRUE Cd47
ENSMOCG00000020861 1274.37 -0.20 0.06 -3.33 8.57E-04 0.076 TRUE Lsm4
ENSMOCG00000021843 1026.22 0.35 0.10 3.36 7.82E-04 0.076 TRUE Pdpkl
ENSMOCG00000022377 349.80 -0.34 0.10 -3.34 8.35E-04 0.076 TRUE Lmfl
ENSMOCG00000022819 3441.78 0.19 0.06 3.34 8.33E-04 0.076 TRUE Rnft2
ENSMOCG00000000635 3171.95 0.33 0.10 3.24 0.001 0.077 TRUE Ube3a
ENSMOCG00000000658 1846.20 -0.18 0.05 -324 0.001 0.077 TRUE Ranbpl
ENSMOCG00000002234 1807.33 -0.46 0.14 -3.26 0.001 0.077 TRUE S100al6
ENSMOCG00000003005 875.51 -0.23 0.07 -3.24 0.001 0.077 TRUE Arfrpl
ENSMOCGO00000003160 6578.17 0.29 0.09 3.25 0.001 0.077 TRUE Prepl
ENSMOCG00000003369 606.65 -0.40 0.12 -331 0.001 0.077 TRUE NA
ENSMOCG00000006000 18430.30 -0.31 0.09 -331 0.001 0.077 TRUE Ttyhl
ENSMOCG00000006707 638.36 0.48 0.15 3.27 0.001 0.077 TRUE Dgkh
ENSMOCGO00000007179 1230.05 -0.52 0.16 -3.27 0.001 0.077 TRUE Cigb
ENSMOCGO00000007803 692.05 0.29 0.09 331 0.001 0.077 TRUE Bcorll
ENSMOCG00000009338 587.19 0.35 0.11 3.28 0.001 0.077 TRUE Trpm3
ENSMOCG00000009371 1204.09 -0.17 0.05 -3.26 0.001 0.077 TRUE Trir
ENSMOCGO00000009834 1286.50 0.25 0.08 3.29 0.001 0.077 TRUE Coro7
ENSMOCG00000010741 720.93 -0.38 0.12 -3.26 0.001 0.077 TRUE Nenf
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ENSMOCG00000010784 1133.40 0.15 0.05 3.26 0.001 0.077 TRUE Ireb2
ENSMOCG00000011060 607.54 0.35 0.11 3.27 0.001 0.077 TRUE Tripll
ENSMOCG00000011142 199.76 -0.49 0.15 -331 0.001 0.077 TRUE Rgsl0
ENSMOCG00000012518 611.49 0.39 0.12 324 0.001 0.077 TRUE NA
ENSMOCGO00000013270 1028.86 -0.35 0.11 -3.25 0.001 0.077 TRUE Rhoc
ENSMOCGO00000013275 4630.55 -0.17 0.05 -3.24 0.001 0.077 TRUE Cycl
ENSMOCG00000013388 13702.33 -0.11 0.03 -3.29 0.001 0.077 TRUE Mrfapl
ENSMOCG00000013685 1331.68 -0.25 0.08 -3.28 0.001 0.077 TRUE Mrpl51
ENSMOCG00000014526 659.27 -0.19 0.06 -3.24 0.001 0.077 TRUE Aktlsl
ENSMOCG00000014871 298.56 0.33 0.10 3.30 0.001 0.077 TRUE Prkdc
ENSMOCG00000015614 1429.13 -0.27 0.08 -3.24 0.001 0.077 TRUE Grpell
ENSMOCG00000015701 2931.55 0.26 0.08 3.25 0.001 0.077 TRUE Cds2
ENSMOCG00000016083 2122.73 0.27 0.08 3.24 0.001 0.077 TRUE Spen
ENSMOCG00000016297 266.29 0.31 0.09 331 0.001 0.077 TRUE Lcor
ENSMOCGO00000016467 1472.29 0.36 0.11 3.27 0.001 0.077 TRUE St8sia3
ENSMOCG00000016670 428.98 0.22 0.07 3.30 0.001 0.077 TRUE Por
ENSMOCG00000016714 569.84 -0.66 0.20 -3.26 0.001 0.077 TRUE Tmem106¢
ENSMOCG00000017188 907.14 -0.30 0.09 -3.29 0.001 0.077 TRUE Narfl
ENSMOCG00000017394 531.07 0.25 0.08 3.28 0.001 0.077 TRUE NA
ENSMOCG00000018006 890.81 -0.35 0.11 -3.26 0.001 0.077 TRUE Ppif
ENSMOCG00000018243 1764.95 0.28 0.09 3.26 0.001 0.077 TRUE Heatr5b
ENSMOCG00000018836 3231.91 0.21 0.06 3.32 0.001 0.077 TRUE Phlpp2
ENSMOCG00000019127 1366.11 0.48 0.15 3.28 0.001 0.077 TRUE NA
ENSMOCG00000019667 584.04 0.34 0.10 3.27 0.001 0.077 TRUE Faml20c
ENSMOCG00000019778 383.28 0.38 0.12 3.27 0.001 0.077 TRUE Mid2
ENSMOCG00000021173 595.44 0.28 0.08 3.25 0.001 0.077 TRUE Ap5ml
ENSMOCGO00000021346 2502.22 0.19 0.06 3.24 0.001 0.077 TRUE Ankrd12
ENSMOCG00000021419 476.37 0.38 0.11 331 0.001 0.077 TRUE Zfp790
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ENSMOCG00000022982 843.17 -0.20 0.06 -3.27 0.001 0.077 TRUE Ppill
ENSMOCG00000008324 532.39 0.27 0.08 3.23 0.001 0.077 TRUE Ldocl
ENSMOCG00000006127 630.93 0.27 0.08 3.23 0.001 0.078 TRUE Nin
ENSMOCG00000020278 1006.53 -0.30 0.09 -3.23 0.001 0.078 TRUE Hes6
ENSMOCGO00000021578 376.27 0.32 0.10 3.23 0.001 0.078 TRUE Cdyl2
ENSMOCG00000009964 417.86 0.32 0.10 321 0.001 0.079 TRUE NA
ENSMOCG00000013414 2263.82 -0.22 0.07 -3.21 0.001 0.079 TRUE Polr2e
ENSMOCG00000015847 3340.53 0.32 0.10 3.22 0.001 0.079 TRUE NIgn3
ENSMOCG00000017539 1606.75 0.29 0.09 321 0.001 0.079 TRUE NA
ENSMOCGO00000017806 646.32 -0.25 0.08 -3.21 0.001 0.079 TRUE Yipf2
ENSMOCG00000019974 950.08 0.53 0.16 321 0.001 0.079 TRUE Vpsl3a
ENSMOCG00000020304 8416.62 -0.58 0.18 -3.21 0.001 0.079 TRUE S100b
ENSMOCG00000020922 1340.76 0.33 0.10 321 0.001 0.079 TRUE Atg2b
ENSMOCG00000021143 1202.48 -0.22 0.07 -3.22 0.001 0.079 TRUE Tex264
ENSMOCG00000022404 1110.23 -0.23 0.07 -3.21 0.001 0.079 TRUE Vtal
ENSMOCG00000022499 673.30 0.30 0.09 3.22 0.001 0.079 TRUE Mdga2
ENSMOCG00000006660 840.15 0.35 0.11 3.20 0.001 0.079 TRUE Mut
ENSMOCG00000010471 435.88 -0.42 0.13 -3.20 0.001 0.079 TRUE Arpclb
ENSMOCG00000012039 605.42 -0.32 0.10 -3.20 0.001 0.079 TRUE Sri
ENSMOCG00000017840 556.85 -0.31 0.10 -3.20 0.001 0.079 TRUE NA
ENSMOCG00000017896 8625.34 0.38 0.12 3.20 0.001 0.079 TRUE Lonrf2
ENSMOCG00000018320 516.06 0.34 0.11 3.20 0.001 0.079 TRUE Sema3c
ENSMOCG00000022121 6662.21 0.20 0.06 3.20 0.001 0.079 TRUE AI593442
ENSMOCG00000022928 225.75 0.27 0.09 319 0.001 0.079 TRUE Asb7
ENSMOCG00000004236 1600.70 -0.40 0.13 -3.18 0.001 0.081 TRUE Acaa2
ENSMOCG00000017726 1511.76 -0.32 0.10 -3.18 0.001 0.081 TRUE Smdtl
ENSMOCGO00000019569 5339.62 -0.32 0.10 -3.18 0.001 0.081 TRUE NA
ENSMOCG00000021976 2199.44 -0.89 0.28 -3.18 0.001 0.081 TRUE NA
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ENSMOCGO00000007220 582.75 -0.27 0.08 -3.17 0.002 0.082 TRUE NA
ENSMOCG00000018113 313.22 0.39 0.12 317 0.002 0.082 TRUE Brwd3
ENSMOCG00000021439 523.22 -0.66 0.21 -3.16 0.002 0.084 TRUE Duspl9
ENSMOCG00000010859 1609.58 -0.32 0.10 -3.15 0.002 0.086 TRUE Timm13
ENSMOCG00000021486 505.14 0.35 0.11 3.5 0.002 0.086 TRUE Mgatda
ENSMOCG00000012367 685.36 0.31 0.10 3.15 0.002 0.087 TRUE Fam126b
ENSMOCG00000001630 688.13 -0.30 0.09 -3.14 0.002 0.087 TRUE NA
ENSMOCG00000002060 1596.78 0.22 0.07 314 0.002 0.087 TRUE Lhfpl4
ENSMOCG00000005661 3484.70 -0.42 0.13 -3.14 0.002 0.087 TRUE Rpll0a
ENSMOCGO00000012958 200.88 0.39 0.12 314 0.002 0.087 TRUE Pcdhl1x
ENSMOCG00000014847 392.43 0.22 0.07 314 0.002 0.087 TRUE Cecdcl12
ENSMOCG00000015545 529.19 0.22 0.07 3.15 0.002 0.087 TRUE Zfp654
ENSMOCG00000019631 827.94 -0.34 0.11 -3.14 0.002 0.087 TRUE Tmemill
ENSMOCG00000020087 768.53 -0.36 0.11 -3.14 0.002 0.087 TRUE Cibs
ENSMOCG00000022048 4272.28 0.27 0.09 314 0.002 0.087 TRUE Ankrdl?7
ENSMOCG00000004746 215.22 -0.63 0.20 -3.13 0.002 0.087 TRUE Cecdcl67
ENSMOCG00000022652 2068.25 -0.25 0.08 -3.13 0.002 0.087 TRUE NA
ENSMOCG00000002192 282.38 0.35 0.11 312 0.002 0.089 TRUE Crebl
ENSMOCGO00000002256 5017.86 0.21 0.07 3.12 0.002 0.089 TRUE Usp34
ENSMOCG00000002880 284.76 0.48 0.15 311 0.002 0.089 TRUE Nhsl2
ENSMOCG00000005630 1579.80 -0.28 0.09 -311 0.002 0.089 TRUE Sntal
ENSMOCG00000006739 1257.89 0.41 0.13 311 0.002 0.089 TRUE Slc38al
ENSMOCG00000006999 198.21 -0.46 0.15 -3.12 0.002 0.089 TRUE Tmeml76a
ENSMOCG00000013911 3776.39 -0.35 0.11 -311 0.002 0.089 TRUE Gatm
ENSMOCG00000020783 730.29 0.47 0.15 312 0.002 0.089 TRUE PIxna4
ENSMOCG00000021063 471.72 0.50 0.16 311 0.002 0.089 TRUE NA
ENSMOCGO00000005375 996.77 0.70 0.22 311 0.002 0.089 TRUE Grin2b
ENSMOCGO00000005759 390.48 0.35 0.11 311 0.002 0.090 TRUE NA
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ENSMOCGO00000021755 1834.21 0.25 0.08 311 0.002 0.090 TRUE Togaraml
ENSMOCG00000009075 709.09 0.46 0.15 3.0 0.002 0.090 TRUE Grik3
ENSMOCG00000007034 2320.87 0.26 0.09 3.10 0.002 0.091 TRUE Pnmall
ENSMOCG00000017689 2290.36 0.18 0.06 3.10 0.002 0.091 TRUE AW549877
ENSMOCG00000018380 2669.31 0.21 0.07 3.10 0.002 0.091 TRUE Mcm3ap
ENSMOCG00000022273 240.76 -0.43 0.14 -3.10 0.002 0.091 TRUE Cenpx
ENSMOCG00000000550 865.44 -0.23 0.07 -3.08 0.002 0.091 TRUE Upf3a
ENSMOCG00000000587 1255.73 0.36 0.12 3.08 0.002 0.091 TRUE Frmpd4
ENSMOCG00000001464 3097.46 -0.19 0.06 -3.09 0.002 0.091 TRUE Psmc3
ENSMOCGO00000001969 760.50 0.22 0.07 3.09 0.002 0.091 TRUE Champl
ENSMOCG00000003627 2398.94 0.17 0.06 3.08 0.002 0.091 TRUE Tscl
ENSMOCG00000003658 636.07 0.27 0.09 3.09 0.002 0.091 TRUE Spast
ENSMOCG00000005201 11583.49 0.29 0.09 3.09 0.002 0.091 TRUE Faim2
ENSMOCGO00000005386 434.64 -0.41 0.13 -3.08 0.002 0.091 TRUE NA
ENSMOCGO00000007365 665.54 -0.31 0.10 -3.08 0.002 0.091 TRUE Urml
ENSMOCG00000012157 191.41 -0.48 0.16 -3.08 0.002 0.091 TRUE Mapkapk3
ENSMOCG00000012337 1021.20 -0.41 0.13 -3.09 0.002 0.091 TRUE Hebpl
ENSMOCG00000014778 1963.79 0.33 0.11 3.09 0.002 0.091 TRUE Pdela
ENSMOCGO00000019979 973.25 -0.26 0.08 -3.08 0.002 0.091 TRUE NA
ENSMOCG00000020090 235.45 0.44 0.14 3.09 0.002 0.091 TRUE Zc3hl2c
ENSMOCG00000021376 1971.31 0.48 0.16 3.08 0.002 0.091 TRUE Slc24a2
ENSMOCG00000011714 1495.63 0.36 0.12 3.07 0.002 0.092 TRUE Mga
ENSMOCGO00000019551 1467.46 0.18 0.06 3.07 0.002 0.092 TRUE NA
ENSMOCGO00000004770 354.02 -0.51 0.17 -3.07 0.002 0.093 TRUE Akricl9
ENSMOCG00000020041 438.53 0.29 0.10 3.07 0.002 0.093 TRUE Bbx
ENSMOCG00000003715 334.99 0.31 0.10 3.06 0.002 0.093 TRUE Slc4la2
ENSMOCG00000014165 549.05 0.21 0.07 3.06 0.002 0.093 TRUE Cdc73
ENSMOCG00000008492 6149.58 0.20 0.06 3.06 0.002 0.094 TRUE Kif2la




97

ENSMOCG00000016642 2291.98 0.37 0.12 3.06 0.002 0.094 TRUE Disp2
ENSMOCG00000013135 1279.65 -0.42 0.14 -3.05 0.002 0.095 TRUE Commd3
ENSMOCG00000013679 2997.67 -0.43 0.14 -3.05 0.002 0.095 TRUE NA
ENSMOCG00000001215 746.61 0.33 0.11 3.04 0.002 0.096 TRUE NA
ENSMOCG00000001486 11243.78 -0.19 0.06 -3.03 0.002 0.096 TRUE NA
ENSMOCGO00000001493 361.86 -0.32 0.10 -3.04 0.002 0.096 TRUE Psph
ENSMOCG00000001765 830.73 0.17 0.06 3.03 0.002 0.096 TRUE Flcn
ENSMOCG00000003056 366.59 -0.44 0.14 -3.05 0.002 0.096 TRUE 2010111I01Rik
ENSMOCG00000005179 702.82 0.38 0.13 3.03 0.002 0.096 TRUE Csmd3
ENSMOCGO00000005728 691.82 -0.40 0.13 -3.03 0.002 0.096 TRUE Commd10
ENSMOCG00000005839 2248.74 -0.33 0.11 -3.02 0.002 0.096 TRUE Hexb
ENSMOCG00000006075 369.10 -0.31 0.10 -3.02 0.002 0.096 TRUE NA
ENSMOCG00000008385 331.94 -2.10 0.69 -3.03 0.002 0.096 TRUE NA
ENSMOCGO00000011698 536.76 -0.24 0.08 -3.03 0.002 0.096 TRUE NA
ENSMOCGO00000013725 336.05 -0.27 0.09 -3.04 0.002 0.096 TRUE Mfng
ENSMOCG00000015064 7152.36 0.26 0.09 3.03 0.002 0.096 TRUE Ptprn2
ENSMOCG00000015655 3118.61 -0.26 0.09 -3.04 0.002 0.096 TRUE Snn
ENSMOCG00000016250 834.72 0.34 0.11 3.03 0.002 0.096 TRUE Slc6a6
ENSMOCG00000016266 3697.69 0.34 0.11 3.05 0.002 0.096 TRUE Gilgl
ENSMOCG00000017535 855.68 0.21 0.07 3.03 0.002 0.096 TRUE Kdmé6a
ENSMOCG00000017644 654.28 0.31 0.10 3.04 0.002 0.096 TRUE Axin2
ENSMOCG00000021532 1898.22 -0.13 0.04 -3.03 0.002 0.096 TRUE Dars
ENSMOCG00000022174 381.44 -0.27 0.09 -3.03 0.002 0.096 TRUE Sdccag8
ENSMOCG00000011064 370.08 0.32 0.10 3.02 0.003 0.097 TRUE Mblac2
ENSMOCG00000014558 764.74 -0.31 0.10 -3.02 0.003 0.097 TRUE Pdzdll
ENSMOCG00000015231 2947.88 0.16 0.05 3.02 0.003 0.097 TRUE Slc4lal
ENSMOCG00000002054 977.39 0.18 0.06 3.02 0.003 0.097 TRUE Zc3h6
ENSMOCG00000000300 424.52 0.35 0.12 3.01 0.003 0.097 TRUE Ago2
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ENSMOCGO00000004155 1640.21 -0.55 0.18 -3.01 0.003 0.097 TRUE S100al
ENSMOCG00000009516 1215.70 0.27 0.09 3.01 0.003 0.097 TRUE Golgbhl
ENSMOCG00000009693 215.70 -0.41 0.14 -3.01 0.003 0.097 TRUE Ginml
ENSMOCG00000009899 1165.76 -0.38 0.13 -3.01 0.003 0.097 TRUE Acsf2
ENSMOCGO00000011786 1144.50 -0.41 0.14 -3.01 0.003 0.097 TRUE NA
ENSMOCG00000021019 621.03 -0.46 0.15 -3.01 0.003 0.097 TRUE Gstzl
ENSMOCG00000009594 7072.02 0.28 0.09 3.00 0.003 0.098 TRUE Huwel
ENSMOCG00000002757 457.09 0.30 0.10 3.00 0.003 0.098 TRUE Rpgripll
ENSMOCG00000005286 892.56 0.37 0.12 3.00 0.003 0.098 TRUE Cntnap4
ENSMOCG00000014859 747.47 0.27 0.09 3.00 0.003 0.098 TRUE NA
ENSMOCG00000018194 1417.14 0.39 0.13 3.00 0.003 0.098 TRUE Kmt2a
ENSMOCG00000022190 2820.92 -0.25 0.08 -3.00 0.003 0.098 TRUE Tsen34
ENSMOCG00000001428 4107.79 0.23 0.08 2.99 0.003 0.099 TRUE Ube4b
ENSMOCGO00000002379 420.54 -0.25 0.08 -2.99 0.003 0.099 TRUE Exosc5
ENSMOCGO00000003857 373.34 -0.25 0.08 -2.99 0.003 0.099 TRUE NA
ENSMOCG00000005885 1623.92 0.26 0.09 299 0.003 0.099 TRUE Bclafl
ENSMOCG00000017042 2601.58 -0.19 0.06 -2.99 0.003 0.099 TRUE Park?
ENSMOCG00000009737 702.37 -0.26 0.09 -2.99 0.003 0.099 TRUE NA
ENSMOCG00000022401 1416.43 -0.39 0.13 -2.99 0.003 0.099 TRUE Acadl
ENSMOCG00000000855 1492.30 0.40 0.13 297 0.003 0.099 TRUE Stxbp5l
ENSMOCG00000001363 482.03 -0.39 0.13 -2.97 0.003 0.099 TRUE Sdhaf2
ENSMOCG00000002035 5555.49 -0.30 0.10 -2.99 0.003 0.099 TRUE Klhdc3
ENSMOCG00000002468 1249.49 -0.55 0.18 -2.98 0.003 0.099 TRUE Rpl36a
ENSMOCGO00000002473 364.22 -0.44 0.15 -2.97 0.003 0.099 TRUE NA
ENSMOCG00000002649 286.90 0.27 0.09 296 0.003 0.099 TRUE NA
ENSMOCG00000002873 587.28 0.52 0.17 297 0.003 0.099 TRUE Dcc
ENSMOCGO00000003318 1007.35 0.46 0.15 2.96 0.003 0.099 TRUE Ptprt
ENSMOCGO00000003604 732.39 -0.28 0.10 -2.98 0.003 0.099 TRUE Mrpll6
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ENSMOCGO00000006150 1139.99 0.27 0.09 297 0.003 0.099 TRUE Pbrml
ENSMOCG00000006431 1856.64 0.19 0.06 2.96 0.003 0.099 TRUE Tnfrsf21
ENSMOCG00000008665 304.60 0.37 0.12 297 0.003 0.099 TRUE Xrnl
ENSMOCG00000008807 2107.07 0.33 011 297 0.003 0.099 TRUE Dip2c
ENSMOCGO00000009635 225.85 -0.81 0.27 -2.96 0.003 0.099 TRUE NA
ENSMOCG00000010160 934.73 0.28 0.10 297 0.003 0.099 TRUE Epma2aipl
ENSMOCG00000010333 2378.04 -0.25 0.08 -2.96 0.003 0.099 TRUE Ppib
ENSMOCG00000010351 622.34 0.44 0.15 297 0.003 0.099 TRUE Nexmif
ENSMOCG00000011394 2463.29 -0.26 0.09 -2.96 0.003 0.099 TRUE NA
ENSMOCGO00000012383 715.33 -0.32 0.11 -2.97 0.003 0.099 TRUE NA
ENSMOCG00000013292 1795.57 0.22 0.07 297 0.003 0.099 TRUE Crk
ENSMOCG00000014097 1740.46 0.23 0.08 2.96 0.003 0.099 TRUE Xpot
ENSMOCG00000014602 413.00 -0.38 0.13 -2.97 0.003 0.099 TRUE Prdx4
ENSMOCGO00000017782 1267.02 -0.19 0.07 -2.96 0.003 0.099 TRUE NA
ENSMOCGO00000018172 944.33 0.43 0.14 298 0.003 0.099 TRUE Sic4a8
ENSMOCG00000019397 370.66 0.35 0.12 298 0.003 0.099 TRUE Tet2
ENSMOCG00000019633 298.56 -0.28 0.10 -2.96 0.003 0.099 TRUE Gemin7
ENSMOCG00000021212 2511.96 -0.19 0.06 -2.97 0.003 0.099 TRUE Nelfb
ENSMOCG00000021510 1715.18 0.26 0.09 297 0.003 0.099 TRUE Slc35e2
ENSMOCG00000021864 2830.53 0.13 0.05 297 0.003 0.099 TRUE Cdc27
ENSMOCG00000020728 3678.48 -0.26 0.09 -2.96 0.003 0.099 TRUE Eif3h
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Table A.3: GO terms enriched in genes upregulated in MAN1 males.

ONT | ID Description pvalue p.adjust gvalue Count
BP GO0:0007409 | axonogenesis 1.89E-07 6.17E-04 5.54E-04 27
BP GO0:0009791 | post-embryonic development 5.73E-07 7.67E-04 6.88E-04 12
BP G0:0048638 | regulation of developmental growth 8.02E-07 7.67E-04 6.88E-04 22
BP G0:0050808 | synapse organization 9.97E-07 7.67E-04 6.88E-04 27
BP G0:0061564 | axon development 1.30E-06 7.67E-04 6.88E-04 27
BP GO0:0007611 | learning or memory 1.41E-06 7.67E-04 6.88E-04 20
BP GO0:0090066 | regulation of anatomical structure size 3.96E-06 | 0.00184646 | 0.00165687 26
BP | GO:0050890 | cognition 7.29E-06 | 0.00297096 | 0.00266591 20
BP G0:0048639 | positive regulation of developmental growth 1.37E-05 | 0.00494135 | 0.00443397 14
BP G0:0050804 | modulation of chemical synaptic transmission 1.65E-05 | 0.00494135 | 0.00443397 25
BP | GO:0099177 | regulation of trans-synaptic signaling 1.71E-05 | 0.00494135 | 0.00443397 25
BP GO0:0060560 | developmental growth involved in morphogenesis 1.82E-05 | 0.00494135 | 0.00443397 17
BP | GO:0007411 | axon guidance 2.52E-05 | 0.0062435 | 0.00560242 15
BP G0:0097485 | neuron projection guidance 2.68E-05 | 0.0062435 | 0.00560242 15
BP G0:0032535 | regulation of cellular component size 3.74E-05 | 0.00813167 | 0.00729671 20
BP G0:0019932 | second-messenger-mediated signaling 4.71E-05 | 0.00957362 | 0.0085906 14
BP G0:0050806 | positive regulation of synaptic transmission 4.99E-05 | 0.00957362 | 0.0085906 13
BP | GO:0007612 | learning 5.33E-05 | 0.00964689 | 0.00865635 13
BP G0:0045927 | positive regulation of growth 5.74E-05 | 0.00984314 | 0.00883245 16
BP G0:2001223 | negative regulation of neuron migration 6.60E-05 | 0.01075124 | 0.00964731 4
BP GO0:0050770 | regulation of axonogenesis 9.32E-05 | 0.01446895 | 0.01298328 13
BP | GO:0008361 | regulation of cell size 1.05E-04 | 0.01555458 | 0.01395743 13
BP GO0:0044728 | DNA methylation or demethylation 1.14E-04 | 0.01614693 | 0.01448897 7
BP G0:0051960 | regulation of nervous system development 1.21E-04 | 0.01642474 | 0.01473825 23
BP | GO:0014068 | positive regulation of phosphatidylinositol 3-kinase signaling 1.29E-04 | 0.01684902 | 0.01511896 7
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BP GO0:0050772 | positive regulation of axonogenesis 1.53E-04 | 0.01914509 | 0.01717927 9
BP GO0:0050767 | regulation of neurogenesis 1.75E-04 | 0.02107221 | 0.01890852 20
BP G0:0006814 | sodium ion transport 1.85E-04 | 0.02135183 | 0.01915943 12
BP | GO:0006491 | N-glycan processing 0.00018994 | 0.02135183 | 0.01915943
BP | GO:0048536 | spleen development 2.20E-04 | 0.02387133 | 0.02142022
BP G0:0051962 | positive regulation of nervous system development 2.41E-04 | 0.02538307 | 0.02277673 17
BP GO0:0042391 | regulation of membrane potential 2.67E-04 | 0.02672282 | 0.02397892 19
BP | GO:0014065 | phosphatidylinositol 3-kinase signaling 2.71E-04 | 0.02672282 | 0.02397892 9
BP G0:0010720 | positive regulation of cell development 2.83E-04 | 0.02678538 | 0.02403506 17
BP GO0:0050769 | positive regulation of neurogenesis 2.88E-04 | 0.02678538 | 0.02403506 15
BP | GO:0006304 | DNA modification 3.21E-04 | 0.02867919 | 0.02573441
BP G0:0060998 | regulation of dendritic spine development 3.26E-04 | 0.02867919 | 0.02573441
BP | GO:0030516 | regulation of axon extension 3.40E-04 | 0.02917917 | 0.02618305
BP | GO:0048675 | axon extension 3.68E-04 | 0.03073424 | 0.02757845 10
BP G0:0008217 | regulation of blood pressure 4.18E-04 | 0.03409289 | 0.03059223 10
BP | GO:0044030 | regulation of DNA methylation 4.29E-04 | 0.03409289 | 0.03059223 4
BP G0:0006936 | muscle contraction 4.42E-04 | 0.03428436 | 0.03076404 13
BP G0:0035725 | sodium ion transmembrane transport 4.55E-04 | 0.03452316 | 0.03097832 9
BP G0:1990138 | neuron projection extension 4.73E-04 | 0.03503152 | 0.03143448 12
BP G0:0051048 | negative regulation of secretion 5.05E-04 | 0.03634705 | 0.03261494 10
BP | GO:0001508 | action potential 5.24E-04 | 0.03634705 | 0.03261494
BP G0:0106027 | neuron projection organization 5.24E-04 | 0.03634705 | 0.03261494
BP G0:0098742 | cell-cell adhesion via plasma-membrane adhesion molecules 5.75E-04 | 0.03779968 | 0.03391841 11
BP G0:0060284 | regulation of cell development 5.78E-04 | 0.03779968 | 0.03391841 22
BP G0:0019226 | transmission of nerve impulse 5.80E-04 | 0.03779968 | 0.03391841
BP | GO:0035637 | multicellular organismal signaling 6.01E-04 | 0.03841364 | 0.03446933
BP G0:0048167 | regulation of synaptic plasticity 6.13E-04 | 0.03843766 | 0.03449088 13
BP G0:0009100 | glycoprotein metabolic process 6.38E-04 | 0.03920613 | 0.03518044 15
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BP GO0:0050807 | regulation of synapse organization 6.49E-04 | 0.03920613 | 0.03518044 14
BP G0:0048266 | behavioral response to pain 6.75E-04 | 0.03998521 | 0.03587953

BP | GO:0072577 | endothelial cell apoptotic process 8.05E-04 | 0.04688861 | 0.04207409 5
BP G0:0050803 | regulation of synapse structure or activity 8.32E-04 | 0.04760802 | 0.04271963 14
BP G0:0061387 | regulation of extent of cell growth 8.89E-04 | 0.04996388 | 0.04483358 9
CC | GO:0034703 | cation channel complex 3.44E-07 1.06E-04 8.04E-05 16
CC | GO:0034702 | ion channel complex 1.67E-06 2.57E-04 1.95E-04 17
CC | GO:0032279 | asymmetric synapse 4.49E-06 4.61E-04 3.50E-04 21
CC | GO:0098984 | neuron to neuron synapse 1.15E-05 8.89E-04 6.74E-04 21
CC | G0O:1990351 | transporter complex 2.99E-05 | 0.00184118 | 0.00139693 18
CC | GO:0098793 | presynapse 4.52E-05 | 0.00210769 | 0.00159913 23
CC | GO:0042734 | presynaptic membrane 5.18E-05 | 0.00210769 | 0.00159913 11
CC | G0O:1902495 | transmembrane transporter complex 6.15E-05 | 0.00210769 | 0.00159913 17
CC | GO:0005901 | caveola 6.16E-05 | 0.00210769 | 0.00159913 9
CC | GO:0014069 | postsynaptic density 1.13E-04 | 0.00347253 | 0.00263466 18
CC | GO:0098797 | plasma membrane protein complex 1.42E-04 | 0.00397565 | 0.00301639 20
CC | GO:0097060 | synaptic membrane 1.59E-04 | 0.00397565 | 0.00301639 19
CC | GO:0043235 | receptor complex 1.79E-04 | 0.00397565 | 0.00301639 16
CC | GO:0099572 | postsynaptic specialization 2.04E-04 | 0.00397565 | 0.00301639 18
CC | GO:0045121 | membrane raft 2.07E-04 | 0.00397565 | 0.00301639 17
CC | G0O:0098857 | membrane microdomain 2.07E-04 | 0.00397565 | 0.00301639 17
CC | GO:0044853 | plasma membrane raft 3.57E-04 | 0.00611302 | 0.00463804 9
CC | GO:0099699 | integral component of synaptic membrane 3.57E-04 | 0.00611302 | 0.00463804 9
CC | GO:0005581 | collagen trimer 5.87E-04 | 0.00952039 | 0.00722326 6
CC | GO:0098982 | GABA-ergic synapse 6.61E-04 | 0.01005819 | 0.0076313 7
CC | GO:0099240 | intrinsic component of synaptic membrane 7.06E-04 | 0.01005819 | 0.0076313 9
CC | GO:0045211 | postsynaptic membrane 7.18E-04 | 0.01005819 | 0.0076313 14
CC | GO:0034705 | potassium channel complex 7.86E-04 | 0.01053046 | 0.00798962 7
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CC | GO:0099061 | integral component of postsynaptic density membrane 0.0012191 | 0.0151172 | 0.01146965

CC | GO:0099055 | integral component of postsynaptic membrane 0.00127578 | 0.0151172 | 0.01146965

CC | GO:0008076 | voltage-gated potassium channel complex 0.00132175 | 0.0151172 | 0.01146965

CC | GO:0150034 | distal axon 0.0013662 | 0.0151172 | 0.01146965 16
CC | GO:0034704 | calcium channel complex 0.00137429 | 0.0151172 | 0.01146965 5
CC | GO:0098839 | postsynaptic density membrane 0.00144829 | 0.01522827 | 0.01155392 6
CC | GO:0031594 | neuromuscular junction 0.00148327 | 0.01522827 | 0.01155392 7
CC | GO:0099146 | intrinsic component of postsynaptic density membrane 0.00154357 | 0.01533615 | 0.01163576 5
CC | GO:0098936 | intrinsic component of postsynaptic membrane 0.00171619 | 0.01612523 | 0.01223445 7
CC | GO:0099056 | integral component of presynaptic membrane 0.0017277 | 0.01612523 | 0.01223445 5
CC | GO:0042383 | sarcolemma 0.00190344 | 0.01724297 | 0.0130825 9
CC | GO:0005604 | basement membrane 0.0019766 | 0.01739404 | 0.01319712 7
CC | GO:0044309 | neuron spine 0.00230704 | 0.01970374 | 0.01494952 11
CC | GO:0033017 | sarcoplasmic reticulum membrane 0.00236701 | 0.01970374 | 0.01494952 3
CC | GO:0098644 | complex of collagen trimers 0.00296523 | 0.02403393 | 0.0182349 3
CC | GO:0098889 | intrinsic component of presynaptic membrane 0.00349681 | 0.02761586 | 0.02095257 5
CC | GO:0033270 | paranode region of axon 0.00364836 | 0.02809238 | 0.02131411 3
CC | GO:0044304 | main axon 0.00407023 | 0.03057635 | 0.02319874 6
CC | GO:0043083 | synaptic cleft 0.00528297 | 0.03874174 | 0.02939394 3
CC | GO:0043197 | dendritic spine 0.00581563 | 0.04125755 | 0.03130272 10
CC | GO:0099634 | postsynaptic specialization membrane 0.00606102 | 0.04125755 | 0.03130272

CC | GO:0043292 | contractile fiber 0.00613507 | 0.04125755 | 0.03130272 9
CC | GO:0098978 | glutamatergic synapse 0.00622246 | 0.04125755 | 0.03130272 14
CC | GO:0099060 | integral component of postsynaptic specialization membrane 0.00629579 | 0.04125755 | 0.03130272

CC | GO:0030017 | sarcomere 0.0071349 | 0.04578229 | 0.03473571

CC | G0O:0098948 | intrinsic component of postsynaptic specialization membrane 0.00732128 | 0.04601949 | 0.03491567

MF | GO:0046873 | metal ion transmembrane transporter activity 2.64E-07 1.41E-04 1.24E-04 22
MF | GO:0005261 | cation channel activity 1.32E-06 2.21E-04 1.95E-04 18
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MF | GO:0022836 | gated channel activity 1.42E-06 2.21E-04 1.95E-04 18
MF | GO:0005244 | voltage-gated ion channel activity 2.32E-06 2.21E-04 1.95E-04 14
MF | GO:0022832 | voltage-gated channel activity 2.52E-06 2.21E-04 1.95E-04 14
MF | GO:0005216 | ion channel activity 2.66E-06 2.21E-04 1.95E-04 20
MF | GO:0022890 | inorganic cation transmembrane transporter activity 2.90E-06 2.21E-04 1.95E-04 24
MF | GO:0008324 | cation transmembrane transporter activity 4.56E-06 3.04E-04 2.68E-04 25
MF | GO:0015318 | inorganic molecular entity transmembrane transporter activity 6.99E-06 3.90E-04 3.44E-04 26
MF | GO:0004888 | transmembrane signaling receptor activity 7.32E-06 3.90E-04 3.44E-04 23
MF | GO:0015267 | channel activity 8.93E-06 3.97E-04 3.49E-04 20
MF | GO:0022803 | passive transmembrane transporter activity 8.93E-06 3.97E-04 3.49E-04 20
MF | GO:0030020 | extracellular matrix structural constituent conferring tensile strength 1.01E-05 4,15E-04 3.66E-04 6
MF | GO:0038023 | signaling receptor activity 1.39E-05 4.95E-04 4.36E-04 26
MF | GO:0060089 | molecular transducer activity 1.39E-05 4.95E-04 4.36E-04 26
MF | GO:0022843 | voltage-gated cation channel activity 2.20E-05 7.32E-04 6.45E-04 11
MF | GO:0015081 | sodium ion transmembrane transporter activity 3.21E-05 | 0.00100486 8.85E-04 10
MF | GO:0005201 | extracellular matrix structural constituent 2.31E-04 | 0.00685209 | 0.00603542 9
MF | GO:0005262 | calcium channel activity 2.49E-04 | 0.00699412 | 0.00616052

MF | GO:0050839 | cell adhesion molecule binding 3.84E-04 | 0.00985441 | 0.0086799 14
MF | GO:0005516 | calmodulin binding 3.88E-04 | 0.00985441 | 0.0086799 11
MF | GO:0015079 | potassium ion transmembrane transporter activity 6.88E-04 | 0.01666921 | 0.01468247

MF | GO:0015085 | calcium ion transmembrane transporter activity 8.48E-04 | 0.01964506 | 0.01730364

MF | GO:0019199 | transmembrane receptor protein kinase activity 0.00212291 | 0.04714631 | 0.04152711 6
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Table A.4: GO terms enriched in genes downregulated in MAN1 males.

ONT | ID Description pvalue p.adjust gvalue Count

BP GO0:0006119 | oxidative phosphorylation 4.57E-18 1.44E-14 1.42E-14 29
BP G0:0022904 respiratory electron transport chain 8.11E-16 1.28E-12 1.26E-12 24
BP G0:0022900 | electron transport chain 3.93E-15 3.30E-12 3.26E-12 24
BP GO0:0019646 | aerobic electron transport chain 4.19E-15 3.30E-12 3.26E-12 19
BP G0:0045333 | cellular respiration 9.22E-15 5.56E-12 5.49E-12 34
BP GO:0009060 | aerobic respiration 1.06E-14 5.56E-12 5.49E-12 30
BP G0:0002181 cytoplasmic translation 2.95E-14 1.33E-11 1.31E-11 22
BP G0:0042773 | ATP synthesis coupled electron transport 5.47E-14 2.15E-11 2.12E-11 20
BP GO0:0042775 | mitochondrial ATP synthesis coupled electron transport 3.42E-13 1.20E-10 1.18E-10 19
BP G0:0015980 | energy derivation by oxidation of organic compounds 1.60E-12 5.02E-10 4.96E-10 37
BP G0:0033108 | mitochondrial respiratory chain complex assembly 7.88E-12 2.26E-09 2.23E-09 21
BP GO0:0046034 | ATP metabolic process 9.75E-12 2.56E-09 2.53E-09 33
BP G0:0010257 | NADH dehydrogenase complex assembly 7.81E-11 1.76E-08 1.73E-08 16
BP G0:0032981 | mitochondrial respiratory chain complex | assembly 7.81E-11 1.76E-08 1.73E-08 16
BP G0:0000028 | ribosomal small subunit assembly 7.37E-10 1.55E-07 1.53E-07 9
BP GO0:0006091 | generation of precursor metabolites and energy 3.30E-09 6.49E-07 6.42E-07 38
BP G0:0042255 | ribosome assembly 5.93E-08 1.10E-05 1.08E-05 13
BP GO0:0006120 | mitochondrial electron transport, NADH to ubiquinone 4.55E-07 7.96E-05 7.87E-05 9
BP GO:0007005 | mitochondrion organization 8.06E-07 1.34E-04 1.32E-04 39
BP G0:0042274 ribosomal small subunit biogenesis 4.35E-06 6.85E-04 6.77E-04 12
BP GO0:0006839 | mitochondrial transport 7.45E-06 0.00111589 | 0.00110259 21
BP GO0:0006959 | humoral immune response 1.16E-05 0.00166637 | 0.0016465 12
BP GO0:0071826 | ribonucleoprotein complex subunit organization 3.95E-05 0.00534046 | 0.00527677 18
BP G0:0002082 | regulation of oxidative phosphorylation 4.07E-05 0.00534046 | 0.00527677 6
BP G0:1990542 | mitochondrial transmembrane transport 6.14E-05 0.00772345 | 0.00763136 12
BP G0:0022618 | ribonucleoprotein complex assembly 7.48E-05 0.00905216 | 0.00894422 17
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BP G0:0061844 | antimicrobial humoral immune response mediated by 1.08E-04 0.01256697 | 0.01241711 6
antimicrobial peptide
BP G0:0002455 humoral immune response mediated by circulating 3.58E-04 0.04025931 | 0.03977924 5
immunoglobulin
BP GO0:1903715 | regulation of aerobic respiration 3.88E-04 0.04210437 | 0.04160229 6
BP G0:0042254 | ribosome biogenesis 4.65E-04 0.04877668 | 0.04819505 22
BP GO0:0019730 | antimicrobial humoral response 4.83E-04 0.04900448 | 0.04842013 6
CcC G0:0022626 | cytosolic ribosome 5.52E-41 2.24E-38 2.03E-38 41
CC GO0:0005840 | ribosome 2.26E-37 4.59E-35 4.16E-35 57
CcC G0:0044391 | ribosomal subunit 2.06E-36 2.78E-34 2.52E-34 52
cC G0:0022625 | cytosolic large ribosomal subunit 2.02E-25 2.04E-23 1.85E-23 23
cC GO:0070469 respirasome 1.82E-23 1.47E-21 1.33E-21 31
CcC GO0:0005743 mitochondrial inner membrane 1.23E-22 8.32E-21 7.54E-21 63
CcC G0:0098803 | respiratory chain complex 3.51E-21 2.03E-19 1.84E-19 28
cC G0:0019866 | organelle inner membrane 8.40E-21 4.25E-19 3.86E-19 63
cC G0:0098798 | mitochondrial protein-containing complex 5.30E-20 2.27E-18 2.06E-18 47
CcC G0:0022627 | cytosolic small ribosomal subunit 5.59E-20 2.27E-18 2.06E-18 19
CC G0:0015934 | large ribosomal subunit 2.17E-19 7.97E-18 7.23E-18 29
CcC G0:0098800 | inner mitochondrial membrane protein complex 2.50E-19 8.44E-18 7.66E-18 33
cC GO0:0005746 | mitochondrial respirasome 3.71E-19 1.16E-17 1.05E-17 26
CcC G0:0015935 | small ribosomal subunit 1.14E-18 3.30E-17 2.99E-17 24
CC G0:0042788 | polysomal ribosome 2.56E-14 6.91E-13 6.27E-13 14
CcC GO0:0005747 | mitochondrial respiratory chain complex | 4.18E-13 9.40E-12 8.52E-12 17
cC G0:0030964 | NADH dehydrogenase complex 4.18E-13 9.40E-12 8.52E-12 17
cC GO0:0045271 | respiratory chain complex | 4.18E-13 9.40E-12 8.52E-12 17
CcC G0:1990204 | oxidoreductase complex 1.17E-11 2.50E-10 2.27E-10 22
CC G0:0005844 | polysome 3.57E-10 7.23E-09 6.56E-09 16
CcC GO0:0070069 | cytochrome complex 2.41E-09 4.64E-08 4.21E-08 11
cC GO0:0045277 | respiratory chain complex IV 5.46E-08 1.01E-06 9.12E-07 8
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CcC G0:0000313 organellar ribosome 3.44E-05 5.80E-04 5.26E-04 13
CcC GO0:0005761 | mitochondrial ribosome 3.44E-05 5.80E-04 5.26E-04 13
CcC GO0:0005759 | mitochondrial matrix 4.14E-05 6.70E-04 6.08E-04 24
CcC GO0:0005751 | mitochondrial respiratory chain complex IV 4.18E-04 0.00651787 | 0.00591225

CcC GO0:0005750 | mitochondrial respiratory chain complex IlI 6.37E-04 0.00921484 | 0.00835862

CcC GO0:0045275 | respiratory chain complex llI 6.37E-04 0.00921484 | 0.00835862

cC GO0:0000153 | cytoplasmic ubiquitin ligase complex 0.00175809 0.0245526 | 0.02227124

cC G0:1902495 | transmembrane transporter complex 0.00211883 0.02860414 | 0.02594632 21
cC GO0:1990351 | transporter complex 0.00342721 0.0447748 | 0.04061444 21
MF GO0:0003735 | structural constituent of ribosome 1.96E-41 1.05E-38 1.01E-38 52
MF GO0:0005198 | structural molecule activity 8.68E-21 2.32E-18 2.23E-18 59
MF G0:0015453 0xidqreduction-driven active transmembrane transporter 9.73E-20 1.73E-17 1.67E-17 22
MF G0:0009055 2?2:;:% transfer activity 1.95E-16 2.60E-14 2.51E-14 22
MF GO0:0015399 | primary active transmembrane transporter activity 1.16E-12 1.24E-10 1.20E-10 26
MF G0:0019843 | rRNA binding 1.95E-11 1.74E-09 1.68E-09 18
MF GO0:0004129 | cytochrome-c oxidase activity 3.09E-10 2.36E-08 2.27E-08 9
MF G0:0016655 | oxidoreductase activity, acting on NAD(P)H, quinone or 7.23E-10 4.43E-08 4.27E-08 12

similar compound as acceptor

MF G0:0016675 | oxidoreductase activity, acting on a heme group of donors 7.47E-10 4.43E-08 4.27E-08 9
MF G0:0008137 | NADH dehydrogenase (ubiquinone) activity 1.68E-09 8.14E-08 7.85E-08 10
MF GO0:0050136 | NADH dehydrogenase (quinone) activity 1.68E-09 8.14E-08 7.85E-08 10
MF GO0:0003954 | NADH dehydrogenase activity 5.07E-09 2.26E-07 2.18E-07 10
MF GO0:0003955 | NAD(P)H dehydrogenase (quinone) activity 8.40E-09 3.45E-07 3.32E-07 10
MF GO0:0015078 | proton transmembrane transporter activity 9.80E-09 3.74E-07 3.60E-07 17
MF GO0:0016651 | oxidoreductase activity, acting on NAD(P)H 9.63E-07 3.43E-05 3.30E-05 12
MF G0:0022804 | active transmembrane transporter activity 1.21E-06 4.03E-05 3.89E-05 28
MF GO0:0004602 | glutathione peroxidase activity 2.77E-06 8.69E-05 8.38E-05

MF GO0:0004601 | peroxidase activity 4.05E-06 1.20E-04 1.16E-04
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MF G0:0016684 | oxidoreductase activity, acting on peroxide as acceptor 1.10E-05 3.08E-04 2.97E-04 9
MF G0:0016209 | antioxidant activity 4.25E-05 0.00113452 | 0.0010936 10
MF G0:0004857 | enzyme inhibitor activity 2.49E-04 0.00633764 | 0.00610902 8
MF G0:0022853 active ion transmembrane transporter activity 3.62E-04 0.00879157 | 0.00847443 16
MF G0:0016846 | carbon-sulfur lyase activity 5.93E-04 0.01376634 | 0.01326974 4
MF GO0:0000062 | fatty-acyl-CoA binding 8.21E-04 0.01825929 | 0.01760062 5
MF G0:0044548 | S100 protein binding 8.62E-04 0.01841835 | 0.01775393 4
MF G0:1901567 | fatty acid derivative binding 0.00104313 0.02142419 | 0.02065134 5
MF G0:0120227 | acyl-CoA binding 0.00161798 0.03126239 | 0.03013465 5
MF G0:0016863 | intramolecular oxidoreductase activity, transposing C=C 0.00163923 0.03126239 | 0.03013465 4
MF G0:0046933 S(r)(?tgi—transporting ATP synthase activity, rotational 0.00216743 0.03858028 | 0.03718856 4
mechanism
MF GO0:0055106 | ubiquitin-protein transferase regulator activity 0.00216743 0.03858028 | 0.03718856 4




Table A.5: KEGG pathways enriched in differentially expressed genes in males.

ID Description pvalue p.adjust gvalues

mmu00190 | Oxidative phosphorylation 1.00E-10 6.30E-09 3.62E-09
mmu03010 | Ribosome 1.00E-10 6.30E-09 3.62E-09
mmu04714 | Thermogenesis 1.00E-10 6.30E-09 3.62E-09
mmu05012 | Parkinson disease 1.00E-10 6.30E-09 3.62E-09
mmu05208 | Chemical carcinogenesis - reactive oxygen species 1.00E-10 6.30E-09 3.62E-09
mmu04080 | Neuroactive ligand-receptor interaction 1.18E-10 6.30E-09 3.62E-09
mmu05020 | Prion disease 2.20E-10 1.00E-08 5.75E-09
mmu05415 | Diabetic cardiomyopathy 1.01E-09 4.01E-08 2.30E-08
mmu05171 | Coronavirus disease - COVID-19 2.03E-09 7.19E-08 4.13E-08
mmu04020 | Calcium signaling pathway 2.66E-09 8.50E-08 4.88E-08
mmu04360 | Axon guidance 6.18E-09 1.79E-07 1.03E-07
mmu04932 | Non-alcoholic fatty liver disease 1.55E-08 4.11E-07 2.36E-07
mmu04512 | ECM-receptor interaction 2.27E-08 5.57E-07 3.20E-07
mmu05033 | Nicotine addiction 3.17E-08 7.21E-07 4.14E-07
mmu04713 | Circadian entrainment 1.66E-07 3.53E-06 2.03E-06
mmu04514 | Cell adhesion molecules 1.96E-07 3.91E-06 2.25E-06
mmu05414 | Dilated cardiomyopathy 2.44E-07 4.58E-06 2.63E-06
mmu04742 | Taste transduction 1.23E-06 2.18E-05 1.25E-05
mmu04024 | cAMP signaling pathway 2.26E-06 3.79E-05 2.18E-05
mmu04725 | Cholinergic synapse 2.70E-06 4.30E-05 2.47E-05
mmu03050 | Proteasome 4.75E-06 7.22E-05 4.15E-05
mmu05412 | Arrhythmogenic right ventricular cardiomyopathy 7.53E-06 1.09E-04 6.27E-05
mmu04727 | GABAergic synapse 1.05E-05 1.42E-04 8.13E-05
mmu04151 | PI3K-Akt signaling pathway 1.11E-05 1.42E-04 8.13E-05
mmu05204 | Chemical carcinogenesis - DNA adducts 1.11E-05 1.42E-04 8.13E-05
mmu05410 | Hypertrophic cardiomyopathy 1.20E-05 1.47E-04 8.46E-05




mmu00980 | Metabolism of xenobiotics by cytochrome P450 1.43E-05 1.69E-04 9.70E-05
mmu04925 | Aldosterone synthesis and secretion 1.58E-05 1.80E-04 1.03E-04
mmu04930 | Type Il diabetes mellitus 2.16E-05 2.38E-04 1.37E-04
mmu05032 | Morphine addiction 2.38E-05 2.54E-04 1.46E-04
mmu04961 | Endocrine and other factor-regulated calcium reabsorption 3.09E-05 3.10E-04 1.78E-04
mmu04927 | Cortisol synthesis and secretion 3.11E-05 3.10E-04 1.78E-04
mmu04970 | Salivary secretion 3.21E-05 3.10E-04 1.78E-04
mmu04010 | MAPK signaling pathway 4.98E-05 457E-04 2.62E-04
mmu04510 | Focal adhesion 5.01E-05 4.57E-04 2.62E-04
mmu04974 | Protein digestion and absorption 6.97E-05 6.17E-04 3.54E-04
mmu04960 | Aldosterone-regulated sodium reabsorption 1.05E-04 9.04E-04 5.19E-04
mmu04724 | Glutamatergic synapse 1.37E-04 | 0.00114735 6.59E-04
mmu04261 | Adrenergic signaling in cardiomyocytes 1.44E-04 | 0.00115291 6.62E-04
mmu04540 | Gap junction 1.45E-04 | 0.00115291 6.62E-04
mmu04130 | SNARE interactions in vesicular transport 1.58E-04 | 0.00122585 7.04E-04
mmu00260 | Glycine, serine and threonine metabolism 1.82E-04 | 0.00136777 7.85E-04
mmu05205 | Proteoglycans in cancer 1.84E-04 | 0.00136777 7.85E-04
mmu04934 | Cushing syndrome 2.19E-04 | 0.00158626 9.11E-04
mmu04550 | Signaling pathways regulating pluripotency of stem cells 2.42E-04 | 0.00170503 9.79E-04
mmu04915 | Estrogen signaling pathway 2.46E-04 | 0.00170503 9.79E-04
mmu01240 | Biosynthesis of cofactors 3.30E-04 | 0.00224185 | 0.00128719
mmu04022 | cGMP-PKG signaling pathway 3.71E-04 | 0.00244293 | 0.00140264
mmu04520 | Adherens junction 3.75E-04 | 0.00244293 | 0.00140264
mmu04310 | Wnt signaling pathway 3.88E-04 | 0.0024778 | 0.00142266
mmu04012 | ErbB signaling pathway 4.25E-04 | 0.00265973 | 0.00152712
mmu00534 | Glycosaminoglycan biosynthesis - heparan sulfate / heparin 4.60E-04 | 0.00282072 | 0.00161955
mmu04726 | Serotonergic synapse 4.82E-04 | 0.00290061 | 0.00166542
mmu04270 | Vascular smooth muscle contraction 5.32E-04 | 0.00314534 | 0.00180594
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mmu04929 | GnRH secretion 6.24E-04 | 0.00357301 | 0.00205149
mmu00982 | Drug metabolism - cytochrome P450 6.27E-04 | 0.00357301 | 0.00205149
mmu04340 | Hedgehog signaling pathway 7.86E-04 | 0.00439878 | 0.00252562
mmu00983 | Drug metabolism - other enzymes 8.34E-04 | 0.00458916 | 0.00263492
mmu05206 | MicroRNAs in cancer 8.81E-04 | 0.00476527 | 0.00273604
mmu01522 | Endocrine resistance 9.04E-04 | 0.00480376 | 0.00275814
mmu00280 | Valine, leucine and isoleucine degradation 9.68E-04 | 0.0050616 | 0.00290618
mmu04940 | Type | diabetes mellitus 0.00105217 | 0.00541358 | 0.00310827
mmu04935 | Growth hormone synthesis, secretion and action 0.00114032 | 0.00577399 | 0.00331521
mmu04750 | Inflammatory mediator regulation of TRP channels 0.00130132 | 0.00648626 | 0.00372417
mmu04911 | Insulin secretion 0.00132543 | 0.00650479 | 0.00373481
mmu00040 | Pentose and glucuronate interconversions 0.00138604 | 0.00669921 | 0.00384644
mmu04070 | Phosphatidylinositol signaling system 0.00148437 | 0.00706736 | 0.00405781
mmu04921 | Oxytocin signaling pathway 0.00171247 | 0.0080335 | 0.00461254
mmu00340 | Histidine metabolism 0.00198738 | 0.00918802 | 0.00527542
mmu04213 | Longevity regulating pathway - multiple species 0.00217729 | 0.00992224 | 0.00569698
mmu04918 | Thyroid hormone synthesis 0.00232024 | 0.01042476 | 0.00598551
mmu05224 | Breast cancer 0.00237823 | 0.01053689 | 0.00604989
mmu00330 | Arginine and proline metabolism 0.00256237 | 0.01119718 | 0.00642901
mmu01521 | EGFR tyrosine kinase inhibitor resistance 0.00289272 | 0.01246997 | 0.00715979
mmu04211 | Longevity regulating pathway 0.00315238 | 0.01340811 | 0.00769844
mmu04730 | Long-term depression 0.00325513 | 0.01366299 | 0.00784478
mmu05031 | Amphetamine addiction 0.00338447 | 0.01384353 | 0.00794844
mmu04924 | Renin secretion 0.00338494 | 0.01384353 | 0.00794844
mmu04971 | Gastric acid secretion 0.0034707 | 0.0140146 | 0.00804666
mmu00760 | Nicotinate and nicotinamide metabolism 0.0038877 | 0.0155022 | 0.00890078
mmu05200 | Pathways in cancer 0.00413123 | 0.01626992 | 0.00934158
mmu04015 | Rapl signaling pathway 0.00429889 | 0.01672374 | 0.00960215
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mmu04350 | TGF-beta signaling pathway 0.00477374 | 0.01795202 | 0.01030738
mmu04919 | Thyroid hormone signaling pathway 0.00479047 | 0.01795202 | 0.01030738
mmu05215 | Prostate cancer 0.00485998 | 0.01795202 | 0.01030738
mmu04978 | Mineral absorption 0.00488966 | 0.01795202 | 0.01030738
mmu04972 | Pancreatic secretion 0.00489601 | 0.01795202 | 0.01030738
mmu05320 | Autoimmune thyroid disease 0.00565547 0.0199504 | 0.01145478
mmu05330 | Allograft rejection 0.00565547 0.0199504 | 0.01145478
mmu05332 | Graft-versus-host disease 0.00565547 | 0.0199504 | 0.01145478
mmu04720 | Long-term potentiation 0.00572924 0.0199504 | 0.01145478
mmu05202 | Transcriptional misregulation in cancer 0.00575372 0.0199504 | 0.01145478
mmu00020 | Citrate cycle (TCA cycle) 0.00604874 | 0.02074782 | 0.01191262
mmu00910 | Nitrogen metabolism 0.00636019 | 0.02148208 | 0.01233421
mmu04150 | mTOR signaling pathway 0.00639748 | 0.02148208 | 0.01233421
mmu05165 | Human papillomavirus infection 0.00754114 | 0.02505859 | 0.01438771
mmu00071 | Fatty acid degradation 0.00770137 | 0.02530405 | 0.01452864
mmu04260 | Cardiac muscle contraction 0.00777366 | 0.02530405 | 0.01452864
mmu04916 | Melanogenesis 0.00810563 | 0.02611814 | 0.01499606
mmu04926 | Relaxin signaling pathway 0.00874761 | 0.02790487 | 0.01602194
mmu04146 | Peroxisome 0.0088929 | 0.02808747 | 0.01612678
mmu00120 | Primary bile acid biosynthesis 0.00962464 | 0.03010058 | 0.01728263
mmu03040 | Spliceosome 0.00991292 | 0.03070118 | 0.01762747
mmu05231 | Choline metabolism in cancer 0.01041259 | 0.03166347 | 0.01817998
mmu00480 | Glutathione metabolism 0.0104336 | 0.03166347 | 0.01817998
mmu05322 | Systemic lupus erythematosus 0.0105214 | 0.03166347 | 0.01817998
mmu05150 | Staphylococcus aureus infection 0.01112437 | 0.03295262 | 0.01892016
mmu05207 | Chemical carcinogenesis - receptor activation 0.01115637 | 0.03295262 | 0.01892016
mmu03060 | Protein export 0.01132934 | 0.03315652 | 0.01903724
mmu05030 | Cocaine addiction 0.01164018 | 0.03375653 | 0.01938174
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mmu00520 | Amino sugar and nucleotide sugar metabolism 0.01443936 0.0414969 | 0.02382597
mmu04740 | Olfactory transduction 0.01463131 0.0416731 | 0.02392714
mmu04728 | Dopaminergic synapse 0.01665035 | 0.04700408 | 0.02698799
mmu04371 | Apelin signaling pathway 0.01692437 | 0.04735855 | 0.02719151
mmu04976 | Bile secretion 0.01776361 | 0.04927471 | 0.0282917
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