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Early-life stress links 5-hydroxymethylcytosine to anxiety-related behaviors
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ABSTRACT

Environmental stress contributes to the development of psychiatric disorders, including posttraumatic
stress disorder and anxiety. While even acute stress alters gene expression, the molecular mechanisms
underlying these changes remain largely unknown. 5-hydroxymethylcytosine (5hmC) is a novel
environmentally sensitive DNA modification that is highly enriched in the brain and is associated with
active transcription of neuronal genes. Here we examined behavioral and molecular alterations in adult
mice that experienced an early-life stress before weaning (postnatal day 12 to 18) and found anxiety-like
behaviors in adult female mice that were accompanied by correlated disruptions of hypothalamic 5hmC
and gene expression in 118 genes, revealing potentially functional 5hmC (i.e., gene regulation). These
genes are known and potentially novel stress-related targets, including Nr3c2, Nrxn1, Nfia, and Clip1, that
have a significant enrichment for neuronal ontological functions, such as neuronal development and
differentiation. Sequence motif predictions indicated that 5hmC may regulate gene expression by
mediating transcription factor binding and alternative splicing of many of these transcripts. Together,
these findings represent a critical step toward understanding the effects of early environment on the
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neuromolecular mechanisms that underlie the risk to develop anxiety disorders.

Introduction

The development of anxiety and depressive disorders is often
exacerbated by environmental stress experienced during critical
periods in development.' Stress activates the hypothalamic-
pituitary-adrenal (HPA) axis, which consequently initiates the
secretion of corticotropin releasing hormone (CRH), adreno-
corticotropic hormone (ACTH), and glucocorticoids. Thus,
there is a particular importance for the hypothalamus in
response to stress, as it is the brain structure that initiates the
response and retains receptors for CRH to provide a method of
feedback inhibition to terminate the stress response: efficient
binding of glucocorticoids to hypothalamic receptors is crucial
for a healthy stress response by the hypothalamus.” Environ-
mental stress strongly impacts neuronal activity in the
hypothalamus and can influence the development of neuropsy-
chiatric disorders.>* Environmentally sensitive epigenetic mod-
ifications (e.g., DNA methylation) disrupted by stress and
traumatic experiences are linked to the origins of psychiatric
disorders,” and an association between altered DNA methyla-
tion in the hypothalamus has been shown to modulate stress-
related diseases of patients exposed to an early-life environ-
mental stress.® Thus, further study of environmentally sensitive
molecular mechanism(s) is warranted in the hypothalamus
during critical developmental periods.

Conventional studies of DNA methylation have focused
on the presence or absence of a methyl group on cytosine

that is termed 5-methylcytosine (5mC). This DNA modifi-
cation has a role in experience-dependent plasticity such as
an anxious temperament disposition, which is a key risk
factor in the development of anxiety and depression.”®
Moreover, 5mC has been associated with neuropsychiatric
disorders, such as schizophrenia, bipolar disorder, and
PTSD.”"? 5mC can be oxidized to 5-hydroxymethylcytosine
(5hmC) following exposure to environmental stimuli (e.g.,
oxidative stress).'> 5hmC is enriched in the brain (~10-fold
more than in peripheral tissues) and is associated with the
regulation of neuronal activity."*'® Variations in 5hmC
have been reported in several neurologic disorders (e.g.,
Rett syndrome and autism) and neurodegenerative diseases
(e.g, Huntington’s and Alzheimer)."”** In addition, we
recently reported a sex-specific genome-wide disruption of
5hmC in mice exposed to acute stress followed by a one-
hour recovery.”>*® The differential 5hmC significantly
resided in known stress-related genes, which served to vali-
date a role for 5hmC in stress response and potentially in
the development of neuropsychiatry disorders. Collectively,
5hmC has become a significant focus of neuroscience
research due to growing evidence that suggests its critical
role in the development of psychiatric disorders, including
depression and schizophrenia.””**

In this current study, we used an established chemical label-
ing and affinity purification method coupled with high-
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throughput sequencing technology to generate an unbiased
genome-wide profile of hypothalamic 5hmC from adult female
mice that were chronically stressed early in life and exhibited
anxiety-like behaviors. Integration with transcriptome data
generated from the same mice and tissue revealed stress-
induced hydroxymethylation that was correlated with differen-
tial gene expression and, perhaps more importantly, with iso-
form production. Together, these findings provide new insight
into early-life influences that could epigenetically modulate
neuronal circuits that function to shape adult behaviors.

Results

Early-life postnatal stress results in altered adult behaviors
in female mice

To test the long-lasting effects of an early-life environmen-
tal stress on the development of aberrant adult behaviors,
we subjected pregnant females [embryonic day (E) 0.5 to
E6.5] and young mice [postnatal day (P) 12 to P18] to
early-life stress (Materials and Methods). These develop-
mental time-points were chosen because they have previ-
ously been shown to be sensitive to the exposure to
environmental stress®’, or occur during neuronal migration,
following sensory influx and increased behavior interaction.
At 3 months of age, prenatal stressed (Pre-S), postnatal
stressed (Post-S), and non-stressed (non-S) mice were ran-
domly selected for behavioral testing or sacrificed for
molecular analysis. Adult female mice from all behavioral
groups (Pre-S, Post-S, and non-S) showed no significant
differences in a variety of behavioral tests including open
field (time spent in the inner circle: Pre-S, 65 £ 7; Post-S,
60 * 5; and non-S, 53 = 4 and number of entries into the
inner circle: Pre-S, 24 £ 2; Post-S, 24 £+ 2; and non-S, 26
+ 3; P-value > 0.05; Table 1), elevated plus maze (time
spent in open arm: Pre-S, 144 + 7; Post-S, 160 + 10; and
non-S, 129 £+ 12; P-value > 0.05 and time spent in closed
arm: Pre-S, 217 £ 6; Post-S, 191 + 11; and non-S, 232 +
7; P-value > 0.05; Table 1), and forced swim test (time
spent floating: Pre-S, 144 £ 7; Post-S, 128 & 5, and non-S,
133 £ 8, P-value > 0.05; Table 1). However, when the
female mice were tested for anxiety in the light and dark
box the Post-S mice showed significant alteration in adult
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Figure 1. Results from the light and dark box test on female adult mice. (A) The
amount of time spent in the light compartment of the apparatus in seconds (s)
and (B) the number of entries into the dark compartment of the apparatus for the
prenatal stressed (Pre-S), postnatal stressed (Post-S), and non-stressed (Non-S)
mice. An asterisk denotes a significant difference (P-value < 0.05).

significantly less time in the light compartment of the light
and dark box compared with non-S female mice (time
spent in the light side: Pre-S, 311 + 13; Post-S, 298 + 3;
and non-S, 334 + 17; Kruskal-Wallis One Way ANOVA
showed a difference between the groups for time spent in
the light compartment, x* (2) = 6.237, P-value < 0.05;
Dunn’s multiple comparison indicated a statistical differ-
ence between Post-S and non-S, P-value < 0.05). Also, the
Post-S group had a significant increase in the number of
entries into the dark compartment of the apparatus
compared with non-S (number of entries: Pre-S, 34 + 2;
Post-S, 45 £+ 2; and non-S, 35 £ 2; Kruskal-Wallis One
Way ANOVA showed a difference between the groups for
number of entries, x* (2) = 11.652, P-value < 0.05; Dunn’s
multiple comparison indicated a statistical difference
between Pre-S and non-S, P-value < 0.05). Notably, adult

behaviors (Fig. 1). The female Post-S mice spent male mice from all behavioral groups (Pre-S, Post-S, and
Table 1. Results from the behavioral tests conducted on female and male adult mice.
Behavioral Test Female Male
Pre-S Post-S Non-S Pre-S Pre-S Non-S
Open Field
o Time spent inner circle 65.7+79 60.7 £ 5 539+4 66 + 4 61+6 69 +6
e Number of entries to inner circle 249+ 26 2442 26 +3 2541 23+ 1 26 +2
Light/Dark Box
o Time spent in the light compartment 3116 £ 136 298.5 + 3* 3341 +17 323.6 = 10.7 3047 3175+ 12
o Number of entries into the dark compartment 34+2 457 £ 27 357+2 346 +28 355+ 17 359+09
Elevates Plus Maze
o Time spent in open arm 144 + 7 160 += 10 129 + 12 154+ 6 186 + 6 165 4+ 12
o Time spent in closed arm 2176 1911 232+7 204+ 6 172 £7 186 + 12
Forced Swim Test
o Time spent floating 144 + 7 128 +5 133+ 8 140+ 10 136 £9 130+ 6

*One-way ANOVA, P-value < 0.05
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non-PS) showed no significant behavior differences in any
of these behavioral tests (Table 1). Together, these data
suggest that an early-life stress just before weaning results
in stable sex-specific behavioral changes related to anxiety.

Stable disruption of 5hmC in female mice following
postnatal stress

To determine the effect of postnatal stress on the genome-wide
distribution of 5hmC in female mice, we used an established
chemical labeling and affinity purification method, coupled
with high-throughput sequencing technology.'**>***! Age-
matched Post-S and non-S mice were sacrificed at 3 months of
age as independent biologic replicates. DNA sequences con-
taining 5hmC were enriched from hypothalamic genomic
DNA and high-throughput sequencing technology yielded
approximately 17 to 35 million uniquely mapped reads for
each genome (Fig. Sla; Materials and Methods). Significant
accumulations of uniquely mapped reads represent hydroxy-
methylated regions throughout the mouse genome. Differen-
tially hydroxymethylated regions (DhMRs) associated with
stress were identified in both experimental and control groups
(Materials and Methods). DhMRs found in experimental mice
(absent in the control mice) were classified as hyper-DhMRs
and DhMRs absent in experimental mice (present in control
mice) were classified as hypo-DhMRs. A total of 508 hyper-
and 531 hypo-DhMRs were identified and these loci were dis-
tributed across all chromosomes, with a noticeable depletion
on the X chromosome (Fig. 2a; Fig. S1b; data set 1). These data
suggest that stress-induced changes in 5hmC are stable
throughout life.

Specific regions of the genome are differentially methyl-
ated based on the biologic functions of the genes contained
within the genomic region; thus, we used permutation test-
ing to determine if the DhMRs are specific to certain
regions of the genome by comparing the proportions of
DhMRs to the proportions of total detected hydroxymethy-
lated regions in all mice for each chromosome (Materials
and Methods). This analysis revealed that chromosomes 9
and 17 have disproportionately less DhMRs than would be
expected by chance alone while chromosomes 12 and 18
have disproportionately more DhMRs (Fig. S1b; P-value <
0.05). Together, these data suggest that certain chromo-
somes may be more susceptible to stable changes in DNA
hydroxymethylation following early-life stress.

The DhMRs were next annotated to the nearest genomic
structure, which included the following gene-centric regions:
distal promoter region (2-3 kb upstream), central promoter
region (1-2 kb upstream), proximal promoter region (< 1 kb
upstream), 5 UTR, first exon, first intron, other exon, other
intron, 3’ UTR, downstream (< 3 kb), intergenic (> 3 kb
downstream) (Fig. 2b; Materials and Methods). The gross dis-
tribution of the data indicates that the largest proportion of
DhMRs fall within intronic regions of the genome (~50%).
Permutation testing was conducted to identify over- or under-
representation of DhMRs across the genomic structures relative
to the total detected hydroxymethylation sites (Materials and
Methods). This approach revealed significant over-representa-
tions of DhMRs within first exons and under-representations

within intronic regions and 3' UTRs (Fig. 2¢; permutated P-
value < 0.05). Partitioning the DhMRs into hyper- and hypo-
DhMRs found that hyper-DhMRs were over-represented
within exonic regions and under-representation within intronic
regions and regions downstream of the nearest gene (Fig. 2d).
In contrast, the hypo-DhMRs were over-represented within 5’
UTRs and intergenic regions and under-represented within
intronic regions. Taken together, these data indicate that altera-
tions to the hypothalamic hydroxymethylome reside within
specific genic structures (Fig. 2d), suggesting that such changes
brought about by early-life stress are not stochastic throughout
the genome.

DhMR-associated genes

Annotation of DhMRs to genes revealed 880 genes with stable alter-
ations in hydroxymethylation following early-life stress, including
124 genes that contain multiple DhMRs and 474 genes that were
hyper-hydroxymethylated and 482 genes that were hypo-hydroxy-
methylated (P-value < 0.05; data set 2). Seventy-six genes were
found to have both hyper- and hypo-hydroxymethylated regions,
meaning these genes contained regions with both increases
(hyper) and decreases (hypo) in 5hmC following early-life stress
(data set 2). Notably, the average distance between DhMRs anno-
tated to the same gene was >170 kb, suggesting that when found
associated to the same gene DhMRs are not located near each other
and may have unique roles in response to early-life stress.

Since these changes in 5hmC were identified following a
stress paradigm, we compared DhMR-associated genes with
genes known to play a role in stress (Materials and Methods).
This comparison found a significant overlap of DhMR-associ-
ated genes (n = 338 of 880) with known stress-related genes
(n = 3,786; Fig. 3a), indicating that 5hmC marks biologically
relevant genes related to stress and supporting a molecular
function for 5hmC in stress response. Furthermore, these find-
ings revealed potentially novel stress-related genes in response
to early-life stress (n = 542; Fig. 3a). To further characterize
the genes and pathways altered by early-life stress, we examined
the gene ontological (GO) functions of the 474 and 482 hyper-
and hypo-DhMR-associated genes, respectively, and found a
significant enrichment of neuronal/immunological-related GO
terms for both groups of genes, including nervous system
development, generation of neurons, and neurogenesis
(Tables 2 and 3; data sets 3-5; Chi-square P-value < 0.01; GO
FDR P-value < 0.05; Materials and Methods). Together, these
data indicate that the 5hmC changes are stable throughout
development and that early-life stress disrupts 5hmC
on biologically relevant genes and pathways related to
neurodevelopment.

Discovery of potentially functional DhMRs

To understand the potential mechanism(s) for DhMRs
resulting from early-life stress, we used RNA sequencing
(RNAseq) to profile gene expression in the hypothalamus
of the same mice and tissue surveyed for 5ShmC (Materials
and Methods). Comparison of transcript levels in experi-
mental and control mice revealed 1,716 unique gene that
are differentially expressed at the whole-gene and/or
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Figure 2. Characterization of DhMRs across standard genomic structures. (A) Modified Manhattan plot of early-life stress-associated DhMRs from the mouse hypothalamus
reveals DhMRs to be distributed across the entire genome. Positively and negatively correlated DhMRs are displayed with the -log10 of the P-value. Significant DhMRs are
displayed outside the purple lines (P-value < 0.05), while all DhMRs alternate between black and gray to indicate each chromosome. (B) Schematic of the standard
genomic structures investigated. DhMR and all 5hmC data were annotated to the following genomic features: 3 promoter (Prmtr) regions located 2-3 kb, 1-2 kb, and up
to 1 kb upstream (< 1 kb) of the transcription start site; the 5’ untranslated region (UTR); first exon; first intron; other exon; other intron; 3’ UTR; up to 3 kb downstream
of transcription end site (< 3 kb); and the intergenic regions (> 3 kb upstream or downstream of nearest gene). (C) Pie chart displaying the proportion of all DhMRs fall-
ing into each investigated genomic structure. Structures containing a significant over- or under-representation of DhMRs when compared with all 5ShmC peaks are indi-
cated (%), which were determined by permutation testing (P-value < 0.05). Columns indicate the percent of all 5hmC peak data (ShmC) and DhMRs in each genomic
structure shown. (D) A breakdown of hyper- and hypo-DhMRs in each genomic structure. The percent distribution (y-axis) of all 5ShmC peak data (striped), DhMRs (black),
hyper-DhMRs (white), and hypo-DhMRs (gray) in each genomic structure is shown. Significant over- and under-representation of DhMRs are indicated (*) for each struc-

ture (P-value < 0.05).

isoform level (P-value < 0.05; data set 6; Materials and
Methods). Several of the differentially expressed genes pre-
viously were shown to be highly dynamic in response to
stress, as we found upregulation of Grial and Bdnf, and
downregulation of Nf3cl. Notably, significant changes in
the expression of genes in the DNA methylation pathway
were not found, such as Tetl-3 or Dnmtl-3a/b. Examina-
tion of the gene ontologies of these 1,716 differentially
expressed genes found a significant enrichment of neuro-
nal ontological terms, including regulation of neurogenesis,
nervous system development, and neuron projection mor-
phogenesis (Chi-squared P-value < 0.01; GO FDR P-value
< 0.05; data sets 7-9; Materials and Methods). The identi-
fication of DhMRs that are associated with differentially

expressed genes functions as an independent validation of
stress-induced molecular changes of both 5hmC and gene
expression; moreover, these associations reveal candidate
functional DhMRs that may have a direct role in gene reg-
ulation. An overlay of the DhMR data with the differen-
tially expressed (DE) genes and isoforms revealed 151
potentially functional DhMRs corresponding to 118 unique
genes. While many of the genes associated to potentially
functional DhMRs have documented roles in stress and/or
stress-induced psychiatric related disorders, including
Nr3c2, Nrxnl, Nfia, and Clipl, it is perhaps most interest-
ing that several of the potentially functional DhMRs were
associated with genes that express stress-induced isoforms
(Fig. 3b and 3c; data set 6). In fact, DE isoforms were
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Figure 3. Annotation of DhMRs to genes. (A) Venn diagram displaying the proportion of DhMR-associated genes (blue; n = 880) overlapping with genes that have a
known role in stress-response (yellow; n = 4,348). The overlap (n = 338) is significant, as indicated by and asterisk (Chi-square P-value < 0.001). (B) Gene schematics of
the top 3 statistically significant differentially expressed isoforms from known stress-related genes containing a DhMR. Transcripts are depicted as either the whole-gene
transcripts or differentially expressed isoforms from control (white) and stressed (red) mice. The relative genomic location of the DhMR (gold box) is shown, hyper-DhMRs
are near stressed (red) mice transcripts and hypo-DhMRs are near control (white) mice transcripts. (C) Gene schematics of the top 3 statistically significant differentially
expressed isoforms from genes containing a DhMR and that are known to play a role in psychiatric-disorders. Transcripts are depicted as either the whole-gene transcripts
or differentially expressed isoforms from control (white) and stressed (red) mice. The relative genomic location of the DhMR (gold box) is shown, hyper-DhMRs are near
stressed (red) mice transcripts and hypo-DhMRs are near control (white) mice transcripts. An asterisk indicates which exons have been either partially or completely

excluded from the isoform shown.

nearly 5-times more prevalent than DE whole-genes, fur-
ther supporting a role for 5ShmC in RNA processing such
as alternative splicing, which also is consistent with previ-
ous findings.”>**?> This finding prompted us to investigate
whether there was an enrichment of potentially functional
DhMRs at genomic structures that may facilitate alterna-
tive splicing (e.g., intron/exon boundaries). While a signifi-
cant enrichment was not found at intron/exon boundaries,
these DhMRs did contain branch point sequences, polya-
denylation signals, and microRNA seed sequences (data
not shown). Clearly further work is needed to understand
the role of 5hmC in RNA processing. These data also
revealed potentially functional DhMRs in genes that have
an uncharacterized role in stress but have been implicated
in mental illness, such as Ankslb, Kynu, Ythdcl, Foxpl,

and Ptprd (DhMR, P-value < 0.05; DE, P-value < 0.05;
Fig. 3; data set 6).>*”° Examination of the gene ontologies
of these potentially functional DhMR-associated genes
found a significant enrichment of neuronal ontological
terms related to neuronal development and differentiation,
as well as neuron apoptotic process and death (Chi-
squared P-value < 0.01; GO FDR P-value < 0.05; data sets
10-12). Together, these data demonstrate that 5hmC is
correlated with altered gene expression in neurogenesis
and neuronal apoptotic pathways in response to early-life
stress and suggest that differential 5hmC may play a role
in stress-induced isoform production.

To gain a general understanding of 5hmC function, we next
investigated if there was a consistent correlation between
5hmC abundance and stress-induced changes in gene
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Table 2. Top 5 Gene Ontology Terms for Hyper-DhMRs.

Gene Ontology Term FDR P-value **Gene Symbols

*Generation of neurons 0.00000000509 Mycbp2, Foxp1, Braf, Arhgef28, Ank3, Rnd2, Arsb, Atoh1, Prdm1, Bmp2, Bmpria, Runx2, Cdh11, Epha3, Epha4,
Etv1, Gdnf, Gfral, Lpar1, Hgf, Hhip, Ifrd1, II2, Itgb1, Kif5b, Lama2, Man2a1, Mllt4, Trpom1, Map2, Ncam]1,
Ctnnd2, Ntrk3, Nr4a2, Enpp2, Prkg1, Prox1, Ptprd, Ptprm, Rheb, Robo1, Semaéa, Slit2, Sox14, Sox5, Cpeb3,
Stxbp1, Arfgef1, Tcf4, Zeb1, Zfp521, Psd3, Tenm2, Tenm3, Kif20b, Prickle2, Rgma, Lsamp, Negr1, Slitrk3,
Rgs6, Magi2, Park2, Corin, Golga4, Dfna5, Rapgef4, Gsk3b, Cdon, Sall1, Dleu2, Hmg20a, Zswimé, Agtpbp1,
Rere, Tmem106b, Prmt3, Fryl, Ispd, Sdccag8, Fgf20, Sirt1

“Nervous system 0.0000000186 Mycbp2, Adgrb1, Foxp1, Braf, Arhgef28, Ank3, Rnd2, Arsb, Atoh1, Prdm1, Bmp2, Bmpria, Runx2, Cdh11, Epha3,
development Epha4, Etv1, Gdnf, Gfral, Lpar1, Grik1, Hgf, Hhip, Hspg2, Ifrd1, 112, Itgb1, Kif5b, Lama2, Man2a1, Miit4,
Trpm1, Map2, Ncam1, Nfia, Ctnnd2, Nrxn1, Nrxn3, Musk, Ntrk3, Nr4a2, Otx1, P2ry1, Enpp2, Prkg1, Prox1,
Ptprd, Ptprm, Rheb, Robo1, Nptn, Semaéa, Slit2, Sox14, Sox5, Cpeb3, Stxbp1, Arfgef1, Tcf4, Zeb1, Alx1, Ttn,
Zfp521, Psd3, Tenm2, Tenm3, Kif20b, Prickle2, Rgma, Mcph1, Rpgrip1l, Rbfox1, Lsamp, Negr1, Slitrk3, Rgs6,
Magi2, Park2, Corin, Golga4, Dfna5, Cadm1, Rapgef4, Gsk3b, Cdon, Sall1, Dleu2, Hmg20a, Zswimé,
Agtpbp1, Rere, Dpf3, Tmem106b, Prmt3, Fryl, Kif1bp, Ispd, Sdccag8, Hdac9, Fgf20, Sirt1

“Neurogenesis 0.0000000186 Braf, Agtpbp1, Ank3, Arfgef1, Arhgef28, Arsb, Atoh1, Bmp2, Bmpria, Cdh11, Cdon, Corin, Cpeb3, Ctnnd2,
Dfna5, Dleu2, Enpp2, Epha3, Epha4, Etv1, Fgf20, Foxp1, Fryl, Gdnf, Gfral, Golga4, Gsk3b, Hgf, Hhip,
Hmg20a, Ifrd1, 112, Ispd, Itgb1, Kif20b, Kif5b, Lama2, Lpar1, Lsamp, Magi2, Man2a1, Map2, Milt4, Mycbp2,
Ncam1, Negr1, Nr4a2, Ntrk3, P2ry1, Park2, Prdm]1, Prickle2, Prkg1, Prmt3, Prox1, Psd3, Ptprd, Ptprm,
Rapgef4, Rere, Rgma, Rgs6, Rheb, Rnd2, Robo1, Runx2, Sall1, Sdccag8, Semaéa, Sirt1, Slit2, Slitrk3, Sox14,
Sox5, Stxbp1, Tcf4, Tenm2, Tenm3, Tmem106b, Trpm1, Zeb1, Zfp521

Cell Development 0.0000000366 Camk2d, Abi1, Agfg1, Akap6, Alx1, Ank3, Arfgef1, Arhgef28, Arid4a, Arsb, Atoh1, Bin3, Bmp2, Bmpr1a, Braf,
Cdh11, Cdon, Cnot2, Col11al, Cpeb3, Ctnnd2, Dleu2, Enpp2, Epha3, Epha4, Etv1, Fermt2, Foxp1, Fryl, Gdnf,
Gfral, Golga4, Gsk3b, Hdac9, Hgf, Hmg20a, Hspa2, Ifrd1, 12, Impad1, Ispd, Itga4, Itgb1, Kif20b, Kif5b, KIf5,
Lama2, Lims1, Lpar1, Lsamp, Magi2, Maml1, Man2a1, Map2, Megf10, Mllt4, Mycbp2, Ncam1, Negr1, Nr4a2,
Ntrk3, Park2, Prdm1, Prickle2, Prkg1, Prmt3, Prox1, Ptprd, Ptprm, Rap1b, Rapgef4, Rdx, Rere, Rgma, Rgs6,
Rheb, Rnd2, Robo1, Runx2, S1pr3, Sall1, Semaéa, Sirt1, Slc8a1, Slit2, Slitrk3, Smyd3, Sox14, Sox5, Stxbp1,
Tcf4, Tenm2, Tenm3, Tmem106b, Trpm1, Trps1, Ttn, Zeb1, Zfp42, Zswimé

*Neuron differentiation 0.0000000366 Mycbp2, Foxp1, Braf, Arhgef28, Ank3, Rnd2, Arsb, Atoh1, Prdm1, Bmp2, Runx2, Cdh11, Epha3, Epha4, Etv1,
Gdnf, Gfral, Lpar1, Hgf, Ifrd1, 112, Itgb1, Kif5b, Lama2, Trpm1, Map2, Ncam1, Ctnnd2, Ntrk3, Nr4a2, Prkg1,
Prox1, Ptprd, Ptprm, Robo1, Semaé6a, Slit2, Sox5, Cpeb3, Stxbp1, Arfgef1, Tcf4, Zeb1, Zfp521, Psd3, Tenm2,
Tenm3, Kif20b, Prickle2, Rgma, Negr1, Slitrk3, Rgs6, Magi2, Park2, Corin, Golga4, Dfna5, Rapgef4, Gsk3b,
Cdon, Sall1, Dleu2, Hmg20a, Zswimé, Agtpbp1, Rere, Tmem106b, Prmt3, Fryl, Ispd, Fgf20, Sirt1

* Indicates neuronal-related pathway as previously determined by Geigman et al., 2010
**Bolded gene symbols indicate known stress-related genes from the GeneCards database.

Table 3. Top 5 Gene Ontology Terms for Hypo-DhMRs.

FDR
Gene Ontology Term P-value **Gene Symbols
“Nervous system development 0.0000141 Bcr, Abl1, Rims2, Apc, Nr2f2, App, Atoh1, Bmp5, Runx2, Runx1, Cdh11, Chl1, Cntn1, Hapin1, Vcan,

Dab1, Dclk1, Dct, Dst, Epha4, Fzd1, Gap43, Htr7, Kcnmal, Kdr, Lamaz2, Lrp6, Crb1, Nme7, Map2,
Ncoal, Nfia, Ctnnd2, Nrxn3, Otx1, Otx2, Pax3, Prkd1, Prkg1, Nign1, Ptprd, Ptprm, Ptpro, Pura,
Robo1, Sema3c, Semabéa, Slit2, Sox11, Soxé, Stxbp3, Tcf4, Nav1, Lrrtm3, Tiam1, Twist1, Dpysl3,
Unc5c, Ush2a, Zfp521, Btbd3, Picalm, Helt, Psd3, DIg2, Tenm3, Lrrc7, Grin3a, Ppp1r9a, Grhi2,
Map3k7, Sema4g, Pclo, Lsamp, Robo2, Luzp1, Fat4, Firt2, Grxcr1, Ccdc141, Clstn2, Bzw2, Zswimé,
Rere, Trim32, Ttll7, Nptxr, Lrrtm1, Kidins220, Stxbp5, Hdac9, Nedd4l, Rbfox2, KIf7, Adgrl2

*Neuron Projection Morphogenesis 0.0000466 Abl1, Apc, App, Atoh1, Btbd3, Cdh11, Chl1, Ctnnd2, Dab1, Dclk1, Dst, Epha4, Firt2, Gap43, Kdr,
Kidins220, KiIf7, Lama2, Map2, Nedd4l, Nign1, Otx2, Picalm, Ppp1r9a, Ptprd, Ptprm, Ptpro, Rbfox2,
Rere, Rims2, Robo1, Robo2, Sema3c, Semaéa, Slit2, Stxbp5, Tiam1, Unc5¢, Zswimé6

*Neuron differentiation 0.0000546 Abl1, Rims2, Apc, App, Atoh1, Bmp5, Runx2, Runx1, Cdh11, Chl1, Cntn1, Dab1, Dclk1, Dst, Epha4,
Gap43, Htr7, Kcnmal, Kdr, Lama2, Lrp6, Crb1, Map2, Ncoal, Ctnnd2, Otx2, Pax3, Prkd1, Prkg1,
Nign1, Ptprd, Ptprm, Ptpro, Robo1, Sema3c, Semaéa, Slit2, Sox11, Tcf4, Tiam1, Dpysi3, Unc5c,
Ush2a, Zfp521, Btbd3, Picalm, Helt, Psd3, DIg2, Tenm3, Lrrc7, Grin3a, Ppp1r9a, Robo2, Fat4, Firt2,
Grxcr1, Zswimé, Rere, Trim32, Nptxr, Kidins220, Stxbp5, Nedd4l, Rbfox2, KIf7

*Generation of neurons 0.0000546 Abl1, Rims2, Apc, Nr2f2, App, Atoh1, Bmp5, Runx2, Runx1, Cdh11, Chl1, Cntn1, Dab1, Dclk1, Dct, Dst,
Epha4, Gap43, Htr7, Kcnmal, Kdr, Lama2, Lrpé, Crb1, Map2, Ncoal, Ctnnd2, Otx2, Pax3, Prkd1,
Prkg1, Nign1, Ptprd, Ptprm, Ptpro, Robo1, Sema3c, Semaéa, Slit2, Sox11, Tcf4, Nav1, Tiam1, Twist1,
Dpysl3, Unc5c, Ush2a, Zfp521, Btbd3, Picalm, Helt, Psd3, DIg2, Tenm3, Lrrc7, Grin3a, Ppp1r9a,
Lsamp, Robo2, Fat4, Firt2, Grxcr1, Zswimé, Rere, Trim32, Nptxr, Kidins220, Stxbp5, Nedd4l,

Rbfox2, KIf7
*Cell morphogenesis involved in 0.0000642 Abl1, Apc, App, Atoh1, Cdh11, Chl1, Dab1, Dclk1, Dst, Epha4, Gap43, Lama2, Map2, Ctnnd2, Otx2,
neuron differentiation Nign1, Ptprd, Ptprm, Ptpro, Robo1, Sema3c, Semaéa, Slit2, Tiam1, Unc5c, Btbd3, Picalm, Ppp1r9a,

Robo2, Firt2, Rere, Kidins220, Stxbp5, Nedd4l, Rbfox2, KIf7

“*Bolded gene symbols indicate known stress-related genes from the GeneCards database
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expression and found that both hyper- and hypo-DhMRs were
associated with up- and downregulation of gene expression.
When we subsequently examined whether the location of the
potentially functional DhMR was specifically correlated with
up- or downregulation of gene expression, in regards to gene
structure (e.g., promoter or gene body), we did not find any
consistent correlations. Thus, there is not a clear relationship
between stress-induced changes in hydroxymethylation level
and the direction of altered gene expression.

Since we previously showed that 5hmC may regulate the
expression of neuronal genes following exposure to stress by
modulating the binding and/or function of transcription
factors,”® we examined whether early-life stress-related DhMRs
were enriched with transcription factor (TF) binding sites using
the DREME (Discriminative Regular Expression Motif Elicita-
tion) software.”” Forty-six TF sequence motifs (23 for hyper-
DhMRs, 23 for hypo-DhMRs) significantly associated with the
DhMRs (Figs. 4a and 4b). Many of the transcription factors
predicted to bind to these motifs have links to stress-related
behaviors and disorders, such as SPI and Tfap2c, which are
associated with schizophrenia, bipolar disorder, and major
depressive disorder (see discussion and ref. 38, 39). Subsequent
examination of each DhMR residing in a stress-induced

A
N Zix Zip691
- —g~ Tfap2b TFAPZ2C
A Hicl  RHOXF1
= = FLE= =T |sP1 SP2
Gabpa E2f6
- Hdx Obox5
i C Tef Pitx1
M AW WA Ly GSC Tcfap2b
’ T Zix Pitx2
B
= Duxa
Nobi
N " = w @ = | 2 ODOX
“}C Tfep2
o ! o
- Arid5a
- Meox1
CACG= =
Hoxd8
C
- Meis3  TGIF2 Hoxd9 LHX2
= - HOXA13 Zbtb12
Tl A =N Sl B 1
Obox5 GSC GSC2 OTX1/2
= Pitx1 Tcfl  Pitx2 DMBX1
- TFAP2C Gabpa Zfx  ZBTB7C
- AA I CQCA SP2 YY2  Tfap2b Hic1
R W 5 ISP ZEB1 RHOXF1

Figure 4. Characterization of the potential role(s) of DhMRs in gene expression.
(A-Q) Identification of DhMR-associated transcription factor sequence motifs that
were predicted by the DREME suite (E-value < 10e-3) in hyper- (a), hypo- (b), and
potentially functional (c) DhMRs. The putative transcription binding factors were
predicted using SpaMo directly from the DREME suite and are shown next to each
sequence motifs. Transcription factors associated with hyper- and/or hypo-DhMRs
(a-b) that are shared between those found in the potentially functional DhMR
sequences (c) are indicated by a bold font.

differentially expressed gene revealed that nearly 90% of the
potentially functional DhMR-associated genes contained at
least one of the enriched transcription factor binding sequence
motifs (data set 6). Moreover, when comparing the putative TF
sequence motifs from the full set of potentially functional
DhMRs, the majority of motifs overlapped with those found
from either the hyper- or hypo-DhMRs (Fig. 4c). Together,
these data support a role for 5hmC in the modulation of TF
binding or function and the direct regulation of gene expres-
sion following an early-life stress.

Discussion

The rediscovery of 5-hydroxymethylcytosine (5hmC) has
raised new questions regarding the role of DNA methylation in
response to stress. Here, we present evidence that an early-life
stress results in stable changes in 5hmC that are correlated with
gene expression. The majority of stress-induced changes in
5hmC were located within genic structures, predominantly
within intronic regions (~50%) that undergo a significant
decrease in 5hmC in response to stress. The annotation of
stress-induced changes in 5hmC to genes identified known and
potentially novel stress-related genes, further validating a role
for 5hmC in the response to stress. Together, these data provide
insights into novel treatment targets for individuals that have
already developed clinically significant anxiety disorders.

Furthermore, the presence of stable changes in 5hmC
following an early-life stress that are linked to the development
of anxiety-like behavior reveals a role for 5hmC in stress-
induced behavioral outcomes. This association is further cor-
roborated with the significant overlap of DhMR-associated
genes and known stress-related genes (n = 338/880). Thus, the
DhMRs reveal genes and pathways contributing to the stress-
induced behavior changes, including genes involved in neuro-
transmission (e.g., glutamate receptors: Gria2, Grikl, Grik2,
and Grin3a, and a serotonin receptor, Htr7) and ion channels,
which are known to undergo distinct changes during develop-
ment and may regulate the onset of anxiety-like behaviors
(e.g., Kene2, Kcnj2, Kcnj3, and Cacnb4). Indeed, inhibitory
interneurons undergo major transcriptional and electrophysio-
logical changes between P7 and P40 in mice*® including Kcnc2
between P10 and P25. Finally, several members of the Kruppel-
like factor (KLF) family of transcription factors, known to
regulate gene expression, were found to contain DhMRs
(e.g., KIf5, Kif6, Kif7, and Kif12). These genes encode proteins
that are required for different stages of neuronal maturation in
the developing brain.*’ Together, these data suggest that the
long-lasting disruption of 5hmC following early-life stress is
targeting pathways known to function in the highly dynamic
development of the nervous system. Furthermore, it is note-
worthy that these findings implicate several potentially novel
genes that may be associated with stress-response (at least a
subset of n = 542). The stress-related potential of these genes is
supported by the biologically relevant GO terms (e.g., neuro-
genesis and neuron projection morphogenesis). Further study
of these novel stress-related genes may improve our under-
standing of stress response and recovery.

The generation of transcriptome data from the same
mice and tissue reveals 678 differentially expressed whole-



genes and 1,242 differentially expressed isoforms. This is
consistent with a previous study that reported a significant
number of differentially expressed isoforms associated with
cocaine action.’® Together, these studies suggest a role for
5hmC in alternative splicing and isoform production. The
overlay of hydroxymethylome and transcriptome data
found genes with potentially functional DhMRs, which pro-
vides evidence for stable changes in 5hmC regulating
stress-induced gene expression that is related to the
observed behavioral outcomes. Here we identified 151
potentially functional DhMRs that are associated with 118
differentially expressed genes. Interestingly, the potentially
functional DhMRs preferentially associated with differen-
tially expressed isoforms (5-times over whole-genes), sug-
gesting that 5hmC may have a more dynamic role in
stress-induced expression of alternatively spliced isoforms
rather than whole-genes. More than half of these poten-
tially functional DhMR-associated genes (n = 61/118) are
linked to stress, including Gdnf, Clipl, Dgkh, Nrxnl, Nfia,
and Nr3c2, and several others have been implicated in
developmental brain disorders such as autism, schizophre-
nia, and bipolar disorder (e.g., Nrxnl, Dgkh, and
Gdnf).>>*>* Since the genetic etiology of developmental
brain disorders remain largely unknown, it remains possi-
ble that alterations in 5hmC following early-life stress may
contribute to some forms of these disorders. Together,
these data support a functional role for 5hmC in response
to early-life stress and that stress-induced changes in
5hmC target genes in the brain that are influenced by the
environment and are involved in the etiology of develop-
mental brain disorders, including anxiety.

Since nearly 90% of the potentially functional DhMRs con-
tained an enrichment of a transcription factor (TF) sequence
motif(s), the functional role for stress-induced changes in
5hmC likely involves the modulation of TF binding/function.
These enrichments located within DhMRs revealed the motifs
of several TFs that are implicated in stress-related behaviors
and disorders. Specificity Protein 1 (Spl) is involved in many
cellular processes, including cell differentiation and apoptosis.
Recently it was shown that SpI is disrupted in schizophrenia
and depression.*** The transcription factor AP-2 Gamma
(Tfap2c) activates several developmental genes during retinoic
acid-mediated differentiation in the development of the neural
tube. Tfab2b has been implicated in the development of depres-
sion and bipolar disorders.*>*” Together, these data suggest that
5hmC may modulate transcription factor binding on develop-
mentally important genes in the brain. It will be important that
future studies verify this link and determine the nucleotide-
specific 5hmC modifications in DhMRs that are necessary and
sufficient for TF function.

The stress paradigm implemented in this study likely affects
the development of emotion, cognition, and social behaviors.*®
While all of these domains were not tested in this study, we did
find disruptions in anxiety-related behaviors in the postnatal
stressed mice. It is notable that we did not find altered adult
behaviors in the prenatal stressed mice because it was previ-
ously reported that prenatal exposure to this early-life stress
paradigm resulted in aberrant adult behaviors.*” However, it
should be noted that the previously published study examined
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different behaviors using different behavioral tests, suggesting
the prenatally stressed mice examined here may have cognitive
and other stress coping deficits. Thus, it is warranted to exam-
ine the 5hmC levels in the prenatally stressed mice generated
here, despite not finding anxiety-related deficits.

These studies parallel those of previous work that showed
that acute stress disrupted 5hmC at known stress-related
genes.” It is notable that we find an overlap of 10 potentially
functional genes between both studies and that the majority of
these genes are known stress-related genes [8/10 (bold): Nfia,
Map3k7, Ank2, Ankslb, Dock4, Erc2, Lpinl, Ndfip2, Navl,
and Abca8a]. While these data suggest that potentially
functional stress-induced disruptions in 5hmC can be indepen-
dent of stress paradigm and the timing of postnatal develop-
ment exposure, paradigm and timing specific effects clearly
exist. Nonetheless, the molecular factors influencing vulnerabil-
ity and resilience to environmental stress clearly involve
environmentally sensitive epigenetic mechanisms such as DNA
methylation. The stable potentially functional stress-related
variations in 5hmC identified here are associated with signifi-
cant changes in gene expression, providing an independent val-
idation of these data and a foundation that will aid in the
future study of environmental factors affecting stress response
and/or recovery. It will be important for future studies to char-
acterize the developmental timing of behavior-related effects
on the epigenome and transcriptome in a biologically relevant
cell-type (e.g., GABAergic interneurons) to improve early ther-
apeutic interventions. It is of great interest to harness the diag-
nostic and therapeutic power of these substrates toward healthy
outcomes.

Materials and methods
Mice and stress paradigm

Mice were purchased from the Jackson laboratories (Bar Har-
bor, ME) and maintained on C57BL/6] background. The mice
were housed under uniform conditions in a pathogen-free
mouse facility with a 12- hour light/dark cycle. Food and water
were available ad libitum. All experiments were approved by
the University of Wisconsin — Madison Institutional Animal
Care and Use Committee (M02529). To minimize for the stress
of animal handling, all of the following were conducted by a
single researcher: animal colony maintenance; administration
of the stress paradigm; and behavioral tests.

For the prenatal stress cohort, a 3-month-old C57BL/6]
male mouse was placed together with a virgin 3-month-old
C57BL/6] female mouse at 6 p.m. (one hour before lights
off); every morning before 9 am. (2 h after lights on)
female mice were checked for vaginal copulation plug and
separated from the male. Presence of a copulation plug
denoted day 0.5 of gestation and the pregnant female was
individually housed and given a cotton nestlet. At embry-
onic day (E) 0.5, pregnant females were randomly assigned
to either variable stress (Pre-S) or to a non-stressed control
(non-S) group. Pregnant mice assigned to the Pre-S group
experienced a different daily stressor on each of the 7 d
during early pregnancy (E0.5 to E6.5). These variable stres-
sors included: 36 h of constant light, 15 min of fox odor
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(Cat# W332518) beginning 2 h after lights on, novel objects
(8 marbles) exposure overnight, 5 min of restraint stress
(beginning 2 h after lights on), novel noise (white noise,
nature sound-sleep machine®, Brookstone) overnight, 12
cage changes during light period, and saturated bedding
(700 mL, 23°C water) overnigh‘[.30’49 These mild stressors
were previously published and were selected because they
do not include pain or directly influence maternal food
intake or weight gain. Litter sizes of less than 5 and more
than 8 pups were removed from the experiment. Offspring
were left undisturbed until weaning day (P18), at which
time the mice were group housed with same sex mice.
Females were left intact, and were not cycled.49 Finally, to
minimize the effect of parent-to-offspring interaction per
litter, 2 pups/litter were randomly selected for behavioral
experiments and the other 2 littermates were selected for
molecular experiments.

For the postnatal stress (Post-S) group, each litter was
randomly assigned to either variable stress or a non-S group at
P12. Mice assigned to the Post-S group experienced a different
daily stressor on each of 7 d (P12 to P18). These were the same
mild stressors that were received by the prenatal stress cohort
and are described above. Litter sizes of less than 5 and more
than 8 pups were removed from the experiment. At weaning
day (P18) mice were group housed with same sex littermates
and 2 pups/litter were randomly selected for behavioral experi-
ments and the other 2 littermates were selected for molecular
experiments.

Behavioral tests

Adult stressed and non-stressed mice (n = 10-12 for each sex
and group, 12-17 weeks of age) were submitted to tests of anxi-
ety and depression. All testing was performed during a period
of 4 h in dark period (beginning 2 h after lights off). With one-
week between tests, the same group of mice was subjected to
the following sequence of behavioral tests: open field; light/
dark box; elevated plus maze; and forced swim test. An experi-
menter who was blind to the animal’s group scored video
recordings of each test.

Open Field Test - The open field apparatus consisted of
a circular arena (104 cm diameter). A marker was used to
inscribe a smaller circle 25 cm from the walls. Each mouse
was placed in the inner circle of the apparatus and allowed
to explore for 10 min. The time spent in the center and
numbers of entries to inner circle were scored for each
mouse.

Light/Dark Box Test - The light/dark box test was per-
formed in a rectangular box divided in 2 compartments (light
and dark). The walls of the light and dark compartments were
constructed of Plexiglas (same areas 319.3 cm?). A removable
dark Plexiglas partition was used to divide the box into light
and dark sides. Each animal was placed into the light side of
the box, facing away from the dark side and allowed to explore
both chambers of the apparatus for 10 min. The time spent in
the light side and the number of entries into the dark compart-
ment was scored for each mouse.

Elevated Plus Maze - The elevated plus maze consisted of 2
open and 2 closed arms, elevated 52 cm above the floor, with

each arm projecting 50 cm from the center (a 10 x 10 cm
area). Each mouse was individually placed in the center area,
facing the open arm, and allowed to explore for 7 min. The
measurements scored for each mouse were as follows: time
spent in closed arms, time spent in open arms.

Forced Swim Test -The mice were individually placed into a
glass cylinder (14-cm internal diameter, 38 cm high) filled with
water (28-cm deep, 25-26 °C) for 6 min. During the last 4 min
of the test, the time spent floating was scored for each mouse.
Floating was defined as immobility or minimal movements
necessary to maintain the head above the water.

Statistical analysis for behavioral tests

Data is reported as mean =+ the standard error of the mean
(SEM) Homogeneity of variance was assessed using the Lev-
ene test and the normal distribution of the data was tested
by the Shapiro-Wilk test. One-way ANOVA was used to
detect differences within treatment (Pre-S, Post-S, and non-
S) for time spent in the inner circle and number of entries
into that circle (Open field test); time spent in closed arm
and time spent in open arm (Elevated plus maze); time
spent in light compartment and number of entries into the
dark compartment (Light/Dark box test) and time spent
floating (Forced swim test). Post hoc analysis was per-
formed using a Bonferroni correction. Kruskal-Wallis One
Way ANOVA followed by Dunn’s post-hoc test was per-
formed when the data did not meet the criteria above.

Tissue acquisition and DNA/RNA extractions

The long-lasting effects of early-life stress on DNA methylation
and gene expression was obtained from postnatally stressed
and non-stressed 3-month old female mice (n = 4 per group).
Mice were killed (2 h after lights on) and whole brains were
extracted and immediately flash frozen in 2-methylbutane and
dry ice. Hypothalamus tissue was excised by micropunch
(0.37 to —2.53 mm posterior to bregma) and approximately
30 mg of tissue was homogenized with glass beads (Sigma) and
DNA/RNA were extracted using AllPrep DNA/RNA mini kit
(Qiagen).

5hmC enrichment of genomic DNA

Chemical labeling-based 5hmC enrichment was described pre-
viously.'”*>*" Briefly, a total of 10 g of hypothalamus DNA
was sonicated to 300 bp and incubated for 1 h at 37°C in the
following labeling reaction: 1.5 ul of N3-Uridine diphosphate
Glucose (2 mM); 1.5 pul B-Glucosyltransferase (8-GT; 60 uM);
and 3 ul of 10x B-GT bulffer, in a total of 30 ul. Biotin was
added and the reaction was incubated at 37°C for 2 h before
capture on streptavidin-coupled Dynabeads (Invitrogen,
65001). Enriched DNA was released from the beads during a
2-hour incubation at room temperature with 75 mM Dithio-
threitol (DTT; Invitrogen, 15508013), which was removed
using a Bio-Rad column (Bio-Rad, 732-6227). Capture
efficiency was approximately 5-7% for each sample.



Library preparation and high-throughput sequencing of
genomic DNA

5hmC-enriched libraries were generated using the NEBNext
ChIP-Seq Library Prep Reagent Set for Illumina sequencing,
according to the manufacturer’s protocol. Briefly, the 5hmC-
enriched DNA fragments were purified after the adaptor liga-
tion step using AMPure XP beads (Agencourt A63880). An
Agilent 2100 BioAnalyzer was used to quantify the amplified
library DNA and 20-pM of diluted libraries were used for
sequencing. A 50-cycle single-end sequencing reaction, which
was performed by Beckman Coulter Genomics, generated 50
nucleotides from each read. Image processing and sequence
extraction were done using the standard Illumina Pipeline.

Sequence alignment of 5hmC data and peak calling

Alignment of ChiP-seq data was performed using Bowtie
v0.12.7°°. Reads were aligned to the NCBI37v1/mm9 genome
by using the following parameters in Bowtie: only uniquely
mapping reads with no more than 2 mismatches throughout
the entire read that were within the ‘best stratum’ were kept for
further analysis for each sample. Fragment lengths were esti-
mated using R package SPP for each separate sample.”’ To
identify peaks for control and experimental samples, R package
MOSAICS was used.”” Using MOSAICS, each sample was sepa-
rately analyzed using default parameters with the exception of
the following: bin size was increased to 300 bp, fragment length
as estimated by SPP, capping at most 5 reads starting at the
same nucleotide, FDR cutoff of 0.05, ‘matchLow’ background
estimation, a maximum gap of 300 bp between peaks, threshold
of ChiP-seq reads at the 95™ quantile, and the addition of
mappability, GC content and ambiguity scores of mm9 prepro-
cessed data. MOSAICS was also used to find the summit of
peaks. Peaks for each sample were redefined by extending +/—
500 bp of the summit.

DhMR identification and genomic annotations

Peaks from control and stressed samples were converted to
Granges objects and peaks for each group were defined as the
following from the 2 grouped samples: peaks from all samples
were pooled together, overlapping peaks were merged to form
one region, and such overlapping peaks were used for further
analysis if at least 2 samples had such overlap. To form the can-
didate regions for DhMR identification, peaks from the control
and stressed groups were similarly pooled and merged together.
This produced 48,452 candidate region peaks. To identify
DhMRs, R package edgeR was used.” Reads for each sample
were extended to their estimated fragment length as deter-
mined by SPP. Normalization factors, common dispersion and
tagwise dispersion were calculated for the data, aiding to allevi-
ate differences in library size per sample. DhMRs were found
using an exact test in edgeR using a P-value cutoff of 0.05,
which produced 1,039 DhMRs. To annotate DhMRs to geno-
mic structures and gene symbols, R package ChIPseeker was
used using Bioconductor packages TxDb.Mmusculus.UCSC.
mm9.knownGene and org. Mm.eg.db for the annotation of geno-
mic feature and gene symbol, respectively.”*
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RNA library preparation and sequencing

Approximately 100 ng of total RNA was used for sequence
library construction following instructions of NuGen mRNA
sample prep kit (cat# 0348). In brief, total RNA was copied into
first strand cDNA using reverse transcriptase and random pri-
mers. This was followed by second strand cDNA synthesis
using DNA Polymerase I and RNaseH. These cDNA fragments
went through an end repair process, the addition of a single ‘A’
base, and then ligation of the adapters. These products were gel
purified and enriched with PCR to create the final cDNA librar-
ies. The library constructs were run on the bioanalyzer to verify
the size and concentration before sequencing on the Illumina
HiSeq2500 machine where 100-cycle single-end sequencing
was performed by the University of Wisconsin Biotechnology
Center. In short, libraries from the same mice and combina-
tions that were used to generate the 5ShmC data were sequenced
for each experimental condition.

RNA-sequencing analysis

Each sample was separately run using RSEM which used Bow-
tie v0.12.7 in its analysis to calculate expression.” All parame-
ters of RSEM were set to default with the exception of the
addition of the Gencode M1 Release reference genome annota-
tion (http://www.gencodegenes.org/mouse_releases/). This pro-
duced read counts at both the whole-gene level and at the
isoform level. Two matrices of read counts (i.e., at whole-gene
and isoform level) for all samples were created using RSEM
and read counts were rounded for analysis of differential
expression using edgeR. Similar to methods used to identify
DhMRs, normalization factors, common and tagwise disper-
sions of the data were calculated in edgeR and an exact test was
used to identify cases of differential expression between control
and stressed groups using a P-value cutoff of 0.05 and found
678 cases of differentially expressed whole-genes and 1,242 dif-
ferentially expressed isoforms originating from 1,115 unique
genes. By overlapping these 2 lists found 77 instances of differ-
ential whole-gene expression that coincided with differential
isoform expression.

Identification of gene ontological (GO) enrichments

Genes associated with DhMRs or found to be differentially
expressed at either the whole-gene or isoform level were sepa-
rately studied for ontological enrichment using R package clus-
terProfiler.>® Gene symbols were converted to their Entrez IDs
using clusterProfiler and were then used to find significant
enrichment of ‘biologic processes’ (BP). Notably, as nearly a
third (N = 209) of differentially expressed whole-genes were
predicted/pseudo/Riken genes, these were excluded from onto-
logical analysis, as they provide little to no relevant information
for such ontological analyses. A P-value cutoff of 0.05 was ini-
tially used during the clusterProfiler analysis, then a FDR cutoft
of 0.05 for the produced GO terms was used to filter out GO
terms for all analyses except for whole-gene analyses which
used a P-value cutoff of 0.05. To further filter GOs, terms were
kept for further analysis if the ratio of ‘GeneRatio’ over ‘BgRa-
tio’ (as determined by clusterProfiler) either exceeded a fold-
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change threshold of 1.5 or was smaller than a fold-change
threshold of 1/1.5. The gene universe for DhMRs consisted of
all genes associated with 5hmC peaks (n = 14,320) while the
gene universe for differential gene/isoform expression and
potentially functional DhMRs consisted of all genes tested for
expression by RSEM (n = 16,518).

Transcription factor binding site motifs

The DREME suite’” was used to identify enrichments of tran-
scription factor sequence motifs in the hyper- and hypo-
DhMRs. Motifs that were not found in control-only 5hmC
regions, experimental-only 5hmC regions, and all 5hmC
regions and that had an E-value < 10e—3 were considered to
be significant. Putative binding factors were predicted using
SpaMo directly from the DREME suite software package and
are listed in the tables shown with their putative transcription
factors.

Statistical analysis for molecular testing

To study over- and under-representation of DhMRs (n =
1,039) across genomic structures, permutation testing was used
using a perl script. The number of DhMRs falling into each
genomiic structure was tallied and this number was termed the
“actual number” for each genomic structure. Notably, DhMRs
that fell across multiple genomic structures were counted twice.
All 5hmC peaks from all samples were pooled and annotated
using R package ChIPseeker, giving a full set of peaks (n =
289,098). The same number of DhMRs (n = 1,039) were ran-
domly selected from this full set and the number of times each
peak fell into each genomic structure was tallied, termed the
“permutated number” for each genomic structure. This “per-
mutated number” was generated 10e5 times. To achieve the
permutated P-value, the number of times the “permutated
number” of each genomic structure surpassed the “actual num-
ber” for the same structure was divided by 10e5.

Similar to permutation procedures used for genomic struc-
ture mentioned above, over- and under-representation of
DhMRs across chromosomes was also studied using permuta-
tion methods using a perl script. Unlike methods used for
genomic structures, to correct for multiple hypotheses (i.e., 19
autosomes and the X chromosome), proportions of DhMRs
falling on each chromosome were calculated and the “actual
proportion” of each chromosome was compared with the “per-
mutated proportions” of any chromosome for each permuta-
tion. Again, 10e5 permutations were performed and the
number of times the “actual proportion” of a chromosome was
surpassed by the “permutated proportion” of any other chro-
mosome was divided by 10e5 to achieve the permutated
P-value.

To identify if ontological findings of BP of DhMRs showed a
significant enrichment for neuronal-related terms, a Pearson’s
chi-square test with Yates’ continuity correction was conducted
in R using a published list of neuronal/immunological-related
GO BP terms (n = 3,071).% Similarly, a chi-square test was
used to compare DhMR-associated genes (n = 880) and known
stress-related genes (n = 3,786) extracted from the GeneCards
database using the following terms: anxiety; bipolar; fear;

depression; major depressive disorder; posttraumatic stress dis-
order; psychosis; schizophrenia; stress; and trauma. Notably,
the gene universe used for the chi-square test consisted of all
the genes associated with peaks from sequenced data of all ani-
mals (n = 14,320).
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