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Impact of Social Defeat Stress on DNA Methylation in Drd2, Nr3c1,
and Stmn1 in Wild-type and Stmn1 Knock-out Mice
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'Department of Psychiatry, Jeonbuk National University Medical School, *Research Institute of Clinical Medicine of Jeonbuk National University,
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Objective: Epigenetic profiles can be modified by stress. Dopamine receptor D2 (Drd2), glucocorticoid receptor gene
(Nr3c1) and Stathmin 1 (Stmn1) genes are all implicated in adaptation to stress. The aim of study is to investigate
impact of social defeat on DNA methylation in Drd2, Nr3c1, and Stmn1 in wild-type (WT) and Stmn1 knock-out (KO)
mice.

Methods: The WT and Stmn1 KO mice were subjected to chronic social defeat. Brain tissues of the prefrontal cortex
(PFC), amygdala (AMY) and hippocampus (HIP) were obtained. We measured DNA methylation levels of the Drd2,
Nr3cl, and Stmn1 genes in the PFC, AMY, and HIP using pyrosequencing.

Results: In WT mice, social defeat stress did not induce any changes in Drd2 methylation, whereas significant hyper-
methylation occurred in Nr3c1 and Stmn1 in the susceptible and unsusceptible groups, respectively, compared to the
control group. The methylation responses in the Stmn1 KO mice differed from those seen in the WT mice, such that
hypermethylation was evident in all three genes in the susceptible and unsusceptible groups compared to control group.
Comparison of the Stmn1 KO and WT mice revealed the same pattern of hypermethylation for all three genes.
Conclusion: Social defeat stress induced different epigenetic modifications in three genes among control, unsusceptible,
and susceptible groups of WT and Stmn1 KO mice. In particular, hypermethylation of Nr3c1 in the HIP of the suscep-
tible group, and of Stmn1 in the AMY of the unsusceptible group in WT mice, could serve as epigenetic biomarkers
of stress susceptibility and stress resilience, respectively.
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INTRODUCTION

Epigenetics can be defined as alterations in phenotype
or gene expression due to mechanisms other than changes
in the underlying DNA sequence. This phenomenon is
known to reflect the sensitivity and responsiveness of ani-
mal and human brains to constantly changing circum-
stances that regulate gene expression profiles, and in-
volves covalent modification of DNA (DNA methylation)
as well as the acetylation, methylation, and phosphor-
ylation of histones and DNA-associated proteins. DNA
methylation occurs through 5-methyl- and 5-hydrox-
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ymethylcytosine (5mC and 5hmC, respectively) and is
considered to be among the principal interfaces between
the genome and the environment; thus, epigenetics can
help explain phenotypic variations.

Social defeat is defined as an individual losing a con-
frontation among conspecific animals in either a dyadic
or group context. Adaptation to social defeat-induced
stress is an important component of social homeostasis;
maladaptation during this process may have pathological
sequelae. The social defeat stress model is considered im-
portant for investigating the effects of environmental fac-
tors on behavior, and can provide important insights into
the determinants of vulnerability or resilience to stress.
Early life adversity (ELA) is the most frequently used para-
digm for investigating the effects of stress on DNA
methylation. Key findings from ELA studies include in-
creased levels of DNA methylation in BDNF in the adult
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rat prefrontal cortex (PFC) [1], hypomethylation of the
Nr3c1 promoter in the rat hippocampus (HIP) [2], and hy-
pomethylation of the arginine vasopressin enhancer re-
gion in the mouse hypothalamic paraventricular nucleus
(PVN) [3]. However, to date, only a single study [4] has in-
vestigated the effects of social defeat stress on DNA meth-
ylation in mice. These authors reported that defeat stress
induces demethylation of the corticotrophin-releasing factor
promoter region.

In the present study, three genes of interest associated
with DNA methylation were investigated: dopamine re-
ceptor D2 (Drd2), nuclear receptor subfamily 3, group C,
member 1 (Nr3c1), and stathmin 1 (Stmn1). The dopamine
D2 receptor is closely associated with locomotion, re-
ward, and memory [5]. Stress directly influences several
fundamental behaviors and phenomena that are medi-
ated by the dopaminergic system, including locomotor
activity, sexual activity, appetite, and cross-sensitization
with drugs of abuse [6]. The regulation of Nr3c1, which is
a glucocorticoid receptor (GR) gene, is important for
adaptation to stress [7]. Stmn1 produces a protein that is
critical for microtubule (MT) polymerization, and is also
involved in fear processing in both mice [8] and humans
[9]. Given that Stmn1 knock-out (KO) mice display anx-
ious hyperactivity, impaired recognition and decreased
levels of neutral behavior compared to wild-type (WT)
mice [10], we hypothesized that impact of social defeat
would be greater in Stmn1 KO mice.

The aim of study was to determine the consequences of
chronic social defeat stress on the DNA methylation pro-
files of the putative promoter and first intron regions of the
Drd2 and Stmn1 genes, and of the exon 17 Nr3c1 pro-
moter, in WT and Stmn1 KO mice. In particular, DNA
methylation levels were compared among control, un-
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susceptible (UNS), and susceptible (SUS) groups of WT
and Stmn1 KO mice, and between the genotypes (WT vs.
Stmn1 KO mice) within each group.

METHODS

Experimental Animals

To breed the Stmn1 KO mice on a C57BL/6) back-
ground, three heterozygous C57BL/6) females and males
were purchased from Jackson Laboratory (strain name:
B6.129P2- Stmn1™"*), stock number: 012915) and the
line was maintained by successively backcrossing hetero-
zygotes (Stmn1™~; two female mice and one male
mouse). Genotyping was performed as described pre-
viously [11]. All experiments were conducted using male
homozygous Stmn1 KO and WT mice, born from hetero-
zygous mutants that were maintained on the C57BL/6)
background. All procedures were conducted in strict ac-
cordance with the guidelines for animal experiments of
the Institutional Animal Care and Use Committee (IACUC)
of Jeonbuk National University and the National Institutes
of Health (NIH) principles for the Care and Use of
Laboratory Animals based on the 3Rs (replacement, re-
finement, and reduction; NIH Pub. No. 85-23, revised in
1996). The entire project was reviewed and approved by
the IACUC (cuh-IACUC-151027-32) of Jeonbuk National
University Medical School). A schematic of the ex-
perimental design is shown in Figure 1.

Procedure for Inducing Social Defeat Stress

The mice were exposed to social defeat stress via the
resident-intruder paradigm. Specifically, both genotypes
(n = 20 for each) of mice underwent 10 days of social de-
feat stress via confrontations with an aggressive, larger CD
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Fig. 1. Experimental design and its timeline.
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Drd2, dopamine receptor D2; KO, knock-out; Nr3c1, nuclear receptor subfamily 3 group C member 1; Stmn1, stathmin 1; WT, wild type.
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1 mouse that was approximately 16 weeks old. All male
CD1 mice were screened for aggressiveness by measuring
the latency to attack a naive C57BL/6) mouse. Only CD1
mice that attacked in less than 60 seconds in at least two
consecutive sessions during three 180-second screening
sessions were used; this equated to 15% of the screened
aggressors.

The C57BL/6) mice were introduced into the home
cage of the unfamiliar CD1 aggressor mouse and allowed
to interact for 5 minutes. During this period, all subject
mice were defeated and showed signs of subordination
(i.e., lying on their back and/or freezing or adopting up-
right submissive postures). After 10 minutes of full inter-
action, the defeated mouse was separated from the ag-
gressive resident by inserting a perforated Plexiglas divid-
er into the cage (which also allowed for sensory contact
for the rest of the day). On the subsequent day, the
C57BL/6) mouse was exposed to a new resident CD1 ag-
gressor mouse to prevent habituation. The social defeat
procedure lasted for 10 consecutive days. As a control
group, C57BL/6) mice (n = 8 for each genotype) were
placed into equivalent cages with members of the same
strain, which were changed daily.

Social Avoidance Test

Following completion of the social defeat procedure,
the social avoidance test was performed on day 11 of the
study, to categorize the mice into UNS and SUS groups.
Each defeated mouse was placed into an interaction box
(42 x 42 cm) that consisted of a wire mesh cage (10 x 4.5
cm) located at one end and an interaction zone (8-cm
wide) surrounding the cage. The test comprised two ses-
sions, separated by a 1-minute interval. In the first session,
no CD1 mouse was present in the wire mesh cage and the
movement of the defeated animal was tracked for 2.5
minutes. In the second session, a novel CD1 mouse was
introduced into the wire mesh cage and the same de-
feated animal from the first session was placed into the
box and tracked for another 2.5 minutes. The total time
spent by the experimental mouse in the 8-cm-wide corri-
dor surrounding the wire mesh cage (interaction zone)
was calculated automatically using SMART software
(Panlab, Barcelona, Spain) and a social interaction (SI) ra-
tio was derived as follows: 100 x (interaction time with
target mouse present) / (interaction time with no target
mouse present). Based on previous studies [12,13], a SI

ratio of 100 was used as the cut-off value, such that scores
< 100 were defined as “susceptible” and scores = 100
were defined as “unsusceptible”.

Brain Tissue Collection

After segregation into the UNS and SUS groups, the
mice were euthanized via cervical dislocation. Subse-
quently, the PFC and HIP were dissected using micro-
spatulas and the amygdala (AMY) was punched out on an
ice plate using a 1-mm Harris Uni-Core micro-punch
(Electron Microscopy Science, Hatfield, PA, USA). The tissues
(15—18 mg of the PFC, 4 —5 mg of the AMY, and 18 —22
mg of the HIP) were quickly cryopreserved in liquid nitro-
gen and stored at —80°C until assay.

DNA Methylation Analysis

DNA extraction and bisulfite treatment

DNA samples from the PFC, AMY, and HIP were ex-
tracted using DNase Blood & Tissue Kits (QIAGEN,
Hilden, Germany) according to the manufacturer’s protocol.
Subsequently, bisulfite conversion of 500 ng of genomic
DNA was achieved using the EpiTect bisulfite kit (QIAGEN)
according to the manufacturer’s instructions.

Bisulfite pyrosequencing

DNA methylation was measured by pyrosequencing
the polymerase chain reaction (PCR) products. Primers
were designed against the putative promoter and first in-
tron regions of the Drd2 and Stmn1 genes, which were as-
sumed to be located from —1 kb to +500 bp of the tran-
scription start site (TSS). For Nr3c1, a primer was designed
against the exon 1 region of the GR (chr18:39,489,956-
39,490,734) [14], which has been extensively studied
with regard to stress. Several regions that were 779 —901
bp long (801, 779, and 901 bp for Drd2, Nr3c1, and
Stmn1, respectively) were initially designed using PyroMark
Assay Design 2.0 software (QIAGEN). Afterwards, key regions,
i.e., those that had more transcription factor binding sites
were selected using JASPAR (http://jaspar.genereg.net/).
Details about the PCR primers and sequencing primer are
shown in Supplementary Table 1.

Next, 40 ng of bisulfite-treated DNA was amplified in a
25-pl reaction volume using the GeneAmp PCR System
9700 (Applied Biosystems, Foster City, CA, USA). Either
the forward or reverse primer was biotinylated to convert
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the PCR product to single-stranded DNA templates, and a
sequencing primer that annealed to the single-stranded
DNA template was then added [15]. The amplification of
the PCR step consisted of 40 cycles (94°C for 1 minute, 58 —
60.5°C for 30 seconds, and 72°C for 1 minute); the primer
sets, locations, and PCR conditions for each region are
presented in Supplementary Table 1. The pyrosequencing
reactions were performed in a PyroMark Q48 Autoprep
system (QIAGEN) and quantification of the CpG methyl-
ation (percentage of the relative light unit [RLU] of the C
peak [methylated cytosine]/RLU of C peak + T peak
[unmethylated cytosine]) was performed with PyroMark
Q48 Autoprep 2.4.2 software (QIAGEN). When the peak
value of a base exceeded 20 RLU, the pyrosequencing re-
sults were considered to be reliable.

Histogram results were reanalyzed if they did not meet
the following criteria: 1) in the overlapped histogram of
the expected and actual results, the a) magnitude of the
RLU difference of any mismatched peaks among all sam-
ples was > 20 RLU, b) the background peak was incon-
sistent among the samples and the RLU of a background
peak was > 7% of the mean RLU of a single peak, and c)
the analysis for a certain CpG site failed due to the preced-
ing polybases (> three identical bases) and the peak
heights among all samples for that CpG site were incon-
sistent; and 2) any peak showed a double-peaked
structure.

Statistical Analysis

Shapiro —Wilk tests of the normality of the data were all
non-significant. Two-way analysis of variance (ANOVA)
was conducted to assess the interaction and main effects
of genotype and group (Supplementary Tables 2, 5—10) ;
t tests or additional ANOVAs were performed to further
explore differences between genotypes or among groups.
The methylation data of both the individual and com-
bined CpGs were included in the analyses, but only the
results for the latter are described and discussed (see
Supplementary Tables 11 —22 for the individual CpG re-
sults). Post hoc analyses, including Tukey’s honestly sig-
nificant difference tests and Pearson’s correlation analy-
ses, were performed to assess the relationships between
the Sl ratio and DNA methylation levels of each gene. All
results are presented as mean = standard error of the mean
and all data were analyzed using R software (ver. 3.5.3; R
Development Core Team, Vienna, Austria). In all cases,

p values < 0.05 was considered to indicate statistical
significance.

RESULTS

Main and Interaction Effects for the Three Genes

For Drd2, two-way ANOVA revealed a significant ef-
fect of genotype (Fj1,421 = 4.690, p = 0.036) on the DNA
methylation levels of the combined CpGs in the HIP, and
a significant effect of group (Fi2,421 = 3.503, p = 0.039) on
the DNA methylation levels of the combined CpGs in the
AMY. For Nr3c1, there were significant effects of group
on the DNA methylation levels of the combined CpGs in
the PFC (Fp2,421=4.590, p = 0.016) and HIP (Fj2,42 = 5.272,
p =0.009) as well as a significant group x genotype inter-
action effect (Fj2,42) = 4.084, p = 0.024) on the DNA meth-
ylation levels of the combined CpGs in the HIP. For
StmnT1, there were significant effects of group on the DNA
methylation levels of the combined CpGs in the PFC
(Fiz421 = 4.721, p = 0.014). Within the AMY and HIP,
there were significant main effects of genotype on the
DNA methylation levels of the AMY (Fj1,42) = 14.034, p =
0.001) and HIP (Fj1 421 = 20.562, p < 0.001), significant
main effects of group on the DNA methylation levels of
the AMY (Fj2,42) = 6.031, p = 0.005) and HIP (Fjz42 =
5.598, p = 0.007), and a significant group x genotype in-
teraction effect on the DNA methylation levels of the AMY
(Fp2) = 6.197, p = 0.004) and HIP (Fp40 = 7.677, p =
0.001; Supplementary Table 2).

Methylation Levels in the Three Groups of WT and
Stmn1 KO Mice

There were significant differences in the DNA methyl-
ation levels of the combined CpGs in Nr3c1 in the HIP
(Fiz,211 = 5.818, p = 0.010) among the three WT mouse
groups. Post hoc tests revealed significantly higher DNA
methylation levels of the combined CpGs in the SUS
group compared to the control (p = 0.043) and UNS
groups (p = 0.011). There was also a significant difference
in the DNA methylation levels of the combined CpGs in
Stmn1 in the AMY (Fp2,211 = 16.430, p < 0.001) among the
three WT groups. Post hoc tests revealed significantly
higher DNA methylation levels of the combined CpGs in
the UNS group compared to the control (p < 0.001) and
SUS groups (p < 0.001; Fig. 2 and Supplementary Table 3).

There was a significant difference in the DNA methyl-
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ation levels of combined CpGs in Drd2 in the AMY (Fj2,.21) =
3.634, p = 0.044) among the three Stmn1 KO mouse
groups. Post hoc tests revealed significantly higher DNA
methylation levels in the SUS group (p = 0.050) com-
pared to the control group. There was also a significant
difference in the DNA methylation levels of the combined
CpGs in Nr3c1 in the HIP (Fj221) = 4.128, p = 0.031)
among the three KO groups. Post hoc tests revealed sig-
nificantly higher DNA methylation levels of the combined
CpGs in the UNS group (p = 0.032) compared to the con-
trol group. For Stmn1, there were significant differences in
the DNA methylation levels of the combined CpGs in the
PFC (Fi2,211=3.533, p =0.048) and HIP (Fj2211 = 10.880, p =
0.001) among the three KO groups. Post hoc tests re-
vealed significantly higher DNA methylation levels of the
combined CpGs in the SUS group compared to the con-
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Fig. 2. Methylation percentage of the combined CpGs in the (A)
Drd2, (B) Nr3c1, and (C) Stmn1 genes among the three groups of the
WT and Stmn1 KO mice.

Drd2, dopamine receptor D2; Stmn1, stathmin 1; KO, knock-out; WT,
wild type; CON, control; UNS, unsusceptible; SUS, susceptible; PFC,
prefrontal cortex; AMY, amygdala; HIP, hippocampus.

*p < 0.05, **p < 0.01, **p < 0.001 vs. control group by Tukey’s
HSD test. Tp < 0.05, TTTp < 0.001 vs. susceptible group by Tukey’s
HSD test.

trol (p = 0.006) and UNS (p = 0.001) groups in the HIP.
However, post hoc tests for the PFC did not reveal any
significant group differences (Fig. 2 and Supplementary
Table 3).

Comparison of Methylation Levels between the WT
and Stmn1 KO Mice in Each Group

In the control group, there was a significant increase in
the methylation level of the combined CpGs in Stmn1 in
the AMY of Stmn1 KO mice (p = 0.002) compared to the
WT mice. In the UNS group, there was a significant in-
crease in the methylation level of the combined CpGs in
Nr3c1 in the HIP of the Stmn1 KO mice (p = 0.012) com-
pared to the WT mice. In the SUS group, there was a sig-
nificant increase in the methylation level of the combined
CpGs in Drd2 in the AMY of the Stmn1 KO mice (p =
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0.021) compared to the WT mice. Additionally, there was
a significant increase in the methylation level of the com-
bined CpGs in Stmn1 in the AMY of Stmn1 KO mice (p =
0.006) compared to the WT mice. In the HIP, there was a
significant increase in the methylation level of the com-
bined CpGs in Stmn1 (p < 0.001) of the Stmn1 KO mice
compared to the WT mice (Fig. 3 and Supplementary
Table 4).

Correlation Analysis

There were significant negative correlations between
the SI ratio and DNA methylation levels of region 4 in
Drd2 (r= —0.56, p = 0.005) and Nr3c1 (r= —0.46, p =
0.025) in the PFC of WT mice. The analyses also revealed
that the Sl ratio and DNA methylation levels had a neg-
ative correlation in region 4 in Drd2 (r = —0.43, p =
0.034), and a positive correlation in Stmn1 (r=0.58, p =
0.003), in the AMY of WT mice (Fig. 4). In Stmn1 KO
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Fig. 3. Methylation percentage of the combined CpGs in the (A)
Drd2, (B) Nr3c1, and (C) Stmn1 genes between the WT and Stmn1 KO
mice in each group.

Drd2, dopamine receptor D2; Stmn1, stathmin 1; KO, knock-out; WT,
wild type; PFC, prefrontal cortex; AMY, amygdala; HIP, hippo-
campus.

"0 < 0.05,"p < 0.01, ™ p < 0.001 compared with the WT mice by
{ test.

mice, there were negative correlations between the Sl ratio
and DNA methylation levels of region 4 (r= —0.45, p =
0.026), and region 5 in Drd2 (r= —0.46, p = 0.022), and
of the combined CpGs (r= —0.55, p = 0.005) in Stmn1 in
the HIP (Fig. 5).

DISCUSSION

Epigenetic mechanisms have been implicated in a vari-
ety of processes through which social stressors harm the
health of animals and humans. For example, DNA meth-
ylation that occurs through 5mC and 5hmC is considered
to be one of the principal interfaces between the genome
and environment, can therefore help to explain pheno-
typic variations. The present study was conducted to in-
vestigate the effects of social defeat stress on the DNA
methylation patterns of three genes of interest in WT and
Stmn1 KO mice.
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Fig. 4. Correlation plots depicting relationship between social inter-
action (Sl) ratio and DNA methylation of the Drd2 and Nr3c1 genes in
the PFC, and Drd2 and Stmn1 genes in the AMY of the WT mice.
Drd2, dopamine receptor D2; Stmn1, stathmin 1; WT, wild type; PFC,
prefrontal cortex; AMY, amygdala.

Comparison of the methylation percentages in Drd2
among the three WT groups revealed no significant differ-
ence in any brain region. Our research group previously
observed no changes in Drd2 protein expression in de-
feated mice, in the same brain regions as those studied
herein, following social defeat stress [13]. Although con-
troversial, it has been hypothesized that methylation in re-
gion 4 of Drd2, which includes the first intron, is asso-
ciated with downregulation of gene expression [16,17].
Hence, the present results showing no difference in meth-
ylation levels in Drd2 among the three WT groups appear
consistent with previous findings regarding Drd2 ex-
pression [13]. Moreover, this finding (i.e., the lack of any
difference among the control, UNS, and SUS groups) may
indicate that DNA methylation in Drd2 does not contrib-
ute to phenotypic variations. Regarding Nr3c1 in WT
mice, there were significantly higher methylation levels in
the HIP of the SUS group compared to the control group.
This finding is not surprising, given that previous studies
employing various stress paradigms, such as low maternal
care or maternal separation, observed increased methyl-
ation levels in the exon 17 Nr3c1 promoter in the HIP [18]
and PVN [19]. Taken together, these findings suggest that
methylation levels in the exon 17 Nr3c1 promoter could
serve as an epigenetic biomarker of stress susceptibility. It
is also important to note that there were no differences in
methylation levels between the UNS and control groups
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Fig. 5. Correlation plots depicting relationship between social inter-
action (SI) ratio and DNA methylation of the Drd2 and Stmn1 genes in
the HIP of the Stmn1 KO mice.

Drd2, dopamine receptor D2; Stmn1, stathmin 1; KO, knock-out; HIP,
hippocampus.

in the present study, which suggests that stress resilience
was associated with certain factors that prevented en-
hanced methylation of the exon 17 Nr3c1 promoter or
other related processes. Interestingly, hypermethylation of
Stmn1 was observed only in the AMY of the UNS group
relative to the control and SUS WT groups. It has been
shown that lower Stmn1 activity levels increase MT stability,
which is involved in axonal growth, synaptic plasticity,
neuronal differentiation, and memory [20], and modu-
lates deficiencies in long-term potentiation in the AMY in
response to defeat stress-induced fear [8]. Assuming that
hypermethylation of Stmn1 results in decreased Stmn1
protein expression, the increased methylation of Stmn1 in
response to social defeat stress could be an appropriate
epigenetic biomarker of stress resilience.

In Stmn1 KO mice, comparison of the Drd2 methyl-
ation percentages among the three groups, in all three
brain regions, revealed significantly higher methylation
levels only in the AMY of the SUS group compared to the
control group. Our research group previously reported no
changes in the expression levels of short- or long-form
Drd2, among the same three groups and brain regions un-
der investigation in this study, in Stmn1 KO mice [10]; this
is inconsistent with the methylation data of the present
study. It is possible that processes other than methylation
influenced the present results; furthermore, the methyl-
ation patterns in the Stmn1 KO mice in response to defeat
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stress appeared to differ from those observed in WT mice.
Regarding Nr3cl in Stmn1 KO mice, there were sig-
nificantly higher levels of methylation in the HIP of the
UNS group compared to the control group. From the per-
spective of stress resiliency, this finding contradicts pre-
vious results, because decreased GR expression due to
enhanced methylation of Nr3c1 may reduce glucocorti-
coid-mediated negative feedback to the hypothalamus
and pituitary, which would in turn lead to persistent acti-
vation of the HPA axis and the manifestation of certain
disorders [21,22]. It is possible that our UNS Stmn1 KO
mouse group was more resilient due to factors other than
Nr3c1 methylation, even though they were more suscep-
tible to defeat stress, at least in terms of Nr3c1 methyla-
tion. Regarding Stmn1, the SUS group showed a trend to-
ward higher methylation levels in the PFC compared to
the control group, whereas in the HIP, significantly higher
methylation levels were observed in the SUS group com-
pared to the UNS and control groups. Assuming that en-
hanced methylation of Stmn1 reduces its expression lev-
els, and that this change is beneficial for axonal growth,
synaptic plasticity, and the fear extinction response [23],
these findings are difficult to interpret. It is possible that
the methylation of Stmn1 seen in the SUS group of Stmn
KO mice differed from that in the SUS group of WT mice,
because this process represents a compensatory mecha-
nism against a pathophysiology that has already occurred
in Stmn1 KO SUS mice [24]. Alternatively, it may merely
represent an epiphenomenon.

Comparison of the methylation patterns of the three
genes between the WT and KO control group mice did
not reveal any significant differences in Drd2 or Nr3c1,
which suggests that there was no basal difference in the
methylation levels of Drd2 and Nr3c1 between the two
genotypes. However, there was a significantly higher lev-
el of methylation in Stmn1 in the AMY of the Stmn1 KO
mice compared to the WT mice. The Stmn1 KO mice
were generated by replacing a genomic fragment that
contained exons 2 and 3 with a neomycin selection cas-
sette, which allowed for observation of changes in the
methylation level of Stmn1. This finding suggests that,
even in the absence of Stmn1 protein expression, there
appears to be a mechanism driving further decreases in
Stmn1 protein expression in Stmn1 KO mice; however,
the nature of this mechanism remains to be elucidated. In
the UNS and SUS groups, all three genes exhibited higher

methylation levels in Stmn1 KO mice than in WT mice,
which suggests that the DNA methylation responses in the
KO mice differed from those in the WT mice for all three
genes, regardless of whether they were classified as UNS
or SUS. However, how these differences relate to the be-
havioral characteristics of Stmn1 KO mice remains largely
unknown and merit further study.

Correlation analyses of the WT mice revealed that more
susceptible mice (i.e., those with lower Sl ratios) exhibited
higher methylation levels in Drd2 and Nr3c1 in the PFC,
and in Drd2 in the AMY, but lower methylation levels in
Stmn1 in the AMY. Taken together, these findings suggest
that stress susceptibility was associated with higher meth-
ylation levels in Drd2 and/or Nr3c1, and lower methyl-
ation levels in Stmn1. In other words, the high levels of
methylation in Drd2 and/or Nr3c1, and low levels of
methylation in Stmn1, could be useful epigenetic markers
of stress susceptibility, which partially accords with the
results of the present study about the methylation levels in
the three groups of WT and Stmn1 KO mice. In contrast,
stress susceptibility in Stmn1 KO mice was associated
with higher methylation levels in Drd2 and Stmn1 in the
HIP. Although this finding regarding Drd2 is consistent
with the result in WT mice, the finding regarding Stmn1 is
opposite to the result in WT mice; moreover, this result is
consistent with those described in the methylation levels
in the three groups of WT and Stmn1 KO mice section.
Although the reason why the Stmn1 KO mice exhibited an
opposite pattern of methylation in Stmn1 remains un-
clear, it is possible that the methylation of Stmn1 in the
Stmn1 KO SUS mice differed from that in the WT SUS
mice because this process represents a compensatory
mechanism against a pathophysiology that has already
occurred in Stmn1 KO SUS mice [24], as described
above.

The present study had several limitations that should be
considered when interpreting the data. First, mRNA ex-
pression levels were not measured, so the implications of
the methylation profiles can only be inferred indirectly.
However, the primary aim of the present study was to ex-
plore the general nature of the methylation process for
three key genes following social defeat stress. Second, on-
ly the results of the combined CpGs were presented. It has
been suggested that a single, or only a few, critical CpG
sites highly regulate gene expression [25,26]. However,
because there were many CpG sites for each gene in the
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present study, and because opposite methylation re-
sponses were observed between different CpG sites, espe-
cially in Stmn1 (see Supplementary Tables 14—16, 20—
22), it was difficult to present and appropriately interpret
all of the data. Finally, the methylation data from Drd2
and Stmn1 covering the regions upstream and down-
stream from the TSS were combined. There is controversy
regarding the role that DNA methylation plays at pro-
moters versus the gene body [27,28], such that separate
analyses might produce different results. However, the
methylation patterns of the regions covering the upstream
and downstream areas of the TSS were similar. The
strength of the present study was that the overall methyl-
ation patterns of three key genes, in three critical brain re-
gions, were explored in both WT and Stmn1 KO mice.
Moreover, this study is the first to investigate DNA methyl-
ation using a social defeat stress paradigm.

In summary, social defeat stress in WT mice did not re-
sult in any changes in Drd2 methylation whereas, com-
pared to the control group, significant hypermethylation
was observed in Nr3c1 in the HIP of the SUS group, and in
Stmn1 in the AMY of the UNS group. Additionally, the
methylation responses in Stmn1 KO mice differed from
those in WT mice, such that there was evident hyper-
methylation in all three genes in both the SUS and UNS
groups compared to the control group. Furthermore,
comparison of the Stmn1 KO and WT mice in each group
revealed identical patterns of hypermethylation in all
three genes in the KO mice. Taken together, the present
findings indicate that social defeat stress induced different
epigenetic modifications in three genes among three
groups of WT and Stmn1 KO mice. In particular, hyper-
methylation in Nr3c1 in the HIP of the SUS group and in
Stmn1 in the AMY of the UNS group, could serve as epi-
genetic biomarkers of stress susceptibility and stress resil-
ience, respectively. These epigenetic changes may pro-
vide novel insights into the pathophysiology underlying
defeat stress-related mental illnesses.
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