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Abstract

Background: Impaired synaptic plasticity has been linked to dynamic gene regulatory network changes. Recently, gene
regulation has been introduced with the emerging concept of unique N6-methyladenosine (m°A)-based reversible transcript
methylation. In this study, we tested whether m°A RNA methylation may potentially serve as a link between the stressful
insults and altered expression of plasticity-related genes.

Methods: Expression of plasticity genes Nr3c1, Creb1l, Ntrk2; m6A-modifying enzymes Fto, methyltransferase like (Mettl)-3
and 14; DNA methylation enzymes Dnmtl, Dnmt3a; transcription factor C/ebp-a; and miRNA-124-3p were determined by
quantitative polymerase chain reaction (QPCR) in the hippocampus of rats that showed susceptibility to develop stress-
induced depression (learned helplessness). M°A methylation of plasticity-related genes was determined following m°A mRNA
immunoprecipitation. Chromatin immunoprecipitation was used to examine the endogenous binding of C/EBP-a to the Fto
promoter. MiR-124-mediated post-transcriptional inhibition of Fto via C/EBPa was determined using an in vitro model.
Results: Hippocampus of learned helplessness rats showed downregulation of Nr3c1, Creb1, and Ntrk2 along with enrichment
in their m°A methylation. A downregulation in demethylating enzyme Fto and upregulation in methylating enzyme Mettl3
were also noted. The Fto promoter was hypomethylated due to the lower expression of Dnmtl and Dnmt3a. At the same
time, there was a lower occupancy of transcription factor C/EBPa on the Fto promoter. Conversely, C/ebp-a transcript was
downregulated via induced miR-124-3p expression.

Conclusions: Our study mechanistically linked defective C/EBP-a-FTO-axis, epigenetically influenced by induced expression
of miR-124-3p, in modifying m°A enrichment in plasticity-related genes. This could potentially be linked with abnormal
neuronal plasticity in depression.
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Significance Statement

plasticity-related genes in the depressed brain.

N6-methyladenosine (m°A) methylation is the most prevalent RNA modification in the eukaryotic system and is linked to normal
brain functioning and disease states. In the present study, we examined if m°A RNA methylation could be a missing link between
the stressful environmental insults and altered expression of plasticity-related genes and if the demethylating Fto plays a key
role in such modifications. In the learned helplessness model of depression, we showed higher m°A methylation enrichment and
low expression of the plasticity genes in the hippocampus. The Fto promoter was hypomethylated despite decreased expres-
sion of Dnmt1 and 3a. Also, there was a lower occupancy of transcription factor C/EBPa on the Fto promoter. We also found that
stress-induced miR-124-3p was critical in reducing the LH-specific Fto expression via targeting C/ebp-a transcript. For the first
time, to our knowledge, our study mechanistically linked defective miR-124-C/EBP-a-FTO-axis in modifying m°A enrichment in

INTRODUCTION

Understanding the neurobiological complexities of major de-
pressive disorder (MDD) is a high priority due to its debilitating
impact on an individual’s health and associated morbidity and
mortality (Belmaker and Agam, 2008). An estimation by the
World Health Organization (WHO, 2021) shows that the preva-
lence of MDD encompasses approximately 280 million lives
worldwide. Recent epidemiological data indicated that 40.5%
of mental disability-related disorders are associated with MDD
(Papakostas and Ionescu, 2014). Despite the devastating impact
of MDD on an individual’s health, the underlying neurobiology
of this disorder is still poorly understood (Nestler et al., 2002).
Impaired synaptic plasticity is a hallmark of MDD pathogen-
esis (Vose and Stanton, 2017; Uchida et al., 2018), often linked
with modulation in gene regulatory networks (Park et al., 2006;
Smalheiser, 2014). In the past decade, altered transcriptional
regulation driven by DNA methylation and chromatin modi-
fications has been actively investigated as a potential epigen-
etic mechanism of gene regulation in MDD besides microRNA
(miRNA) regulation (Sun et al., 2013; Fass et al., 2014; Pena and
Nestler, 2018; Uchida et al., 2018; Fries et al., 2019). More recently,
our laboratory and others have reported that at the molecular
level, dysregulation in specific miRNAs and their functions are
associated with several neuropsychiatric diseases, including
stressful conditions and MDD (Serafini et al., 2012; Roy et al.,
2017b; Yoshino et al., 2021a). We have shown that not only are
miRNAs dysregulated but they are reorganized in a manner
that can give a specific phenotype. In addition, we have demon-
strated that miRNAs are involved in resiliency and susceptibility
to develop depression in rodents (Smalheiser et al., 2011, 2012).
However, the miRNA-mediated gene expression changes are dir-
ected toward post-transcriptional level and cannot be reversed.
Advancement in understanding RNA metabolism has recently
added a new dimension to this diverse array of gene regulatory
mechanisms (Engel and Chen, 2018; Livneh et al., 2020). Part of
this comes from studies of dynamic and reversible methyla-
tion of adenosine residues of RNA species (N°-methyladenosine
[m°A]) (Livneh et al., 2020). M°A methylation of adenosine is con-
served across eukaryotic organisms with an estimated ratio of
0.1%-0.4% in the mammalian system (Widagdo and Anggono,
2018; Livneh et al., 2020). The m°A methylation occurs primarily
on the conserved RRACH sequence motif, where R is guanine
or adenine, and H is uracil, adenine, or cytosine (Zhang et al.,
2020). The m°A methylation and its regulated distribution on
mammalian coding transcripts are very well orchestrated and
involve the participation of 2 major writer components from
the methyltransferase family, methyltransferase like-3 and 14
(METTL 3 and 14); readers of m°A methylation YTHDF1 and 2;
and a member from alpha-ketoglutarate-dependent hydroxylase
subfamily, FTO (fat mass and obesity-associated protein) as

demethylase (Zhang et al., 2020). The fate of the m°A transcript
could be rescued by the direct intervention of FTO as an eraser
with its oxidative demethylating function (Yang et al., 2018). M°A
methylation can alter RNA metabolism by changing RNA struc-
ture, splicing, regulating mRNA maturation, promoting transla-
tion, or accelerating mRNA decay (Wang et al., 2022).

Because mPA is reversible, dynamic, and the most preva-
lent type of mRNA modification in the brain, it can potentially
mediate environmental stimuli-associated gene expression
changes (Chang et al., 2017; Widagdo and Anggono, 2018; Yoon
et al., 2018). A recent study by Engel et al. showed that restraint
stress to mice decreased RNA methylation in the prefrontal
cortex and increased in the amygdala (Engel and Chen, 2018;
Engel et al., 2018). It was also reported that deletion of the Mettl3
or the Fto in adult neurons altered m°A methylation-based
epitranscriptome, increased fear memory, and changed the
transcriptome response to fear and synaptic plasticity (Zhang et
al., 2018; Spychala and Ruther, 2019).

One of the critical members of the epitranscriptomic ma-
chinery is the demethylating enzyme FTO (Yang et al., 2022). Fto
knockout mice show postnatal growth retardation and reduced
brain size (Li et al., 2017a). In humans, Fto loss of function has
been associated with structural deformities in the brain, including
microcephaly, growth retardation, and characteristic facial fea-
tures like cleft palate (Boissel et al., 2009). Conditional knockdown
of Fto in the medial prefrontal cortex vs. dorsal hippocampus had
an ambivalent effect on managing memory responses (Engel et
al., 2018). Importantly, Fto is critical in adult neurogenesis (Gao et
al., 2020). Interestingly, a human genetic study showed a strong
association of Fto with MDD development (Rivera et al., 2012,
2017; Liu et al., 2021). Given the critical role of FTO in gene regu-
lation, brain functions, and behavior, it is important to examine
the underlying regulatory axis that controls Fto expression and
its possible role in disease pathogenesis (Liu et al., 2018).

In the present study, we tested whether m°A RNA methy-
lation is a missing link between the stressful environmental
insults and altered expression of plasticity-related genes in
MDD and whether the Fto gene plays a role in such modifica-
tions. We hypothesized that under stressful conditions, Fto, as
a demethylating enzyme, will participate in modulating m°A
RNA methylation of plasticity-related genes and consequently
alter their expression. We further hypothesized that the Fto
promoter will be hypomethylated and there will be a lower oc-
cupancy of transcription factor C/EBPa on the Fto promoter. In
addition, miR-124-3p will be critical in reducing Fto expression
via targeting C/ebp-a transcript. To test this, we used the learned
helplessness (LH) model of depression. Using an in vitro model
system, we established an upstream regulatory axis that may
control the Fto gene expression and if this regulatory mechanism



is functionally impaired in LH rats. To our knowledge, this is the
first study to shed light on a previously unknown regulation of
the Fto gene and its possible role in MDD pathophysiology.

MATERIALS AND METHODS

Animals

The study used postnatal day 90 male Holtzman rats purchased
from Envigo (Indianapolis, IN, USA). Rats were housed at 23°C
and 55% humidity and were given ad libitum food and water.
During acclimatization (1 week), rats were placed randomly
(3/cage); however, after initial behavioral testing, they were
grouped according to their behavioral phenotypes. All experi-
ments were performed under a light cycle (8:00 am and 10:00
AM). The protocol to induce LH behavior was approved by the
Institutional Animal Care and Use Committee of the University
of Alabama at Birmingham. The animal study also adhered
to the international guidelines for the use and care of labora-
tory animals. Previous reports have shown the usefulness of
Holtzman rats in modeling stress-related depression phenotype
because of their higher susceptibility to developing depression
under stress (Wieland et al., 1986; Padilla et al., 2010). Also, other
strains of rats are either resistant to or less susceptible to this
phenotype (Padilla et al., 2009). All the experiments were con-
ducted in rats ranging from 4 to 8 per group.

Procedure to Induce LH Behavior in Rats

Figure 1A provides the paradigms used in the induction of in-
escapable shock (IS) and escape test . We used the same batch
of animals in this study as in our earlier publication (Roy et al.,
2018). Rats were given 100 random tail IS at an intensity of 1.0
mAmp for 5 seconds. The average interval between 2 shocks was
60 seconds. Escape latency (ET) was tested after 24 hours. These
rats were given an additional IS on day 7 and tested for escape
latency on day 8 and day 14. Another group of rats was tested
for escape latency without shock, which served as control (TC).
Because TC rats were handled similarly to non-learned helpless-
ness (NLH) and LH rats, the inclusion of TC rats in the experi-
ment helped to rule out the non-specific effects of stress caused
by restraint, tail shock, or testing. The escape latency was tested
using 2 trials: Fixed Ratio 1 (FR1) and 2 (FR2). In FR1 (5 trials)
pretrial, rats were given a 0.6-mAmp foot shock at variable time
intervals. The rats had to escape the foot shock by moving from
one chamber to another without returning. In FR2 (25 trials), the
rats had to cross from one compartment to another and return
to the original compartment to terminate the shock. The shocks
were terminated automatically after 30 seconds. Escape laten-
cies were recorded. Based on escape latency in the FR2 trial,
rats were divided into 2 groups: LH (showing escape latency
>20 seconds) and NLH (showing escape latency <20 seconds).
Generally, the rats who showed LH behavior in the FR2 trial (day
2) continued LH throughout the experimental duration (day 14).
We found an almost equal distribution of rats among LH and
non-LH groups. Twenty-four hours after the last ET, all rats were
killed, their brains were quickly extracted, and hippocampi were
dissected.

Extraction of RNA

Total RNA was extracted from the hippocampus using TRIzol-
based optimized liquid-phase isolation protocol supplemented
with carrier precipitation as described earlier (Roy et al., 2017a).
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The RNA pellet was washed twice with ice-cold 70% ethanol.
After the last wash, the air-dried pellet was used to re-suspend
with nuclease-free water. RNA was checked for purity by OD
260:280 ratio (NanoDrop 1000 Spectrophotometer, ThermoFisher
Scientific, Waltham, MA, USA) and running the samples on an
agarose gel.

Gene Expression of m°A Methylation Regulatory
Enzymes and Plasticity-Related Genes

In the hippocampus of LH, NLH, and TC rats, the expression
levels of Fto, Mettl3, and Mettl14 were determined by the quan-
titative PCR method for relative quantification of select tran-
script abundance method as described earlier (Roy et al., 20173,
2020). Relative quantification of transcripts was conducted fol-
lowing the synthesis of the first-strand cDNA using 1 pg of total
RNA. The mRNA pool was selectively reverse-transcribed using
the oligo dT-based priming method. The amounts of target
genes expressed were normalized to the expression of the
Gapdh gene. In the hippocampus, the expression of miR-124-3p
was also determined based on the cDNA preparation following
poly-A tailing method (Roy et al., 2017a). Data were normalized
using the U6 gene. The primer sequences for all the genes
are provided in Supplemental Table 1. Fold changes between
groups were measured using the 2% method, where AAC, =
(CT target - C:T normalizer)sample - (C c LiVak and
Schmittgen, 2001).

T target T endogenous gene)control (

MPA Methylation Enrichment Analysis Following
m°A mRNA Immunoprecipitation (MeRIP)

To determine transcript-specific differential methylation enrich-
ment, gPCR was performed with oligo primers following a MeRIP
procedure. Briefly, 5 pg of total RNA was chemically fragmented
following a short heat incubation. Afterward, 10% of fragmented
RNA was reserved as input for reverse transcription. Full-length
mPA-tagged transcripts were immunoprecipitated using a rabbit
polyclonal anti-m°A antibody (Synaptic Systems, Goettingen,
Germany) conjugated with protein G Dynabeads (ThermoFisher
Scientific, DE, USA). Reverse transcription of input RNA and m°A
antibody pull-down RNA was performed using the SuperScript
III First-Strand Synthesis System (ThermoFisher Scientific). The
relative abundance of expressed gene transcripts and immune-
enriched m°A transcripts was measured with a quantitative
real-time PCR machine (Stratagene MxPro3005, Santa Clara, CA,
USA) using EvaGreen chemistry (Applied Biological Material Inc,
Richmond, Canada). The relative enrichment of m°A methylation
on the select gene transcripts was quantified after normalization
with the input samples. Fold-change values were determined fol-
lowing Livak’s AACt method (Livak and Schmittgen, 2001). The
oligo sequences used for MeRIP-qPCR are mentioned in supple-
mental Table 1.

Chromatin Immunoprecipitation (ChIP)-qPCR-Based
in Vivo Binding of C/EBP-a on Fto Promoter

Following the ChIP methods described in our previous publica-
tion (Ludwig et al., 2019), we determined the endogenous binding
of C/EBP-a to the proximal element present on the upstream re-
gion of rat Fto promoter using C/EBP-a antibody (C/EBP-a, 14AA,;
Santa Cruz, TX, USA)-mediated immune pull-down. Relative en-
richment of C/EBP-a transcription factor binding to the Fto pro-
moter was detected by qPCR using primer pairs specific to rat
Fto promoter (supplemental Table 1).
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In Vitro Cellular Transfection Assay

An in vitro cellular model was used to achieve an miRNA-
mediated post-transcriptional inhibition of specific down-
stream genes. For this, SHSYSY neuroblastoma cells were
transfected (SHSYSY ATCC CRL2266) with double-stranded RNA
oligos (Dharmacon, Lafayette, USA), mimicking endogenous
miR-124-3p (Mimic-124) and antisense of miR-124-3p (Anti-
124) using Lipofectamine RNAIMAX (Invitrogen, NY, USA). The
results were compared with the control cell line group simi-
larly transfected with scramble oligo. In a separate set of ex-
periments, the same SHSY5Y neuroblastoma cells (SHSY5Y
ATCC CRL2266) were transfected with uniquely modified
2’-deoxy-2’-fluoro-arabinoguanosine antisense oligonucleotides
(Aum Biotech, Philadelphia, PA, USA), mimicking endogenous
miR-124-3p (Mimic-124) and antisense of miR-124-3p (Anti-124).
The results were compared with the control cell line group simi-
larly transfected with scramble oligo. After an incubation period
of 48 hours at 37°Cin a 5% CO, atmosphere, the transfected cells
were harvested to collect chromatin lysate for a further down-
stream ChIP experiment.

ChIP-qPCR-Based in Vitro Transcriptional Analysis of
FTO Gene Promoter via C/EBPa Binding

The influence of miR-124-3p inhibition on the binding of C/EBPa
transcription factor to FTO gene promoter was studied following
a C/EBPa-specific antibody (Santacruz Biotechnology)-mediated
ChIP experiment. miRNA oligo transfected cellular lysates were
used to prepare chromatin fractions. The harvested cells were
used for 1% formaldehyde-based chemical cross-linking for 15
minutes at room temperature. The cross-linking reaction was
quenched by adding 125 mM glycine with an additional incuba-
tion period of 5 minutes at room temperature. The cross-linked
homogenates were washed twice with ice-cold phosphate buffer
saline and lysed with ice-cold cell lysis buffer supplemented
with protease and proteasomal inhibitors for 15 minutes on
an ice bath. The lysed suspension was again homogenized to
avoid cellular clumps and subsequently centrifuged to decant
out any extracellular debris. Finally, chromatin was solubilized
and extracted by incubating on ice for 30 minutes with protease
and proteasomal inhibitors supplemented with nuclear lysis
buffer. The released chromatin fraction was sonicated to obtain
chromatin fragments of 200-600 bp. Insoluble materials from
sheared chromatin were cleared with centrifugation at 14k rpm
for 20 minutes. An equal amount of diluted chromatin samples
devoid of 10% fraction (input) was used in immunoprecipitation
with C/EBPa (Abcam, MA, USA) pre-conjugated protein A/G
magnetic beads for an overnight period. Immunoenriched
chromatin-bead complex was washed sequentially with low
salt buffer twice, high salt buffer once, LiCl buffer once, and TE
buffer twice. After washing, the DNA-protein complex was un-
coupled from the beads using freshly prepared elution buffer
and reverse cross-linked at 65°C for 4 hours with vigorous
shaking. Similar steps were followed for preparing input frac-
tion DNA. The immunoprecipitated and input fraction DNAs
were then purified using the phenol:chloroform:isoamyl alcohol
method. Finally, immunoprecipitated DNAs were subjected to
relative quantification with EvaGreen Dye (Applied Biological
Material Inc., BC, Canada)-based chemistry. Amplification in the
gPCR system was conducted using DNA samples collected after
immunoprecipitation and input control. The primers used for
amplifying the FTO promoter element are provided in supple-
mental Table 1.

Statistical Analysis

Statistical Package for the Social Sciences (SPSS) was used for
all the data analysis. The data are represented as mean + SEM.
TC, LH, and non-LH groups were compared using 1-way ANOVA.
Post-hoc comparisons were calculated by Tukey’s method of
multiple comparisons. TC and LH groups were compared using
independent sample equal variance t tests. The significance
level was set at P < .05.

RESULTS

Escape Latencies

Based on escape latencies, the rats were divided into LH (vul-
nerable to stress-induced depression), NLH (resilience to depres-
sion after receiving similar stress stimuli), and TC (no shock but
tested for escape latency) groups. As shown in Figure 1B, signifi-
cant differences in escape latencies (P < .001) between TC, NLH,
and LH groups were observed when tested on days 2 (df = 3; F
=147.9; P <.001), 8 (df = 3; F = 104.8; P < .001), and 14 (df = 3; F =
216.6; P < .001). Individual group comparisons showed signifi-
cantly higher escape latencies (P < .001) for LH rats compared
with TC and NLH rats on days 2, 8, and 14. NLH rats did not show
any significant differences in escape latencies compared with
the TC group at any time point. Rats with LH or NLH behavior on
days 2 and 7 showed the same behavior when tested on day 14.

Expression of m6A Methylation and Demethylation
Enzymes in the Hippocampus of LH Rats

The expression levels of Fto, Mettl3, and Mettl14 genes were
examined in the hippocampus of LH rats (Figure 1C). We found
significant changes in the expression of Fto and Mettl3 genes.
When compared with TC, the LH group of rats showed a highly
significant (P = .005) expression downregulation (approximately
82%) of the Fto gene. On the contrary, Mettl3 was significantly (P
= .031) upregulated (approximately 38%) in LH rats. No signifi-
cant (P = .06) change in Mettl14 expression was noted when LH
rats were compared with TC rats. No significant differences were
observed in the expression of Fto (P = .38)., Mettl3 (P = .06), and
Mettl14 (P = .82) between TC and NLH rats.

Because the expression of m°A-methylating and
-demethylating enzymes was restricted to LH rats, all subse-
quent experiments were performed in the hippocampus of LH
and TC rats.

Altered m6A-Based RNA Methylation of Plasticity
Genes Following MeRIP-gPCR in the Hippocampus of
LH Rats

We examined the m°A methylation status of select plasticity-
related genes (Nr3cl, Crebl, Bdnf, and Ntrk2) in the
hippocampus of LH and TC rats (Figure 2A-D). Methylation-
associated changes were investigated following an m°A-
specific antibody-based MeRIP gPCR. MeRIP-qPCR data
showed significant methylation enrichment of 3 select gene
transcripts—Nr3c1, Crebl, and Ntrk2—in LH rats. In the LH
group, the largest methylation enrichment was noticed for the
Nr3cl gene (approximately 20%), which was highly significant
(P < .05). A similar high-fold enrichment (20%) was noted for
the Creb1 transcript, and this change was also highly signifi-
cant (P < .05). The Ntrk2 transcript also demonstrated signifi-
cant (P = .04) enrichment (approximately fourfold). Contrary to
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Animal Model of Depression: Learned Helplessness Paradigm
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Figure 1. Induction of learned helplessness (LH) behavior and changes in expression of genes associated with epitranscriptomic regulation in the hippocampus of LH
rats. (A) Schematic diagram of the timeline followed as part of the stress paradigm to induce LH behavior in rats. Rats were given 100 random tail inescapable shocks
(IS) at an intensity of 1.0 mAmp for 5 seconds. The average interval between 2 shocks was 60 seconds. Escape latency (ET) was tested after 24 hours. These rats were
given an additional IS on day 7 and tested for ET on day 8 and again on day 14. Based on escape latency, rats were divided into 2 groups: LH (showing ET >20 seconds)
and non-learned helplessness (NLH, showing escape latency <20 seconds). Another group of rats was tested for ET without giving any shock and served as control (TC).
Twenty-four hours after the last ET, all rats were killed, brains were quickly extracted, and hippocampi were dissected. (B) Mean ETs in NLH and LH rats compared with
TC rats. Bar diagrams represent ETs in TC, NLH, and LH rats measured on days 2, 8, and 14. Data are the mean + SEM. Overall group comparisons are as follows: day 2:
df = 3, F = 147.95; day 8: df = 3, F = 104.89; and day 14: df = 3, F = 216.68. The bar diagrams represent ETs in TC and NLH rats measured on days 2, 8, and 14. Data are the
mean + SEM. On day 2, the NLH rats did not show any significant (P = .30) difference in ET compared with the TC group. A significantly (P <.001) higher ET was observed
for LH rats compared with TC on day 2. Similarly, LH rats showed a significant difference (P <.001) in mean ET compared with the NLH group on day 2. On day 8, NLH
rats showed no significant (P = .18) difference in ET compared with the TC group. A significantly (P < .001) higher ET was noted for LH rats compared with TC rats. On
day 14, NLH rats did not show any significant (P = .744) difference in ET compared with the TC group. Individual group comparison identified a significantly (P < .001)
higher ET for LH rats compared with TC rats. (C) Gene expression changes in m°A methylation-processing enzymes. Significant (P <.05) expression downregulation
(approximately 82%) was found for the Fto gene in LH rats (n = 3) compared with TC rats (n = 8). No significant differences (P = .38) were observed in the expression of
Fto in NLH rats (n = 8) compared with TC rats (n = 8). Mett]3 was significantly (P = .031) upregulated (approximately 38%) in LH rats (n = 5) compared with TC rats (n =
7). No significant (P = .06) changes were noted for Mett]3 in NLH (n = 7) rats compared with TC rats (n = 8). No significant differences were noted in Mettl14 expression
in TC rats (n = 8) compared independently between LH (n = 8) and NLH (n = 8) rats (P = .06 for LH and P = .82 for NLH). Data are the mean +SEM. Relative fold changes
were determined based on Gapdh normalization following the AACT method.

the other 3 genes, m°A methylation enrichment was signifi-
cantly (P < .05) lower for the Bdnf transcript in the LH group
compared with the TC group.

and Bdnf (P = .05) were significantly downregulated in LH rats
compared with TC rats.

In Silico Mapping and DNA-Based Methylation
Expression of Plasticity Genes by qPCR in the Patterns of Fto Gene Promoter

Hippocampus of LH Rats . . .
We further examined the underlying regulatory mechanisms

To examine if changes in m°A methylation were related to behind altered Fto expression in LH rats. Our bioinformatic

changes in the expression of the plasticity-related genes, we de-
termined the expression of Nr3c1, Creb1, Bdnf, and Ntrk2 genes
(Figure 2E-H) in the hippocampus of the same LH and TC rats in
which m°A methylation was examined. We found that the ex-
pression levels of Nr3c1 (P = .003), Creb1 (P = .01), Ntrk2 (P = .01),

analysis helped us map rats’ upstream regulatory elements of
the Fto gene (Figure 3A). As shown in the schematic diagram
(Figure 3A), Fto has 2 exons enriched with CpG sites immedi-
ately downstream of the transcription start site (TSS) and a C/
EBP-a binding motif in between. Promoter-specific methylation
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Significantly increased m°A levels in the 3’ untranslated region (UTR) of Ntrk2 transcript compared between control (TC) (n = 5) and LH (n = 5) rats, (P < .05). (B) Signifi-
cantly increased m°A levels in the 3'UTR of Nr3c1 transcript compared between TC (n = 4) and LH (n = 5) rats (P < .05). (C) Significantly increased m°A levels in the 3'UTR
of Creb1 transcript compared between TC (n = 5) and LH (n = 4) rats (P < .05). (D) Significantly decreased m°A levels in the 3'UTR of Bdnf transcript compared between
TC (n =5) and LH (n = 4) rats (P < .05). (E) Bar diagram showing highly significant (P = .04) expression downregulation (approximately 82%) of the Ntrk2 gene in LH rats
(n = 3) compared with TC (n = 8). (F) Significant downregulation (approximately 38%) of Nr3c1 gene (P = .04) in LH (n = 5) compared with TC (n = 7) rats. (G) Bar diagram
demonstrating significant expression increase for Creb1 gene in LH (n = 8) compared with TC (n = 8) rats. (H) LH (n = 5) rats show significant (P = .02) decrease in Bdnf
gene expression compared with TC (n = 7) rats. Data are the mean +SEM. For MeRIP-qPCR, relative 3' UTR enrichment was determined based on 10% input normaliza-
tion following qPCR. For gene expression, relative fold change was determined based on Gapdh normalization following the AACT method.

changes are epigenetically essential to regulate gene transcrip-
tion. We asked whether changes related to Fto gene expres-
sion were linked with promoter-specific methylation in LH rats.
Figure 3B shows an Fto promoter CpG island map within 1 kb
upstream of the rat Fto gene. We measured 5-mC enrichment
of those mapped CpG sites on the Fto promoter to understand
if LH-specific Fto expression repression is contributed by pro-
moter hypermethylation. Our methylation-specific MeDIP fol-
lowed by qPCR showed a significant hypomethylation (30% less
enriched methylation; P = .04) of Fto gene promoter in the hippo-
campus of LH rats compared with TC rats (Figure 3C).

Expression of DNA Methylation Enzymes in the
Hippocampus of LH Rats

To examine if promoter hypomethylation of the Fto gene was
associated with altered expression of DNA methylation en-
zymes, we tested the transcript levels of DNA methyltransferase
(Dnmt)1, Dnmt3a, and Dnmt3b. We found that the expression
of Dnmt1 and Dnmt3a was significantly downregulated (Dnmt1,
approximately 27%, P = .02; Dnmt3a, approximately 23%, P =
.05) in the hippocampus of LH rats (Figure 3D-E) without any
changes in Dnmt3b (data not shown).

Expression Variability of Transcription Factor C/EBP-
a in the Hippocampus of LH Rats

Next, we sought to examine if the changes in Fto expression
were transcriptionally related to transcription factor C/EBP-a.

C/EBP-a (CCAAT enhancer-binding protein) acts as an early re-
sponse transcription factor and is suggested to have an inducing
effect on Fto gene transcription. We found a significant (P = .003)
decrease (approximately 44%) in C/ebp-a gene expression in LH
rats compared with TC rats (Figure 3F).

In Vivo Binding of CEBP-a on Fto Gene Promoter

As shown in the schematic diagram in Figure 3A, Fto has 2 exons
enriched with CpG sites immediately downstream of the TSS.
Besides, an evolutionarily conserved C/EBP-a binding site was
also mapped right after exon 1. To determine the regulatory ef-
fect of C/EBP-a on Fto gene expression, we performed a ChIP
assay using chromatin lysate collected from rat hippocampus.
The results showed (Figure 3G) significantly decreased (approxi-
mately 40%) binding of C/EBP-a on Fto promoter in the hippo-
campus of LH rats (P = .05).

Expression of miR-124-3p in the Hippocampus
of LH Rats

We sought to determine if any changes are associated with
miR-124-3p expression in the hippocampus of LH rats, given
that C/ebp-a is a direct target of miR-124-3p. Our qPCR assay
based on miR-124-3p specific primer determined a significant (P
=.01) increase (30%) in expression in LH rats compared with TC
rats (Figure 3H). However, no significant (P = .23) difference was
noted in NLH rats compared with TC rats.
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Figure 3. Fto gene promoter regulation following DNA methylation changes and binding of transcription factor C/EBP-a in the hippocampus of learned helplessness
(LH) rats. (A) Schematic diagram showing immediate upstream (1000 bp) and downstream promoter region of Fto from the transcription start site (TSS). The diagram
also shows the relative binding site for C/EBP-a, highlighting the consensus motif sequencing flanked by exon 1 and 2 of the Fto gene. The in silico prediction of a
stretch of CpG sites is indicated with ball and stick drawing spanning across the first and second exons of the Fto gene. (B) In silico prediction and mapping of a po-
tential CpG island on Fto gene promoter. (C) Bar diagram showing significant (P = .04) decrease in DNA methylation (30%) of the Fto gene promoter in LH (n = 7) com-
pared with control (TC; n = 4) rats. (D-E) The graphs represent significant expression downregulation of Dnmt1 and Dnmt3a genes (Dnmt1, approximately 27%, P = .02;
Dnmt3a, approximately 23%, P = .05) in LH rats compared with TC rats. (F) Significant (P = .003) downregulation of C/EBP-a expression (50%) in LH rats (n = 6) compared
with TC rats (n = 3). (G) Chromatin immunoprecipitation (ChIP) assay for G/EBP-« binding on the Fto promoter. Input normalized fold-change values were determined
in the LH rats compared with TC rats. Binding of C/EBP-a on Fto gene promoter demonstrated the 40% lower promoter occupancy (P = .05) in LH rats compared with
TG rats (n = 3/group). (H) In vivo expression profile of miR-124-3p in LH (n = 7) rats compared with TC rats (n = 7). Relative transcript abundance of mature miR-124-3p
in LH rat hippocampus showed an approximately 30% increase (P = .01) compared with TC. The Gapdh gene was used as a normalizer for gene expression assays, and
miRNA expression data were normalized to U6 expression. All values are represented as + SEM.

In Vitro Gene Expression Changes in miR-124-3p- none of the enzymes showed significant differences in the
Transfected SHSYSY Cells miR-124-3p over-or underexpression group (Figure 4C-E).

Previous reports have suggested that C/EBPa is a direct target of
miR-124-3p (Ponomarev et al., 2011). We induced the expression Binding of C/EBPa on FTO Gene Promoter in

of miR-124-3p in vitro by oligo_ transfection to exa_mine its effect miR-124-3p Oligo-Transfected SHSYSY Cells
on C/EBPa gene expression (Figure 4A). Transfection of SHSY5Y

cells with mimic and antisense oligo against miR-124-3p re- In the SHSYSY cell line, we determined qChIP-based binding
sulted in significant expression variability of C/EBPa transcripts. of C/EBPa transcription factor on FTO gene promoter under
We found a significant (P = .03) decrease (50%) in the expression miR-124-3p regulation. Our gPCR-based ChIP assay showed sig-
of the C/EBPa gene in the miR-124-3p mimic transfection group nificant differences in C/EBPa binding to the FTO gene promoter

compared with the scrambled control (Figure 4B). Interestingly, under miR-124-3p over- and underexpression. A significant (P =
the depleted expression of C/EBPa in the mimic group was sig- .01) reduction (approximately 23%) in promoter occupancy was
nificantly (P = .003) restored in the miR124-3p anti-oligo-trans- noted when the scramble oligo-transfected control group was
fected group. In the same transfection group, we tested the compared with the mimic-124-3p-transfected overexpression

expression of FTO, METTL3, and METTL14 genes. We found that group. MiR-124-3p knockdown further reduced (approximately
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Figure 4. Expression profiling of N6-methyladenosine (M°A) methylation genes in response to miR-124-3p overexpression using the SHSY5Y cellular model. (A) Sche-
matic diagram of in vitro study showing miRNA oligo transfection strategy. (B-E) Bar diagrams representing the relative expression of C/EBPa, FTO, METTL3, and
METTL14 transcripts in SHSYSY cell line transiently transfected with mimic miR-124-3p overexpression oligo (mimic-124) or anti-miR-124-3p overexpression oligo
(anti-124) and compared with control cells. The expression level of C/EBPa in the SHSYSY cell line was individually transfected with miR-124-3p oligo (mimic-124)
and miR-124-3p anti-sense oligo (anti-124). Compared with the control group, the mimic-124 transfected cell line showed a significant (P = .03) decrease (52%) in C/
EBPa expression, whereas an increased expression of C/EBPa was observed in the anti-124-transfected group compared with the control. A significant increase was
noted for C/EBPa in the anti-miR-124-transfected group compared independently with mimic-miR-124. The other 3 genes—FTO, METTL3, and METTL14—did not show
any significant changes when the control group was independently compared with mimic-124 and anti-124 groups. (F) Chromatin immunoprecipitation (ChIP) assay
for C/EBPa binding on the Fto promoter in the SHSY5Y cell line transiently transfected with mimic miR-124-3p overexpression oligo (mimic-124) or anti-miR-124-3p
overexpression oligo (anti-124) and compared with control cells. Input normalized fold-change values were determined for C/EBPa binding on the Fto gene promoter.
The binding of C/EBPa on the Fto gene promoter demonstrated significantly (P = .01) low promoter occupancy (23%) in the mimic-124-transfected cell group compared
with the control. The anti-miR-124t-transfected group exhibited significantly (P = .006) less binding (28%) of C/EBPa on FTO promoter compared with control. GAPDH
was used as a normalizer for gene expression assays. Values are the mean + SEM.

28%; P = .006) the binding of C/EBPa on the FTO gene promoter
compared with the scramble group (Figure 4F).

and neurovegetative abnormalities and genetic susceptibility
(Jesberger and Richardson, 1985; Vollmayr and Henn, 2001;
Nestler et al., 2002). In the past, we have successfully used
this model in delineating neurobiological changes associated
with stress-induced depression (Roy et al., 2018). We chose to
examine the hippocampus, because this brain region is closely
associated with learning, memory, and emotions, and depres-
sion is associated with decreased hippocampal synaptic plasti-

DISCUSSION

In this study, using an LH rat model of depression, we showed higher
mPfA methylation enrichment and low expression of plasticity

genes in the hippocampus. The Fto promoter was hypomethylated
despite decreased expression of Dnmtl and 3a. Also, there was
a lower occupancy of transcription factor C/EBPa on the Fto pro-
moter. We also found that stress-induced miR-124-3p regulated Fto
expression via targeting C/ebp-a transcript.

The LH rat model is considered one of the highly reliable
animal models of depression (Maier, 1984; Vollmayr and Henn,
2001). It represents the theoretical basis of the origin and de-
velopment of depression and is a combination of cognitive

city and neuronal atrophy (Howland and Wang, 2008; Kim et al.,
2015). In addition, several imaging studies suggest structural ab-
normalities in the hippocampus of depressed patients (Sheline
et al., 1996; Frodl et al., 2002, 2006).

We observed a clear behavioral differentiation between LH and
NLH rats because the escape latency in LH rats differed signifi-
cantly from that of NLH and TC rats. Whereas NLH rats showed an
escape latency similar to that of TC rats, the escape latency of LH
rats was significantly higher than that of NLH and TC rats.



In the hippocampus of LH rats, we found that mRNA expres-
sion of plasticity-related genes Ntrkl, Crebl, Nr3c1, and Bdnf
was significantly downregulated compared with TC and NLH
rats. To test whether m°A-based epitranscriptomic mechan-
isms could be involved in gene regulation, using a specific m°A
antibody and MeRIP-qPCR technique, we examined m°A methy-
lation enrichment in the plasticity-related genes that were
downregulated in LH rats. We found that the hippocampus of LH
rats had many-fold higher m°A enrichment in all these genes
except Bdnf. M°A methylation enrichment of the 3 transcripts
presents an inverse relationship with their expression profile.
The contrasting patterns of gene expression and m°A methy-
lation explain the influence of m°A methylation regulation on
transcript instability. In contrast to other genes, the Bdnf gene
showed both lower expression and m°A methylation. This sug-
gests that m°A methylation and consequent post-transcriptional
modification are gene specific.

Reversible m°A methylation modifications and their regu-
lated distribution on mammalian transcriptome is a well-
orchestrated phenomenon (Dominissini et al., 2016; Wang et al.,
2016, 2022; Ivanova et al., 2017). Upon receiving extracellular en-
vironmental stimuli, the writer methyltransferases (METTL3 and
METTL14) are recruited at cognate m°A consensus sequences se-
lectively present on 3’untranslated region (UTR) of mammalian
mRNA molecules, leading to their preferential binding with the
reader protein YTHDF2 (Du et al., 2016; Li et al., 2018). Successful
interaction of this reader molecule with the m°A mark finalizes
the subcellular localization of methylated transcripts at cyto-
solic P-bodies with a catabolic fate (Du et al., 2016). However, the
assigned fate of m°A transcripts is rescued by the direct inter-
vention of FTO as an eraser with its oxidative demethylating
function (Walters et al., 2017). In this study, we found that the
expression of the Fto gene was significantly downregulated in
the hippocampus of LH rats. Because the established role of the
Fto gene necessarily implies the phenomena of RNA transcript
demethylation, our current observation of the reduced Fto gene
indicates its compromised functionality in stripping off the me-
thyl group from the transcripts in the hippocampus of LH rats.

In addition to FTO, we found a significant expression
upregulation in the Mettl3 gene without any change in the ex-
pression of Mettl14 in the hippocampus of LH rats. This obser-
vation suggests that METTL3 drives active methylation status
in the hippocampus of LH rats. METTL3 is enzymatically active
in a multiprotein complex as a heterodimer with METTL14 to
transfer methyl group on a consensus sequence motif (GAC)
preferentially localized in 3'UTR (Yang et al., 2018; Lee et al.,,
2020). No significant change in METTL14 and a higher abun-
dance of METTLI3 suggest the availability of more heterodimers
to enhance the methyl group transfer on adenosine residue in
LH rats. The effect of this regulated RNA methylation on puta-
tive transcripts with the m°A methylation consensus motif was
further substantiated by our findings of higher m°A methylation
in Ntrk1, Creb1, and Nr3c1 transcripts.

To understand how the Fto gene is regulated in LH rats, we
mapped CpG sites on the Fto promoter and found that Fto has
2 exons enriched with CpG sites immediately downstream of
the TSS. Our examination of MeDIP followed by qPCR showed
a significant hypomethylation of Fto gene. To examine if the
promoter hypomethylation of the Fto gene was associated with
the altered expression of DNA methyltransferases, we deter-
mined the expression levels of Dnmts. We found that the levels
of Dnmtl and Dnmt3a were significantly downregulated. Our
data suggest that hypomethylation of the Fto gene could be
associated with lower expression of select Dnmts in LH rats.
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Interestingly, despite lower promoter methylation and lower ex-
pression of Dnmtl and Dnmt3a expression, te hFto gene was
downregulated in LH rats. To further examine the mechanism
of Fto gene regulation, we mapped the 2 exons of the Fto gene,
which had enriched CpG sites, and found a rich C/EBP-a binding
site right after exon 1. Under normal conditions, C/EBP-a acts as
a transcription factor to functionally induce the expression of
the Fto gene (Ren et al., 2014). In LH rats, we found that not only
was the expression of C/EBP-a lower, but there was a suboptimal
C/EBP-a occupancy on the promoter of the Fto gene. This raises
an exciting possibility that despite lower promoter methylation,
less occupancy of C/EBP-a on the Fto promoter could lead to Fto
downregulation.

MiRNAs are one of the critical epigenetic modifiers that be-
long to the non-coding RNA family, with a specific epigenetic
role in modulating the coding potential of transcribed mRNAs
based on characteristic sequence complementarity (Dwivedi,
2011; Roy et al., 2017a). miRNAs regulate the translation of pro-
teins (Schratt, 2009) and participate in the altered gene expres-
sion that accompanies long-term potentiation (Park et al., 2006)
and learning and memory (Smalheiser et al., 2010). We and
other investigators have repeatedly shown the involvement of
miRNAs in stress-related disorders, including major depression
(Dwivedi, 2014; Lopizzo et al., 2019). MiR-124 has emerged as a
prominent miRNA that participates in stress-related disorders
(Roy et al., 2017a; Gu et al.,, 2019; Yang et al., 2020). Interestingly,
the miR-124 variant miR-124-3p directly targets C/EBPo. and
regulates its expression (Yu et al., 2017). We found a significant
upregulation of miR-124-3p in the LH rat hippocampus. Our in
vitro data using a neuroblastoma cell line suggested a mechan-
istic role of miR-124-3p in regulating the FTO gene. Whereas we
did not find a direct role of miR-124 in regulating the expression
of m°A-methylating and -demethylating enzymes FTO, METTL3,
and METTL14, in vitro transfection of miR-124 mimic dramat-
ically inhibited the expression of C/EBPa. This inhibition was
rescued in the miR-124-3p anti-oligo-transfected group. These
data suggest that miR-124-3p directly regulates the expression
of C/EBPa. Based on our findings, we propose that an impaired
epitranscriptomic regulation of plasticity-related genes in the
hippocampus of LH rats might be mechanistically linked to de-
fective transcription factor C/EBP-a-Fto axis, which is epigen-
etically influenced by induced expression of miR-124-3p under
stressful conditions (Figure 5).

Our results are functionally relevant MDD-associated im-
paired synaptic plasticity involving dynamic changes in
gene regulatory networks (Bristot et al., 2020; Yoshino et al.,
2021b). These dynamic changes quickly respond to environ-
mental stimuli (Lopizzo et al., 2019). With the recent advent of
epitranscriptomic modification, such dynamism in gene regula-
tion may occur in concert with m°A RNA methylation, the most
prevalent type of epitranscriptomic modification in the brain
(Chang et al., 2017). In this context, it is important to note that
FTO plays a significant role not only in the processing of m°A
enrichment on a gene, but it has a direct role in brain develop-
ment and function (Widagdo and Anggono, 2018; Chang et al.,
2022). The FTO gene is abundantly expressed in the brain and
participates in neurogenesis (Li et al., 2017b; Gao et al., 2020; Du
et al., 2021) and memory deficits (Walters et al., 2017; Spychala
and Ruther, 2019; Leonetti et al., 2020). Whereas contextual fear
conditioning reduces Fto expression in dendrites and dendritic
spines of mouse dorsal hippocampus (Walters et al., 2017), Fto
knockdown in the medial prefrontal cortex enhances consoli-
dated fear memory with an increase in m°A methylation at spe-
cific gene transcripts (Widagdo et al., 2016; Engel et al., 2018).
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Figure 5. A cellular model of Fto gene inhibition mediated via miR-124-3p- C/EBP-a axis under the stress-induced maladaptive changes in the hippocampus of learned
helplessness (LH) rats. We presume that the low expression level of the Fto gene in the hippocampus of depressed rats may not be related to its induced methylation
status despite the presence of a strong CpG island on its promoter. Instead, a promoter hypomethylation of the Fto gene is achieved due to the low expression level of
DNMTs. On the contrary, the stress-induced expression of miR-124-3p could be responsible for the expression downregulation of the Fto gene due to the inhibition of
transcription factor C/EBP-q, directly targeted by miR-124-3p. Altogether, we propose a hypothesis that an impaired epitranscriptomic regulation of plasticity-related
genes in the hippocampus of LH rats might be mechanistically linked to defective transcription factor C/EBP-a-Fto axis, which is epigenetically influenced by induced

expression of miR-124-3p under depressive conditions.

The inactivation of FTO impairs dopamine receptor type 2 and
its depletion in the midbrain and striatum cause increased
adenosine methylation in a subset of mRNAs associated with
signaling pathways regulating learning, reward behavior, motor
functions, and feeding in mice (Hess et al., 2013). Interestingly,
the FTO gene has been reported to be a polymorphic candidate
for MDD (Rivera et al., 2012, 2017). Additionally, Fto knockout
mice show increased corticosterone levels in plasma (Spychala
and Ruther, 2019). Moreover, FTO positively regulates mTOR
signaling, which is involved in depression pathophysiology and
the mechanism of ketamine action (Li et al., 2010).

Our findings of the involvement of miR-124 in regulating the
FTO gene via transcription factor C/EBP-a are highly relevant. We
and other investigators have shown that miR-124-3p plays a cru-
cial role in synaptic plasticity and stress-related disorders (Sun et
al., 2015; Dwivedi, 2017; Roy et al., 2017a; Gu et al., 2019; Yang et al.,

2020; Zeng et al., 2021). Knockdown of miR-124 reduces depression-
like behavior in chronic unpredictable stress-induced depressive
rats (Yang et al., 2020). Our present study shows concerted epigen-
etic modifications mediated by FTO and Mettl3 and regulation of
the Fto gene by miR-124 and C/EBPa in modulating the expression
of plasticity-related genes and, consequently, depressive behavior.

The study has some limitations. For example, the pre-
sent study used specific plasticity-related genes. Large-scale
transcriptome-wide modifications in FTO-mediated m°A
methylation could provide a broader role in m°A methylation
in depressive behavior. M°A methylation is brain-region specific
and corresponds to the variability in biological functions (Chang
et al,, 2017). Thus, other brain areas also need to be studied.
Additionally, the impact of sex on methylation has not been de-
termined in this study. Sex-specific changes at the methylation
level and Fto modulation can provide more insights into their



role in MDD pathogenesis. Also, it will be interesting to see if
similar changes occur in the postmortem brain of MDD patients
and whether these changes are specific to depression or also
occur in other psychiatric disorders.

Altogether, our study, for the first time to our knowledge,
highlights the role of demethylase Fto in regulating m°A methy-
lation under chronic stress and opens up a new vista to examine
m°A methylation/Fto-based molecular circuitry in depression
pathophysiology. The epitranscriptomic mechanism of gene
regulation is a fascinating yet unexplored area in disease patho-
genesis. Because many genes contain m°A sites and only a ma-
jority are un- or partially methylated, a large dynamic margin
exists for mC°A-based regulation across the transcriptome.
This offers a unique opportunity for m°A methylation sites
to allow a rapidly tuned response to external stimuli, which
could be critical in developing depression. In addition, depres-
sion pathophysiology involves alterations in gene network(s)
(Bagot et al., 2016; Gerring et al., 2019; Geng and Huang, 2021).
Epitranscriptomic modifications and subsequent changes in
gene expression could significantly participate in such gene
network changes. Overall, epitranscriptomic regulation of genes
can be used as a novel “molecular tool” not only to understand
the etiopathogenesis of depressive behavior but also to gen-
erate new molecular-based therapies to treat this severe mental
disorder.
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Supplementary data are available at International Journal of
Neuropsychopharmacology (JNPPY) online.

Acknowledgments

The help of Kevin Prall, BS, in creating learned helplessness rats
and behavioral testing is gratefully acknowledged.

Funding

This work was supported by grants from the National Institute
of Mental Health (ROIMH118884; ROIMH100616; RO1IMH124248;
RO1IMH107183 to Y.D.).

Conflict of Interest

None.

References

Bagot RC, et al (2016) Circuit-wide transcriptional profiling re-
veals brain region-specific gene networks regulating depres-
sion susceptibility. Neuron 90:969-983.

Belmaker RH, Agam G (2008) Major depressive disorder. N Engl J
Med 358:55-68.

Boissel S, Reish O, Proulx K, Kawagoe-Takaki H, Sedgwick B, Yeo
GS, Meyre D, Golzio C, Molinari F, Kadhom N, Etchevers HC,
SaudekV, Farooqi IS, Froguel P, Lindahl T, O’Rahilly S, Munnich A,
Colleaux L (2009) Loss-of-function mutation in the dioxygenase-
encoding FTO gene causes severe growth retardation and mul-
tiple malformations. Am ] Hum Genet 85:106-111.

Bristot G, De Bastiani MA, Pfaffenseller B, Kapczinski F, Kauer-
Sant’Anna M (2020) Gene regulatory network of dorsolateral
prefrontal cortex: a master regulator analysis of major psy-
chiatric disorders. Mol Neurobiol 57:1305-1316.

Epitranscriptomic Mechanisms and Depression | 1047

Chang M, Lv H, Zhang W, Ma C, He X, Zhao S, Zhang ZW, Zeng
YX, Song S, Niu Y, Tong WM (2017) Region-specific RNA m(6)
A methylation represents a new layer of control in the gene
regulatory network in the mouse brain. Open Biol 7:170166.

Chang R, Huang Z, Zhao S, Zou J, Li Y, Tan S (2022) Emerging
roles of FTO in neuropsychiatric disorders. Biomed Res Int
2022:2677312.

Dominissini D, et al (2016) The dynamic N(1)-methyladenosine
methylome in eukaryotic messenger RNA. Nature 530:441-446.

DuH, ZhaoY, He ], ZhangY, Xi H, Liu M, Ma ], Wu L (2016) YTHDF2
destabilizes m6A-containing RNA through direct recruit-
ment of the CCR4-NOT deadenylase complex. Nat Commun
7:12626.

Du K, Zhang Z, Zeng Z, Tang ], Lee T, Sun T (2021) Distinct roles
of Fto and Mettl3 in controlling development of the cerebral
cortex through transcriptional and translational regulations.
Cell Death Dis 12:700.

Dwivedi Y (2011) Evidence demonstrating role of microRNAs in
the etiopathology of major depression. ] Chem Neuroanat
42:142-156.

Dwivedi Y (2014) Emerging role of microRNAs in major depres-
sive disorder: diagnosis and therapeutic implications. Dia-
logues Clin Neurosci 16:43-61.

Dwivedi Y (2017) microRNA-124: a putative therapeutic target
and biomarker for major depression. Expert Opin Ther Tar-
gets 21:653-656.

Engel M, Chen A (2018) The emerging role of mRNA methyla-
tion in normal and pathological behavior. Genes Brain Behav
17:€12428.

Engel M, Eggert C, Kaplick PM, Eder M, Roh S, Tietze L, Namendorf
C, Arloth J, Weber P, Rex-Haffner M, Geula S, Jakovcevski M,
Hanna JH, Leshkowitz D, Uhr M, Wotjak CT, Schmidt MV,
Deussing JM, Binder EB, Chen A (2018) The role of m6A/m-
RNA methylation in stress response regulation. Neuron
99:389-403.€9.e389.

Fass DM, Schroeder FA, Perlis RH, Haggarty SJ (2014) Epigenetic
mechanisms in mood disorders: targeting neuroplasticity.
Neuroscience 264:112-130.

Fries GR, Zhang W, Benevenuto D, Quevedo ] (2019) MicroRNAs
in major depressive disorder. Adv Exp Med Biol 1118:175-190.

Frodl T, Meisenzahl EM, Zetzsche T, Born C, Groll C, Jager
M, Leinsinger G, Bottlender R, Hahn K, Moller HJ (2002)
Hippocampal changes in patients with a first episode of
major depression. Am J Psychiatry 159:1112-1118.

Frodl T, Schaub A, Banac S, Charypar M, Jager M, Kummler P,
Bottlender R, Zetzsche T, Born C, Leinsinger G, Reiser M, Moller
HJ, Meisenzahl EM (2006) Reduced hippocampal volume cor-
relates with executive dysfunctioning in major depression. J
Psychiatr Neurosci 31:316-323.

Gao H, Cheng X, Chen J, Ji C, Guo H, Qu W, Dong X, ChenY, Ma L,
Shu Q, Li X (2020) Fto-modulated lipid niche regulates adult
neurogenesis through modulating adenosine metabolism.
Hum Mol Genet 29:2775-2787.

Geng R, Huang X (2021) Identification of major depressive dis-
order disease-related genes and functional pathways based
on system dynamic changes of network connectivity. BMC
Med Genomics 14:55.

Gerring ZF, Gamazon ER, Derks EM (2019) A gene co-expression
network-based analysis of multiple brain tissues reveals
novel genes and molecular pathways underlying major de-
pression. PLoS Genet 15:e1008245.

Gu Z, Pan J, Chen L (2019) MiR-124 suppression in the prefrontal
cortex reduces depression-like behavior in mice. Biosci Rep
39.



1048 | International Journal of Neuropsychopharmacology, 2022

Hess ME, Hess S, Meyer KD, Verhagen LA, Koch L, Bronneke HS,
Dietrich MO, Jordan SD, Saletore Y, Elemento O, Belgardt BF,
Franz T, Horvath TL, Ruther U, Jaffrey SR, Kloppenburg P,
Bruning JC (2013) The fat mass and obesity associated gene
(Fto) regulates activity of the dopaminergic midbrain cir-
cuitry. Nat Neurosci 16:1042-1048.

Howland JG, Wang YT (2008) Synaptic plasticity in learning and
memory: stress effects in the hippocampus. Prog Brain Res
169:145-158.

Ivanova I, Much C, Di Giacomo M, Azzi C, Morgan M, Moreira PN,
Monahan J, Carrieri C, Enright AJ, O’Carroll D (2017) The RNA
m(6)A Reader YTHDF2 is essential for the post-transcriptional
regulation of the maternal transcriptome and oocyte compe-
tence. Mol Cell 67:1059-1067.e4 e1054.

Jesberger JA, Richardson JS (1985) Animal models of depression:
parallels and correlates to severe depression in humans. Biol
Psychiatry 20:764-784.

Kim EJ, Pellman B, Kim JJ (2015) Stress effects on the hippo-
campus: a critical review. Learn Mem 22:411-416.

Lee Y, Choe J, Park OH, Kim YK (2020) Molecular mechanisms
driving mRNA degradation by m(6)A modification. Trends
Genet 36:177-188.

Leonetti A, Chu M, Ramnaraign F, Holm S, Walters B (2020) An
emerging role of m6A in memory: a case for translational
priming. Int ] Mol Sci 21:7447.

LiN, Lee B, Liu RJ, Banasr M, Dwyer JM, Iwata M, Li XY, Aghajanian
G, Duman RS (2010) mTOR-dependent synapse formation
underlies the rapid antidepressant effects of NMDA antagon-
ists. Science 329:959-964.

LiL, Zang L, Zhang F, Chen ], Shen H, Shu L, Liang F, Feng C, Chen
D, Tao H, Xu T, Li Z, Kang Y, Wu H, Tang L, Zhang P, Jin P, Shu
Q, Li X (2017a) Fat mass and obesity-associated (FTO) protein
regulates adult neurogenesis. Hum Mol Genet 26:2398-2411.

LiL, ZangL, Zhang F, Chen ], Shen H, Shu L, Liang F, Feng C, Chen
D, Tao H, Xu T, Li Z, Kang Y, Wu H, Tang L, Zhang P, Jin P, Shu
Q, Li X (2017b) Fat mass and obesity-associated (FTO) protein
regulates adult neurogenesis. Hum Mol Genet 26:2398-2411.

Li M, Zhao X, Wang W, Shi H, Pan Q, Lu Z, Perez SP, Suganthan
R, He C, Bjoras M, Klungland A (2018) Ythdf2-mediated m(6)
A mRNA clearance modulates neural development in mice.
Genome Biol 19:69.

Liu S,XiuJ,Zhu C,MengK,LiC,HanR,DuT,LiL,XuL,LiuR,ZhuW,
Shen Y, Xu Q (2021) Fat mass and obesity-associated protein
regulates RNA methylation associated with depression-like
behavior in mice. Nat Commun 12:6937.

Liu S-J, Tang H-L, He Q, Lu P, Fu T, Xu X-L, Su T, Gao M-M, Duan
S, Luo Y, Long Y-S (2018) FTO is a transcriptional repressor to
auto-regulate its own gene and potentially associated with
homeostasis of body weight. ] Mol Cell Biol 11:118-132.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Delta
Delta C(T)) method. Methods 25:402-408.

Livneh I, Moshitch-Moshkovitz S, Amariglio N, Rechavi G,
Dominissini D (2020) The m(6)A epitranscriptome: transcrip-
tome plasticity in brain development and function. Nat Rev
Neurosci 21:36-51.

Lopizzo N, Zonca V, Cattane N, Pariante CM, Cattaneo A (2019)
miRNAs in depression vulnerability and resilience: novel tar-
gets for preventive strategies. ] Neural Transm 126:1241-1258.

Ludwig B, Roy B, Dwivedi Y (2019) Role of HPA and the HPG axis
interaction in testosterone-mediated learned helpless be-
havior. Mol Neurobiol 56:394-405.

Maier SF (1984) Learned helplessness and animal models of depres-
sion. Prog Neuropsychopharmacol Biol Psychiatry 8:435-446.

Nestler EJ, Barrot M, DiLeone RJ, Eisch AJ, Gold S], Monteggia LM
(2002) Neurobiology of depression. Neuron 34:13-25.

Padilla E, Barrett D, Shumake J, Gonzalez-Lima F (2009) Strain,
sex, and open-field behavior: factors underlying the genetic
susceptibility to helplessness. Behav Brain Res 201:257-264.

Padilla E, Shumake ], Barrett DW, Holmes G, Sheridan EC,
Gonzalez-Lima F (2010) Novelty-evoked activity in open field
predicts susceptibility to helpless behavior. Physiol Behav
101:746-754.

Papakostas GI, Ionescu DF (2014) Updates and trends in the
treatment of major depressive disorder. J Clin Psychiatry
75:1419-1421.

Park CS, Gong R, Stuart J, Tang SJ (2006) Molecular network and
chromosomal clustering of genes involved in synaptic plasti-
city in the hippocampus. ] Biol Chem 281:30195-30211.

Pena CJ, Nestler EJ (2018) Progress in epigenetics of depression.
Prog Mol Biol Transl Sci 157:41-66.

Ponomarev ED, Veremeyko T, Barteneva N, Krichevsky AM,
Weiner HL (2011) MicroRNA-124 promotes microglia quies-
cence and suppresses EAE by deactivating macrophages via
the C/EBP-a-PU.1 pathway. Nat Med 17:64-70.

Ren W, Guo J, Jiang F, Lu J, Ding Y, Li A, Liang X, Jia W (2014)
CCAAT/enhancer-binding protein a is a crucial regulator of
human fat mass and obesity associated gene transcription
and expression. Biomed Res Int 2014:406909.

Rivera M, et al. (2012) Depressive disorder moderates the effect
of the FTO gene on body mass index. Mol Psychiatry 17:604—
611.

Rivera M, et al. (2017) Interaction between the FTO gene, body
mass index and depression: meta-analysis of 13701 individ-
uals. Br ] Psychiatry 211:70-76.

Roy B, Dunbar M, Shelton RC, DwivediY (2017a) Identification of
MicroRNA-124-3p as a putative epigenetic signature of major
depressive disorder. Neuropsychopharmacology 42:864-875.

Roy B, Wang Q, Palkovits M, Faludi G, Dwivedi Y (2017b) Altered
miRNA expression network in locus coeruleus of depressed
suicide subjects. Sci Rep 7:4387.

Roy B,Wang Q, DwivediY (2018) Long non-coding RNA-associated
transcriptomic changes in resiliency or susceptibility to de-
pression and response to antidepressant treatment. Int ]
Neuropsychopharmacol 21:461-472.

Roy B, Dunbar M, Agrawal ], Allen L, DwivediY (2020) Amygdala-
based altered miRNome and epigenetic contribution of
miR-128-3p in conferring susceptibility to depression-like
behavior via Wnt signaling. Int ] Neuropsychopharmacol
23:165-177.

Schratt G (2009) microRNAs at the synapse. Nat Rev Neurosci
10:842-849.

Serafini G, Pompili M, Innamorati M, Giordano G, Montebovi F,
Sher L, Dwivedi Y, Girardi P (2012) The role of microRNAs in
synaptic plasticity, major affective disorders and suicidal be-
havior. Neurosci Res 73:179-190.

Sheline YI, Wang PW, Gado MH, Csernansky JG, Vannier MW
(1996) Hippocampal atrophy in recurrent major depression.
Proc Natl Acad Sci USA 93:3908-3913.

Smalheiser NR (2014) The RNA-centred view of the synapse:
non-coding RNAs and synaptic plasticity. Philos Trans R Soc
London Ser B 369.

Smalheiser NR, Lugli G, Lenon AL, Davis JM, Torvik VI, Larson ]
(2010) Olfactory discrimination training up-regulates and re-
organizes expression of microRNAs in adult mouse hippo-
campus. ASN Neuro 2:€00028.

Smalheiser NR, Lugli G, Rizavi HS, Zhang H, Torvik VI, Pandey GN,
Davis JM, Dwivedi Y (2011) MicroRNA expression in rat brain



exposed to repeated inescapable shock: differential alter-
ations in learned helplessness vs. non-learned helplessness.
Int J] Neuropsychopharmacol 14:1315-1325.

Smalheiser NR, Lugli G, Rizavi HS, Torvik VI, Turecki G, Dwivedi Y
(2012) MicroRNA expression is down-regulated and reorgan-
ized in prefrontal cortex of depressed suicide subjects. PLoS
One 7:€33201.

Spychala A, Ruther U (2019) FTO affects hippocampal function
by regulation of BDNF processing. PLoS One 14:e0211937.

Sun H, Kennedy PJ, Nestler EJ (2013) Epigenetics of the de-
pressed brain: role of histone acetylation and methylation.
Neuropsychopharmacology 38:124-137.

Sun Y, Luo ZM, Guo XM, Su DF, Liu X (2015) An updated role of
microRNA-124 in central nervous system disorders: a review.
Front Cell Neurosci 9:193.

Uchida S, Yamagata H, Seki T, Watanabe Y (2018) Epigenetic
mechanisms of major depression: targeting neuronal plasti-
city. Psychiatry Clin Neurosci 72:212-227.

Vollmayr B, Henn FA (2001) Learned helplessness in the rat: im-
provements in validity and reliability. Brain Res Brain Res
Protoc 8:1-7.

Vose LR, Stanton PK (2017) Synaptic plasticity, metaplasticity
and depression. Curr Neuropharmacol 15:71-86.

Walters BJ, Mercaldo V, Gillon CJ, Yip M, Neve RL, Boyce FM,
Frankland PW, Josselyn SA (2017) The role of The RNA
Demethylase FTO (Fat Mass and Obesity-Associated) and
mRNA methylation in hippocampal memory formation.
Neuropsychopharmacology 42:1502-1510.

Wang P, Doxtader KA, Nam'Y (2016) Structural basis for coopera-
tive function of Mettl3 and Mettl14 methyltransferases. Mol
Cell 63:306-317.

Wang S, Lv W, Li T, Zhang S, Wang H, Li X, Wang L, Ma D, Zang'Y,
Shen J, Xu'Y, Wei W (2022) Dynamic regulation and functions
of mRNA m6A modification. Cancer Cell Int 22:48.

WHO (2021) www.who.int/news-room/fact-sheets/detail/de-
pression.

Widagdo J, Anggono V (2018) The m6A-epitranscriptomic signa-
ture in neurobiology: from neurodevelopment to brain plasti-
city. ] Neurochem 147:137-152.

Widagdo J, Zhao QY, Kempen MJ, Tan MC, Ratnu VS, Wei W,
Leighton L, Spadaro PA, Edson ], Anggono V, Bredy TW (2016)
Experience-dependent accumulation of N6-methyladenosine

Epitranscriptomic Mechanisms and Depression | 1049

in the prefrontal cortex is associated with memory processes
in mice. ] Neurosci 36:6771-6777.

Wieland S, Boren JL, Consroe PF, Martin A (1986) Stock differ-
ences in the susceptibility of rats to learned helplessness
training. Life Sci 39:937-944.

Yang W, Liu M, Zhang Q, Zhang J, Chen J, Chen Q, Suo L (2020)
Knockdown of miR-124 reduces depression-like behavior by
targeting CREB1 and BDNF. Curr Neurovasc Res 17:196-203.

Yang, Hsu PJ, Chen Y-S, Yang Y-G (2018) Dynamic transcriptomic
m6A decoration: writers, erasers, readers and functions in
RNA metabolism. Cell Res 28:616-624.

Yang Z, Yu GL, Zhu X, Peng TH, Lv YC (2022) Critical roles of
FTO-mediated mRNA m6A demethylation in regulating
adipogenesis and lipid metabolism: implications in lipid
metabolic disorders. Genes Dis 9:51-61.

Yoon KJ, Ming GL, Song H (2018) Epitranscriptomes in the adult
mammalian brain: dynamic changes regulate behavior.
Neuron 99:243-245.

Yoshino Y, Roy B, Dwivedi Y (2021a) Differential and unique pat-
terns of synaptic miRNA expression in dorsolateral prefrontal
cortex of depressed subjects. Neuropsychopharmacology
46:900-910.

YoshinoY, Roy B, Kumar N, Shahid Mukhtar M, DwivediY (2021b)
Molecular pathology associated with altered synaptic tran-
scriptome in the dorsolateral prefrontal cortex of depressed
subjects. Transl Psychiatry 11:73.

Yu A, Zhang T, Duan H, Pan Y, Zhang X, Yang G, Wang J, Deng
Y, Yang Z (2017) MiR-124 contributes to M2 polarization of
microglia and confers brain inflammatory protection via the
C/EBP-alpha pathway in intracerebral hemorrhage. Immunol
Lett 182:1-11.

Zeng D, He S, Zhao N, Hu M, Gao J, Yu 'Y, Huang J, Shen Y, Li H
(2021) Promoter hypomethylation of miR-124 gene is asso-
ciated with major depressive disorder. Front Mol Neurosci
14.

Zhang H, Shi X, Huang T, Zhao X, Chen W, Gu N, Zhang R (2020)
Dynamic landscape and evolution of m6A methylation in
human. Nucleic Acids Res 48:6251-6264.

Zhang Z, Wang M, Xie D, Huang Z, Zhang L, Yang Y, Ma D, Li W,
Zhou Q, Yang YG, Wang XJ (2018) METTL3-mediated N(6)-
methyladenosine mRNA modification enhances long-term
memory consolidation. Cell Res 28:1050-1061.


http://www.who.int/news-room/fact-sheets/detail/depression
http://www.who.int/news-room/fact-sheets/detail/depression

