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SUMMARY

Adverse environmental stress represents a significant risk factor for major depressive disorder (MDD), often
resulting in disrupted synaptic connectivity which is known to be partly regulated by epigenetic mechanisms.
Né-methyladenosine (m6A), an epitranscriptomic modification, has emerged as a crucial regulator of activity-
dependent gene regulation. In this study, we characterized m6A profiles in the ventromedial prefrontal cortex
(vmPFC) of individuals with MDD. Using m6A sequencing, we identified a total of 30,279 high-confidence m6A
peaks, exhibiting significant enrichment in genes related to neuronal and synaptic function. The m6A peaks
between males and females with MDD that passed the significance threshold showed opposite m6A pat-
terns, while the threshold-free m6A patterns were concordant. Distinct m6A profiles were found in MDD
for each sex, with dysregulation associated with microtubule movement in males and neuronal projection
in females. Our results suggest the potential roles of m6A as part of the dysregulated molecular network in

MDD.

INTRODUCTION

There are 170 known RNA modifications, among these, m6A
methylation (m6A) is the most abundant RNA modification in
messenger RNA (mRNA) in mammals, with a frequency of
0.1%-0.6% of all adenosines.”” m6a is typically located in a
consensus motif (DRACH) and enriched in near 3UTR and
stop codon. m6A is reversible; it is catalyzed by a writer complex
consisting of methyltransferase-like 3 (METT3), methyltransfer-
ase-like 4 (METT14), and WT1 associated protein provided
(WTAP) and removed by alkB homolog 5 (ALKBH5) and the fat
mass and obesity-associated protein (FTO).>° m6A is recog-
nized by different types of reader proteins and depending on
the given reader, m6A either influences stability, translation
efficiency, degradation, splicing, or nuclear export of the target
transcripts.® Although the mechanism of how reader proteins
target specific m6A transcripts is still unknown, we know dy-
namic post-transcriptional gene regulation by m6A is essential,
especially in the central nervous system.”-®

Given the brain’s relatively high abundance of m6A, this
modification has emerged as a crucial regulator of both rapid
and long-term changes in gene expression.® Transcripts asso-
ciated with synaptic and neuronal functions display significant
levels of m6A, with these patterns subject to alterations in

response to neuronal activity. Research to date has focused
on learning and memory and revealed that loss of m6A func-
tion by the depletion of m6A machinery leads to behavioral
deficits and disruptions in neuronal circuits.'®'?> Notably,
m6A methylated transcripts are enriched at synapses,
suggesting a role in regulating brain plasticity in response to
environmental cues.'>'* In support of this, studies in mice
have demonstrated that alterations in m6A levels in the brain
following acute stress coincide with changes in m6A-marked
transcripts associated with stress response and neuroplastic-
ity.'® These investigations highlight m6A’s significance as a
key player in the stress response and its potential role in psy-
chiatric disorders.

Major depressive disorder (MDD) is a complex disorder that
affects approximately 300 million individuals globally.'® Its
development involves a complex interplay of genetic predis-
position and environmental influences, and epigenetic mecha-
nisms, at least in part, mediate its interaction. Chronic stress
is a well-known risk factor for MDD and the neuronal adapta-
tions in response to stress are critical processes related to its
onset.'” Dysregulation of the hypothalamic pituitary adrenal
(HPA) axis, the monoamine system, and inflammation, among
others, have been associated with the etiopathogenesis of
depression.'® Another common finding in MDD is neuronal
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Figure 1. Characteristic of m6A peaks in the human brain
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(A) Schematic overview of the m6A-seq and samples used in this study. Optimized m6A-seq protocol was used to profile m6A on the vmPFC of the matched
males and females with MDD and psychiatrically healthy controls (N = 9-10/group; total N = 39).
(B) Sequence motif of the m6A-containing peak regions shows GGAC enrichment (p-value: 1e-302).

(C) The percentage of m6A peaks located across the gene body.
(D) The distribution of m6A peaks on mRNA transcripts.

(E) Top 10 biological GO terms of m6A peaks showed enrichment in genes associated with neuronal and synaptic function.
(F) Top 10 KEGG terms of m6A peaks showed enrichment in signaling pathways similar to the previous m6A study in the human brain.

atrophy and synaptic loss, resulting in reduced volume of spe-
cific brain regions crucial for mood regulation and stress
response. Interestingly, there is some evidence that these
morphological changes can be reversed with antidepressant
treatment.'® Neuronal guidance cues such as netrin, slit, sem-
aphorins, and ephrins finely regulate structural changes in the
brain. These cues guide the growth of axons and dendrites to-
ward their targets and regulate synaptic plasticity.20 Interest-
ingly, a recent study indicates that m6A contributes to axon
guidance. Specifically, the m6A reader protein YTHDF1 has
been found to promote the translation of Robo 3.1, a receptor
crucial for slit protein signaling in axon guidance from the
Roundabout (Robo) family.?’

Considering the established roles of m6A in stress response
and neuroplasticity systems that together can contribute to
neuroanatomical changes observed in MDD, investigating
m6A holds promise for unraveling the molecular mechanism
underlying MDD. Furthermore, m6A serves as a responsive
marker of stress. Therefore, we conducted comprehensive
postmortem profiling of m6A status in human postmortem
vmPFC of both males and females diagnosed with MDD and
matched controls to identify m6A patterns underlying the
sex-influenced mechanism of MDD. Threshold-free m6A
patterns between males and females with MDD showed
concordant trends; however, differential m6A peaks showed
opposite signatures with enrichment in genes linked to histone
modification. Further analysis showed the sex-specific differ-
ential mBA patterns associated with MDD, involving cellular
microtubule movement in males and neuronal projections in
females.

2 iScience 27, 111316, December 20, 2024

RESULTS

N®-methyladenosine methylation landscape in the
human brain

To investigate the role of m6A in the human brain, we focused on
the vmPFC, a region that has been implicated in the pathophys-
iology of MDD.?? We examined human postmortem brain sam-
ples from both male and female donors, half who died during
an episode of MDD, and the other half, matched neurotypical
controls (Figure 1A; Table S1). To profile the m6A landscape,
we used an antibody based methylated RNA immunoprecipita-
tion followed by sequencing (m6A-seq), which we optimized
for use in postmortem brain tissue. Using stringent peak-calling
filters, we identified a total of 30,279 high-confidence m6A
consensus peaks (FDR< 0.05, fold change >1.5) (Figures S1A
and S1B). The peaks were distributed among 12,691 transcripts,
with an average of 2.4 m6A peaks per gene. Motif enrichment
analysis of m6A peaks demonstrated a robust enrichment of
the GGAC consensus motif (p-value: 1e-302), affirming the
high quality of our peak set (Figure 1B). The distribution of m6A
peaks showed a particular enrichment in the junction of the 3’ un-
translated region (3'UTR) and the coding sequence (CDS) and 5’
untranslated region (5'UTR), consistent with previous findings
(Figures 1C and 1D).>®> Gene ontology (GO) analysis of m6A-
modified transcripts revealed a significant enrichment (p-value
<0.05) of genes related to axon development, neuron projection
development, and synapse organization (Figure 1E). Further-
more, KEGG pathway analysis revealed that m6A modifications
were associated with the Hippo signaling pathway, ErbB
signaling pathway, and MAPK signaling pathway, all closely
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Figure 2. m6A peak profile of male and female with MDD shows the opposite signature
(A) Volcano plot showing DMR identified between males and females with MDD. 153 DMRs were unique to male MDD (blue) and 477 DMRs were unique to female

MDD (pink).

(B) Top 5 biological Gene ontology (GO) terms related to m6A peaks associated with male MDD and female MDD, demonstrating enrichment in genes linked to

histone modification.

(C) Heatmap showing the methylation patterns of genes associated with histone modifications. The color shows log fold change of methylation levels in MDD

compared to controls in each sex.

(D) IGV plot of the differentially methylated region (DMR) in HDAC2 located at chr6 113993352-113993500, showing an example of an opposite differential

methylation pattern male and female with MDD.

(E) Threshold-free differential methylation patterns in males and females with MDD with rank-rank hypergeometric overlap (RRHO). The color of each heatmap is
based on —log10 (p-value) from the hypergeometric test. The map in the right corner shows the shared hypomethylation between male MDD and female MDD.

linked to the development of the nervous system and neuronal
differentiation in the brain (Figure 1F). These findings are consis-
tent with previous research conducted on the human dorsal pre-
frontal cortex (dIPFC) and the mouse brain.?*2°

N°-methyladenosine methylation signatures in males
and females with major depressive disorder

Emerging studies suggest males and females have distinct
molecular profiles, particularly in the vmPFC.?® Considering the
sex influences in MDD prevalence and pathology, and possibly,
in underlying biological processes,?®” we accessed differences
in m6A profiles using sex-disease interaction analyses. We de-
tected a total of 629 differentially methylated regions (DMRs),
including 152 peaks unique to male MDD and 477 peaks unique
to female MDD (p-value <0.05, fold change >1.2; Figure 2A,;
Table S2). GO analysis of the differentially methylated peaks re-
vealed strong enrichment in genes associated with histone mod-
ifications in MDD regardless of sex (Figure 2B). However, many
of these histone-related genes were methylated in opposite
directions between males and females with MDD. For instance,
hypomethylated regions in females were hypermethylated in
males or we observed the inverse (Figures 2C and 2D). These
changes were not limited to genes related to histone modifica-
tions but several differentially m6A tagged genes showed an
effect of moderation by sex, and some of those that were signif-
icant (p-value <0.05, fold change >1.2) were modified in the
opposite direction. To see if this pattern holds in general, we
used a threshold-free comparison, and a rank-rank hypergeo-
metric overlap (RRHO) analysis and found an overall concor-
dance in the direction of the methylation differences for males

and females compared to controls (Figure 2E). This finding is
consistent with our recent publications reporting overall similar-
ity in cortical transcriptional signatures between males and fe-
males with MDD.?%%°

Dysregulated N®-methyladenosine methylation and

gene expression patterns in microtubule movement in
male major depressive disorder

Given that significant differentially methylated m6A peaks
showed opposite patterns between males and females with
MDD, we opted to explore within sex patterns of methylation
by disaggregating the data. In males, the differential methylation
result showed distinct m6A patterns between cases and con-
trols, as shown in the heatmap (Figure S2A). We detected a total
of 239 differentially methylated regions, including 98 hypomethy-
lated peaks and 141 hypermethylated peaks (p-value <0.05, fold
change >1.2; Figure 3A; Table S3). No significant difference was
found in the number of DMR located at 3'UTR, CDS, or 5UTR
were similar (Figure S2B). GO analysis of hypermethylated peaks
revealed enrichment in genes associated with histone acetyla-
tion and epithelial cilium movement whereas hypomethylated
peaks showed enrichment in genes related to DNA-templated
transcription elongation and protein signal transduction
(Figure 3B).

Given that m6A is known to regulate the degradation or trans-
lation of the target transcript, we accessed the putative function
of genes targeted by m6A. First, we examined changes in gene
expression between cases and controls. A total of 1,285 genes
were differentially expressed, including 691 down regulated
genes and 594 upregulated genes (p-value <0.05, fold change
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Figure 3. Differentially methylated regions in male MDD are associated with cilium movement
(A) The number of hypomethylated and hypermethylated DMR identified between male MDD and male control.
(B) The top 5 biological process GO enrichment terms of the hypermethylated peaks and hypomethylated peaks.

(C) Clustering heatmap of GO terms identified in DMRs and DEGs.

(D) Protein-protein network of genes annotated to microtubule-based movement cluster. Node size corresponds to the degree of interaction, node color indicates
differential expression status, and node border color indicates differential methylation status. Edge width reflects the protein-protein interaction score. Protein

with no interaction was removed.

(E) Bar plot showing methylation (right) and gene expression (left) levels of DNAH11. Data are represented as mean + SEM.

>1.2; Figure S3A). GO analysis of differentially expressed genes
(DEG) indicated that downregulated genes were enriched for
functions related to synaptic regulation, while upregulated genes
were enriched for functions related to axonal regulation and
neuronal projection (Figure S3B). Dysregulation of genes related
to neuronal and synaptic function in male MDD aligns with the
previous findings on sex differences in MDD. However, upon
comparing the results of DMRs and DEGs, we observed a limited
overlap, with only 11 genes identified as being both DMRs and
DEGs. These findings align with prior studies that reported min-
imal overlap between DMRs and DEGs in the field of m6A
studies.”®*° Additionally, we investigated the correlation be-
tween the DMRs and the corresponding gene expression levels.
No significant correlation between hypermethylation and corre-
sponding genes (R? = 0.04, p-value = 0.042), as well as hypome-
thylation and the expression of corresponding genes (R? = 0.08,
p-value = 0.014) were found (Figure S3C).

In addition to directly affecting gene expression levels, m6A
can regulate translation through reader proteins without signifi-
cantly altering overall gene expression. Given the wide range
of impacts that m6A can have on target transcripts, we next
investigated the biological network dysregulated in MDD by
examining overlaps in biological processes regulated by DMRs
and DEGs. To accomplish this, we conducted GO clustering us-
ing the union of significant GO terms identified in both analyses
(p-value <0.05; Figure 3C). Using this approach, a total of 61 GO
clusters were identified. Among these, the GO term in cluster #61
showed shared enrichment in DMR and DEG (Table S4). The
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genes in cluster #61 were enriched for functions related to micro-
tubule-based movement. To unravel the interconnectivity within
this cluster, we performed Protein-Protein Interaction (PPI)
network analysis using DMR-genes and DEG annotated to the
cluster #61 (Figure 3D). Hub genes, such as Dynein Axonemal
Heavy Chain 5 (DNAH5) and Coiled-Coil Domain Containing 65
(CCDCB65), were found to interact with DMR genes. Within the
network, DNAH11 was both a DMR and DEG. Its gene expres-
sion levels were elevated in MDD, while the methylation levels
were decreased (Figure 3E). This suggests a potential regulatory
role through m6A modification, hinting at involvement in pro-
cesses such as degradation or translation.

Dysregulated N®-methyladenosine methylation and

gene expression patterns in neuronal projection in
female major depressive disorder

Next, we investigated the differences in m6A profiles between fe-
male cases and controls. The heatmap of methylation scores
illustrated distinct m6A profiles between groups (Figure S2C).
In total, we identified 696 DMRs, comprising 241 hypomethy-
lated and 455 hypermethylated peaks (p-value <0.05, fold
change >1.2; Figure 4A; Table S5). The number of female
DMRs was approximately three times the number identified in
males. Like males, the DMRs were nearly equally distributed
along mRNA transcripts (Figure S2D). GO analysis revealed
that hypermethylated peaks were enriched in genes associated
with the regulation of neurogenesis and the regulation of dendrite
morphogenesis (Figure 4B). In contrast, hypomethylated peaks
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Figure 4. Differentially methylated regions in female MDD are associated with neuronal projection development
(A) The number of hypomethylated and hypermethylated DMR identified between female MDD and male control.
(B) The top 5 biological process GO enrichment terms of the hypermethylated peaks and hypomethylated peaks.

(C) Clustering heatmap of GO terms identified in DMRs and DEGs.

(D) Protein-protein network illustrating genes annotated to the neuronal projection development cluster. Node size corresponds to the degree of interaction, node
color denotes differential expression status, and node edge color signifies differential methylation. Edge width reflects the protein-protein interaction score.
(E) Bar plots showing the methylation and gene expression levels of genes that exhibited differential methylation (down) and expression (up) within the neuronal

projection development cluster. Data are represented as mean + SEM.

were enriched in genes related to DNA template transcription
regulation and synapse organization.

Examining differential expression, we identified a total of 566
altered genes, including 308 down regulated and 258 upregu-
lated genes (p-value <0.05, fold change >1.2; Figure S3D). GO
analysis of DEGs indicated that downregulated genes were en-
riched for functions related to the immune system such as
macrophage activation and the regulation of cytokine produc-
tion, while upregulated genes were enriched for functions related
to extracellular structure and matrix organization (Figure S3E).
Similar to the findings observed in males, overlaps between
DMRs and DEGs were observed only for 13 genes. In addition,
no significant correlations were found between the fold-
change of DMRs and the expression levels of corresponding
genes in either hypermethylated DMRs (R? < 0.01, p-value =
0.223) or hypomethylated DMRs (R? < 0.01, p-value = 0.969;
Figure S3F).

Next, as for males, we performed GO clustering using only the
significant terms identified for DMRs and DEGs (Figure 4C).
Among the 34 clusters identified, cluster #6 is one of the clusters
that exhibited enrichment in both DEG and DMR datasets
(Table S6). Cluster #6 identified an enrichment in genes associ-
ated with neuron projection development. PPl network analysis
of DMR genes and DEG within cluster #6 revealed several
distinct networks. Secreted Phosphoprotein 1 (SPPI) emerged
as a hub gene in the largest network, showcasing both direct
and indirect interactions with DEG and DMR genes (Figure 4D).
Notably, Netrin 1 (NTN1), a gene with significantly decreased

expression (p-value = 0.022, logFoldChange = —0.40) and
methylation levels (p-value = 0.019, logFoldChange = 0.32) in
cases, was identified as a hub gene in another network subgroup
(Figure 4E). NTN1 is recognized for its crucial role in axonal guid-
ance and has previously been implicated in MDD.®" Further-
more, NTN1 exhibited interactions with other DMR-genes,
including Repulsive Guidance Molecule (RGMA), where both
gene expression (p-value = 0.040, logFoldChange = —0.29)
and methylation levels (p-value = 0.037, logFoldChange = 0.30)
were significantly reduced in MDD (Figure 4E). Consistent with
the observation for NTN1, RGMA plays a crucial role in axon
guidance and neuronal survival, Matsunaga et al.*

Gene expression of N®-methyladenosine methylation
regulators in male and female major depressive disorder
Previous studies have demonstrated changes in the gene
expression of m6A regulators in the context of MDD in brain re-
gions specific manner.**-** Given that our DMR results showed a
higher number of hypomethylated peaks compared to hyperme-
thylated peaks in male MDD and a higher number of hyperme-
thylated peaks in female MDD, we hypothesized that these
changes might be reflected in the gene expression of m6A
writers and erasers. Using our DEG results, we investigated
whether the m6A writers, erasers, and readers were differentially
expressed between controls and MDD in each sex. However, our
results indicated no significant differences in the expression of
any of the m6A regulators tested in both males and females
with MDD (Figures S4A and S4B).
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DISCUSSION

m6A profiles in the vmPFC of patients diagnosed with MDD re-
vealed distinct m6A patterns between males and females. There
were substantial methylation changes in MDD across sexes, and
interconnectivity between DMR-genes and DEG showed m6A as
a part of disrupted network, which was previously implicated
in MDD.

Recent evidence from human brain studies suggests sex-
influenced transcriptional changes in MDD.?*?® Our findings
are consistent with these transcriptional studies in that epitran-
scriptomic changes, which are shown to influence gene expres-
sion, showed unique patterns between males and females with
MDD. Although genes associated with histone modification
were enriched in both male and female MDD, their methylation
patterns were in the opposite direction. Interestingly, the sex
steroid hormone estrogen is recognized as a pioneering factor,
initiating changes in chromatin structure, activating enhancer
elements, and recruiting transcriptional machinery.*>*® These
actions lead to alterations in epigenetic modifications, enabling
estrogen to regulate a wide range of target genes involved in
diverse biological processes, such as cell proliferation, differen-
tiation, and homeostasis. While there is limited literature on the
interplay between sex steroid hormones and m6A machinery in
the brain, RNA-binding motif protein 15 (RBM15), a component
of the writer complex, has been identified as an estrogen-
responsive gene in breast cancer cells.®” Furthermore, the dele-
tion of the m6A writer METTLS in the female reproductive tract
leads to changes in the stability of estrogen-responsive and pro-
gesterone-responsive genes in the uterus.®® Although its role in
the brain is unclear, the interaction between m6A and sex
hormones suggests its potential role in menopause, which has
been associated with MDD in females. The alterations in epitran-
scriptomic and epigenetic signatures triggered by estrogen
could potentially underlie a broad spectrum of sex-associated
differences observed in MDD.

Within the list of histone modification related genes, we
identified histone acetyltransferases (HATs), and histone methyl-
transferases (HMTs). The interplay of m6A and histone modifica-
tion could explain the altered histone modification patterns lead-
ing to sex-influenced molecular mechanisms in MDD.*° m6A has
been shown to participate in the degradation of histone modi-
fiers, resulting in reduced levels of HATs or HMTs.®® Further-
more, the depletion of Mettl3, an m6A writer, results in the loss
of mBA and an increase in the expression of histone modifiers,
contributing to abnormal gene expression associated with
phenotypic abnormalities.*® HDAC? is one of the histone modi-
fiers that shows sex-specific expression alteration following
acute restraint stress in the hippocampus.”’ While there is
limited literature on sex-specific altered expression of histone
modification, widespread dysregulation of histone modification
in MDD has been shown in clinical studies, human postmortem
studies, and animal models of depression. For instance,
HDAC2, one of the best studied HDACs, exhibited hypomethyla-
tion in female MDD and hypermethylation in male MDD.*?

Previous studies have demonstrated the widespread dysregu-
lation of cilia-related genes in psychiatric disorders, including
MDD.*® Our findings in males align with this observation, as we
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identified altered methylation and expression patterns of
dynein genes (DNAH11, DNAHS5, DYNLT1) and axoneme genes
(CCDC40, CCDC#65), which support microtubule-based cyto-
skeletal structure. Most brain cells, including neurons and astro-
cytes, possess primary cilia housing unique proteins such as
dynein, axoneme, and kinesin."* These proteins enable primary
cilia to detect extracellular cues and regulate signal transduction
pathways, including Shh and Wnt signaling. Moreover, primary
cilia in the brain are enriched with G-protein coupled receptors
(GPCRs), including somatostatin receptor type 3, serotonin re-
ceptor 6 (5HT-6), and a subset of dopamine receptors (DR1,
DR2, and DR5).***° It has been suggested that primary cilia
may play a role in activating these signaling pathways, which
have implications for MDD and antidepressant treatments.*®*’

Recent transcriptional studies observed increased neuroplas-
ticity and neuronal connectivity and decreased microglia activa-
tion particularly in female MDD.*®“° Our findings are in line with
this, we observed decreased expression of genes associated
with immune-related responses in female MDD, such as macro-
phage activation and cytokine activation. While a gene set
directly related to immune response did not emerge among the
shared GO terms between DMRs and DEGs, we did find a com-
mon enrichment of genes associated with neuronal connectivity
and plasticity.

Netrin family proteins NTN1 and RGMA were both identified
as DMR and DEG. NTN1 and RGMA share a ligand receptor
called Neogenin-1 (NEO1), which is a transcriptional target of
the sonic hedgehog (Shh) pathway. Shh pathway play a role
in adaptive circuits by regulating axonal outgrowth and synap-
tic plasticity. In addition, RGMA stimulation in the adult neural
stem suppressed the neurite outgrowth of newborn neurons,
suggesting its function in regulating adult brain plasticity.*°
NTN1 has several other receptors, and it is binding to DCC
has been associated with MDD.*' NTN1/DCC signaling influ-
ences axonal guidance, dendritic growth, and synapse forma-
tion during development when the brain is susceptible to stress
and key period for shaping neuronal circuits. In the adult brain,
NTN1/DCC signaling guides synaptic connectivity, and dysre-
gulated expression of DCC determines susceptibility to
stress.”">? Chronic stress can modulate NTN1/DCC signaling
activity through changes in epigenetic modification including
miRNA.>®  Although the majority of these studies were
conducted on males, our result implicates the possible dysre-
gulation of NTN1/DCC signaling in females. NCK1, which has
connectivity with NTN1, has been shown to have sex-specific
deficits in hippocampal memory formation through changes
in postsynaptic densities and synaptic densities.’* Together,
these data support the idea that m6A may contribute to the dys-
regulation of neuronal connectivity in female MDD. Although
further investigations are needed, our study supports the
landscape of RNA modifications in MDD showing clear sex dif-
ferences in basic transcriptomic regulation. This work opens
the door to identifying novel precision-based therapeutics.

Limitations of the study

Using m6A-seq we conducted a comprehensive and unbiased
profile of mBA signatures in human postmortem vmPFC; howev-
er, we recognize that our study is not without limitations. Similar
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to the majority of studies on m6A, our antibody-based m6A
identification approach lacks single-nucleotide resolution. While
existing methods relying on enzymatic conversion or direct RNA
sequencing offer a potential solution to these limitations,
applying such technologies to human postmortem tissues re-
mains challenging.®®>” Indeed, dissecting the cell-type-specific
contributions in MDD is particularly important, given that
different cell types have been implicated in MDD.?%°®

The limited overlap between DMRs and DEGs and no signifi-
cant correlation between fold change of DMRs and DEGs are
not surprising given previous observations and suggest that
changes in gene expression levels may not be temporally asso-
ciated with m6A changes or that the impact of m6A on gene
expression is not direct.?>*%“% Although m6A has been shown
to regulate gene expression by affecting the stability of target
transcripts, the lack of overlap between DMRs and DEGs has
been reported.?>*° Previous studies have shown that m6A can
impact protein levels without affecting transcript levels by regu-
lating ribosomal occupancy, indicating transcription-indepen-
dent modulation of translation by m6A.°° Notably, m6A has
been shown to promote the localization of neuronal mRNAs to
dendrites and axons or regulate local translation at axons.®°~%°

Given that m6A could affect various aspects of mMRNA meta-
bolism, we took advantage of GO clustering to explore poten-
tially disrupted networks in MDD. However, our analysis did
not fully show the direct effect of m6A in the networks. Further
mechanistic investigations are essential to understand the influ-
ence of m6A on the target transcripts and how the changes
contribute to the dysregulation of the networks. Future studies
integrating multiomic data hold promise for providing deeper in-
sights into these networks. Addressing these limitations in future
research endeavors could offer novel insights into the molecular
mechanisms underlying MDD.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

m6A antibody Synaptic Systems Cat#202003

Biological samples

Postmortem human brain (ventromedial Douglas-Bell-Canada Brain Bank N/A
prefrontal cortex)

Chemicals, peptides, and recombinant proteins

protein-A magnetic beads Thermo Fisher Scientific Cat#10001D
protein-A magnetic beads Thermo Fisher Scientific Cat#10003D
RNA inhibitor Promega Cat#2611
Critical commercial assays

RNeasy Lipid Tissue Mini Kit QIAGEN Cat#74804

RNA Clean and Concentrator Zymo Research Cat#R1015
SMARTer Stranded Total RNA-Seq Kit v2 Takara Cat#634412
Deposited data

Sequencing data This paper GEO: GSE275676
Software and algorithms

Rstudio https://www.rstudio.com/products/rstudio Version 1.2.5033
GraphPad Prism https://www.graphpad.com/ Version 9
STRING https://string-db.org/ Version 12.0
Cytoscape https://cytoscape.org/ Version 3.10.1

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human postmortem tissue from ventromedial prefrontal cortex (vmPFC) was obtained from the Douglas-Bell-Canada Brain Bank
(douglasbrainbank.ca), in collaboration with the Quebec Coroner’s Office. All individuals were French-Canadian origin, a homoge-
neous population with a well-documented founder effect.®* Comprehensive psychological autopsies were conducted. Briefly, these
consist of a series of proxy-based, structured interviews assessing psychopathology with next-of-kin and reviews of medical re-
cords. Cases were individuals who died by suicide in the context of an episode of MDD. Controls were individuals who died suddenly
and did not have evidence of an axis | disorder. Groups were matched for postmortem interval (PMI), tissue pH, and RNA Integrity
number (Table S1). This project was approved by the Douglas Hospital Research Center institutional Ethic review board.

METHOD DETAILS

m6A-seq

Total RNA was extracted from postmortem brain tissues using RNeasy Lipid Tissue Mini Kit (QIAGEN, #74804) following the
manufacturer’s instructions. RNA was treated with DNase during this process. Total RNA was then fragmented to ~200nt using
focused-ultrasonicator (Covaris, #5220). A portion of the RNA was reserved as inputs, while remaining was subjected into immuno-
precipitation. First, 30ul of protein-A magnetic beads (Thermo Fisher Scientific, #10001D) and 30ul of protein-G magnetic beads
(Thermo Fisher Scientific, #10003D) were washed twice with 500ul of IP buffer (10mM Tris-HCI (pH 7.4), 150mM NaCl, and 0.1%
(v/v) Igepal CA-630). The beads were resuspended with a mixture of 500ul of IP buffer and 1ug of an anti-m6A antibody (Synaptic
Systems, #202003) and incubated at 4°C overnight. The resulting antibody-bead complexes were washed 2 times with 500uL of
IP buffer. The antibody-bead complexes were then mixed with 500uL of IP mixture composed of 20ug of the RNA, 100uL of 5X IP
buffer, and 5uL of RNA inhibitor (Promega, #2611). After incubating at 4°C for 2 h, the mixture was washed intensively: twice by
500uL of IP buffer, twice by 500uL of low salt buffer (10mM Tris-HCI (pH 7.4), 50mM NaCl, and 0.1% (v/v) Igepal CA-630), and twice
by 500uL of high salt IP buffer (10mM Tris-HCI (pH 7.4), 500mM NaCl, and 0.1% (v/v) Igepal CA-630). The RNA was eluted with 100uL
of RLT buffer and purified using RNA Clean and Concentrator (Zymo Research, #R1015). The average total IP yield of 8.7ng was
obtained. The purified IP-RNA and input-RNA were subjected into SMARTer Stranded Total RNA-Seq Kit v2 (Takara, #634412),
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and cDNA libraries were generated following the manufacturer’s instructions. The libraries were sequenced at the McGill University
and Genome Quebec Innovation Center (Montreal, Canada) on an lllumina NovaSeq 6000 platform with 100nt paired-end mode.

QUANTIFICATION AND STATISTICAL ANALYSIS

m6a peak calling

Adapters were trimmed using TrimGalore.®® The trimmed reads were aligned to GRCh38 human genome using STAR.®° rRNA
contamination was removed from all the alignments on the basis rRNA co-ordinates bed file of the GRCh38 genome using
SortMeRNA.®” m6a peaks in individual sample for consensus m6A peaks were identified using TRESS using the default parameters
with lowcount = 15. The peaks with false discovery rate (FDR) < 0.05 and fold change >1.5 were applied to extract confidential peaks
and used for downstream analysis. The peaks were annotated using ChiPseeker.®® Motif enrichment analysis was conducted using
findMotifsGenme.pl function from homer. For each sample, the enrichment of the m6A consensus motif GGACH was calculated us-
ing AME from MEME tools and accumulative proportion was calculated.®® The distribution of m6A peaks on mRNA was visualized
using Guitar.”®

Differential m6A peak analysis

Differential methylation region (DMR) analysis was carried out using TRESS.”" TRESS uses a hierarchical negative binomial model
to account for sources of variation and implements a linear model to design complex contrasts of interest. A wald test is used for
hypothesis testing and to identify DMR. Parameters with Binsize = 50 and lowcount = 15 were used. In addition, based on the level
of correlation between the PC variances and known variables, RIN and age were included as covariates for all the DMR analysis.
Significant DMRs were identified using a threshold of nominal p-value <0.05 and fold change >1.2.

Differential gene analysis

Gene counts for the GRCh38 genome was obtained using Subread’? after removing rRNA contamination. Gene with low counts,
supported by less than 50% of the samples, were removed prior to the analysis. Differential gene (DEG) analysis was conducted
using DESeq2 which uses negative binomial generalized linear model with a default parameter.”® Similar to m6A-seq analysis,
age and RIN were included as covariates. Threshold of a nominal p-value <0.05 and fold change >1.2 were used for DEG criteria
and used for downstream analysis.

Rank-rank hypergeometric overlap (RRHO) analysis

RRHO analysis was to compare the overall methylation patterns between male MDD and female MDD using RRHO2.”* In this
analysis, the entire gene list from each dataset is ranked based on the methylation score calculated as -log10(p-value)*sign(logFold-
Change). These ranks are then arranged vertically or horizontally to visualize the overlap intensity between the datasets. RRHO
algorithm calculates the significance values for each overlapping gene pair, representing the degree of overlap between the datasets,
and constructs a significance matrix. This matrix is then visualized as a heatmap, where each point represents the significance of the
overlap according to the hypergeometric distribution.

Gene ontology (GO) analysis

GO analysis for biological processes was conducted using the clusterProfiler,”® employing a cutoff of p-value <0.05. The top 5 GO
terms for each category, based on their nominal p-values, were visualized. To compare shared GO terms between DMR and DEG
datasets, the VISEAGO’® was used for GO clustering across the two experiments. VISEAGO first computes semantic similarity
between pairs of GO terms to capture likeness between biological features represented by GO terms. After calculating the distance
between sets of GO terms, hierarchical clustering based on semantic similarity using Ward’s method is performed. Among the GO
clusters, a key GO cluster was selected by first filtering GO term by -log10(p-value) > 1.0 in both DMR and DEG datasets. Then GO
terms were ordered according to p-values in DMR sets. GO clusters with the lowest p-values in the DMR dataset was selected for
further investigation.

Protein-protein network analysis

The PPI analysis was conducted using STRING’’ to evaluate interactions among the protein products of DMR-genes and DEGs. The
list of DMR-genes and DEGs assigned to the GO cluster was provided as input and filtered for an interaction score greater than 0.4.
Additionally, proteins with no interactions with other proteins were excluded from the analysis. The resulting network was visualized
using Cytoscape,® with node size corresponding to the degree of interaction, node color indicating the differential expression status,
node edge color signifying differential methylation, and edge width reflecting the interaction score.
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