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miR-323a and MDD
Abstract:

Major depressive disorder (MDD) is a complex and debilitating illness whose etiology remains unclear. Small
RNA molecules, such as micro RNAs (miRNAs) have been implicated in MDD, where they display differential
expression in the brain and the periphery. In this study, we quantified miRNA expression by small RNA
sequencing in the anterior cingulate cortex and habenula of individuals with MDD and psychiatrically-healthy
controls. Thirty-two miRNAs showed significantly correlated expression between the two regions (False
Discovery Rate < 0.05), of which four, miR-204-5p, miR-320b, miR-323a-3p, and miR-331-3p, displayed
upregulated expression in MDD. We assessed the expression of predicted target genes of differentially
expressed miRNAs in the brain, and found that the expression of erb-b2 receptor tyrosine kinase 4 (ERBB4), a
gene encoding a neuregulin receptor, was downregulated in both regions, and was influenced by miR-323a-3p
in vitro. Finally, we assessed the effects of manipulating miRNA expression in the mouse ACC on anxiety- and
depressive-like behaviors. Mice in which miR-323-3p was overexpressed or knocked-down displayed increased
and decreased emotionality, respectively. Additionally, these mice displayed significantly downregulated and
upregulated expression of Erbb4, respectively. Overall, our findings indicate the importance of brain miRNAs in
the pathology of MDD, and emphasize the involvement of miR-323a-3p and ERBB4 in this phenotype. Future
studies further characterizing miR-323a-3p and neuregulin signaling in depression are warranted.
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Introduction:

Major depressive disorder (MDD) is a prevalent and debilitating illness, and is a leading cause of
premature death worldwide *. While its etiology and pathology remain unclear, various neurobiological factors
have been robustly associated with MDD, many of which are the target of common pharmacological
treatments. Recent studies have highlighted the role of small RNA molecules in MDD and other psychiatric
conditions **. Among these, the most well-studied are microRNAs (miRNAs), which are single-stranded RNA
molecules 17- to 22- nucleotides (nt) in length. MiRNAs play essential roles in regulating gene expression
through translational silencing and degradation of target mRNA molecules through interactions with the 3’
untranslated region (UTR) of the target mRNA and a complementary region of the miRNA (seed region) °.
Additionally, one miRNA can regulate the expression of multiple genes, allowing each miRNA to influence
numerous signaling pathways . The expression patterns of miRNAs vary according to tissue, and many
demonstrate enriched and region-specific expression in the brain ’, where miRNAs play a key role in a number
of cellular processes such as neurogenesis and synapse development ®°, as well as learning and memory . In
additional to normal brain processes, a number of studies have now identified differential expression of
miRNAs in psychiatric disorders, including MDD ?, bipolar disorder ®, and schizophrenia *.

Numerous candidate miRNA studies have been performed in brain tissue of depressed individuals or
animal models of depression, and have highlighted miRNAs involved in various pathways including the
polyamine system, brain-derived neurotrophic factor signaling, and monoaminergic neurotransmission **. A
few transcriptome-wide studies in humans have investigated the prefrontal cortex > ****, and the locus
coeruleus ** of depressed suicides. In this study, we investigate transcriptome-wide miRNA expression in the
dorsal anterior cingulate cortex (ACC) and the lateral habenula of individuals who died during an episode of
MDD, and psychiatrically-healthy controls. Numerous studies have implicated the ACC in MDD, and have
identified altered gene expression *, as well as changes in volume, which appear to be related to treatment
response 8. In addition, it is the preferred site for deep brain stimulation (DBS) in treatment-resistant
depression *°. The lateral habenula has also been implicated in depression through neuroimaging and
molecular studies, and is composed of neurons that are activated by negative emotions %°. Similar to the ACC,
clinical and preclinical studies have also linked this region to antidepressant response 2 %2

In this study, we identified four miRNAs, miR-204-5p, miR-320b, miR-323a-3p, and miR-331-3p, which
displayed differential brain expression in MDD. Additionally, the expression of putative mRNA targets of these
miRNAs were found to be differentially expressed in the brain, and influenced by miR-323a-3p in vitro.
Furthermore, we modified the expression of miR-323a in the mouse ACC, and found it to be associated with
both anxiety- and depression-like behavioral phenotypes.
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Materials and Methods:

Human Studies:

Human Samples:

Post-mortem samples of dorsal ACC (Brodmann Area 24) and lateral habenula were obtained, in collaboration
with the Quebec Coroner’s Office, from the Douglas-Bell Canada Brain Bank (Douglas Mental Health University
Institute, Montreal, Quebec, Canada). We analysed a total of 117 samples, comprised of 80 ACC samples, and
37 lateral habenula samples, as detailed in Supplemental Table 1. Groups were matched for post-mortem
interval (PMI), pH and age. Psychological autopsies were performed as described previously, based on DSM-IV
criteria 2. The control group had no history of major psychiatric disorders. All cases met criteria for MDD or
depressive disorder not-otherwise-specified. Written informed consent was obtained from next-of-kin. This
study was approved by the Douglas Hospital Research Centre institutional review board.

Small RNA sequencing and analysis:

RNA was extracted from all brain samples using a combination of the miRNeasy Mini kit and the RNeasy
MinElute Cleanup kit (Qiagen), with DNase treatment, and divided into small (<200nt) and large (>200nt)
fractions. RNA quality, represented as RNA Integrity Number (RIN), was assessed using the Agilent 2200
Tapestation. Small RNA-seq libraries were prepared from the small RNA fraction, using the Illlumina TruSeq
Small RNA protocol following the manufacturer’s instructions. Samples were sequenced at the McGill
University and Genome Quebec Innovation Centre (Montreal, Canada) using the lllumina HiSeq2000 with 50nt
single-end reads. All sequencing data were processed using CASAVA 1.8+ (lllumina) and extracted from FASTQ
files. The Fastx_toolkit was used to trim the Illumina adapter sequences. Additional filtering based on defined
cutoffs was applied, including: 1) Phred quality (Q) mean scores higher than 30, 2) reads between 15-40nt in
length, 3) adapter detection based on perfect-10nt match, and 4) removal of reads without detected adapter.
Additionally, we used Bowtie ** to align reads to the human genome (GRCh37) and ncPRO-seq * in
combination with miRBase (V20) to match them to known miRNA sequences %. Furthermore, all sequencing
data was normalized with the Bioconductor — DESeq2 package ¥/, using a detection threshold of 10 counts per
miRNA. Processing of miRNA reads was performed for ACC and habenula samples separately. We retained all
miRNAs with >10 reads in 70% of either group (controls, cases) for differential analyses. Quality metrics are
shown in Supplemental Table 2. RNA extractions, sequencing, and data processing were conducted by blinded
investigators.

Real-time PCR (RT-PCR):

Human: For measurement of miRNAs in human samples, RNA from the small RNA fraction was reverse
transcribed using pre-designed TagMan RT-PCR miRNA assays (Applied Biosystems) according to the
manufacturer’s instructions. RNU6B or U6 were used as endogenous controls. For measurement of mRNA
expression, RNA from the large RNA fraction was reverse-transcribed using M-MLV Reverse Transcriptase (200
U/ul) (ThermoFisher) with a combination of oligo (dT) and random primers. RT-PCR was performed using SYBR
green (Applied Biosystems) with GAPDH as an endogenous control. Reactions for both miRNAs and mRNAs
were run in triplicate using the QuantStudio 6 Flex System and data collected using QuantStudio Real-Time PCR
Software v1.1. Expression levels were calculated using the absolute (standard curve method) or relative (27%“)
guantification method, depending on experimental design. Primer sequences for mRNAs are shown in
Supplemental Table 3.

Mouse: For measuring mature mouse miR-323-3p (equivalent to human miR-323a-3p), cDNA was generated
using the TagMan MicroRNA Reverse Transcription Kit (Applied Biosystems). RT-PCR was performed using the
TagMan Universal Master Mix Il, no UNG kit (Applied Biosystems). cDNA synthesis and RT-PCR were performed
according to the manufacturer’s instructions. The following gene-specific Tagman assays were used: miR-323-
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3p assay ID 002227, U6 snRNA assay ID 001973, using U6 as endogenous normalization gene. For measuring
Erbb4, cDNA was generated using the high-capacity cDNA RT kit with RNase inhibitor (Applied Biosystems). RT-
PCR was performed using QuantiFast SYBR green PCR Kit (Qiagen). Both cDNA and RT-PCR were performed
according to the manufacturer’s instructions. Rpl13a was used as endogenous normalization gene. For both
miRNA and mRNA, RT-PCR data was collected on the QuantStudio 7 Flex Real-Time PCR System (Applied
Biosystems). Relative miR-323-3p and Erbb4 expression differences were calculated by applying the delta Ct
method. Primer sequences for mRNAs are shown in Supplemental Table 3.

Targeted gene analysis:

We used five target prediction algorithms, miRWalk 2.0, miRanda, RNA22, RNAhybrid, and Targetscan 2832 4o
identify putative targets of miRNAs. Although miRNAs can bind to other regions of mRNAs, we restricted our
searches to the 3’ UTR of target mRNAs.

Mouse Studies:
Animal housing and care:

Male CD-1 (ICR) were bred and housed in specific-pathogen-free (SPF), temperature-controlled (23 + 1°C),
constant humidity (55 + 10%) and 12-hour light/dark cycle conditions. The age of the mice ranged from 4-7
months old. Animals had ad libidum access to food and water. Animals were housed in groups of four. All
animal experiments were evaluated and approved by the local commission for the Care and Use of Laboratory
Animals of the Government of Upper Bavaria, Germany. No sample size estimate was performed prior to
conducting experiments, however the number of animals was based on what is typically used within the field
for the behavior tests performed.

Cloning:

The miR-323 gene sequence was obtained from the Ensembl genome browser database (Ensembl gene ID
ENSMUSG00000065617). The pre-miR-323 sequence was taken including 70 nucleotides up- and down-stream.
The miR-scrambled control sequence was previously described **. Both the pre-miR-323 and pre-miR-scramble
sequence were placed 5’ of the eGFP gene. The miR-323-3p sponge and miR-control sponge consist of a
concatemer of six binding sites in the 3’UTR of the eGFP gene with each binding site separated by an ATCG
linker sequence. The miR-323 sponge sequence is based on the complementary sequence of mature miR-323-
3p. The control sponge sequence was based on C. elegans miR-67, of which the mature sequence has minimal
sequence identity with human or rodent miRNAs. Each binding site contains an internal bulge to facilitate miR-
323-3p binding without leading to degradation of the sponge sequence **. The pAAV-EFla-Cre was used as
backbone, purchased from Addgene (Addgene plasmid #55636; http://n2t.net/addgene:55636). The pre-miR-
scramble-eGFP, pre-miR-323-eGFP, eGFP inserts were ordered as gBlock gene fragments (IDT), and cloned into
the pAAV-EF1a-Cre backbone. The pAAV-EFla-Cre backbone was cut with BamH1 and EcoR1 (NEB) to remove
the Cre gene and the gene fragments were inserted using Gibson Assembly (NEB) according to the
manufacturer’s protocol. This generated the pAAV-EFla-pre-scrambled-GFP, pAAV-EFla-pre-miR323-GFP,
pAAV-EF1a-eGFP plasmids. The miR-sponge inserts were ordered as Ultramer single stranded DNA oligos with
the Ascl and EcoR1 restriction sites at the 5’ and 3’ ends respectively (IDT). The single stranded Ultramer
oligonucleotides were annealed according to the manufacturer’s instructions generating sticky ends. The eGFP
gBlock fragment was designed to contain the Ascl restriction site at the 3’ end. The pAAV-EFla-eGFP plasmid
was linearized by cutting with Ascl and EcoR1 (NEB). The annealed miR-control-sponge and miR-323-sponge
inserts were ligated into the 3’UTR of the eGFP gene using T4 DNA Ligase according to the provided protocol
(NEB). This generated the final pAAV-EFla-control-sponge and pAAV-EFla-miR323-sponge plasmids. All
plasmids were sequenced to check for mutations.

Validation of constructs:
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For validation of the AAV constructs, mouse neuroblastoma neuro2a (N2a) cells were used. These were from
an in-house stock, which were not authenticated or verified for mycoplasma contamination. N2a cells were
maintained at 37°C with 5% CO, in Minimum Essential Medium (MEM), 1x Glutamax, supplemented with 1x
non-essential amino acids, 1mM sodium pyruvate, 100 U/ml penicillin, 100 pg/ml streptomycin and 10% fetal
bovine serum (FBS, Gibco). For transfection, cells were detached using trypsin and transfected using Screenfect
A (ScreenFect GmbH) according to the manufacturer’s protocol. Total RNA was extracted using the miRNeasy
Mini Kit (Qiagen). For validation of the miR-323-3p binding capacity of the miR-323 sponge, 30nM miR-323-3p
or non-targeting control miScript miRNA Mimic (Qiagen) were co-transfected with the miR-323 sponge or miR-
control sponge. Cells were fixed with 4% PFA-PBS solution and embedded with Fluoromount-G mounting
medium containing DAPI (SouthernBiotech). Cells were imaged using a LSM800 confocal microscope (Zeiss).
The total number of cells per image was quantified using Imagel particle detection based on DAPI nuclei
staining. The amount of total GFP signal was determined using Imagel, followed by normalization to the total
number of cells.

Virus production:

Human embryonic kidney cells (HEK293T) were transfected with the gene transfer rAAV plasmid combined
with the helper plasmids in an equal molar ratio of 1:1:1 using 1 mg/ml linear polyethylenimine hydrochloride
(PEI). The rAAV (serotype 1/2) particles were harvested three days after transfection by lysing the cells with
three consecutive freeze-and-thaw cycles using an ethanol on dry ice bath and 37°C water bath. Lysates were
centrifuged (3000 rcf) followed by purification of the rAAV particles using a Heparin Agarose Type |
chromatography column (Sigma). The eluted rAAV particles were PBS washed using a 100000 MWCO Amicon
Ultra Filter (Millipore) and suspended in a final volume of 100ul. The number of viral genomic particles was
determined using qPCR resulting in the following titers; AAV1/2-EFla-Pre-scrambled-GFP 4,9x10™ genome
particles (gp)/ul, AAV1/2-EF1la-Pre-miR323-GFP 2,96x10" gp/ul, AAV1/2-EFla-control-Sponge 8,7x10% gp/ul,
AAV1/2-EF1la-miR323-Sponge 2x10" gp/pul.

Stereotactic surgery:

Eight week-old mice were anesthetized with isoflurane and placed in the stereotactic apparatus (TSE Systems)
on a 37°C heating pad. Pre-surgery, mice were given Novalgin (200 mg/kg body weight) and Metacam (sub-
cutaneous 0.5 mg/kg body weight). During surgery, mice were continuously supplied with 2% v/v isoflurane in
0, through inhalation. Viruses were injected bilaterally using a 33-gauge injection needle with a 5 ul Hamilton
syringe coupled to an automated microinjection pump (World Precision Instruments). 0.25 pl virus was
delivered at a rate of 0.1 pl/min. The injection coordinates were determined using the Franklin and Paxinos
mouse brain atlas, from bregma: ML +/-0.3 mm bilateral; AP +1.2 mm; DV -1.8 mm. After injection the needle
was retracted 0.01 mm and kept at the site for 2.5 minutes, followed by slow withdrawal. After surgery, the
animals received Metacam for the 3 following days (intraperitoneal 0.5 mg/kg body weight). Mice were tested
five months after surgery. After completion of the experiments, mice were sacrificed by isoflurane overdose.
Brains were removed and fixed in 4% PFA-PBS followed by dehydration in 30% sucrose-PBS solution for at least
24 hours each. Brains were sectioned (50 um) using a vibratome (HM 650 V, Thermo Scientific). Brain slices
were imaged using the VS120-56-W slide scanner microscope (Olympus). Injection sites were verified based on
GFP expression. The animals were randomly allocated to treatment groups and randomly processed.

Behavioral tests:
All behavioral tests were conducted by a blinded investigator.
Open field (OF) test: The OF test was performed in a 50 x 50 cm light grey box, evenly illuminated with low light

conditions (<10 lux). Mice were placed in the open field facing one of the walls and recorded for 5 minutes.
Animals were tracked using ANY-maze software (Stoelting). Total distance traveled was used as measure of
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animal locomotion. Relative time spent in the corners (10 x 10 cm quadrants in the corners) and the centre (30
x 30 cm central section) of the arena were used as measures of anxiety.

Elevated plus maze (EPM): EPM apparatus was made of light grey material, it consists of four intersecting arms
elevated approximately 30 cm above the floor. The two opposing open (27.5 x 5 cm) and closed arms (27.5 x 5
x 20 cm) are connected with a central zone (5 x 5 cm). The animals were placed in the center of the EPM, facing
one of the open arms and recorded for 5 minutes under low light conditions (<10 lux). Recordings were
analyzed with the ANYmaze software. Relative to control mice the time spent in the open, closed and central
areas was calculated and used as anxiety measure.

Tail suspension test (TST): In the TST, animals were taped by their tales on a metal rod, approximately 30 cm
above the ground in a brightly lit room (500 lux). Animals were recorded for 5 minutes, mobility time was
qguantified using ANY-maze software. Relative mobility time was used as a measure of a depression-like
emotional state.

Z-scoring: To combine the data of multiple behavioral tests the z-score of each individual behavioral measure
was calculated and integrated as previously described *. Briefly, the z-score of each individual behavioral
parameter was calculated.
X—u

o
Data collected from the OF, EPM and TST were combined to calculate an integrated emotionality score.

Zor + Zepm + Z1st

Number of tests
A higher score indicates higher emotional state, while a lower score means a lower emotional state.

7z =

Emotion z score =

Cell Culture:

Human embryonic kidney cells (HEK293) were purchased from ATCC (CRL-1573) and verified to be free of
mycoplasma contamination. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin (Invitrogen) in a 5% CO, humidified incubator at
37°C.

Endogenous ERBB4 expression:

For miRNA mimic experiments, cells were treated with 20nM mimic or control (AllStar siRNA) using HiPerfect
transfection reagent (Qiagen). For inhibitor experiments, 200nM of miRNA or AllStar inhibitor were used. Cells
were incubated for 24 hours, after which cells were collected and total RNA extracted using the miRNeasy Mini
kit (Qiagen). Two experiments, in triplicate, were performed for each mimic. Three experiments, in triplicate
were performed for combined miR-323a-3p mimic and inhibition experiments. Reverse transcription and RT-
PCR were performed as described above, with GAPDH as the endogenous control.

Luciferase assays:

We examined two regions of ERBB4, corresponding to positions 6212-6685 (Region 1, R1) and 7219-7692
(Region 2, R2) of the 3'UTR of ERBB4 (uc002veg.1 of hg19), which contained the top predicted binding sites of
miR-323a-3p by RNAHybrid, and Targetscan, respectively. Regions were ordered as gBlock gene fragments
(IDT), and cloned between the Hindlll and Spel sites of the pMIR-Report vector (Ambion) using T4 ligase (NEB).
Constructs were verified by Sanger sequencing. Cells were transfected using HiPerfect with 1) 150ng of pMIR
vector (R1, R2, or null), 2) 150ng of pRL-null vector, and 3) 20nM miR-323a-3p mimic or AllStar, or no
treatment. After 24 hours, cells were collected and luciferase activity was assessed using the Dual Luciferase
Assay (Promega) with a Spark 10M (Tecan). Untransfected cells were used to assess background luminescence,
and values were subtracted from measured intensities of Firefly and Renilla luciferases. Values are reported as
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relative light units/second (RLU/s) and represent the activity of pMIR/pRL. Three experiments, in triplicate,
were performed.

Statistical analysis:

For small RNA-seq data, fold changes (FC) were calculated and t-tests were performed using log2-transformed
normalized counts, in each brain region separately. Pearson correlations for miRNAs which displayed a p-value
<0.05 and a FC of at least 20% were performed between transformed counts from each brain region in 33
subjects for which data was available for both brain regions, with a False Discovery Rate (FDR) cut-off of 5%.
One-tailed Pearson correlations between small RNA-seq and RT-PCR data were used for validation.
Additionally, one-tailed Pearson correlations were used to characterize the relationship between miRNA
expression and putative gene targets. RT-PCR of putative gene targets was non-normally distributed and was
log2-transformed. Group differences were assessed using t-tests or Mann-Whitney tests, as appropriate. Two-
tailed Pearson correlations were used to assess the relationship between expression and linear variables (age,
RIN, PMI). T-tests were used to examine the relationship between expression and dichotomous variables
(gender, antidepressant history). For the animal behavioral data, p-values were calculated using a two-tailed
unpaired t-test. For cell culture experiments, we performed one-way ANOVAs, with Dunnett’s or Tukey’s post-
hoc tests for multiple comparisons. Normality of data was tested using Shapiro-Wilk or D’Agostino and Pearson
tests. Equality of variances was tested using F-tests. All statistical analyses were conducted using SPSS V20 or
GraphPad 5 and p -value < 0.05 was considered as significant, except where noted.
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Results:

Small RNA-sequencing:

We performed small RNA sequencing in 80 samples from the ACC (41 controls, 39 cases), and 37 samples
from the habenula (13 controls, 24 cases) (Supplemental Table 1). Groups were matched for age, gender, and
post-mortem interval (PMI) and pH. We obtained approximately 13.1 and 14.7 million reads per sample from
the ACC, and habenula, respectively (Supplemental Table 2). After processing and alignment, each sample had
an average of 375 or 353 miRNAs with at least 10 counts in the ACC and habenula, respectively.

As there is evidence for a relationship between the lateral habenula and the default-mode network, which
includes the ACC, in depressive-like behaviors % as well as for a direct connection and co-operative behavior
between the ACC and the habenula *” *%, we were interested in miRNAs whose expression was correlated
between these two regions. We first identified miRNAs which displayed significantly correlated expression
between the two brain regions. We identified 32 miRNAs which displayed significant positive correlations after
correction for multiple testing (Supplemental Table 4). No miRNAs displayed negative correlations between
these two regions. We next performed differential miRNA analyses between cases and controls, focusing on
these 32 miRNAs. We identified four miRNAs, miR-204-5p, miR-320b, miR-323a-3p, and miR-331-3p, which
displayed a fold change difference of greater than 20% in both regions, and whose expression differences were
significant in at least one region (Figure 1). Expression differences were validated by quantitative RT-PCR
(Supplemental Table 5).

Targeted gene analysis:

We used five target prediction algorithms to identify common putative targets of miR-204-5p, miR-320b,
miR-323a-3p, and miR-331-3p. For each miRNA, we selected the genes that were predicted by all five
algorithms, and identified 11 genes that were predicted targets of all four miRNAs (Figure 2A). Using RT-PCR,
ten of these genes were found to be expressed in the ACC and habenula, and several were differentially
expressed between cases and controls (Figure 2B and 2C). Furthermore, there were significant correlations
between levels of the miRNAs and several of these genes (Supplemental Table 6).

Analysis of miRNA-ERBB4 interactions in vitro:

Among the predicted targets, erb-b2 receptor tyrosine kinase 4 (ERBB4), showed the greatest differential
expression in the brain. Additionally, ERBB4 displayed the strongest correlations with levels of the differentially
expressed miRNAs, such that it was negatively correlated with the expression of all four miRNAs in the
habenula, as well as miR-320b in the ACC. To better characterize its relationship with the differentially
expressed miRNAs, we performed in vitro experiments using miR-204-5p, miR-320b, miR-323a-3p, and miR-
331-3p mimics (Figure 3A). These experiments were performed in HEK293 cells, which endogenously express
both ERBB4 and each of the miRNAs of interest (not shown). Among the miRNAs tested, only miR-323a-3p
significantly altered the expression of ERBB4 relative to the negative control. We thus decided to focus on miR-
323a-3p in subsequent experiments.

We further verified the relationship between miR-323a-3p and ERBB4 using a miR-323a-3p inhibitor. As
shown in Figure 3B, treatment of cells with both the inhibitor and the mimic prevented the downregulation of
ERBB4 observed by treatment with mimic alone.

In order to verify that miR-323a-3p directly targets the 3’'UTR of ERBB4, we performed luciferase assays
using two regions of the 3’UTR of ERBB4, which both contain predicted miR-323a-3p binding sites (Figure 3C).
We found that miR-323a-3p significant decreased luciferase activity in the construct containing R1, with no
effects on R2 or the empty vector.
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Behavioral Effects of Overexpression and Knockdown of miR-323-3p in mouse ACC:

To further explore the function of miR-323-3p in vivo, we generated adenoviruses (AAVs) that overexpress
(OE) or knock-down (KD) mouse miR-323-3p, which is equivalent to human miR-323a-3p (Supplemental Figure
1A). These viruses were injected bilaterally in the mouse Cg1/2 (Figure 4B and C), a region that corresponds to
the human ACC. We selected this region as it showed greater differential expression of miR-323a-3p in our
human sample. In order to examine the effects of chronic miR-323-3p manipulation on anxiety- and/or
depression-like behavior, the mice underwent various relevant behavioral tests (Figure 4D). In the open field
test, miR-323-3p OE mice had a tendency to spend more time in the corners (Figure 4E), while inversely,
inhibition of miR-323-3p resulted in mice spending less time in the corners compared to controls (Figure 4F).
The elevated plus maze showed that OE mice spent more time in the centre of the maze, indicating that they
peek their heads from the closed arms into the open arms. The miR-323-3p KD mice spent increased time in
open arms of the elevated plus maze. The tail suspension was used to assess depressive-like behaviors: KD
mice demonstrated increased struggling (mobility) in the tail suspension test. Results from the OE mice were
not significantly different from their controls in these two tests. We generated an integrated emotionality
score by combining data from the open field, elevated plus maze, and tail suspension tests (Figure 4J). Overall,
our results indicate that increasing and decreasing miR-323-3p levels in the ACC yields increased and decreased
emotionality, respectively.

Relationship between miR-323-3p and Erbb4 in mice:

In order to determine the relationship between miR-323-3p and Erbb4 expression in mice, we assessed
Erbb4 levels in the ACC of the miR-323-3p OE and KD mice. As seen in Figure 4K, overexpression of miR-323-3p
was associated with a trend for decreased expression of Erbb4, while miR-323-3p KD mice displayed
significantly higher Erbb4 expression. These results agree well with our findings in humans. Moreover,
comparison of the predicted miR-323 binding sites in the 3’UTR of ERBB4 in humans and mice indicates that
the binding site in R1 is fully conserved, whereas there is a mismatch in the seed region of R2 (Figure 5).
Although not conclusive, these results suggest that the effects of miR-323-3p on Erbb4 in mice may function
through the R1 binding site.
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Discussion:

In this study, we identified four miRNAs which demonstrated elevated and correlated expression in the
ACC and habenula of depressed individuals. Additionally, we found that miR-323a-3p influences the expression
of ERBB4, which displayed decreased expression in both brain regions. This relationship was also observed in
mice in which the levels of miR-323-3p had been knocked down and overexpressed. Finally, manipulation of
miR-323-3p expression in the ACC induced behavioral effects in mice.

MiR-323a-3p demonstrates elevated expression in the brain, where it demonstrates particularly enriched
expression in synaptoneurosomes in the cortex and hippocampus *°. Although it has not been well-studied in
psychiatry, it has been shown to be upregulated in the brains of rats exposed to prenatal stress *°, and plasma
levels appear to be related to mild cognitive impairment in humans ** *2. In our study, we found that
overexpression of mouse miR-323-3p in the brain was associated with increased anxiety-like behaviors,
whereas decreasing miR-323-3p levels reduced anxiety- and depressive-like behaviors. These findings agree
well with our results in depressed individuals, and add support for a causal role of elevated levels of this miRNA
in psychopathology.

A number of mRNA targets of miR-323a have been identified, and include insulin-like growth factor 1
(IGF1) *, tumor protein p73 (TP73) *, brain protein 13 (BRI3) **, and fragile X mental retardation 1 (FMR1) *°.
MiR-323a is located in a large cluster of 54 miRNAs, found within the imprinted DLK1-DIO3 locus on 14932
(reviewed in *’). The miRNAs within this cluster are maternally expressed, and their imprinting and expression
is epigenetically regulated through DNA methylation at several genomic regions within this locus. In our
sample, we found a strong correlation between many of the miRNAs in this cluster (Supplemental Figure 2),
including miR-323a. A number of studies have demonstrated that altered functioning of this locus influences
neurogenesis *® and pleuripotency *°. Interestingly, a recent study investigating glioblastoma found decreased
levels of the expression of 13 miRNAs within this cluster, including miR-323a, and highlighted neuregulin
signaling as the most enriched pathway among putative target genes *°. More recently, several miRNAs in this
cluster, including miR-323a, were found to be implicated in Parkinson’s Disease, and may possess
neuroprotective properties >*. Additionally, ErbB signaling was among the most enriched pathways of predicted
miRNA targets. Interestingly, these miRNAs also contained binding sites for the transcription factor cAMP-
responsive element-binding protein 1 (CREB1), which has been previously implicated in major depressive
disorder and antidepressant responses 2. This is particularly interesting given that in our study, we observed a
trend for elevated miR-323a expression in the ACC, in subjects with a positive 3-month history of
antidepressant use compared to untreated individuals with MDD and healthy controls (p=0.053, one-way
ANOVA). It is unclear whether upregulation of miR-323a is related to the antidepressant treatment itself, or if
this miRNA is particularly enriched in individuals who are unresponsive to treatment.

In the present study, we found that miR-323a-3p influences the expression of ERBB4. This tyrosine-protein
kinase receptor, which displays highly enriched expression in the brain (Supplemental Figure 3A-C), is part of
the epidermal growth factor receptor subfamily, and is known to bind to several neuregulins and related
growth factors. Dysregulated functioning of this gene has been implicated in schizophrenia and mood disorders
>335 as well as both anxiety- and depressive-like behaviors in rodents **>’. Moreover, it appears to be involved
in the antidepressant effects of ketamine . Here, we observed downregulated expression of ERBB4 in both
the ACC and the habenula. Furthermore, we found that at least in the mouse brain, both miR-323a
(Supplemental Figure 3D) and ERBB4 are expressed within multiple brain regions. This opens up the possibility
that the regulation of ERBB4 by miR-323a is not exclusively restricted to the ACC region and can be generalized
to potentially multiple brain regions, adding further support for an important functional role of this gene in
psychiatric disorders.

In addition to miR-323a-3p, we also identified overexpression of miR-204-5p, miR-320b, and miR-331-3p in
the brains of depressed individuals. MiR-204 appears to have numerous important functions in the nervous
system, including axon regeneration *° and hippocampal ageing ®°, stem cell differentiation ®, and notable
targets include EPH receptor B2 (EPHB2) *°, tropomyosin related kinase type B (TrkB) ®, and ERBB3 .
Additionally, this miRNA has been associated with schizophrenia ®, and is responsive to social enrichment in a
rat model of fetal alcohol disorder ®. Similar to miR-323a, miR-204 displays enriched expression in the brain
compared to other tissues . MiR-320b has also been associated with schizophrenia ® and brain development
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% and some of its mRNA targets include cyclin dependent kinase 6 (CDK6) ® and distal-less homeobox 5 (DLX5)
% Finally, miR-331 has been implicated in epilepsy "° and the protective effects of valproic acid treatment
following ischemia ", and has been shown to target ERBB2 %, neuropilin-2 (NRP-2) ’® and astrocyte-elevated
gene-1 (AEG-1) .

As mentioned above, there have been relatively few high- throughput miRNA studies performed in brain
tissue of individuals with MDD. Although four studies focused on the prefrontal cortex > ***, they have failed
to identify consistent alterations, which may be due to differences in pre-frontal cortical areas being examined,
technologies used to quantify miRNAs, or statistical methods for multiple testing. Indeed, as exemplified by
mMiRNAs in the 14932 cluster, many miRNAs display co-regulation and coordinated expression, such that
correction methods assuming independence between miRNAs are inappropriate. Further, differences in RNA
extraction, miRNA quantification, and normalization methods can greatly impact which miRNAs are detectable
> as well as their relative abundances in a sample, making comparison across studies to be challenging. One
smaller-scale study investigated 29 miRNAs in depression and bipolar disorder in the ACC, however they did
not examine the miRNAs we identified as significant in our sample ’®. To date, no studies have examined the
expression of miRNAs in the human habenula. However, one study which examined miRNAs in a learned
helplessness model in rats found ErbB signaling to be one of the significantly targeted pathways of affected
miRNAs 7/, strengthening support for the importance of this pathway in the habenula.

Finally, it must be noted that our human studies were performed in individuals with MDD who died by
suicide. As such, we are unable to differentiate between the effects associated with MDD from those which
may be attributable to suicide. However, we observed similar changes to those observed in humans using a
mouse model of depressive-like behaviors, suggesting that at least some of these alterations are more likely to
reflect processes related to depression. Future studies will be needed in order to better disentangle these
effects.

In conclusion, we identified several miRNAs which displayed elevated levels in the brains of individuals
with depression. Furthermore, we found that miR-323-3p is associated with anxiety- and depressive-like
behaviors in mice, and influences the expression of several genes, most notably ERBB4. Future studies should
better characterize the role of miR-323a-3p and ERBB4 in depression and related behaviors.
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Figure Legends:

Figure 1: miRNAs displaying differential expression in both brain regions. Normalized log2 transformed
counts are shown for ACC (grey) and habenula (blue) for (A) miR-204-5p, ACC (p= 0.01, fold change (FC) = 1.25),
(B) miR-320b, ACC (p= 0.19, FC = 1.23), (C) miR-323a-3p, ACC (p= 0.04, FC = 1.25), (D) miR-331-3p, ACC (p=0.01,
FC = 1.36), (E) miR-204-5p, habenula (p=0.14, FC = 1.30), (F) miR-320b, habenula (p=0.03, FC = 1.46), (G) miR-
323a-3p, habenula (p=0.06, FC = 1.30, and (H) miR-331-3p, habenula (p=0.03, FC = 1.22). FC represent changes
in cases (ACC: 39, habenula: 24) relative to healthy controls (ACC: 41, habenula: 13). Note that counts from the
ACC and habenula were normalized separately. MiRNA expression was normally distributed and group
differences were assessed using t-tests.

Figure 2: Overlapping gene targets of miR-204-5p, miR-320b, miR-323a-3p, and miR-331-3p. (A) Overlap of
predicted targets of miR-204, miR-320b, miR-323a, and miR-331. (B) Gene expression of overlapping genes in
the ACC was assessed by RT-PCR. (C) Gene expression assessed by RT-PCR in the habenula. Note that TP73,
which was also a predicted target, was not expressed in our sample. Group differences were assessed using t-
tests or Mann-Whitney tests, as appropriate. Error bars represent standard error of the mean.

Figure 3: Effects of miRNA treatment on ERBB4 expression in HEK293 cells. (A) Cells were either treated for 24
hours with 20nM miRNA mimics, 20nM AllStar negative control (NT), or untreated (U). Expression (and SD) was
quantified using GAPDH as the endogenous control. Mir-323a-3p significantly decreased ERBB4 expression
relative to the negative control (p=0.049, one-way ANOVA, Dunnetts multiple comparison). (B) Cells were
treated with 20nM mimic (m) and/or 200nM inhibitor (i), directed against miR-323a, or left untreated (U).
Expression (and SD) was quantified using GAPDH as the endogenous control. Treatment with mimic and
inhibitor (m+i) did not alter expression relative to untreated cells (p>0.99, one-way ANOVA, Dunnetts multiple
comparison). (C) Cells were treated for 24 hours with 150ng of pMIR vector (R1, R2, or pMIR), 2) 150ng of pRL-
null vector, and 3) 20nM miR-323a-3p mimic (m) or AllStar (NT). Firefly (pMIR) luciferase activity was
normalized to renilla luciferase (pRL-null). Treatment with mimic decreased the expression of R1 relative to NT
and pMIR treated with mimic (p=0.007, p<0.0001, one-way ANOVA, Tukey’s multiple comparison). No changes
were observed for R2 or pMIR when treated with mimic compared to NT, or no treatment (not shown).

Figure 4: Manipulation of miR-323-3p in the mouse ACC modulates anxiety- and depression-like behaviors.
(A) Schematic overview of EFla promotor driven miR-323 overexpression (in blue) and miR-323 inhibiting
sponge (in red) constructs with their respective controls. (B) Coronal map with stereotactic coordinates of the
region targeted for viral manipulation. Image was adapted from the mouse brain atlas ”® (C) Representative
images of mouse brains injected in the ACC (Cg region 1 and 2) with miR-scrambled, miR-323 overexpression,
miR-control-sponge and miR-323-sponge AAV virus respectively. The grayscale images were color inverted to
show the fluorescent GFP signal expressed by the viral constructs as black signal highlighting the site where
each of the viruses are expressed. (D) The order of the behavioral tests that were run and a figure legend for all
subsequent graphs. (E and F) The OF test showing relative time spent in the centre, corner and total distance
traveled in meters. (D) Mice injected with miR-323 overexpression virus have a tendency to spend more time in
the corners (p=0.0821). (E) miR-323 sponge injected mice spent significantly less time in the corners
(p=0.0248). (E and F) No difference was observed in total distance traveled. (G and H) The EPM test with
relative time spent in the open arms, centre and the closed arms of the maze. (F) MiR-323 overexpression mice
spent more time in the center of the maze compared to miR-scrambled injected mice (p=0.0142), (G) while
miR-323-sponge mice displayed a relative increase in time spent in the open arms compared to control mice
(p=0.029). (1) The TST showing the relative mobility time. Inhibition of miR-323 significantly increases mobility
time compared to control sponge injected mice (p=0.0369). (J) Emotionality z-score integrating the OF, EPM
and TST. MiR-323 overexpression mice have a tendency to have a higher emotionality score compared to
controls (p=0.0548). Inhibiting miR-323 decreases the emotionality score compared to control mice (p=0.0115).
Groups consisted of n=9 for miR-323, miR-scramble, miR-323-sponge and n=10 for miR-control-sponge. (K)
Mice overexpressing miR-323 in the ACC displayed a trend for decreased expression of Erbb4 (p=0.09). Mice
treated with a miR-323 sponge displayed significantly elevated expression of Erbb4 (p=0.006).



miR-323a and MDD

Figure 5: Comparison of Human and Mouse miR-323 binding sites in the 3’UTR of ERBB4. Region 1, which was
regulated by miR-323a-3p in vitro is fully conserved between human and mouse, whereas a mismatch between
species is found in the predicted seed region of Region 2.
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hsa-miR-323a-3p: CACAUUACACGGUCGACCUCU
mmu-miR-323-3p: CACAUUACACGGUCGACCUCU

Region 1 binding site

Position: 6425

Target: hsa-ERBB4 5’ U U UUUUCCCU A3’
GGGGGUUG CC UAAUGUG
| [

UCUCCAGE GG AUUACAC
hsa-miR-323a-3p 3 U CAC 57

Position: 6351

Target: mmu-ERBB4 5" G U U UUUUCCU A 37
AGGGGUUG G CC UAAUGUG
UCUCCAGC U GG AUUACAC

mmu-miR-323-3p 37 U CAC 57

Region 2 binding site:

Position: 7459

Target: hsa-ERBB4 5’ C AUU GU G U 3’

A GU GU GUGUAAUGU
I RS

U CA UG CACAUUACA
hsa-miR-323a-3p 3’ CUC GC G Cc5’

Position: 7400

Target: mmu-ERBB4 5’ C AUU GU G A U 3’

A GU GU GUG AAUGU
|

[ I [ [
U CA UG CAC UUACA
mmu-miR-323-3p 3’ CcuC GC G A c5’
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