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Sex-biased gene and microRNA expression =

in the developing mouse brain is associated
with neurodevelopmental functions
and neurological phenotypes
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Abstract

Background Sex differences pose a challenge and an opportunity in biomedical research. Understanding how sex
chromosomes and hormones affect disease-causing mechanisms will shed light on the mechanisms underlying
predominantly idiopathic sex-biased neurodevelopmental disorders such as ADHD, schizophrenia, and autism. Gene
expression is a crucial conduit for the influence of sex on developmental processes; therefore, this study focused

on sex differences in gene expression and the regulation of gene expression. The increasing interest in microRNAs
(miRNAs), small, non-coding RNAs, for their contribution to normal and pathological neurodevelopment prompted us
to test how miRNA expression differs between the sexes in the developing brain.

Methods High-throughput sequencing approaches were used to identify transcripts, including miRNAs, that showed
significantly different expression between male and female brains on day 15.5 of development (E15.5).

Results Robust sex differences were identified for some genes and miRNAs, confirming the influence of biological sex

on RNA. Many miRNAs that exhibit the greatest differences between males and females have established roles in neurode-
velopment, implying that sex-biased expression may drive sex differences in developmental processes. In addition to high-
lighting sex differences for individual miRNAs, gene ontology analysis suggested several broad categories in which sex-
biased RNAs might act to establish sex differences in the embryonic mouse brain. Finally, mining publicly available SNP data
indicated that some sex-biased miRNAs reside near the genomic regions associated with neurodevelopmental disorders.

Conclusions Together, these findings reinforce the importance of cataloguing sex differences in molecular biol-
ogy research and highlight genes, miRNAs, and pathways of interest that may be important for sexual differentiation
in the mouse and possibly the human brain.

Highlights

- Understanding how sex chromosomes and hormones affect disease-causing mechanisms will illuminate
the mechanisms underlying predominantly idiopathic sex-biased neurodevelopmental disorders, such as ADHD,
schizophrenia, and autism.
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- We demonstrated robust sex differences for some genes and miRNAs expressed in the embryonic mouse brain.

- Thisis the first study to use high-throughput sequencing to capture traditional RNA-seq data in parallel with small
RNA-seq data, which allowed us to gain new insights into how sex differences in miRNA and mRNA targets inter-
act.

- Sex-biased genes, miRNAs, and pathways in which they act are known to be involved in neurodevelopmental
processes, emphasizing the importance of RNA in establishing sex differences in the prenatal mouse brain.

Keywords Sex-bias, microRNA, Neurodevelopment, Neurodevelopmental disorder, Compensation, Brain
development

Plain language summary

In biomedical research, understanding the differences between males and females is essential for understanding
diseases that affect one sex more than the other. This study focused on gene expression and regulation differences
between male and female mouse brains during development. We found that many microRNAs, small molecules

that play a role in development were expressed differently between male and female brains. These differences could
be important in understanding why males and females develop differently, particularly regarding neurodevelopmen-
tal disorders like ADHD, schizophrenia, and autism. We also found that some microRNAs that differed between males
and females were located near genes associated with these disorders. Overall, the study highlights the importance
of understanding sex differences in molecular biology research and provides insights into potential genes and path-

ways of interest for further study.

Background

The prevalence, symptoms, and severity of several brain
disorders differ between males and females [1]. This dis-
parity implies that sex influences the phenotype of dis-
ease-causing mechanisms [2]. Evidence of sex differences
also emphasizes the need to study both sexes in biomedi-
cal research; however, much research is male-centric [3].
The need to address the origin of sex differences is para-
mount for many neurodevelopmental disorders (NDDs),
including ADHD, schizophrenia, and autism, which are
primarily idiopathic and where previously assumed sex
biases are becoming increasingly criticized [4-9]. Dec-
ades of findings collected from male subjects have failed
to account for sex differences in the phenotypic presenta-
tion of these disorders and have resulted in the system-
atic underdiagnosis of females [3]. Thus, investigating the
origins of sex differences in tissues and organs can aid in
understanding sex-biased diseases.

Biological sex determinants, consisting of the sex chro-
mosome complement and hormonal milieu, act through
various genetic and epigenetic mechanisms to drive gene
expression changes in the brain [10]. These mechanisms
include Y-linked genes, genes that escape X-inactiva-
tion, and gonadal hormones [10]. Furthermore, coordi-
nated gene expression patterns drive cellular processes
that comprise neurodevelopment, such as proliferation,
migration, differentiation, apoptosis, and synaptogenesis
[11]. Therefore, gene expression and regulation are a crit-
ical nexus by which sex influences the developing brain.

Regulation of gene expression is multi-faceted and
includes non-coding RNA species such as microRNAs
(miRNAs) [12]. These small RNAs are encoded within
the genome and are initially transcribed from a pri-
mary transcript processed through various precursor
forms to form a mature miRNA, a short transcript ~22
nucleotides in length [13]. miRNAs negatively regulate
translation through complementary base pairing with
target messenger RNAs (mRNAs), and the RNA-induced
silencing complex (RISC) associated with mature miR-
NAs degrades the target mRNA or inhibits translation to
reduce the amount of protein produced [14]. Thus, miR-
NAs can fine-tune the expression of at least two-thirds of
the mammalian genome [15]. In addition, there is abun-
dant evidence that miRNAs are essential for neurodevel-
opment [16] and that changes in their expression lead to
functional changes that contribute to NDD etiology [17].

Several review articles discussing sex differences
in neurodevelopment have illustrated how sex differ-
ences arise through gonadal hormones, sex chromo-
somes, and epigenetic mechanisms. Furthermore, they
emphasized the lack of data on the role of miRNAs in
establishing sex differences in the developing brain
[10, 18, 19]. Nevertheless, all argue that miRNAs, with
their transient expression, rapid evolution, and ability
to regulate many target genes, are prime candidates
for generating subtle differences between sexes during
development.
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The influence of sex on miRNA expression has been
increasingly studied in the adult brain [20-27], but
few studies have addressed sex-differential miRNA
expression during development. Ziats et al. [28] dem-
onstrated sex differences in miRNA expression in the
human brain from before birth to adulthood. How-
ever, these findings are limited by the caveats of using
post-mortem human tissues, specifically low sample
numbers and poor tissue preservation, which may be
insufficient to capture rapidly degrading neural miR-
NAs [29]. More systematic experiments using rodent
neurodevelopmental models can overcome these limi-
tations. However, the studies by Morgan et al., Murphy
et al,, Morgan et al., and McCarthy et al. [18, 30-32]
demonstrated sex-biased miRNAs in the developing
brain, focusing on highly sexually differentiated brain
regions, such as the hypothalamus, and tended to use
microarray technology. No systematic investigation
of known and novel miRNAs in the developing mam-
malian brain has been undertaken. Previous stud-
ies have mainly focused on individual brain regions,
thereby neglecting the overall sex differences that exist
throughout the entire tissue [33]. Furthermore, previ-
ous studies have not investigated the embryonic phase
of neurodevelopment, which is a critical and sensitive
window for neurodevelopment [34]. These gaps illus-
trate the need to study sex-differential miRNA expres-
sion in the embryonic mouse brain.

The main objective of this study was to describe
the expression patterns of genes and miRNAs in
mouse brain tissues aged E15.5 using high-through-
put sequencing. Differential expression analysis was
validated for a subset of transcripts by RT-qPCR. To
derive further meaning from these results, we inte-
grated RNA-seq and small RNA-seq data to investi-
gate miRNA-mRNA networks in the developing brain.
Finally, we explored the possible consequences of sex-
differential gene and miRNA expression using pathway
analysis and relevant disease associations. Overall, this
study established sex differences at the RNA level, at a
critical stage of mouse brain development.

Materials and methods

Animal husbandry and tissue collection

Breeding and dissection of C57BL/6 wild-type mice
were performed with the approval of the University of
Otago Animal Ethics Committee to generate embryos at
specific developmental time points. Mice were housed
under standard conditions with ad libitum access to food
and water. A mating pair was housed together for up to
four nights and checked each morning for copulation
plugs. After identifying a copulation plug, the dam and
stud were separated, and the developmental stage was
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considered embryonic day 0.5 (E0.5). Embryo staging
was confirmed by assessing limb morphology during tis-
sue collection. Dams were culled by cervical dislocation
to collect embryos at E15.5. Embryo dissections were
performed in cold, sterile 70% PBS to collect whole brain
tissue for RNA isolation and gonad tissue to determine
the sex of each embryo in the presence (male) or absence
(female) of the testicular cords.

RNA isolation and purification

Individual brains that had been sexed were kept in ster-
ile PBS on ice for immediate RNA isolation or stored
in RNALater (Ambion) at —20 °C. RNA was extracted
using the Purelink RNA miniprep kit (Ambion) follow-
ing the manufacturer’s instructions. An optional DNase
treatment step was included in this protocol to prevent
genomic contamination of the RNA samples. Manual
homogenization was performed with a sterile needle tip
before passing through an 18-gauge syringe and centri-
fuging for 2 min at 12,000%g. In the final step, RNA was
eluted in 50 pL. mqH,O and stored at —20 °C. RNA was
purified using ethanol precipitation. The RNA pellet was
resuspended in 15 pL millig H,O (mqH,0). The concen-
tration of each sample was measured using a NanoDrop
spectrophotometer. The purity of each sample was ana-
lyzed using the 260/230 and 260/280 ratios. RNA samples
with ratios of 1.8—2.2 were considered to be of sufficient
quality for downstream application.

RNA-sequencing

Three biological replicates of RNA from E15.5, each
consisting of pooled RNA from 2-3 individuals, were
prepared for each sex. RNA from 2-3 individuals was
pooled to counteract any variation derived from lit-
ter-based effects and minor variations in the timing of
embryo growth that occur naturally, even within a lit-
ter. RNA integrity of each replicate was confirmed to
be RIN>8.0 with a Bioanalyser (Agilent Technologies).
One pg RNA from each replicate was used to generate
a Illumina TruSeq Stranded Total RNA Library accord-
ing to the manufacturer’s instructions. NZGL sequenced
TruSeq libraries on an Illumina HiSeq platform (125-bp
sequence reads, paired-end).

Initially, the sequence reads were analyzed using Gal-
axy (v. 18.05) [35]. Next, Trimmomatic (v 0.32) [36] was
used to remove indexes and trim low-quality sequences,
and then FastQC (v. 0.11.6) [37] confirmed a sequence
quality of phred >30 across all trimmed reads. Trimmed
sequence reads were aligned to the mouse reference
genome (version mm9) using TopHat (v. 2.1.1) [38].
Cufflinks (v 2.2.1) [39] was then used to assemble and
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quantify transcript abundance against the mm?9 reference
genome for each sample. Then all Cufflinks outputs were
merged using Cuffmerge (v 2.2.1.0) [39] to create a mas-
ter transcriptome, and featureCounts (v 1.5.1) [40] was
then used to quantify transcripts based on the Cuffmerge
master transcriptome for each sample alignment. The
Generate Count Matrix (Galaxy v 1.0) tool then com-
bined the transcript count outputs from featureCounts
for each sample into a matrix of read counts that could be
subsequently used for differential count analysis.

Differential expression analysis was performed in
R Studio (v 1.0.136) with DESeq2 (v. 1.18.1) [41]. The
matrix generated by featureCounts was imported, tran-
scripts with low read counts (less than 10) across all sam-
ples were removed, and inbuilt normalization strategies
of each package were used to scale raw read counts to
account for library size differences. The RUVr function
from RUVseq (v 1.12.0) [42] was also used to account for
batch variation. Differential expression analysis between
male and female samples was performed using the exact
test function, DESeq2. Transcripts were considered sig-
nificantly different between the sexes if they met the fol-
lowing criteria: DESeq2, adjusted p-value <0.05.

RT-qPCR
Sex differences in gene expression were confirmed by
RT-qPCR, using additional biological replicates. First, the
RNA (500 ng) was reverse-transcribed with qScript (Bio-
Rad) following the manufacturer’s instructions to gener-
ate cDNA and diluted 1 in 2 in mqH,O. Negative controls
were generated using RNA that was not reverse-tran-
scribed. Next, 1 pL of diluted cDNA was added to 5 pL
SYBR Green MasterMix (ThermoFisher), 1.25 uL primer,
and 2.75 uL mqH,O in a 96-well plate. Each sample
was loaded in triplicate. Oligonucleotide primers were
designed for the selected differentially expressed genes
using IDT PrimerQuest (https://sg.idtdna.com/prime
rquest/Home/Index), and their specificity and efficiency
were tested (Additional file 1: Table S1). The 96-well plate
was loaded into a Viia7 PCR Machine (ThermoFisher)
for the RT-qPCR reaction, which was incubated for
the following thermal profile: 30 s at 95 °C, followed by
40 cycles of 95 °C for 5 s followed by 60 °C for 19 s, fol-
lowed by a machine-programmed dissociation curve.
Expression was normalized to the geometric mean of
the reference genes, ActB and Rpl37, using 272, where
ACt — Ctgene — Ctreference gene'

Small RNA-sequencing

Sample preparation was performed according to the
RNA-sequencing protocol (above). One ug of RNA was
used to create Illumina Truseq Small RNA Libraries,
which underwent Illumina HiSeq sequencing (50 bp
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reads, single-end) to generate 20 M reads per sample.
Sequencing data were processed using the miRDeep2
workflow [43]. First, cutadapt (v. 1.15) [44] was used
to remove adaptor sequences (TGGAATTCTCGG
GTGCCAAGQG) from the reads, allowing for up to two
sequence mismatches. The sequences were then quality
filtered using FastQC software. Next, reads were mapped
using Bowtie (v 1.2.1) [45] to predefined miRNA precur-
sors and mature miRNA reference sequences (miRbase
v.21 and mm9 reference genome, respectively) to deter-
mine the expression of known miRNAs. The quantifica-
tion output for each sample was then combined into a
matrix of all read counts for the known miRNAs. Finally,
differential expression analysis was performed using
RStudio with the same parameters as the RNA-sequenc-
ing methods.

microRNA RT-qPCR

The MystiCq microRNA cDNA Synthesis Kit (Sigma) was
used to validate sex differences detected by small RNA-
sequencing. PolyA Tailing and cDNA synthesis reactions
were carried out as per the manufacturer’s instructions
using 1 ug RNA as input, with the addition of 0.5 pL of
5 nM cel-miR-39 spike-in oligo to the PolyA Tailing reac-
tion mix as an exogenous reference gene. Negative con-
trols were generated using polyA-tailed RNA that did
not contain reverse transcriptase added during cDNA
synthesis. Next, 1 uL of microRNA cDNA (diluted 1 in
2 in mqH,0) was added to 5 uL SYBR Green MasterMix
(ThermoFisher), 0.75 uL each primer, and 2.5 uL. mqH,O
in a 96-well plate, where the two primers consist of (a) a
miRNA-specific forward primer designed in IDT Primer-
Quest, and (b) a universal reverse primer provided in the
MystiCq Kit. Primers were tested for specificity and effi-
ciency (sequences provided in Additional file 1: Table S2).
Each sample was loaded in triplicate. The 96-well plate
was loaded into a Viia7 PCR Machine (ThermoFisher) for
the RT-qPCR reaction with the following thermal pro-
file: 2 min at 50 °C, 2 min at 95 °C, 40 cycles of 15 s each
at 95 °C, 60 °C and 72 °C, followed by a machine-pro-
grammed dissociation curve. Expression was normalized
to the reference gene cel-miR-39 using the Pfaffl method
to account for deviated primer efficiency?’, where female
samples were used as the calibrator.

Integrated miRNA-mRNA analysis

Target genes of miRNAs that showed significant
sex differences in small RNA-seq (DESeq2 adjusted
p-value<0.05) were identified using miRTarBase (v. 9.0)
[46], with the requirement of experimental validation of
the miRNA-—target interaction. The transcript IDs of tar-
get genes were overlapped with transcripts that showed
significant differences between males and females
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(RNA-seq, DESeq2 p adj.<0.05) to determine which sex-
biased miRNAs targeted sex-biased mRNAs.

GO analysis

Four gene lists were submitted to ShinyGO (v 0.75) [47]
to identify any enriched KEGG pathways and gene ontol-
ogy terms with FDR<0.05: (1) male-biased genes, (2)
female-biased genes, (3) miRTarBase that identified tar-
get genes of male-biased miRNAs, and (4) miRTarBase
that identified target genes of female-biased miRNAs,
where miRTarBase is a miRNA target identification data-
base (https://mirtarbase.cuhk.edu.cn/). Enrichment anal-
ysis was also performed directly on the miRNA lists using
miEAA (v. 2.0) [48] to identify and conduct gene set
enrichment analyses for male-biased and female-biased
miRNAs in the mammalian ncRNA-disease repository
(MNDR) database [49]. Over-representation analysis
was used to identify significantly enriched categories,
where ‘background’ was set to all miRNAs expressed in
the E15.5 mouse brain (according to the small RNA-seq
data).

SNPs associated with miRNAs of interest

The association of miRNAs of interest with neurological
phenotypes and disease traits was performed to predict
the clinical relevance of seven miRNAs with sex-biased
expression in the E15.5 mouse brain. Before single
nucleotide polymorphism (SNP) identification, conser-
vation of the miRNAs of interest was tested by aligning
the mature sequence of the mouse miRNA (obtained
from miRBase v. 22.1) against the human genome (hg38)
using the BLAT [50]. Mining of SNP databases provided
evidence of an association with the relevant pheno-
types. Information from two SNP databases was added
to the hg38 assembly in the UCSC genome browser: (1)
SNPedia pages with manually typed text [51] and (2) the
NHGRI-EBI Catalog of Published Genome-Wide Associ-
ation Studies [52]. SNPs were identified + 100 kb from the
transcription start site of each miRNA of interest, which
is considered a feasible range for cis-regulatory interac-
tions [53]. All SNPs identified at the miRNA loci were
manually curated to retain only those associated with rel-
evant phenotypes or associations with neurological dis-
eases. Database mining for SNPs was supplemented by a
literature search.

Statistical analysis

All data are presented as mean+standard error of the
mean (SEM). Sex differences measured by RT-qPCR were
reported as log, fold change relative to females, and sig-
nificance was calculated using a one-sample ¢-test (4 =0).
Sequencing and RT-qPCR validation were compared
using a linear correlation analysis. All statistical analyses
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were performed in the Prism 8.0 software (GraphPad
Software) with p<0.05 as the threshold for statistical
significance.

Data availability

Raw sequencing files for RNA-seq and small RNA-seq
were deposited on NCBI GEO: GSE211816 (publically
available as of February 2nd, 2023).

Results

Sex-biased gene expression in the E15.5 mouse brain

Sex differences in gene expression were measured by
performing differential expression analysis of RNA-
seq data generated from n=3/sex. Each replicate con-
sisted of pooled RNA from 2 to 3 individuals at E15.5.
This developmental stage was selected because it is a
dynamic period for neurodevelopment and occurs after
gonadal sex determination at ~E12.0, meaning that cir-
culating hormones such as testosterone (T) will be able
to exert an effect on the brain. Sequencing reads of high
quality across the sequence length (phred>30) were
mapped to the mm9 reference genome at a mean rate
of ~80%, and yielded library sizes of >30 M reads per
sample (Additional file 1: Fig. S1). After normalization
of RNA-seq libraries, PCA analysis demonstrated that
samples clustered into males or females, as all variance
between samples can be explained by sex (Fig. 1A). Dif-
ferential expression analysis with DESeq2 identified 354
genes (p adj.<0.05), with 187 upregulated in the male
brain and 167 upregulated in the female brain at E15.5.
The direction, magnitude, and significance of each of the
14,006 transcripts expressed in the E15.5 mouse brain
are depicted in Fig. 1B. Complete RNA-seq differential
expression analysis is available in Additional file 2: Data
S1L.

Differentially expressed transcripts were selected to val-
idate the RNA-seq findings using RT-qPCR. The selected
genes were a mixture of male-biased, female-biased,
sex-linked, autosomal, or described in the literature as
relevant to neurodevelopment. Sex-biased gene expres-
sion was replicated for most transcripts measured by RT-
qPCR, with eight genes reaching statistical significance
(Fig. 1C; p<0.05*, one-sample ¢-test, #=0). A correlation
analysis was also performed to determine consistency
between RT-qPCR and RNA-seq measures by compar-
ing the log,FC calculated by RNA-seq (DESeq2) against
RT-qPCR. The linear regression model showed high con-
cordance between the two methods (Fig. 1D; Pearson’s
R=0.7996, p=0.0018**). Although the strength of the
correlation is notably driven by very strong sex biases in
Xist and Eif2s3y, a significant correlation remains after
the exclusion of these data points (Pearson’s R=0.70,
p=0.023% data not shown). A comparable fold change
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as described in the key to indicate statistical significance (blue), magnitude of fold change (green), both (red), or neither (grey). Dotted lines indicate
the thresholds for significance. C RT-gPCR. Graph of log, fold change relative to females obtained from DESeq?2 analysis of RNA-seq data (grey, *p
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between the two methods suggests that RNA-seq data
reflect genuine sex differences in gene expression.

Sex-biased miRNA expression in the E15.5 mouse brain
Sex differences in miRNA expression were measured by
performing differential expression analysis of small RNA-
seq data generated from 7 =3/sex. Sequencing reads were
of high quality across the sequence length (phred>30),
where the read length distribution peaked at 22 bp, the
expected size of a mature miRNA (Additional file 1:
Fig. S2B, C). A very high mapping rate of >99% resulted
in an average of 37M reads per library (Additional file 1:
Fig. S2A). The miRNAs that had the highest read counts
among all small RNA libraries included those with well-
characterized neurodevelopmental functions (miR-9-5p,
miR-125b-5p, miR-92a-3p, miR-181a-5p, miR-99a-5p,
and let-7c-5p) (Additional file 1: Table S3).

After normalization of the small RNA-seq libraries,
PCA analysis demonstrated that samples clustered by
sex (Fig. 2A). Differential expression analysis identified
219 miRNAs (adjusted p-values. <0.05), 122 male-biased
and 97 female-biased (Fig. 2B). A complete list of the dif-
ferentially expressed miRNAs is available in Additional
file 3: Data S2. RT-qPCR validation was performed to
replicate sex-biased miRNA expression in the E15.5
mouse brain. MiRNAs were selected for validation based
on their described role in neurodevelopment according
to the literature, also ensuring the selection of miRNAs
with fold changes ranging from those with the greatest
difference to those with a more modest magnitude. Sig-
nificant differences were detected between males and
females for seven of the ten miRNAs quantified by RT-
qPCR (Fig. 2C): miR-9-3p, miR-10b-5p, miR-101a-3p,
miR-199a-5p, miR-200c-3p, miR-205-5p, and miR-206-3p
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Fig. 2 Small RNA-seq to identify sex-biased miRNA expression. A PCA plot. PCA plot shows the clustering between biological replicates

and that most variation is between sexes. B Volcano plot. The DESeq2 results were depicted by plotting the magnitude of the difference (x-axis: log,
fold change) against statistical significance (y-axis: —log; ,P). Each dot representing one transcript is color-coded as described in the key. C miRNA
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to 6 biological replicates of RT-gPCR (black, *p-value <0.05, one-sample t-test, u=0). D Correlation of miRNA RT-gPCR with DESeq2 analysis. Linear
correlation between log,FC values from RNA-seq (x-axis) compared to RT-gPCR (y-axis) determined using Pearson’s R

(p<0.05%, one-sample t-test, Wilcoxon test correction,
n=5-7). Linear correlation analysis between the small
RNA-seq results and the RT-qPCR showed a high con-
cordance between the two methods (Fig. 2D; Pearson’s
R=0.82, p=0.0037**).

Integrating sex-biased mRNA and miRNA expression

Having characterized sex-differential gene and miRNA
expression in the developing mouse brain, we next
wanted to integrate this information from these two
datasets, as these two expression patterns do not exist
independently but in concert. From 219 sex-biased miR-
NAs in the E15.5 mouse brain, miRtarbase identified
207 experimentally validated target genes. Only six tran-
scripts were common among the 207 target genes and
the sex-biased transcripts (Fig. 3A; RNA-seq, DESeq2 p
adj. <0.05). Given that miRNAs could have multiple target

mRNAs, this resulted in eight possible interactions. For
each possible pairing, it was confirmed that the mRNA
3’-UTR contains highly complementary sequences to
their respective miRNA seed sequences (Fig. 3B). While
stringent target prediction criteria yielded only a small
dataset, most (6/8) of the miRNA:target pairs showed a
negative correlation with their RNA-seq log,FC com-
pared to their small RNA-seq log,FC (Fig. 3C), which
is consistent with the degradation of mRNA targets by
miRNA-mediated mechanisms.

Predicted functions of sex-biased transcripts

Pathway analysis was conducted to determine which
processes and pathways sex-biased genes and miRNAs
act during brain development, suggesting the functional
consequences of these sex differences on neurodevelop-
ment. In addition, we performed enrichment analysis of
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from DESeq?2 analysis of small RNA-seq and RNA-seq data

sex-biased genes and target genes of sex-biased miRNAs
to identify and compare the major biological functions
between sexes.

Enrichment analysis of sex-biased genes (RNA-seq)
and sex-biased miRNA target genes (small RNA-seq fol-
lowed by miRTarBase) was performed against four com-
monly used gene sets [Gene Ontology (GO) Biological

Processes, Cellular Compartment, Molecular Function,
and KEGG pathways] via ShinyGO. The top five enriched
terms ranked by fold enrichment are plotted in Fig. 4A,
B, where colored arrows were used to annotate manually
curated functional clusters. The 187 male-biased genes
showed considerable enrichment for functions associ-
ated with DNA replication and mitochondrial function
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as well as multiple incidences of enrichment among path-  genes targeted by at least one miRNA. The most enriched
ways in brain disease, immune-related terms, and ribo- terms among these 469 targets were predominantly
somal function (Fig. 4C). In contrast, 167 female-biased  related to transcription and brain development (Fig. 5A).
genes were primarily associated with transcription and The KEGG pathway findings included several signaling
its regulation, with a notable enrichment of terms related ~ pathways and cancer-related categories (Fig. 5C). The 97
to miRNA function under GO_CC (Fig. 4B). Only two female-biased miRNAs yielded 1451 target genes accord-
KEGG pathways were enriched among female-biased ing to miRTarBase. The most enriched function among
genes, with axon guidance being highly relevant for brain  the target genes was brain development (Fig. 5B). Many
development (Fig. 4D). Raw GO analysis for differentially = cancer-related KEGG pathways were also observed, but
expressed genes is available in Additional file 2: Data S1. in contrast to the target genes of male-biased miRNAs,

The enrichment analysis of sex-biased miRNAs was fewer enriched GO terms were related to transcription
performed using target genes. Of the 122 male-biased  (Fig. 5D). In addition to functional enrichment analysis of
miRNAs (small RNA-seq), miRTarBase identified 469 miRNA target genes, we determined whether sex-biased
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miRNAs were enriched in the mammalian ncRNA-dis-
ease repository (MNDR) database. Among the significant
MNDR hits, male-biased miRNAs showed brain diseases,
such as Alzheimer’s disease, as well as several cancer-
related terms that replicate the findings for male-biased
miRNA targets (Fig. 5E). Female-biased miRNAs also
showed significant enrichment for many neurological and
NDDs (Rett syndrome, Alzheimer’s disease, Huntington’s
disease) as well as immune-related diseases (Fig. 5F).
Complete GO analysis for differentially expressed miR-
NAs is available in Additional file 3: Data S2.

Overall, functional prediction revealed 10 functional
clusters that differed between sexes due to sex-biased
gene and miRNA expression in the embryonic mouse
brain: transcription, brain development, mitochondria,
DNA replication, cancer, brain disease, signaling path-
ways, ribosome, immune-related, and cytoskeleton. The
finding that transcriptional regulation and neurode-
velopmental functions are the most prevalent enriched
terms among sex-biased genes and miRNAs reinforces
the importance of the RNA biology underlying sex differ-
ences in the developing brain.

Sex-biased miRNAs associated with neurodevelopmental
disorders

In addition to exploring the global consequences of sex-
biased miRNA expression in the embryonic mouse brain
via pathway analysis, we investigated the specific func-
tions and possible human disease relevance of seven miR-
NAs of interest that showed 100% conservation of their
mature sequences between mice and humans (Additional
file 1: Fig. S4): miR-9-3p, miR-10b-5p, miR-101a-3p, miR-
199b-5p, miR-200b-5p, miR-205-5p, and miR-206-3p.
These seven miRNAs were considered sex-biased as they
met the significance criteria used in the small RNA-seq
analysis (p adj.<0.05; Fig. 2B), and sex-biased expres-
sion was replicated with RT-qPCR (p <0.05%, one-sample
t-test, Wilcoxon test correction; Fig. 2C). Here, we identi-
fied SNPs associated with neurological traits and disease
phenotypes + 100 kbp from each miRNA of interest and
its paralogs using two publicly available SNP databases
supplemented with relevant associations reported in the
literature. A list of all identified SNPs can be found in
Additional file 4: Data S3.

Mining publically available GWAS data revealed that
some miRNAs tested showed no association with neu-
rological phenotypes; most showed <5, but MIR9 para-
logs, particularly MIR9-2 and MIR9-3, were associated
with a considerable number of relevant neurological
phenotypes (Fig. 6A). MIR9-2 was associated with 27
SNPs representing 15 different phenotypes, and MIR9-3
with 12 SNPs and 6 phenotypes, with all traits reflecting
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neurological measures or neuropsychiatric disorders
(Fig. 6B). Strikingly, the traits associated with MIR9-2
and MIR9-3 are predominantly neuropsychiatric dis-
orders and those associated with mental illness. The lit-
erature reports that this cluster of disorders tends to be
more prevalent in females [55], whereas our data showed
female-biased miR-9-3p expression in the develop-
ing brain. Evidence for the sex-biased expression of an
miRNA functioning in neurodevelopment [56], coincid-
ing with sex-biased disease outcomes genetically associ-
ated with that miRNA locus, generates a promising new
hypothesis for the mechanistic basis of female-biased
neuropsychiatric disorders.

In contrast to the plethora of SNPs found in MIR9 loci
using a database mining approach, other miRNAs of
interest tended to be associated with fewer (0-5) neuro-
logical disease-related SNPs (Fig. 6A). To augment our
database mining investigation, we searched the literature
for additional evidence that sex-biased miRNAs may be
associated with NDDs. This search revealed evidence for
the association of miR-9-3p and miR-206 with relevant
neurological phenotypes. MIR9 genes and nearby regions
have been linked to multiple disorders including schizo-
phrenia, ADHD, ASD, and MDD (Fig. 6B) [46, 57]. Addi-
tionally, MIR206 and the miR-133/206 cluster had several
significant associations with similar neurodevelopmental
and/or neuropsychiatric disorders (schizophrenia, bipo-
lar disorder, and ASD) (Fig. 6C) [58, 59]. These findings
suggest the possible clinical relevance of sex-biased miR-
NAs in NDDs.

Discussion

Sex-biased expression is extensive among miRNAs

Sex differences in gene expression have previously been
described in the mammalian brain at all stages of devel-
opment, starting with neural stem cells (NSCs) [60], in
the brain before sex determination [61], in the prenatal
period, reaching maximum levels during puberty, and
persisting in the adult brain [62, 63]. Our findings dem-
onstrated significant differences in the expression lev-
els of 272 transcripts, reinforcing sex differences in the
mouse brain at E15.5. There is some consistency in the
identity of sex-biased genes between the present study
and previous publications, particularly for sex chro-
mosome genes that are either Y-linked or have an X-Y
homolog pair. We also demonstrated sex-biased expres-
sion of many autosomal genes and sex differences in the
expression of specific transcript variants. However, many
genes identified in our analysis have not been previously
reported to be sex-biased in the brain. This difference is
likely attributed to (1) dynamic temporal expression pat-
terns, where sex differences vary considerably over time;
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thus, our findings differ from those of previously pub-
lished studies conducted at different time points, and (2)
regional variation observed between functionally diverse
brain areas, where different studies have used different
brain areas to study sex differences in gene expression.
Overall, we report a sex bias of 272 of 14,006 transcripts
expressed in the E15.5 mouse brain (~2%). This propor-
tion is lower than some published findings, one of which
reported up to 13% of the mouse brain transcriptome to
be sex-biased [64]. The discrepancy between our data and
previous studies could be due to the different cut-off cri-
teria used and the use of different platforms (for example,
RNA-seq vs. microarray), time point used (e.g., adult vs.
embryo), or whole brain tissue that masks region-specific
sex differences.

In contrast, the proportion of sex-biased miRNAs in
the E15.5 mouse brain was considerably higher (219/932,
or ~23%). Similar to sex-biased gene expression, our data
replicated the broad concept of sex differences in somatic
tissue. However, differences in the developmental stage,
brain region, and species used in other studies make it
difficult to make a direct comparison of the individual
sex-biased miRNAs found here to the existing literature.
The sex-biased expression of the following seven miR-
NAs was successfully validated by RT-qPCR: miR-9-3p,
miR-10b-5p, miR-101a-3p, miR-199a-5p, miR-200c-3p,
miR-205-5p, and miR-206-3p. Previous, studies have
indicated that each of these miRNAs is a strong candi-
date to contribute to sex differences in the developing
mouse brain, with numerous references to known roles
in neurodevelopment [65-67], identification in studies
investigating the mechanisms underlying NDDs [59, 68,
69], and a few examples of support for sex-biased expres-
sion in the brain [18, 29, 32, 70].

Functions of sex-biased mRNA and miRNA in mouse
neurodevelopment

Key findings from the functional enrichment analysis
of sex-biased transcripts and miRNA expression pro-
vided insight into the possible functions of sex-biased
genes and miRNAs in the E15.5 mouse brain. Although
enrichment analysis was conducted in a way that gener-
ated redundant terms, the observation that “Transcrip-
tion’ and ‘Brain development’ were the most frequently
identified reassures us that the findings are relevant
to the tissue of interest. Regulation of transcription is
among the functions enriched by sex-biased genes and
miRNAs, emphasizing the importance of RNA biology
and post-transcriptional regulation of gene expression
in the developing brain and reinforcing the premise of
this investigation. Terms associated with brain develop-
ment were also frequent among sex-biased miRNAs, pro-
viding further evidence that sex differences in miRNA
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expression may have functional consequences leading to
sex differences in the brain.

Other vital functions identified by enrichment analysis
include various aspects of cell growth and development
(DNA replication, cancer, and signaling pathways), which
could contribute to sex differences in brain size or the
rate of brain development [71, 72]. However, the empha-
sis on cancer-related pathways likely reflects the extent of
cell division occurring in the rapidly expanding embry-
onic brain. Furthermore, the enrichment of immune-
related functions and mitochondria was intriguing. The
former has been repeatedly shown to differ between
the sexes [73], and the latter, with uniquely maternal
inheritance patterns, is subject to unique evolutionary
forces between the sexes [74]. The final functional cat-
egory identified was related to brain disease. This group
includes both neurodevelopmental and neurodegenera-
tive disorders that are known to be sex-biased; thus, we
have delved into the genetic and cellular disease mecha-
nisms to better understand how sex differences in these
pathways may result in sex differences in brain structure
and function.

Rett syndrome is the most evident neurodevelop-
mental phenotype identified in the pathway analysis,
which found that female-biased miRNAs were enriched
for that disorder compared to male-biased miRNAs.
Caused by loss-of-function mutations in X-linked
MeCp2, Rett syndrome is almost exclusively diagnosed
in females, as a mutation in the hemizygous male results
in lethality. Normally, MeCp2 functions throughout the
genome by reading the DNA methylation status and
recruiting other chromatin modifiers to repress gene
expression. When this function is lost in patients with
Rett syndrome, global epigenetic changes result in gene
expression changes, which alter the development of
structures in the developing brain to ultimately drive
a phenotype of cognitive disability [75]. Other genetic
variations in MeCp2 are linked to various NDDs, and
the phenotype of Rett syndrome shows considerable
overlap with other NDD phenotypes, suggesting some
shared etiology.

The disruption of miRNA expression downstream of
the MeCp2 mutation has been previously documented
[76], and further studies have demonstrated specific con-
sequences on pathways and processes in neurodevelop-
ment due to dysregulation of Rett pathway miRNAs [77,
78]. Therefore, identifying Rett syndrome-associated
miRNAs among our sex-biased miRNAs suggests that
normal neurodevelopmental functions performed by
these miRNAs occur in a sex-biased manner in healthy
mice. Furthermore, studies have shown female-biased
expression of MeCp2 in the immediate postnatal
period in rodents, a trend that appears to be driven by
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dimorphic sex hormone production during this sensi-
tive period of brain development [79]. Not only does this
research conclude that sex-biased MeCp2 expression
canalizes sex differences in behavior, but it also provides
a plausible explanation for the sex differences observed in
the expression of miRNAs in the Rett syndrome pathway
during normal neurodevelopment.

Two neurodegenerative disease pathways, Alzhei-
mer’s disease (AD) and Huntington’s disease (HD), were
enriched in multiple pathway analyses of sex-biased
genes and miRNAs. Although it may be expected that AD
and HD pathways are enriched in aged brains rather than
in the embryonic tissue used here, many key components
of these pathways function in normal neurodevelopment.
For example, Notch signaling through the AD pathway
is vital for growth cone guidance and reelin for cortical
neuron migration [79], while the Huntington gene (Htz)
has pleiotropic roles in coordinating differentiation via
epigenetic mechanisms [80]. Therefore, our results indi-
cate sex differences in these normal neurodevelopmental
processes. Second, there is considerable research interest
in miRNAs and their contributions to AD and HD patho-
genesis. Several miRNAs have been demonstrated to dif-
fer between cases and controls for each disease, but the
species and age differences between our findings prevent
speculation linking female-biased miR-9-3p expression
in the embryonic mouse brain to increased expression of
miR-9-3p in the brains of patients with AD, where AD is
more prevalent in females.

However, the enrichment of neurodegenerative dis-
ease pathways in our dataset is reminiscent of the
neurodevelopmental hypothesis of neurodegenerative
diseases. This hypothesis posits that disease etiology is
in part due to structural and functional aberrations that
arise as the brain develops. Although the brain can ini-
tially compensate for lost function, environmental and/
or age-related changes may reveal these deficits. Thus,
although the disease phenotype is expressed later in life,
the mechanistic origins of the disease begin during neu-
rodevelopment [80, 81]. This hypothesis is supported by
various lines of evidence, including the essential func-
tions of the AD and HD pathway genes in embryonic
neurodevelopment. Therefore, our data conform to this
hypothesis by reiterating the importance of neurode-
generative disease pathways in development but with
an additional dimension of sex. We showed that these
pathways are shared among sex-biased genes and miR-
NAs. This trend could not only contribute to distinct
sex differences in neurodevelopmental processes, as dis-
cussed above, but it could also drive sex differences in
a pathological context where developmental aberrations
in sex-biased pathways could result in sex differences in
disease outcomes later in life.
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Sex-biased miRNAs associated with neurodevelopmental
disorders

Sex-biased miRNAs of interest have been fre-
quently described in the context of NDDs, and path-
way analysis has revealed several promising disease
categories enriched among sex-biased miRNAs and
their target genes (Fig. 5A—F). In addition, we used SNP-
mining approaches to determine whether these miRNAs
are nearby SNPs associated with clinically relevant phe-
notypes. The results indicated that MIR9 and MIR206
reside in regions containing many SNPs related to neu-
rological traits according to the database and literature-
based inquiries (Fig. 6A—C).

Additionally, we considered whether any of the iden-
tified SNPs could affect miRNA function or expression.
None of the SNPs were within the miRNA genes them-
selves but in the surrounding intergenic regions. A few
SNPs identified could potentially affect the genomic ele-
ments that regulate miR-9 expression. Two SNPs down-
stream of MIR9-3, rs176644 and rs176647, each reside
within distal enhancer-like signatures (ENCODE) with
TF binding and CTCF binding sites (ORegAnno). The lat-
ter also strongly interacted with the MIR9-3 TSS (Gene-
Hancer) (Additional file 1: Fig. S5). This combination
of features suggests possible and likely enhancer func-
tions for the respective SNPs regarding MIR9-3, provid-
ing a plausible functional basis for their associated trait,
insomnia. Insomnia is considered a neurological disorder
that shares considerable comorbidity and genetic basis
with other neuropsychiatric disorders [82].

In addition to the direct consequences of two insom-
nia-associated SNPs, we suggest indirect impacts on
miR-9-5p/3p function due to several SNPs near MIR9-2.
Thirteen neurologically associated SNPs lie downstream
of MIR9-2, with the non-coding region of a IncRNA that
shares a TSS with MIR9-2 (Additional file 1: Fig. S5).
LINCO00461 is not only co-transcribed with MIR9-2, but
is also known to act in a regulatory loop together with
miR-9-5p/3p in neurological contexts [57, 83]. Thus,
intronic SNPs that may alter the splicing of LINC00461
could alter the regulation of miR-9 by LINC00461, which
may subsequently alter miR-9-5p/3p levels in the brain.
Evidence that SNPs associated with neurological disor-
ders may alter the regulation of brain-enriched miR-9-
5p/3p provides compelling reasons to further investigate
the role of these miRNAs in normal and aberrant brain
function.

Integrating sex-biased mRNA and miRNA expression

Having generated data with both RNA-seq and small
RNA-seq methods, we had resources to consider
how sex-biased miRNA expression may impact sex-
biased mRNA levels. Using a set of stringently verified
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miRNA:target interactions, we identified eight pairs in
which both miRNA and its target mRNA demonstrated
sex-biased expression in the E15.5 mouse brain. Six of
the eight miRNA:target pairs showed discordant expres-
sion between the sexes, where miRNA was expressed
more highly in one sex and its mRNA target was
expressed more strongly in the other. This pattern indi-
cates that high miRNA expression reduces the level of the
target mRNA, consistent with miRNA-induced mRNA
degradation [84]. The remaining two miRNA:target
pairs showed concordant expression between the sexes,
whereas the miRNA and its target were highly expressed
in one sex.

Alternatively, we can consider these results assuming
that miRNA-induced repression occurs via translational
inhibition rather than via mRNA degradation [85]. This
scenario could result in buffering of sex differences at
the protein level for the two concordant pairs; for exam-
ple, higher expression of Ddit4 mRNA in males than in
females could be compensated for by higher miR-221-3p
expression in males, as this miRNA targets Ddit4 mRNA
and could reduce the level of DDIT4 protein production
to make it more similar to that in females. The normali-
zation of protein levels by miRNAs when target mRNA
levels vary is a function that has evolved to ensure phe-
notypic stability and to minimize the effect of environ-
mental variation [86, 87]. The idea that miRNAs may
buffer sex differences in mRNA expression is consistent
with the idea of compensation, an evolutionary perspec-
tive that has been increasingly used to frame sex differ-
ences in the brain. The premise for compensation is that
while sexual dimorphic factors have sculpted differences
in the brain, not all those differences benefit; therefore,
evolutionary forces have emerged to mitigate sex differ-
ences [88]. However, to test whether miRNAs buffer sex
differences in the developing mouse brain, we need to
add protein data to the equation for miRNA:target pairs
such as miR-221-3p:Ddit4.

Limitations and future directions

This study lacks the integration of proteomics into the
transcriptome and miRnome data. miRNAs function by
either degrading mRNA or repressing the translation of
mRNA into protein [89]. Therefore, correlating miRNA
expression with the expression levels of their predicted
target mRNAs can reveal the portion of interactions cap-
tured by the former mechanism. However, without the
protein component, the latter could not be detected. Ulti-
mately, miRNA action represses protein levels and con-
tributes to the uncoupling of mRNA levels at the protein
level. Including mass spectrometry experiments to inves-
tigate the proteomics of the developing brain would yield
results that demonstrate more clearly the consequences
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of sex differences in gene expression in the developing
brain and how miRNAs contribute to sex differences at
the protein endpoint.

A key limitation of RNA-seq and small RNA-seq, as
well as all downstream analyses, is the use of whole brain
tissue and bulk RNA-seq. Sex-based differences were evi-
dent in the brain. However, sex-differential RNA expres-
sion can be specific to a brain region, cell type, or even
a particular subcellular location. Unsurprisingly, a tissue
as heterogeneous as the brain shows highly specific spa-
tial expression patterns, arguing that sequencing should
be performed on a more specific region of the brain
rather than using the whole brain. Furthermore, by using
the entire brain, the analysis can only show a composite
trend; only those sex biases consistent across the whole
brain can be detected. While these are the sex biases that
exert the largest effect on the brain, key spatial varia-
tions in sex differences will be masked [89]. It is vital to
be aware that our RNA-seq and small RNA-seq data only
capture sex differences at the whole-brain level.

The ideal strategy to overcome the limitations inher-
ent in studying the highly heterogeneous brain is to use
high-throughput methodology with the ability to capture
spatial information, namely single-cell RNA-seq (scRNA-
seq) and/or spatial transcriptomics. In contrast to the
bulk RNA-seq methods used in our study, scRNA-seq
resolves gene expression in individual cells, which con-
fers a huge advantage when studying diverse neurologi-
cal cell types [89]. These advantages are also apparent in
spatial transcriptomics: sequencing libraries constructed
mapped to sectioned tissue enable the integration of gene
expression data with positional information to generate
expression atlases with a resolution near that of scRNA-
seq [90]. Both techniques have become increasingly
refined and cost accessible in recent years, with scRNA-
seq being adapted to work with small RNAs [91], with the
potential to generate robust datasets that could enable us
to obtain a more nuanced understanding of sex-biased
RNAs in the brain, incorporating the spatial dimension
of expression.

Interlinked, with the idea of dynamic spatial expres-
sion, is temporal expression. E15.5 was selected to study
sex-biased expression in the brain because it is 4 days
after gonadal sex determination; therefore, both sex
chromosomes and sex hormones may exert an effect on
gene expression at this time. At E15.5, embryonic testes
begin to generate T, while at the same time, the highly
plastic embryonic brain is receptive to the influence of
T through sex steroid hormone receptors [92-96]. Aro-
matase expression is also present as early as E9.5, by
E16.6 over 400 neurons are positive for aromatase expres-
sion [97]. T production is possible from ~E12.0 [98],
reaches a peak at ~E17-18, followed by a rapid decline
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just prior to birth and then a spike in production in the
first 24 h [99, 100]. Therefore, we might expect a different
set of differentially expressed mRNA and miRNAs had
we additionally investigated more timepoints (before and
after E15.5). A larger study design could include several
different stages of development, not only to identify the
window for maximal sexual differentiation of the brain,
but also to track differences in the rate of brain devel-
opment, which has previously been demonstrated in
humans but not in mice [72].

A final consideration when interpreting the findings
presented here was the use of a mouse model of neu-
rodevelopment. Not only are they a tractable labora-
tory species that has been extensively characterized, but,
in general, mice share the core tenets of this study with
humans, including mechanisms of sex determination
and sexual differentiation, the general blueprint of brain
development, and ~90% of their genome [101-103].
However, nuanced species differences in each of these
elements limit their human applicability. In particular,
the dynamic evolution of non-coding transcripts, includ-
ing miRNAs [104] and human NDDs, is thought to arise
predominantly in aspects of the brain that are unique to
humans and therefore cannot be recapitulated in rodent
models [105]. Finally, mice cannot be used to probe the
effect of gender on NDDs. Highly entangled biological
sex and gender differences have been proposed to modify
the sex bias observed in various NDDs [7, 9]. As they lack
the unique human experience of gender, mouse models
can only be used to investigate the effects of biological
sex [106].

Perspectives and significance

This article demonstrates robust sex differences for a
portion of genes and miRNAs expressed in the embry-
onic mouse brain, suggesting that several candidate
RNAs whose role in establishing sex differences in
the brain may be further investigated. Although sex-
differential expression patterns have previously been
explored in the brain, this is the first study to use RNA-
seq in parallel with small RNA-seq to gain new insight
into how sex differences in miRNA and mRNA targets
interact. Furthermore, gene ontology analysis suggested
essential functions for sex-biased genes and miRNAs
in known neurodevelopmental pathways. These path-
ways represent another avenue through which we can
explore how sex differences arise in the developing
brain. Together, these findings reinforce the importance
of cataloguing sex differences in molecular biology
research and highlight miRNAs and pathways of inter-
est that may be important for sexual differentiation in
the mouse and possibly the human brain.
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Conclusions

Here, we characterized sex differences in the developing
mouse brain at the RNA level. Sex-biased genes, miRNAs,
and the pathways in which they act greatly affect neurode-
velopmental processes. These findings demonstrate the
link between sex-biased genes and miRNA expression and
their consequences on neurodevelopment, emphasizing
the importance of RNA in establishing sex differences in
the prenatal mouse brain. An improved understanding of
which miRNAs contribute to sex differences in the devel-
oping mouse brain prompts us to ask how and why these
sex-biased RNA expression patterns arise.
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