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Abstract

Here, we used microRNA sequencing to study the effect of 20 minutes of classical music-
listening on the peripheral blood microRNA transcriptome in subjects characterized for musical
aptitude and music education and compared it to a control study without music for the same
duration. In participants with high musical aptitude, we identified up-regulation of six
microRNAs (hsa-miR-132-3p, hsa-miR-361-5p, hsa-miR-421, hsa-miR-23a-3p, hsa-miR-23b-
3p, hsa-miR-25-3p) and down-regulation of two microRNAs (hsa-miR-378a-3p, hsa-miR-16-2-
3p) post music-listening. The up-regulated microRNAs were found to be regulators of neuron
apoptosis and neurotoxicity, consistent with previously reported neuroprotective role of music.
Some up-regulated microRNAs were reported to be responsive to neuronal activity (miR-132,
miR-23a, miR-23b) and modulators of neuronal plasticity, CNS myelination and cognitive
functions like long-term potentiation and memory. miR-132 and DICER, up-regulated after
music-listening, protect dopaminergic neurons and is important for retaining striatal dopamine
levels. miR-23 putatively activates pro-survival PI3K/AKT signaling cascade, which is coupled
with dopaminergic signaling. Some of the transcriptional regulators (FOS, CREBL1, JUN, EGR1
and BDNF) of the up-regulated microRNAs are sensory-motor stimuli induced immediate early
genes and top candidates associated with musical traits. Amongst these, BDNF is co-expressed
with SNCA, up-regulated in music-listening and music-performance, and both are activated by
GATAZ2, which is associated with musical aptitude. Some of the candidate microRNAs and their
putative regulatory interactions were previously identified to be associated with song-learning,
singing and seasonal plasticity networks in songbirds and imply evolutionary conservation of the

auditory perception process: miR-23a, miR-23b and miR-25 repress PTEN and indirectly
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activates the MAPK signaling pathway, a regulator of neuronal plasticity which is activated after
song-listening. We did not detect any significant changes in microRNA expressions associated
with music education or low musical aptitude. Our data thereby show the importance of inherent
musical aptitude for music appreciation and for eliciting the human microRNA response to

music-listening.

| ntroduction

Music-listening involves sensory processing of acoustic stimuli by auditory system followed by
cognitive perception by the neural processing centers in the brain [1,2]. Studies based on
functional brain imaging have long indicated the role of music-listening in activating the reward
system and various parts of the human brain involved in the processing of emotions, learning and
memory [3,4]. Music interventions have been reported to increase ergogenic effects [5],
motivation [6], and have been used for motor and cognitive rehabilitation in neurological

diseases [7].

Using genomics and bioinformatic approaches, we and others have shown that human musical
aptitude is associated with genetic loci known to contain genes responsible for inner ear
development and neurocognitive processes [8,9]. From a genetic perspective, music is an
epigenetic modulator that may affect human genes and their regulation: music-listening and
music-performance activated key genes expressed in songbird brain which are involved in

dopaminergic neurotransmission, long-term potentiation, synaptic plasticity and memory [10,11].

Studies on Zebra finches have given strong indications that song-listening regulates both novel

and known microRNAs with implications on neurogenesis and neuron differentiation [12,13].
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The regulatory role played by microRNAs are well studied in nervous system development,
synaptic plasticity [14,15] and amygdala-dependent memory formation [16]. MicroRNAs are
also involved in inner ear development and sensory functions of the ear, hence any expression
changes in the microRNA may impair the ability to hear or listen to music [17,18]. Hence,
studying microRNA transcriptome changes during music-listening can give insights into post-
transcriptional regulatory mechanisms associated with human sound perception and cognition.
Here, we analyzed microRNA transcriptome using high-throughput sequencing and
bioinformatic methods to elucidate the effect of music listening on individuals characterized for
music education and musical aptitude. We used peripheral blood because brain tissues were not

accessible.

Materials and M ethods

Ethics statement

The study was approved by the ethical committee of Helsinki University Central Hospital
(permission #13/03/2013) and was conducted in accordance with the Declaration of Helsinki. In

addition, a written informed consent was obtained from all the subjects.

Study population

A total of 43 volunteers of European descent attended the music-listening study and a subset of
them participated in the control study (N=7). Majority of these subjects also participated to our
genome-wide transcriptome profiling study [10]. The detailed phenotypic characteristics of the

study participants are provided in Table 1. We wanted to evaluate the effect of music-listening

4


https://doi.org/10.1101/599217
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/599217; this version posted April 17, 2019. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

based on two phenotypes, the musical aptitude and music education of the participants. Musical
aptitude was defined by a combined music test score, abbreviated as COMB score, from tests for
detecting auditory structuring ability, pitch and time; the latter two belonging to the Seashore
tests for testing musical aptitude, as described before [19] (see S1 File). We sub-phenotyped the
participants based on their music education and distribution of their COMB scores (range:0-148).
In this study, the participants who had their COMB scores in the upper most or 4th quartile were
classified as the high COMB participants and those below 2nd quartile as the low COMB
participants. The data regarding music education of the participants were collected using a
questionnaire. The participants have been allocated to four different Edu classes (class 1-4) based
on the number of years of music education they have completed, as described before [10].
Participants in Edu classes 3 and 4 are mentioned in the study as high Edu group and those in

Edu classes 1 or 2 have been categorized as low Edu.

Table 1. Phenotypic characteristics of the participants. Continuous explanatory variables,
Age and COMB (combined musical score) are presented as the mean + standard deviation with
confidence interval at 95 % and categorical explanatory variables (gender and Edu classes) are

provided as numbers.

Category | Total Male | Female | Age COMB Edu Edu
Subjects score L ow High

Music 43 20 23 42.23 +/- | 130.4 +/- 18 25

listening 17.09; 17.12;

Study Cl=5.26 | ClI=5.27
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Control 7 4 3 5143 +/- | 124.18+/- |4 3
Study 15.43; 23.8;
Cl=14.27 | Cl=22.01
High 11 4 7 34 +/- 145.95 +/- |1 10
COMB 12.77 ; 2.19;
C1=8.58 Cl=147
Low 11 6 5) 60.09 +/- | 105.39+/- |8 3
COMB 15.48 ; 7.83;
Cl=10.4 Cl1=5.26
HighEdu | 25 10 15 36.72+/- | 138.13+/- |0 25
15.7; 11.77;
Cl=6.48 | Cl=4.86
LowEdu |18 10 8 49.89 +/- | 119.67 +/- |18 0
16.32 ; 17.85;
Cl=8.12 | Cl=8.87

Music exposure (Music-listening)

Before the study, we requested the participants not to actively listen to music on the day of the
study. During the study, the participants listened to Wolfgang Amadeus Mozart’s Violin
Concerto No.3 in G major, K.216 that lasted about 20 minutes in a lecture hall at Aalto
University, Finland, simulating a live concert. We chose the music piece due to the popularity of
Mozart music pieces in Western culture. To study the effect of music-listening on human

microRNA expressions, we used a time window of 20 minutes, which is the approximate
6
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duration of one music piece in a traditional western classical concert. The duration of listening
was chosen in accordance with previously reported findings from humans which indicate a time
course as short as few milliseconds for the auditory processing and perception of sound [20-23].
In accordance with these, in Zebra finches, abrupt changes in the forebrain microRNA
expression has been noted within 30 minutes of novel song-listening [13] as well as songs not

heard for a while [12].

Control study

The control study was organized at the Espoo Cultural Center and the participants were
requested not to actively listen to music on the day of the control study. During the control study
without music, the subjects (N=7) could discuss or have a walk (no exercise) outside based on

their own choice for 20 minutes.

Sample collection, microRNA extraction and sequencing

Peripheral whole blood samples were collected immediately before (Pre), as well as,
immediately after (Post) 20 minutes of music-listening and control study. Details on microRNA
extraction is provided in the S1 File. Sequencing libraries were prepared at the High-Throughput
Genomics department of The Wellcome Trust Center for Human Genetics followed by

sequencing with Illumina HiSeq.

Pre-processing of microRNA sequencing reads

We assessed the quality of microRNA sequencing reads with FastQC version 11.3

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Next, we trimmed sequencing

adapters from the 3’ end of 50 bp reads requiring adapter overlap of 5 bp, error rate of 0.1 and
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filtered shorter (<15 bp) and low-quality reads (Phred score <20) with Trim Galore! version

0.3.7 (http://www.bioinformatics.babraham.ac.uk/projects/trim galore/). Trimmed reads were

quality checked again using FastQC and aligned to human genome reference (GRCh38, Ensembl
release 76) with bowtie version 1.1.2 [24]. Only unique alignments were opted for from the best

alignments (—best —strata ), requiring complete match for a seed length of 18. We next quantified
microRNA expression using HTSeq version 0.6.1p1 [25] according to miRBase release 21

annotations for human microRNAs [26].

Differential expression analyses of microRNA

To understand the effect of music-listening on microRNA expressions, we used DESeq2 (version
1.20.0) [27] and analyzed the differential expression of microRNAs over time (Post versus (vs.)
Pre) in the music-listening group compared to the control group. Strengths of DESeq2 include its
high sensitivity for experiments with a wide range of sample numbers (small to large) and for
those with a small fold change [27,28]. Furthermore, benchmark comparison of statistical tools
for analyzing differential expression shows DESeq?2 giving a false positive rate as low as 0 and
true positive rate above 80%, even with a log fold threshold and a replicate number as low as 0.5

and 6 respectively [29] and is hence the ideal tool for our study.

We performed generalized linear model based differential expression analyses with DESeq2,
implementing likelihood ratio tests with a design matrix controlled for paired experimental
design. False discovery rate (FDR) adjusted p-values were calculated using the Benjamini-
Hochberg method that accounts for multiple testing correction. MicroRNAs were considered to
be differentially expressed when FDR adjusted p-values were less than 10% [13,30]. We kept the

fold change threshold of 1.2 in accordance with gene-environmental interaction studies where
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moderate changes in microRNA expressions have been observed [31,32]. Finally, only those DE
microRNAs that showed a Post-Pre threshold of at least 10% for the music-listening session

were chosen as candidate microRNAs for further analyses [10].

Functional analysis of microRNASs

We performed functional enrichment analysis of the DE microRNAs using TAM 2.0 [33], a tool
for microRNA specific enrichment analysis. For a given microRNA dataset, TAM 2.0 analyzes
the over-representation of functional and disease annotations by comparing the input microRNAS
to high quality, manually annotated reference microRNA dataset. TAM 2.0 then test whether the
given microRNA dataset is over-represented or under-represented for functions, diseases,
transcription factors (upstream-regulators) etc. by applying hyper-geometric test. TAM 2.0
analysis addresses the bias previously noted to be associated with the over-represented functions
reported for microRNAs, when the over-representation analysis was performed solely based on
target genes [34,35]. Additionally, TAM 2.0 performs comparative analysis for the up-regulated
and down-regulated microRNAs together to correlate them to those dysregulated in disease
conditions. We then collected the validated transcriptional regulators of the DE microRNAs from
TransmiR 2.0 [36] and selected only those which were previously identified to be associated
with musical traits [37], auditory perception [38-40], and those which were found to be
positively selected in the human musical aptitude [41]. Next, we obtained the validated ontology
annotations from miRBase, which are derived from experimentally verified miRNA:target
interaction data [42]. Annotations for the closest orthologs of our DE microRNAs, as indicated
by Alliance of Genome Resources as Rattus norvegicus, were collected from the Rat Genome

Database (RGD) [43]. Furthermore, to correlate blood microRNA expression to the brain, we
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obtained tissue-wide expression patterns for DE microRNAs from the miRWalk2.0 [44],

miRIAD [45], BBBomics [46], and literature.

| dentification of microRNA target genes

To understand the post-transcriptional gene regulatory mechanisms involving microRNAs,
validated target genes that were supported by strong evidence (based on reporter assay or
western blot) were obtained for the DE microRNAs from miRTarBase database (Release 7.0)
[47]. We also collected predicted target genes for the DE microRNAs from TargetScan (Release
7.2) [48] and applied the below filtering criteria to reduce the false positive target genes. For the
conserved and broadly conserved microRNA families, only those target genes with conserved
sites having an aggregate probability of conserved targeting at least 0.2 and a total context++
score at most -0.15 were selected. For the poorly conserved DE microRNA families and those
with other miRBase annotations, target genes with a total context++ score of less than -0.15 were
selected [48]. Predicted target genes of the DE microRNAs with non-canonical binding were not
considered for the analyses. Both the predicted and validated target genes of the DE microRNAs

were then combined for further analysis and functional interpretation.

Compar ative analyses

We then compared the DE microRNAs to the song-responsive and singing-regulated microRNAs
in Zebra Finch [12,13,49] for understanding the conservativeness of the microRNA regulatory
mechanisms in music perception. We also compared target genes of the DE microRNAs to
singing-regulated genes in song birds [39], and to the target genes of song-listening and singing
responsive microRNAs [12,13,49]. Next, we calculated the significance of the overlap between

the target genes of our DE microRNAs and the genes regulated by songbird singing using
10
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random sampling (without replacement) of our datasets (N=10,000) and overlap estimation for
each of the re-sampled datasets. To this end, we created a dataset with behaviorally (singing)
stimulated genes from songbird brain [38,39,50] and labeled it song production cum perception
gene set. For the songbird set sampling, we used all the annotated genes from Taeniopygia
guttata (N=17926) as Universe and sampling was performed for the same size as song
production cum perception gene set. Human genes were sampled for the same size as the number
of predicted and validated target genes of the down-regulated microRNAs using all annotated
human genes as the Universe (N=20219). In the same way, we analyzed the overlap significance
between the target genes of the up-regulated microRNAs from the high COMB group and the

singing-inhibited genes from the songbird brain [39] using resampling (N=10,000).

| ntegrated analysis and putative regulatory network construction

To understand the microRNA-gene regulatory mechanisms underlying music-listening in
listeners with high musical aptitude, we integrated our microRNA findings with the music
responsive gene expression findings from the same group [10] using IPA and the microRNA-
gene interactions gathered from TargetScan, miRTarBase and literature. Only those target genes
of the differentially expressed microRNAs from this study which showed inverse direction of
regulation in the gene expression findings (from the same music-performance and control

activity as this study) [10] were considered as microRNA-gene interactions in music-listening.

We further created a putative gene regulatory network in music-listening using Cytoscape 3.7.1
by merging our integrated results (above) with transcriptional regulatory data for microRNAs
(TF-microRNA) from TransmiR 2.0, previously reported [10] statistically significant up-stream

regulators of the DE genes (TF-gene), the microRNA-TF regulatory information from
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TargetScan/literature and findings related to song and music perception. Here, it is important to
highlight the fact that a microRNA can simultaneously regulate the expression of multiple genes
through their direct interactions or indirectly through the regulation of their transcriptional
regulators (microRNA-TF) [51,52]. For this study, we collected the regulatory effect
(activation/inhibition) of the up-stream regulator on the DE genes (TF-gene) and included only
those TFs which were targeted by DE microRNA (microRNA-TF) to the putative regulatory
network. From the validated TF-microRNA regulatory data from TransmiR 2.0, only those TFs
which met our criteria described in the functional analysis were included to the network. This
putative regulatory network was further extended with some of the functions from the
microRNA enrichment analysis, literature findings and putative connecting molecules (including
some validated target genes) between the microRNAs and the functions. Functional interactions
between the up-regulated molecules, putatively up-regulated molecules and some of the

transcriptional regulators in this network were also inferred with STRING [53].

Results

Read and microRNA statistics

All the reads of the music and the control studies passed FastQC quality check for A) basic
statistics, B) per sequence quality scores and C) per base N content. The median number of raw
reads per sample was 13,521,377.5 for the music study (range:8,577,637-19,549,067) and
9,355,225 for the control study (range: 8,423,477-11,094,252). On average, 97.75 % and 96.35
% of reads from the music-listening study and control study respectively were trimmed for

sequencing adapters. Mean alignment percentage of the trimmed reads to human genome
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reference (Ensembl 76/GRCh38) was 83.6 % (range: 65.69 - 90.81) and 85.35 % (range: 79.85 -
87.88) respectively for the music-listening and control studies. All alignments from both the
studies passed quality control. The top two most expressed microRNAs in the music-listening
and control studies are hsa-miR-92a-3p and hsa-miR-451a. Further, 26 out of the 30 most
expressed microRNAs in the music study samples are amongst the correspondingly most

expressed microRNAs in the control samples.

MicroRNA expression changesin the control study

We used all the control samples as a reference group, without sub-phenotype divisions, to
compare music-listening responsive microRNA expressions. To facilitate this, we estimated
expression differences in microRNA between high Edu (N=3) and low Edu participants (N=4)
from the control study and used it as an indicator of homogeneity of the control samples. From
this analysis, we did not observe any significant differences in microRNA expression between

these groups thereby showing homogeneity of the control samples (data not shown).

MicroRNA response to music-listening

At a very stringent FDR threshold of 5%, we observed statistically significant up-regulation of
hsa-miR-132-3p, hsa-miR-361-5p, hsa-miR-421 and down-regulation of hsa-miR-378a-3p in the
high COMB group after music-listening, compared to the control activity without music. Further,
at a permissive significance threshold (FDR<10%), we also observed up-regulation of hsa-miR-
23a-3p, hsa-miR-23b-3p, hsa-miR-25-3p and down-regulation of hsa-miR-16-2-3p in the same
group. DE statistics for microRNAs that exhibited significant differential expression after music-
listening in the high COMB group compared to the control study are given in Table S1. Genomic

information for the DE microRNAs is provided in Table S2. Moreover, extensive literature
13
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search and information collected from biological databases [44,46] indicate expression of the DE
microRNAs in blood brain barrier (BBB), nervous and auditory systems (Table S3). No
statistically significant changes in microRNA expressions were found in low COMB, high Edu or

low Edu groups after music-listening when compared to the control group.

Putative functions of the DE microRNAS

Based on the analysis of the DE microRNAs using TAM 2.0 (p-value<0.05), the up-regulated
microRNAs were found to be regulators of neuron apoptosis (hsa-mir-23a, hsa-mir-23Db),
hormone-mediated signaling pathway (hsa-mir-23a, hsa-mir-23b, hsa-mir-132), neurotoxicity
(hsa-mir-25, hsa-mir-132), cell death (hsa-mir-23a, hsa-mir-25, hsa-mir-23b), wound healing
(hsa-mir-23a, hsa-mir-132) and glucose metabolism (hsa-mir-23a, hsa-mir-23b) (Table S4).
TAM 2.0 analysis also showed EGR1, GNRH1, USF1 and CREBL as the top transcriptional
regulators (p-value<0.05) of the up-regulated microRNAs. For the down-regulated microRNAs,
angiogenesis (p-value=0.00372; hsa-mir-16-2, hsa-mir-378a), cell proliferation (p-
value=0.00565; hsa-mir-16-2, hsa-mir-378a) and adiponectin signaling (p-value=0.00755; hsa-
mir-378a) were the top functions from TAM 2.0 analysis (S4 Table). Comparative analysis
wizard from TAM 2.0, which analyses the up-regulated and down-regulated microRNAs
together, gave neuroblastoma as the top most result. The validated TF-microRNA interactions
from the TransmiR 2.0 database which met our criteria that is described in the methods are

provided in the Fig 1.

Fig 1. Validated transcriptional regulatory data for the DE microRNAsfrom TransmiR 2.
In addition to the transcriptional regulators which met our criteria as per methods, we have also

included GATAL which was previously found to be associated with auditory perception.
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According to the validated ontology annotations collected from miRBase, all the up-regulated
microRNAs were expressed in the extracellular space (Fig 2). hsa-miR-132-2p, hsa-miR-23a-3p
and hsa-miR-23b-3p share two functions: positive regulation of cell migration and endothelial
cell proliferation involved in sprouting angiogenesis. hsa-miR-23a-3p and hsa-miR-23b-3p are
involved in positive regulation of ERK1 and ERK2 cascade, cellular response to vascular
endothelial growth factor stimulus and cell growth involved in cardiac muscle cell development.
hsa-miR-132-3p was important for positive regulation of cell proliferation, vascular endothelial
cell proliferation, angiogenesis, protein kinase B signaling and miRNA mediated inhibition of
translation. On the contrary, hsa-miR-361-5p is involved in the negative regulation of
angiogenesis; hsa-miR-25-3p is involved in the negative regulation of cardiac muscle tissue

growth and stress responsive cardiac muscle hypertrophy.

Fig 2. Validated ontology annotations for the DE microRNAsfrom miRBase. The up-
regulated microRNAs, miR-23a and miR-23b play integral roles in myelination and
oligodendrocyte development in the central nervous system [54] by negatively regulating lamin
B1 (LMNBL), a repressor of oligodendrocyte and myelin specific proteins. Potential role of hsa-
miR-25 and hsa-miR-23b-3p in the auditory system is supported by the expression of their host
genes, MCM7 (location: 7g22.1) and C9orf3 respectively, in the inner ear sensory epithelia [55].
Based on literature search, hippocampal miR-132 was found to be activated during neuronal
activity resulting in angiogenesis, incorporation of neurons in adults and arborization of
dendrites; miR-132 knock down activated pro-inflammatory and immune signaling [56]. A

concise list of the putative functions of the DE microRNAs are provided in Table 2.

Table 2. Putative functions of the DE microRNAs and their target genesin music-listening
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Up-regulated microRNASs Putative functions

hsa-miR-23b CNS Myelination, long-term potentiation, dopamine

signaling, auditory system development

hsa-miR-23a CNS Myelination, neuronal plasticity, dopamine signaling,

auditory system development

hsa-miR-132-3p Activity dependent neuronal plasticity, adult neurogenesis,
synaptic transmission, protection of dopaminergic neurons,

songbird plasticity circuits

hsa-miR-361-5p Inner ear development
hsa-miR-421 Inner ear development
hsa-miR-25-3p Song-learning in songbirds; neurogenesis, neuroprotection,

inner ear development

Target genes of up-regulated | Putative Functions

microRNAs

CASP3, PTEN Neuron apoptosis

CDKNI1A, CDKN1B Cell-cycle inhibition

FOXP2 Auditory perception, sensorimotor learning, vocal plasticity
LMNB1 Repression of myelin proteins

Target genes of down- Putative Functions

regulated microRNAs
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RGX Dopamine secretion and signaling; Song-learning and

singing in songbirds

As per the annotations of DE microRNA homologs from rat (Rattus norvegicus) [57], three of
the homologs (miR-25, miR-23b and miR-132) were important for long-term synaptic
potentiation and two of the homologs (miR-25 and miR-23b) for sensory perception of sound.
Additionally, in Rattus norvegicus, miR-23b was found to be important for myelination, miR-25
for the negative regulation of apoptotic process and miR-132 for neuron maturation and dendrite

development, as is found based on our literature search.

Target genes of the DE microRNAs and their functions

Our goal with target gene finding was to understand the regulatory significance of the DE
microRNAs in music-listening. We collected 147 validated human microRNA:target gene
interactions for the DE microRNAs from the high COMB group from the miRTarBase Release
7.0 [47]. Furthermore, the predicted target genes (N=2496) from TargetScan Release 7.2 [48] for
these DE microRNAs were combined with the validated targets from the same group. Notably,
hsa-miR-132-3p and hsa-miR-25-3p showed validated targeting of CDKN1A and CDKN1B
respectively, the cell cycle inhibitors belonging to the same family implying activation of
functions like cell proliferation and differentiation in connection with music-listening; as
observed in song-listening in song birds [12]. Furthermore, PTEN, which is a promoter of
apoptotic mechanisms including that in neurons, is targeted by three of the up-regulated

microRNAs from this study (hsa-miR-23a-3p, hsa-miR-23b-3p and hsa-miR-25-3p [47]),
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suggesting neuroprotective mechanisms associated with music-listening. Interestingly, this is
consistent with the results of our microRNA specific enrichment analysis which indicated

neuronal apoptosis as one of the functions regulated by the up-regulated microRNAs.

Comparative analyses with song birds

To understand evolutionary conservation of the molecular regulatory mechanisms underlying
auditory perception, we compared the DE microRNAs and their target genes to those identified
in song bird song-listening and singing. Amongst the DE microRNAs, hsa-miR-25-3p, which
was up-regulated in the high COMB group after music-listening, also showed song responsive
up-regulation (tgu-miR-25) in song birds. Another DE microRNA from our study, miR-132, was
found to be differentially expressed across seasons in the avian song control nuclei where its
target gene network regulated cell cycle inhibitors and PTEN signaling [58]. Remarkably, miR-
132 also promoted neurite outgrowth and radial migration of the neurons by its repression of
FOXP2 [59]. FOXP2 is important for human language development and vocal learning [60,61].
The down-regulated hsa-miR-378a-3p have predicted interactions with TLK2, one of the
predicted target genes of the song-inhibited miR-2954 in song bird [12], with functions in
proliferation and neuronal differentiation. hsa-miR-378a-3p and hsa-miR-16-2-3p also show
predicted interactions with song stimulated genes that are found up-regulated during song-
responsive down-regulation of miR-2954 in songbirds [13]: hsa-miR-378a-3p with RBMSL and
hsa-miR-16-2-3p with ZDHHC17, CTNNALL, LCOR. Hence, the results from the comparative
analysis suggest some shared molecular mechanisms relevant to the auditory perception process

in songbirds and humans.
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Additionally, using permutation test, we identified statistically significant overlap (p-value<0;
permutation test) between target genes of the down-regulated microRNAs and the song
production cum perception gene set. Similarly, the overlap (25.31%) that we observed between
target genes of the up-regulated microRNAs from the high COMB group and the singing
inhibited genes from songbirds [39] was found to be more than that expected by chance (re-
sampling p-value=0). The target genes of the DE microRNAs that were found to be overlapping
with the genes behaviorally regulated in songbirds are provided in Table S5. A schematic
representation of the regulatory mechanisms associated with music-listening based on the

microRNA findings is in Fig 3.

Fig 3. Schematic illustration of putative molecular mechanismsin music-listening based on
findings from the current study. Mature microRNAs and microRNA transcripts are
represented using rectangles, transcriptional regulators of the microRNAs using triangles and
validated target genes using ellipses. The up-regulated molecules after music-listening are
colored in red. The validated transcriptional regulators of microRNAs from TransmiR 2.0 and
literature are colored in cyan. Target genes of the up-regulated microRNAs are colored in light
green and includes only validated findings from the literature. Other molecules and cascades
which were implied to be up-regulated based on findings from literature and from the microRNA
analyses are colored in coral. Coral edges denote activation, light green edges indicate negative

regulation and black lines show regulation where the direction is not known.
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I ntegrated results and putative regulatory network in music-
listening
From the integrated analysis with gene expression data [10], we observed a total of 10 up-
regulated genes in music-listening from the high COMB group [10] to be the target genes of 2 of
the down-regulated microRNAs from the current study: hsa-miR-378a-3p shows predicted
interaction with CREBRF and hsa-miR-16-2-3p with UBE2B, S_.C4A7, MOB1A, OSBPLS,
RGS2, KCTD6, MBNL1, DSTN and TMED7. Amongst the up-regulated microRNAs from our
study, hsa-miR-132-3p was predicted to target PSVID13, which was found down-regulated after
music-listening in the high COMB group [10]. Furthermore, DICERL, up-regulated after music-

listening [10], is crucial for the biogenesis of microRNAs and functions of multiple systems

[55,62,63].

A putative gene regulatory network in music-listening from the integrated analysis, extended
with transcriptional regulatory data for microRNAs (TF-microRNA), TF-gene regulatory data
for the DE genes, microRNA-TF interactions and findings related to song and music perception
from literature is presented in Fig 4. Notably, from the merged network, we observed that hsa-
miR-132-3p and hsa-miR-25-3p, which were up-regulated in the high COMB participants in this
study, have predicted and/or functional interactions respectively with MAPT (Microtubule
associated protein tau) and TNFSF10 (a cytokine), two of the upstream regulators of the down-
regulated genes from the same group [10]. MAPT is predicted to activate the down-regulated
ATP5J, HSPEL, and STIP1; MAPT expression has been attributed to the reduced connectivity of
the functional brain networks in Parkinson’s disease [64]. TNFSF10 is predicted to activate the

down-regulated HLA-A, IF16, and TNFRSF10B. miR-132 plays a critical role in regulating TAU
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protein levels [65] which is important for preventing tau protein aggregation that causes
Alzheimer’s disease. Furthermore, one of the down-regulated microRNAs from the high COMB
group, hsa-miR-16-2-3p, is predicted to target HOXAO9, one of the up-stream regulators of the
genes up-regulated after music-listening in the high COMB group; ADD3, HIGD1A, HNRNPU,
MAN2AL, MBNL1, and OSBPL8. The functional interactions between the up-regulated genes
[10] and their interactants in the extended putative regulatory network (Fig 4), which were
previously reported to be associated with song perception and human musical aptitude are

provided in S1 Fig.

Fig 4. Putative generegulatory network in music-listening. A putative gene regulatory
network was constructed using Cytoscape version 3.7.1 [66] extending the results from the
integrated analyses of microRNA and gene expression data after music-listening from the high
COMB group, validated transcriptional regulators of DE microRNAs from TransmiR 2.0,
validated target genes of the DE microRNAs and functions based on microRNA over-
representation analysis and literature findings. Legend: Rectangles indicate microRNAs and
ellipses indicate genes. The up-regulated and down-regulated molecules after music-listening are
colored respectively in red and green. The validated transcriptional regulators of microRNAs
from TransmiR 2.0 are colored in cyan and the upstream regulators of the DE genes from the
gene expression study [10] in blue. The target genes of up-regulated microRNAs which are not
differentially regulated after music-listening are colored in light green and includes only
validated findings from the literature. Likewise, the target genes of down-regulated microRNAs
which are not differentially regulated after music-listening are colored in coral and includes also
some predicted target genes which are mentioned in the discussion. Solid lines denote direct

interactions, dotted lines indicate indirect interactions, coral lines denote positive regulation,
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light-green lines for negative regulation and black lines show regulation where the direction is

not known.

Discussion

Here we show that musical aptitude affects peripheral blood human microRNA profiles. Perhaps
the most interesting and biologically relevant results are the up-regulation of the brain-enriched
microRNA, hsa-miR-132-3p, the oligodendrocyte specific microRNAs hsa-miR-23a, hsa-miR-

23b and the song-stimulated miR-25 in response to music-listening in the high COMB group.

The up-regulation of microRNAs which are regulators of neuron apoptosis and neurotoxicity is
largely consistent with early findings of neuroprotective role for music [7,67] and functions
associated with musical traits [37]. For example, miR-23a and miR-23b have been
experimentally confirmed to show neuroprotective effect via its repression of APAF1, which is
an activator of caspases and neuronal apoptotic processes [33]. miR-25 and its cluster members
inhibit the pro-apoptotic TP53 and its mediators and reduce neuronal apoptotic process [68].
miR-25 also promote neurogenesis and differentiation of adult neurons by regulating TGFB-
signaling pathway, that repress neurogenesis and neuronal cell proliferation, and by activating
insulin-like growth factor-1 (IGF) signaling via its targeting of PTEN [69]. This would be
consistent with our previous findings [10] which indicated that the genes down-regulated after
music-listening from the high COMB group as activators of peptidase, endopeptidase and
caspase activities. Interestingly, PTEN is targeted by other up-regulated microRNAs, miR-132,
miR-23b and miR-23a; of these, miR-23a, through its regulation of PTEN, activates AKT

(Protein Kinase B) signaling, PI3K (phosphatidylinositol 3-kinase) signaling, MAPK activity and
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promotes the expression of myelin genes [70]. MAPK signaling pathway has crucial role in the
regulation of neuronal transcription, synaptic plasticity, memory consolidation [71] and was
previously reported to be activated by microRNA regulation in response to song-listening in

songbirds [13] implying shared pathways in auditory perception process.

Our findings also point to activity dependent regulation of the microRNAs, neuronal plasticity
and augmented cognitive functions like long-term potentiation and memory after music-
listening. These are in agreement with previous reports of brain plasticity and improved
cognitive functions like learning, verbal ability and memory after music exposure and training
[72—75]. Acoustic stimuli from music-listening induce neural spike patterns which are
transduced via the auditory pathway within milliseconds [76—78] and evoke emotions in the
limbic system [79]. At the molecular level, neural stimulation is conducted via calcium channel
activity and neurotransmitters, which activate immediate early genes (IEG) thereby regulating
gene and microRNA expression patterns [80-83]. Amongst our candidate microRNAs, miR-132
is an activity dependent microRNA which responds immediately to neuronal stimulation; miR-
132 is also activated by CREB [84], BDNF, a neurotrophin which is a target of CREB [81], and
external stimulants like cocaine. miR-132 and CREB are important for maturation and plasticity
of dendrites [85]; CREB is also critical for consolidation of long-term memory and is stimulated
by song-learning [86]. Interestingly, ARC, which is co-expressed with miR-132 after induction of
long-term potentiation is also activated by BDNF [87]. It is noteworthy here that miR-23a,
another candidate microRNA, is also induced by long-term potentiation with implications in
memory consolidation [88]. More importantly, brain expressions of BDNF connected to
behavioral activation of dopaminergic neurons showed positive correlation with that of SNCA

[89,90], the candidate gene up-regulated in the high COMB and high Edu groups after music-
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listening [10] and in musicians after music-performance [11]. Furthermore, SNCA also activates
BDNF [91] and BDNF and SNCA are regulated by GATA2, which is located in the strongest

associated region for musical aptitude [8,10].

Of note, some of the transcriptional regulators of the candidate up-regulated microRNAs (FOS
CREB1, JUN, EGR1 and BDNF) are activity-dependent IEGs, that are stimulated in the brain in
response to auditory and motor stimuli such as songbird singing and song-listening [38,86].
Besides, FOS, EGR1, BDNF and SNCA were some of the top candidate genes associated with
musical traits based on convergent evidence [37]. BDNF augments neurogenesis and cognition
[92] and is found to be activated after music exposure [75] and songbird singing [38]. FOSis
activated after music-performance in musicians [11] and has roles in neurotransmission and

experience dependent neuroplasticity [93].

Some of the putatively activated signaling pathways and regulatory mechanisms are also
indicative of dopamine signaling and protection of dopaminergic neurons. Putative activation of
the pro-survival PI3K/AKT signaling cascade indirectly by music-induced miR-23a is one
candidate mechanism which explains dopaminergic neurotransmission in our current study.
PISK/AKT signaling is activated in response to growth factors and neurotrophins and is coupled
to the dopaminergic signaling; PI3K/AKT signaling also protects adult dopaminergic neurons
from apoptosis [94]. Moreover, genetic variation in the AKT1 gene affect neural structures of the
frontostriatal dopaminergic brain networks, bioavailable dopamine levels and cognitive functions
[95]. DICER, up-regulated after music-performance [10] is another candidate molecule that
protects adult dopaminergic neurons [96]. DICER is also critical for the maintenance of proper

levels of striatal dopamine; depletion of Dicer in the dopamine neurons caused their progressive
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degeneration and loss of striatal dopamine [63]. These findings might explain the prior
observations of music-listening responsive dopamine release and activation of reward pathways

[4,97,98].

Our DE microRNAs and candidate molecules were also implicated in degeneration of inner ear
hair cell and neurodegenerative diseases like Parkinson’s disease and Alzheimer’s disease.
DICER s important for the biogenesis of microRNAs and functions of various systems including
that of the inner ear and brain, key areas for the reception and perception of auditory signals
[55,62]. Sensory neuronal Dicer knock out reduced the expressions of the music-induced miR-
23a and miR-23b [62] and DICER ablation in the inner ear hair cells led to hair cell degeneration
and hearing loss [55]. One of our candidate microRNAs, miR-132, protects dopaminergic
neurons by its regulation of caspase3 (CASP3) [99], whose activated neuronal expression has
been linked to dopaminergic neuronal loss of Parkinson’s disease patients [100]. A deficiency of
miR-132 impaired tau metabolism which lead to tau hyperphosphorylation and aggregation, that
is observed in various neurodegenerative disorders. In particular, individuals with Alzheimer’s
and mild cognitive impairment had lower expression levels of miR-132 in the hipppocampal and
cortical areas which declined their cognitive capabilities including working memory and
perceptual speed [65]. Music listening seems to produce opposite effect by up-regulating

neuroprotective microRNAs and molecules linked to neurodegenerative diseases.

Some of the candidate microRNAs and their putative regulatory interactions have previously
been identified to be associated with song-learning, singing and seasonal plasticity networks in
songbirds and imply conservation of the regulatory mechanisms underlying auditory perception.

[12,49,58]. For instance, up-regulation of miR-25 is consistent with findings from songbirds in
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which it was found activated in response to song-learning and listening [12]. miR-132, which
was found to be seasonally regulated in avian song control nuclei was important for sensorimotor
neuronal plasticity [58]. miR-23b and miR-23a are involved in feedback regulatory circuits with
its transcriptional regulator EGR1, an IEG that is induced in bird song learning and singing [38].
Furthermore, DE microRNAs from this study (hsa-miR-23a-3p, hsa-miR-23b-3p, hsa-miR-132-
3p, hsa-miR-25-3p) show validated and predicted targeting of FOXP2. Interestingly, FOXP2 is a
candidate associated with music abilities including recognition and production of sound [37] and
was found to be positively selected in the human evolution [41]. In songbirds, FOXP2 is
enriched in corticostriatal circuits and shows down-regulation during the sensorimotor learning
period, vocal practice and after undirected singing [49,61,101]. This behavioral regulation of
FOXP2 plausibly fine tunes neural structures for learning [61] and vocal complexity [101];
suggesting here a regulatory role of the candidate microRNAs in the plasticity circuits associated

with music-listening.

In this study, music-listening affected microRNA regulation only in subjects with relatively high
music test scores (high COMB). This is in accordance with findings from the transcriptome study
which identified more changes in the high COMB participants than in the high Edu group in
response to the same music exposure and duration [10]. We hypothesize that drive for music is
facilitated by musical aptitude; i.e., the ability to perceive the structure, pitch and duration of
notes in music; and affects the human microRNA response to music-listening. Being aware of
the complex cognitive trait of music, further empirical studies have to be performed in various

settings, populations and using multiple genres of music to evaluate the effect of music-listening.
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The high similarity (>80%) between the human brain and blood transcriptome [102] and the
positive correlation of observed transcriptome changes between human cortex and whole blood
[103,104] explain the rationale in our usage of peripheral blood as a representative tissue for
analyzing transcriptome changes in the brain. Supporting this, a recent study on song-listening
response in zebra finch shows positive correlation in the transcriptome changes of the auditory
forebrain and peripheral blood [105]. Of particular interest, tissue-wide comparative analyses of
microRNA expression patterns in humans indicated blood as the most similar tissue to brain
[106,107]. Additionally, all the DE microRNAs in this study show expression in the blood brain
barrier [46] and various parts of the nervous system (Table S3) suggestive of their cross-talk

between brain and peripheral blood expressions.

Conclusions

MicroRNAs are essential for neuronal development, plasticity and brain functions. Alterations in
gene expression and regulation are important for nervous system adaptation. We hypothesize that
musical aptitude serves as a pre-requisite for appreciating music and can affect the human
microRNA response to music-listening. Here, the identified microRNASs provide some new
insights into post-transcriptional regulatory mechanisms underlying human auditory perception
and cognition. Some of the DE microRNAs shared signaling pathways with songbirds further
suggesting evolutionary conservation of molecular regulatory mechanisms that regulates
auditory perception. Future studies are needed to experiment with the duration of listening, genre
of the music, personal preference of the participants, as well as ambiance in different

combinations to understand the effect of each of these factors on microRNA expressions.
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Supporting information

Supplemental Table S1. Differentially expressed microRNAs from the music-listening versus
control comparison in participants with high musical aptitude using analysis with DESeq2 [27].
The columns 1-3 show the DE microRNA, fold change and adjusted p-value for music-listening

versus control study comparison.

Supplemental Table S2. Genomic location of DE microRNA transcript from HGNC and
miRIAD database; conservation status, microRNA family information and number of predicted
target genes of DE microRNAs from TargetScan Release 7.2; and microRNA cluster information

from miRBase are given.

Supplemental Table S3. Candidate microRNAs associated with music-listening in participants
with high musical aptitude (high COMB), their expression patterns and relevant functional

information.

Supplemental Table $4. Over-represented functions for the DE microRNAs from their analysis

using TAM 2.0.

Supplemental Table S5. Target genes of DE microRNAs that overlaps with singing and song-

learning regulated genes from songbirds.

Sl File. Supplemental Methods.
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