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Abstract

Objectives. MicroRNAs (miRNAs) are post-transcriptional regulators that have been shown to be involved in disease sus-
ceptibility. Here we explore the possible contribution of common and rare variants in miRNA genes in autism spectrum
disorders (ASD). Methods. A total of 350 tag SNPs from 163 miRNA genes were genotyped in 636 ASD cases and 673
controls. A replication study was performed in a sample of 449 ASD cases and 415 controls. Additionally, rare variants in
701 miRNA genes of 41 ASD patients were examined using whole-exome sequencing. Results. The most significant asso-
ciation in the discovery sample was obtained for the miR-133b/miR-206 cluster (rs16882131, P=0.00037). The replication
study did not reach significance. However, the pooled analysis (1,085 cases and 1,088 controls) showed association with
two miRNA clusters: miR-133b/miR-206 (rs16882131, permP=0.037) and miR-17/miR-18a/miR-19a/miR-20a/miR-
19b-1/miR92a-1 (rs6492538, permP = 0.019). Both miR-133b and miR-206 regulate the MET gene, previously associated
with ASD. Rare variant analysis identified mutations in several miRNA genes, among them miR-541, a brain-specific
miRNA that regulates SYNI, found mutated in ASD. Conclusions. Although our results do not establish a clear role for
miRNAs in ASD, we pinpointed a few candidate genes. Further exome and GWAS studies are warranted to get more
insight into their potential contribution to the disorder.
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Introduction

Recently, large-scale technologies for genome analy-
sis have allowed the identification of a large number
of non-coding RNAs (ncRNA) that represent a new
challenge for our understanding of gene regulation.
ncRNAs are involved in many biological processes
and can be grouped in different classes: small
interfering RNAs (siRNAs), piwi-interacting RINAs
(piRNAs), long ncRNAs and microRNAs (miRNAs).
miRNAs are short RNA molecules 19-25 nucle-
otides in length, that work as post-transcriptional
regulators of gene expression by mRNA degradation
or translational repression. Approximately two-thirds
of human genes are estimated to be regulated by
miRNAs (Friedman et al. 2009). Deep sequencing
data have allowed the identification of an increasing
number of miRNA genes in the human genome,
which total number has been estimated as 1,881
in a recent annotation, 296 considered as highly
confident (http://www.mirbase.org).

The biogenesis of miRNAs starts with a precursor
transcript that consists of a multiple hairpin struc-
ture (pri-miRNA) that is processed to become a sec-
ond precursor of ~100 bp in length (pre-miRNA)
and exported to the cytoplasm. The pre-miRNA is
further processed into a double-stranded RNA of
~22 bp. Finally, only one strand acts as the functional
active form (mature miRNA), and binds to the spe-
cific target site on the mRNA thereby exerting the
post-transcriptional repression. The binding of the
mature miRNA to the 3'-UTR of the target mRNA
is achieved by a specific conserved region of ~7 bp
(seed region) (Farh et al. 2005). MiRNA genes can
be located between genes (intergenic) or within a
host gene (intragenic), usually in an intron, and they
can be either isolated or clustered.

MiRNAs are crucial in regulating many biological
processes, and some of them have been implicated
in synaptic plasticity, brain development and mem-
ory functions (Krichevsky et al. 2003; Sempere et al.
2004; Li and Jin 2010; Griggs et al. 2013). Under-
standing the role of miRNAs in the mammalian
brain is crucial for us to gain insight into their poten-
tial involvement in neurological and psychiatric dis-
eases. An individual miRNA may fine-tune tens of
genes or entire biological pathways, and for this rea-
son they may have important implications for com-
plex disorders. It is probable that common and rare
variants of miRNA genes play a significant role in
phenotypic variability, including psychiatric disorder
susceptibility. The most convincing evidence for the
contribution of miRNAs to neuropsychatric diseases
are the recent reports of involvement of the common
variant rs1625579 of miRNA-137 in schizophrenia
(Schizophrenia Psychiatric GWAS Consortium

2011; Lett et al. 2013). This miRNA is involved in
neuronal maturation and migration. Although sev-
eral studies have investigated the role of miRNA
genes in schizophrenia, little has been done to explore
their potential role in autism spectrum disorders
(ASD), except for a few studies that have analysed
miRNA expression. Three reports evaluated the
expression of miRNAs in lymphoblastoid cell lines
of autistic probands (Talebizadeh et al. 2008; Sara-
chana et al. 2010; Ghahramani et al. 2011), while
another study identified dysregulated miRNAs in the
cerebellum of ASD patients (Abu-Elneel et al. 2008).
Although those studies represent the first efforts to
explore miRNA genes in autism, their results are not
conclusive, probably due to the limited sample size,
the lack of replication and the tissues studied, which
may not systematically mimic neural conditions.

Here we present, to the best of our knowledge,
the first study of the potential contribution of com-
mon and rare variants in miRNA genes to ASD
susceptibility. A case—control association study was
performed by genotyping 350 SNPs that tag com-
mon variability of 163 miRNA genes, selected for
having validated target genes, with a function in
the brain or because they have been associated with
psychiatric disease. The sample used for this study
consisted of 1,085 ASD cases and 1,088 controls
from four European populations. Rare variant
analysis was performed wusing whole-exome
sequencing data from 101 individuals from 30
ASD families.

Materials and methods
ASD patients and clinical assessment

The sample used in the case—control association
study consisted of 1,085 ASD cases and 1,088 con-
trol individuals from four European populations:
Spain, The Netherlands, Germany and Italy. They
were organized into a discovery sample and a replica-
tion sample (Table I). The sample used for exome
sequencing included 101 individuals comprising 41
ASD patients and their parents. Twenty-one probands
belonged to 10 multiplex families, whereas 20
probands were from singleton families. The affected
individuals included in this study met DSM-IV TR
criteria for autistic disorder, Asperger’s disorder or
pervasive developmental disorder not otherwise
specified (PDD-NOS) and were assessed using the
ADI-R (Autism-Diagnostic Interview-Revised) and
where possible also the ADOS (Autism Diagnostic
Observation Schedule) diagnostic instruments (Lord
et al. 1994, 2000). All individuals were European
and Caucasian. Controls were anonymous healthy
individuals that matched with patients for gender
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Table I. Summary of the European ASD and control samples used in the case-control association study.

Discovery (350 SNPs)

Replication (28 SNPs)

Pooled sample (28 SNPs)

Cases (M)  Controls (M)  Cases (M)

Controls (M)  Cases (M)  Controls (M)

Spanish 311 (87) 322 (87) 93 (87)
Dutch 247 (78) 269 (78) -

German 78 (89) 82 (89) 124 (90)
Italian - - 232 (82)
Total 636 (84) 673 (84) 449 (85)

109 (87) 404 (87) 431 (87)

- 247 (78) 269 (78)
131 (90) 202 (90) 213 (89)
175 (81) 232 (82) 175 (81)
415 (85) 1,085 (84) 1,088 (84)

M, Percentage of male individuals.

ratio and population of origin (Table I). Additional
clinical information about cases and controls for
each country can be found in previous publications
(Van Steijn et al. 2012; Toma et al. 2013; Bacchelli
et al. 2015). The study was approved by the relevant
ethical committees and written informed consent
was obtained from all parents according to the
Helsinki declaration.

DNA extraction

Genomic DNA was isolated from blood lympho-
cytes using standard salting-out methods, or alterna-
tively from saliva using the Oragene DNA Extraction
kit (DNA Genotek, Ontario, Canada), following the
manufacturer’s protocol.

Selection of miRNA genes and SNPs

The miRNA genes included in this study were
selected on the basis of their validated target genes
in Tarbase v5 (http://diana.cslab.ece.ntua.gr/tarbase)
and miRecords (http://mirecords.biolead.org). Indi-
vidual miRNAs were selected if one of their target
genes was associated with psychiatric disease or had
a specific function in the brain. The selection also
included miRNA genes with a known neuronal func-
tion, involved in synaptic plasticity or implicated in
ASD or schizophrenia. The final selection included
163 miRNA genes, 37 of which are isolated and 126
organized in clusters. The complete list of miRNA
genes and details of the selection are shown in
Supplementary Table 1 (available online at http://
informahealthcare.com/doi/abs/10.3109/15622975.
2015.1029518). The selection of tag SNPs was
performed by considering the patterns of linkage dis-
equilibrium (LD) in the CEU panel using HapMap
project data (http://www.hapmap.org; phases 1, 2, 3;
release 28). The elements regulating miRNA expres-
sion are complex and may diverge from the canoni-
cal regions observed in protein-coding genes.
Approximately 35% of intragenic miRNAs have
associated promoters that could drive transcription
independently of their host gene promoter, suggesting

that miRNA expression may be regulated by multi-
ple promoters (Monteys et al. 2010). Also, the dis-
tance between the identified transcription start site
(TSS) and its corresponding miRNA may range
from 100 bp to 10 kb (Wang et al. 2010). In order
to ensure that all the miRNA regulatory elements
were included, the region covered by the tag SNP
selection included 10 kb upstream and 5 kb down-
stream from each miRNA gene. Additionally, we
considered 5 kb of the host gene promoter region for
intragenic miRNAs. A total of 329 tag SNPs were
selected using the Tagger implementation in Haplo-
View 4.2 (Barrett et al. 2005). The parameters used
for Tagger followed these criteria: 72 = 0.8 and minor
allele frequency (MAF)=0.05. In addition, 21 SNPs
were included in the study because they were located
within the pre-miRNA gene, with no restrictions on
MAF or validation status (Supplementary Table 2
available online at http://informahealthcare.com/
doi/abs/10.3109/15622975.2015.1029518). Genomic
annotations were obtained from the GRCh37/hgl9
assembly of the UCSC Human Genome Browser.

SNP genoryping in the discovery sample

A total of 350 SNPs were genotyped at the Barcelona
node of the National Genotyping Center (CeGen,
www.cegen.org) using VeraCode technology (Illumina,
San Diego, CA, USA) (Lin et al. 2009). Fifteen Hap-
Map individuals (5 trios) were genotyped and used as
controls and for genotyping clustering. We obtained
100% genotyping concordance with the HapMap
individuals and 10 duplicates used in the assay. After
exclusion of SNPs and samples that failed, the average
call rate was 99.5%. From the 350 SNPs initially
genotyped in our study, 302 were finally assessed for
association, whereas 48 (14%) were excluded for one
of the following reasons: monomorphic SNPs (z=11),
deviation from Hardy—Weinberg equilibrium (HWE;
threshold set at P<<0.01 in our control population)
(n=5), MAF<0.05 (n=5) and SNPs failing in the
assay (n = 27) (SupplementaryTable 3 available online
at http://informahealthcare.com/doi/abs/10.3109/
15622975.2015.1029518). Genetic stratification was
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excluded in the discovery sample using the STRUC-
TURE v2.3 software on 44 unlinked SNPs (Pritchard
et al. 2000). SNPs were selected from those geno-
typed in our study that were in HWE, had a
MAF >0.05 and showed no association with the dis-
ease phenotype in any of the tested population groups.
The analysis was performed under the admixture
model, with a length of the burning period and a
number of MCMUC repeats of 10,000 and performing
three independent runs at each K value (from 1 to 4),
with K referring to the number of groups to be inferred
(Supplementary Table 4 available online at http://
informahealthcare.com/doi/abs/10.3109/15622975.
2015.1029518).

SNP genoryping in the replication sample

The six miRNA genes or clusters selected for the
replication sample were those that showed associa-
tion with ASD in at least one of the subsamples in
the discovery phase (SNP with P<<0.01). A total of
28 SNPs was selected for genotyping at the Santiago
de Compostela node of the National Genotyping
Center using iPlex-Sequenom technology (Seque-
nom, San Diego, CA, USA). The SNP genotyping
success rate was 100% and the average call rate was
99.7%.

Statistical analysis

Single-marker analysis. HWE and MAF were analy-
sed with the SNPassoc R package (Gonzalez et al.
2007). Markers that were successfully genotyped
and passed quality control filters were assessed in the
case—control association study under the additive
model using the PLINK package (Purcell et al.
2007). A quantile—quantile plot (Q-Q plot) was
generated with the ggplot2 R library (Wickham
2009). Correction for multiple testing was performed
in the joint analysis using 10,000 permutations
(PLINK package).

Haplorype analysis. To minimize multiple testing and
type I (o) errors, we restricted the haplotype-based
association study to only those LD blocks that
included SNPs surviving multiple testing correc-
tions. The haplotype-based analysis was performed
using the HaploView v4.2 software. The same soft-
ware was used to perform the permutation tests
(Barret et al. 2005).

Meta-analysis. The study was performed using the
rmeta R package (www.cran.r-project.org/web/
packages/rmeta/index.html) and PLINK (Purcell
et al. 2007). The Q-statistic was used to assess

heterogeneity among the studies. The pooled OR
was estimated using a fixed-effects model.

Gene ontology and pathway analysis

Genes regulated by the miRNAs that showed asso-
ciation in the joint analysis (discovery + replication)
were analysed via gene ontology (GO) enrichment
analysis using the FatiGO software from the Babe-
lomics suite (Medina et al. 2010). We also analysed
the pool of miRNA genes carrying rare variants by
analysing the “top bio functions” categories of the
ingenuity pathway analysis (IPA) using the core
analysis method, where only experimentally
observed data were used. The comparison between
transmitted and untransmitted rare variants in
miRNA genes was performed using the comparative
analysis method.

Screening for rare variants of miRNA genes showing
association

The two clusters showing association in the joint
sample (discovery + replication) were also investi-
gated for rare variants. Screening for rare variants
was performed in the Spanish sample (241 ASD
patients), which was the only population group
showing association of both clusters in the joint
analysis. Primers and PCR conditions are shown in
Supplementary Table 5 (available online at http://
informahealthcare.com/doi/abs/10.3109/15622975.
2015.1029518).

Exome sequencing and analysis

Exome enrichment was performed on 3 ug of blood
genomic DNA. The TruSeq DNA Sample Prepara-
tion kit (Illumina) and the NimbleGen SeqCap EZ
Human Exome Library v1.0 kit (Roche), which tar-
gets, among others, 701 miRNA genes, were used
according to the manufacturer’s instructions. The
resulting exome libraries were applied to an Illumina
flowcell for cluster generation. Paired-end sequenc-
ing was performed on a HiSeq2000 instrument
(Illumina) using 76-base reads. Reads were aligned
to the reference genome (GRCh37) using Burrows—
Wheeler analysis (BWA) with the sampe option (Li
and Durbin 2009), and a BAM file was generated
using SAMtools (Li et al. 2009). SNP calling was
performed using a combination of SAMtools and
Sidron as previously described (Puente et al. 2011).
Statistics for the “callability” (percentage of the
exome covered by at least 10 reads with mapping
quality =30 and base quality=20) of each sample
are shown in Supplementary Table 6 (available online
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at http://informahealthcare.com/doi/abs/10.3109/15
622975.2015.1029518). Common variants, defined
as those present in dbSNP135 with a minor allele
frequency = 1%, were filtered out. All rare variants
were validated by performing standard PCR reac-
tions and Sanger sequencing. The potential patho-
genic role of rare variants affecting the secondary
structure of the mature miRNA was evaluated by
calculating changes in free energies with UNAFold
(http://mfold.rna.albany.edu).

Results

Of the 350 SNDPs from 163 miRNA genes and clus-
ters (Supplementary Table 3 available online at
http://informahealthcare.com/doi/abs/10.3109/1562
2975.2015.1029518), 302 SNPs were assessed after
quality control in a total of 636 cases and 673
gender-matched controls from Spanish, Dutch
and German populations (Table I). Suggestive
associations (P<0.01) were observed for five
SNPs in the following miRNA genes: miRNA-
219-1 (rs107822), cluster miR-133b/miR-206
(rs16882131 and rs17578851), cluster miR-106b/
miR-93/miR-25 (rs4729575) and cluster miR-17/
miR-18a/miR-19a/miR-20a/miR-19b-1/miR92a-1
(rs6492538). The most significant result was
achieved for SNP rs16882131 at cluster miR-133b/
miR-206 (P= 0.00038). Figure 1 shows a quantile—
quantile plot of all the P values obtained under
the additive model. The P-values for all SNPs in

rs16882131, P=3.8e-4
(cluster:miR-133b, miR-206)
rs6492538, P=2.0e-3
(cluster miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, miR92a-1)

3.0 1
14729575, P=6.4¢-3

(cluster:miR-106b, miR-93, miR-25) .

rs17578851, P=8.8¢-3
254 (cluster:miR-133b, miR-206)

rs107822, P=8.9¢-3 .
miR219-) T Y,
2.0 4
.

Observed —loguw (P)

1.0 |

0.5 1

0.0 0.5 1.0 1.5 2.0
Expected —logu (P)

Figure 1. Quantile—quantile plot of 302 P-values obtained in the
case—control association study (discovery study) of 636 ASD
patients and 673 controls. Only markers with P-values below 0.01
are indicated.

individual populations and in the whole discovery
sample are detailed in Supplementary Table 3 (avail-
able online at http://informahealthcare.com/doi/ab
$/10.3109/15622975.2015.1029518).

We sought to replicate the positive associations
found in the discovery sample in a European replica-
tion sample from Italy, Spain and Germany. We
investigated six miRNA genes or clusters, including
four miRNA regions showing association in the
whole discovery sample and two showing association
in only one population: the miR-129-2 gene
(rs11606426, P=0.0047, Spanish sample) and
miR-15a/miR-16-1 cluster (rs2177313, P=0.0002,
German sample). Thus, a total of 28 SNPs were
genotyped and assessed in 449 cases and 415 gender-
matched controls (Table I). The most significant
result in the replication study, considering the whole
sample, was achieved for the miR-106b/miR-93/
miR-25 cluster (rs13242458, P=0.011). However,
none of the 28 SNPs under study survived Bonfer-
roni correction. The P-values obtained in the replica-
tion study (whole sample and individual populations)
are summarized in Supplementary Table 7 (available
online at http://informahealthcare.com/doi/abs/10.3
109/15622975.2015.1029518).

In order to increase the statistical power to detect
genetic association of modest effects, we performed
a joint analysis by pooling the discovery and replica-
tion samples, resulting in an association study of 28
SNPs in 1,085 ASD cases and 1,088 controls. This
study identified two SNPs that remained significant
after applying the Bonferroni correction for multiple
testing and also permutations: rs16882131 from
the miR-133b/miR-206 cluster (P=0.00158,
permP=0.037) and rs6492538 from the miR-17/
miR-18a/miR-19a/miR-20a/miR-19b-1/miR92a-1
cluster (P=0.00075, permP=0.019) (Figure 2 and
Supplementary Table 8 (available online at http:/
informahealthcare.com/doi/abs/10.3109/15622975.
2015.1029518)). We also performed meta-analysis
considering the four European populations for the
two SNPs that showed association in the joint anal-
ysis. No heterogeneity between the studies was
detected (Q-statistic rs16882131: P=0.21; Q-statis-
tic rs6492538: P=0.58). The meta-analysis under
the fixed effects model (Mantel-Haenszel) showed
an OR of 0.8 for rs16882131 (P=0.0017, 95%
CI=0.71-0.92), whereas for rs6492538 we obtained
an OR of 0.79 (P=0.0016, 95% CI=0.68-0.91).
The meta-analysis Forest plot for both SNPs is
shown in Figure 3. Haplotype analysis was only per-
formed for the miR-133b/miR-206 cluster, where
the associated marker rs16882131 lies in an LD
block of 9 kb that includes both miR-206 and miR-
133b (Table IT and Figure 4). The rs6492538 marker
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miR-93, miR-2 miR-20a, miR-19b-1, miR92a-1
cluster miR-15a,
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Figure 2. Results from the case-control association study of 28 tag SNPs in the pooled sample (discovery sample and replication sample)
of 1,085 ASD cases and 1,088 controls. The x-axis shows the studied miRNA tagSNDPs, whereas the y-axis indicates the significance of
the association as —log (P-value). The dashed lines represent the thresholds for statistical significance: nominal P-value (P=0.05) and
Bonferroni correction (P=0.0017). SNPs that survived multiple testing corrections in the pooled sample are underlined.

in the other cluster is a singleton SNP, located 9 kb ers(rs1892275,rs16882131,rs1537670,rs17578851,
upstream from the cluster of pre-miRNAs, and no rs10484882, rs3789779). The allelic combination

LD blocks were estimated in this region. Multi- T-C-T-C-C-C was overrepresented in the autistic

marker analysis using the whole sample of 1,085 sample (2= 0.00017) and still significant after apply-

ASD cases and 1,088 controls identified a risk hap- ing permutations (permP=0.0017). The Spanish

lotype associated with autism that included six mark- and German samples showed several SNPs associ-
rs6492538 rs16882131

I |
i OR (95% CI) i OR (95% CI)
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Dutch 0.92 (0.69, 1.22) . 0.94 (0.71, 1.24)
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f T f T ' T T ! i T T T T T T T |

045 050 056 063 071 079 089 1.00 1.12 126 141 0.50 0.56 0.63 071 0.79 089 1.00 1.12 1.26 141

Figure 3. Forest plot for the odds ratio (95% CI) of markers rs6492538 (allele C) and rs16882131 (allele C) found to be associated in
the pooled analysis. Odds ratios are shown for each European population under study and in the combined sample (Mantel-Haenszel
meta-analysis). P-values from the meta-analysis are indicated at the bottom for each SNP.
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Table II. Haplotype analysis of block 2 (miR-206/miR133b cluster) in 1,085 ASD patients and 1,088

controls.

Allele combinations?® Cases (%) Controls (%) P-value (permP) Odds ratio (95% CI)
TCTCCC 835 (43.6) 725 (37.7) 0.0001768 (0.0017) 1.28 (1.25; 1.45)
TCTCCT 482 (25.2) 482 (25.0) 0.9254 (NS) 1 (0.87; 1.16)
TTTTCC 340 (17.7) 399 (20.7) 0.01945 (NS) 0.82 (0.7; 0.97)
CCTCCC 149 (7.7) 175 (9.1) 0.1441 (NS) 0.84 (0.67; 1.06)
TTCCTC 106 (5.5) 141 (7.3) 0.02382 (NS) 0.74 (0.57; 0.96)

A total of 10,000 permutations were performed to correct for multiple testing (permP).
NS, not significant; CI, confidence interval; OR, odds ratio.
2Marker haplotypes: rs1892275, rs16882131, rs1537670, rs17578851, rs10484882 and rs3789779.

ated in this cluster (?<<0.01) (Figure 4 and Supple-
mentary Table 8 (available online at http://
informahealthcare.com/doi/abs/10.3109/15622975.
2015.1029518)). The Tarbase v5 and MiRecords
websites were used to select all validated genes regu-
lated by the eight miRNAs belonging to the two
associated clusters. In the resulting list of 44 genes
several GO categories were overrepresented and
some of them may be relevant for ASD, such
as “axon” (ad-P=1.8E-06), “neuron projection”
(ad-P=1.6E-05) and “cell migration” (ad-P=
8.7E-12), among others (Supplementary Table 9
available online at http://informahealthcare.com/doi/
abs/10.3109/15622975.2015.1029518).

We also performed mutational screening of the
miRNA genes from the associated clusters to
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Figure 4. Linkage disequilibrium plot for the miR-206/miR-133b
cluster calculated using the whole sample under study. D’ values
are indicated (tones from white to dark grey indicate D’ values
from O to 1). The genomic locations of the miRNAs is indicated
as grey blocks at the top. The SNPs with P-value<<0.01 are
indicated with an asterisk (*). In parenthesis, the population
where association with ASD was found (Sp, Spanish; Gr, German;
Eu, total European sample).

investigate the putative presence of pathogenic rare
variants. A Spanish sample of 241 ASD patients was
screened for these pre-miRNA genes: miR-133b,
miR-206, miR-17, miR-18a, miR-19a, miR-20a,
miR-19b-1 and miR92a-1. The only rare variant
found in this sample was identified in a proband and
consisted of a T>C transition in miR-133b at
position chr6:52013809, predicted to be irrelevant
in the miRNA secondary structure (AAG=0,
Table IIT). We also investigated the presence of rare
variants in 701 pre-miRNA genes sequenced by
WES in a sample of 101 individuals from 30 ASD
families. The filtered and Sanger-validated variants
are listed in Table III. All the rare variants identified
were heterozygous. The number of rare variants
transmitted from parents to affected probands in
miRNA genes was 18, whereas the number of
untransmitted variants was 12 (Supplementary
Table 10 available online at http://informahealth-
care.com/doi/abs/10.3109/15622975.2015.102951
8). However, the difference between the number of
transmitted and untransmitted miRNA variants
considering the total number of rare variants in both
groups was not significant (P=0.22). We explored
the potential involvement in autism of the pool of
transmitted rare variants of miRNA genes consider-
ing the category “Diseases and Disorders” from the
IPA “top biological functions”. The most signifi-
cantly overrepresented categories in our list of
miRNA genes were “hereditary disorder” and
“developmental disorder”, among others (Table IV).
The same two categories were found among the top
hits when we compared, with IPA, the lists of miRNA
genes including variants that were transmitted and
those that were not transmitted, selecting the com-
parisons that showed the largest divergence: “hered-
itary disorder” (transmitted: 5.63E-07-1.49E-02;
untransmitted: 9.58E-05-2.15E-02), “developmen-
tal disorder” (transmitted: 6.01E-07-1.49E-02;
untransmitted: 9.58E-05-2.15E-02) (Supplemen-
tary Table 11 available online at http://informa
healthcare.com/doi/abs/10.3109/15622975.2015.
1029518).
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Table III. Rare variants identified in miRNA genes by whole-exome sequencing (WES) in 41 ASD probands from multiplex and singleton
families.

Pre-miRNA Family AAG Variant present in
Chr Position Expected Found gene type (WT-Mut) Conservation the mature miRNA
1 231155581 G A miR-1182 S -0.9 No No
4 38869742 A G miR-574% M-2 0.4 No No
4 113569539 CACTTACTT CACTT miR-302C M-1 2.9 Yes Yes
5 95414907 T miR-583 N 2.4 Yes No
5 100152227 A G miR-548P N 0 No No
6 52013809 T C miR-133b° S 0 Yes No
7 5535469 G A miR-589 M-1 —4.8 Yes *
7 129414541 T G miR-96 N 1 Yes *
9 126164854 A G miR-601 N —-2.1 No Yes
13 50623110 T C miR-16-1 M-1 0.6 No No
14 101500166 C T miR-495 N 0 No No
14 101340858 CTT CTTT miR-337 M-2 -1 Yes Yes (miR-337-3p)
14 101530906 T G miR-541 N 4.1 Yes Yes
15 63116185 A G miR-190° N 0 Yes Yes
20 34041869 A C miR-1289-1 S 3.8 No No
20 62572830 C T miR-1914 N 4.6 Yes *
22 23165356 C T miR-650% S 2 Yes No
X 151128107 A T miR-452 M-1 4 Yes No
X 146342088 CCAATC CCAATCTCA miR-509-1 M-1 3.6 Yes Yes (miR-509-3p)

The only variant identified in the screening of mutations in the two miRNA clusters found associated with ASD is also included
(miR-133b).

M, multiplex family, -1, only in one affected sib, -2, in both affected sibs. S, singleton family.

AAG (WT-Mut), Difference in free energy change between wild-type and mutant.

* Complementary region of the mature miRNA.

°, variant identified in the targeted mutation screening of the associated clusters;

& the same variant does not segregate with ASD in other families (Supplementary Table 9).

MiRNAs in bold are those with variants showing strong conservation and a significant change in the prediction of the secondary structure
(AAG>2).

The potential pathogenic role of the miRNA rare
variants transmitted to the affected probands was
evaluated by considering: (1) the change in free
energy for the secondary structure between the wild-
type and the mutated pre-miRNA gene; (2) the
nucleotide conservation status; and (3) the location
within the mature miRNA or seed region. A sche-

potential pathogenic effect were found in the follow-
ing miRNA genes: miR-302C, miR-583, miR-589,
miR-541, miR-1914, miR-650, miR-452 and miR-
509-1 (Table III).

Discussion

World JBiol Psychiatry Downloaded from informahealthcare.com by Nyu Medical Center on 04/26/15

matic representation of the pre-miRNA secondary
structures (loop, mature miRNA, seed region and
MIR¥*) is shown in Supplementary Figure 1 (avail-
able online at http://informahealthcare.com/doi/abs/
10.3109/15622975.2015.1029518). However, no
variants were found in the miRNA seed region in
our study. The most interesting changes with a

Common and rare variants of miRNAs may have an
important impact on the fine-tuning of nervous
system pathways and contribute to genetic burden
in psychiatric disorders. Although several studies in
ASD identified miRNAs differentially expressed in
blood and brain (Abu-Elneel et al. 2008; Talebizadeh
et al. 2008; Sarachana et al. 2010; Ghahramani et al.

Table IV. Disease and disorders found overrepresented in the “top biological function” of ingenuity

pathway analysis (IPA).

Number of miRNA

Diseases and disorders

genes included

P-value range

Hereditary disorder

Skeletal and muscular disorders
Developmental disorder
Connective tissue disorders
Inflammatory disease

5.63E-07 — 1.49E-02
5.63E-07 — 4.03E-02
6.01E-07 — 1.49E-02
1.12E-05 - 2.77E-02
1.12E-05 - 2.77E-02

U W U os o
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2011), no study to date has explored the genetic
variability of this class of genes. Here, we present
the first comprehensive study of common and rare
variants of miRNA genes potentially involved in
ASD.

Common miRNA variants were explored through
a two-stage case—control association study. The dis-
covery study suggested association of miRNA genes
or clusters with ASD (Figure 1). However, none of
them could be replicated in the follow-up sample. In
order to increase the statistical power of our study
we performed a joint analysis of 28 SNPs genotyped
in both stages, consisting of 1,085 cases and 1,088
controls (Nsengimana and Bishop 2012). We identi-
fied two SNPs in two different clusters showing a
significant association with ASD that survived
correction for multiple testing: rs16882131 (miR-
133b/miR-206 cluster) and rs6492538 (miR-17/
miR-18a/miR-19a/miR-20a/miR-19b-1/miR92a-1
cluster). MiR-133b and miR-206, located in the
same cluster, are strong candidate genes for ASD on
the basis of their functional role. Both miRNAs reg-
ulate the proto-oncogene MET (Taulli et al. 2009;
Yan et al. 2009; Hu et al. 2010), which has consis-
tently been associated with autism (Campbell et al.
2006; Sousa et al. 2009; Thanseem et al. 2010).
Although the miR-133b/miR-206 cluster was ini-
tially considered to have muscle-specific expression,
recent studies indicate that miR-133b regulates
differentiation and maturation of dopaminergic
neurons (Hebert and de Strooper 2009), whereas
miR-206 regulates BDNF, a key regulator of synap-
tic plasticity (LLee et al. 2012), and is highly expressed
in rat cerebellum (Olsen et al. 2009). Moreover,
genetic studies have reported an association of
rs17578796, located in the vicinity of miR-206, with
schizophrenia (Hansen et al. 2007). This variant was
not included in our study, but is located in the miR-
133b/miR-206 LD block 2, which showed a sugges-
tive associated haplotype (Table II and Figure 4). It
is noteworthy that the association in this cluster was
not indexed by the same variant in the Spanish and
German populations, but driven by flip-flopping
associated markers. However, rs16882131 was the
only marker in this cluster that survived multiple
testing. This variant, 214 bp upstream from the
pre-miRNA-206 gene, is located in a potential
regulatory region and may be implicated in the com-
plex transcriptional elements that regulate the
uncoupled expression of mir-206 and miR-133b
(Cesana et al. 2011). We also found a significant
association for rs6492538 in cluster miR-17/miR-
18a/miR-19a/miR-20a/miR-19b-1/miR92a-1. This
variant is located approximately 9 kb upstream from
the miRNA genes.

The associations found in these clusters may high-
light regulatory allelic variants altering expression,
transcript tertiary structure, processing and trans-
port of the miRNA (Wu et al. 2008). Alterations in
miRNA dosages of these two clusters may perturb
neuronal homeostasis as shown by the enriched GO
categories of the validated target genes of these
miRNAs. Whereas SNPs flanking miRNA genes
may have a regulatory impact on their expression,
variants in the pre-miRNA may have strong conse-
quence for hairpin stability, or abolish interactions
with target gene sites when they occur in the func-
tional seed regions.

Genes where common variation has been identi-
fied as a risk factor for ASD could also be involved
in the disorder by means of rare variation. Thus, we
sequenced the eight pre-miRNA genes from the two
associated clusters in the Spanish sample, the only
cohort showing association signals in both clusters.
We identified only one variant in the 133b mature
miRNA gene, predicted to be neutral.

The first Mendelian disease caused by a mutation
in the seed region of a miRNA, responsible for
nonsyndromic progressive hearing loss, was reported
a few years ago (Mencia et al. 2009). Point muta-
tions in the miRNA seed regions may have dramatic
consequences by abolishing the interaction between
the miRNA and tens or hundreds of target genes,
misregulating specific physiological pathways. In this
study we used exome sequencing data from 101
individuals, including 41 autistic probands and their
parents, to explore the link of ASD with rare
aetiological variants in 701 pre-miRNA genes,
especially in their seed regions. The analysis of
miRNA-associated categories showed that the pool
of miRNAs bearing rare variants that are transmitted
to ASD siblings may have interesting implications for
autism. However, we failed to identify variants in the
seed regions, although several changes were found in
mature miRNAs or were predicted to alter hairpin
stability. Recently, rare and common variants in pre-
miRNA genes, but located outside the seed regions,
were reported to affect the correct maturation and
were associated with Mendelian or complex diseases
(Li et al. 2010; Solda et al. 2012). In our study we
found several rare variants in pre-miRNA genes that
may have a functional impact on miRNA processing
(Table III). For most of these miRNAs no data
were available concerning their target genes or their
function. The most interesting result was a mutation
in a conserved position of miR-541, predicted
to decrease miRNA stability by modifying the sec-
ondary structure due to the enlargement of a bulge
on the hairpin (Supplementary Figure 2 available
online at http://informahealthcare.com/doi/abs/10.
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3109/15622975.2015.1029518). This variant also
flanks a Drosha cleavage site that may affect the
actual mature miRNA cleavage (Li et al. 2010).
MiR-541 belongs to the brain-specific cluster, miR-
379-410 (Fiore et al. 2009), and has been reported
to be involved in neurite outgrowth by regulating the
X-linked gene SYN1 (Zhang et al. 2011). Recently,
loss-of-function mutations in SYN1 were reported
in individuals with autism and epilepsy (Fassio et al.
2011) Thus, variants affecting correct miR-541 pro-
cessing may also be involved in autism susceptibility.
Notwithstanding, functional studies are needed to
establish whether this variant has a specific func-
tional role.

In summary, here we present the first genetic
study of ASD that focuses on miRNA gene variabil-
ity. The results show that common allelic variants of
two clusters (miR-206/miR-133b and miR-17/miR-
18a/miR-19a/miR-20a/miR-19b-1/miR92a-1) and
rare variants of mature miRNA genes may confer
susceptibility to ASD. Further replication studies
and inspection of miRNA genes in larger exome
or genome datasets are warranted to elucidate the
role of this crucial class of regulatory genes in this
disorder.
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