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Genetic and functional analyses implicate microRNA 499A in
bipolar disorder development
Aileen Tielke1,2,19, Helena Martins3,19, Michael A. Pelzl4,18, Anna Maaser-Hecker1, Friederike S. David 1, Céline S. Reinbold5,6,7,
Fabian Streit 8, Lea Sirignano 8, Markus Schwarz9, Helmut Vedder9, Jutta Kammerer-Ciernioch9, Margot Albus10,
Margitta Borrmann-Hassenbach10, Martin Hautzinger11, Karola Hünten1, Franziska Degenhardt1,12, Sascha B. Fischer 6,7,
Eva C. Beins 1, Stefan Herms1,6,7, Per Hoffmann 1,6,7, Thomas G. Schulze8,13,14, Stephanie H. Witt 8,15, Marcella Rietschel 8,
Sven Cichon1,6,7,16, Markus M. Nöthen 1,20, Gerhard Schratt 3,20 and Andreas J. Forstner 1,16,17,20✉

© The Author(s) 2022

Bipolar disorder (BD) is a complex mood disorder with a strong genetic component. Recent studies suggest that microRNAs
contribute to psychiatric disorder development. In BD, specific candidate microRNAs have been implicated, in particular miR-137,
miR-499a,miR-708,miR-1908 andmiR-2113. The aim of the present study was to determine the contribution of these five microRNAs
to BD development. For this purpose, we performed: (i) gene-based tests of the five microRNA coding genes, using data from a
large genome-wide association study of BD; (ii) gene-set analyses of predicted, brain-expressed target genes of the five microRNAs;
(iii) resequencing of the five microRNA coding genes in 960 BD patients and 960 controls and (iv) in silico and functional studies for
selected variants. Gene-based tests revealed a significant association with BD for MIR499A, MIR708, MIR1908 and MIR2113. Gene-set
analyses revealed a significant enrichment of BD associations in the brain-expressed target genes of miR-137 and miR-499a-5p.
Resequencing identified 32 distinct rare variants (minor allele frequency < 1%), all of which showed a non-significant numerical
overrepresentation in BD patients compared to controls (p= 0.214). Seven rare variants were identified in the predicted stem-loop
sequences of MIR499A and MIR2113. These included rs142927919 in MIR2113 (pnom= 0.331) and rs140486571 in MIR499A
(pnom= 0.297). In silico analyses predicted that rs140486571 might alter the miR-499a secondary structure. Functional analyses
showed that rs140486571 significantly affects miR-499a processing and expression. Our results suggest that MIR499A dysregulation
might contribute to BD development. Further research is warranted to elucidate the contribution of the MIR499A regulated network
to BD susceptibility.
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INTRODUCTION
Bipolar disorder (BD) is a common mental disorder that is
characterized by recurrent episodes of depression and (hypo)
mania, as well as mixed features and psychotic symptoms in some
cases [1, 2]. The estimated lifetime prevalence of BD is around
1–2% [3, 4]. Notably, BD is associated with an increased risk of
suicide [5] and major socio-economic disadvantage [6].
Early family and twin studies demonstrated that despite an

estimated heritability of around 60–85% [7, 8], BD cannot be
based on a simple Mendelian hereditary pattern. Rather, a

consensus exists that BD involves an interaction between complex
polygenic mechanisms and diverse environmental factors [9]. In
recent years, genome-wide association studies (GWAS) have
identified several common risk loci for BD (e.g. refs. [10–18]).
The identified effects are modest or small and seem to accumulate
predominantly in specific biological pathways (e.g. refs.
[16, 18, 19]). Collectively, common variants account for around
20–30% of the total heritability of BD [16].
In recent years, several studies have investigated the contribu-

tion of rare variants in BD. The largest exome sequencing study to
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date was conducted by Palmer and colleagues [20] and comprised
13,933 patients with BD and 14,422 controls. However, in the
primary gene-based analysis of this study, no gene showed an
exome-wide significant association with BD.
MicroRNAs (miRNAs) are small, non-coding RNAs (~22 nucleo-

tides) that act as important mediators of the epigenetic regulation
of gene expression [21]. The canonical pathway of miRNA
biogenesis commences with transcription from a DNA sequence
into a primary (pri-) miRNA characterized by the presence of a
typical stem-loop (or hairpin) structure, followed by a two-step
processing via a precursor (pre-) into a single-stranded mature
miRNA [21]. The first processing reaction is mediated by Drosha, a
nuclear RNAse, which requires specific sequence elements in the
stem-loop structure for efficient cleavage and production of pre-
miRNA [22]. Pre-miRNAs are then further processed by the RNAse
Dicer in the cytosol, generating an intermediary duplex miRNA
[21]. From this intermediary duplex miRNA, one or both strands
(designated 5p- or 3p-, depending on their original location within
the pre-miRNA) are selected and separately incorporated into a
microRNA-induced-silencing-complex (miRISC) [23]. As such,
miRNAs bind specific target sequences in messenger RNAs
(mRNAs), usually in their 3’ untranslated region (UTR), in order
to induce mRNA degradation and translational inhibition [21].
However, additional target sites (5’UTR, coding sequences,
promotor regions) and mechanisms of action (e.g. upregulation
of gene expression, cell–cell interaction) have also been described
[21]. Since a single miRNA can target several hundred mRNAs, and
one mRNA can be controlled by several miRNAs [24], complex
regulatory networks are created.
Research has shown that miRNAs have effects on synaptic

function and plasticity, as well as on numerous neuronal
development processes [25, 26]. A plausible hypothesis, therefore,
is that miRNAs contribute to the development of neuropsychiatric
diseases, including BD [27, 28].
Initial studies have shown significantly altered miRNA expression

levels in the postmortem brain tissue of BD patients compared to
controls [29, 30]. Analyses of the blood of BD patients have also
shown alterations in circulating miRNAs [31], which suggests that
miRNAs represent potential disease biomarkers.
One of the strongest findings of a large GWAS of BD [15] was a

single-nucleotide polymorphism (SNP) in an intergenic region
flanking MIR2113. Using the summary statistics of this BD GWAS,
we performed a genome-wide analysis of miRNA coding genes
[32]. This identified nine BD-associated miRNA coding genes, of
which the brain-expressed MIR499, MIR708 and MIR1908 were
considered the most promising candidates for further analysis
[32]. Notably, a study by Banach and colleagues provided further
evidence that these three miRNAs might be potential biomarkers
for depressive episodes in BD patients [33]. Furthermore, a study
by Strazisar et al. [34] identified two functional variants flanking
MIR137, which were found more frequently in BD patients
compared to controls. Interestingly, MIR137 is located in a
genome-wide significant risk locus for schizophrenia [35], a
disorder that shows a strong genetic correlation with BD [36].
The aim of the present study was to determine the contribution

of the five miRNAs encoded by MIR137, MIR499A, MIR708, MIR1908
and MIR2113 to the development of BD. For this purpose, a four-
step investigation was conducted. This comprised gene-based
tests of miRNA coding genes, gene-set analyses of predicted,
brain-expressed miRNA target genes, resequencing of candidate
miRNA coding genes and in silico and functional studies of
selected variants.

MATERIALS AND METHODS
Gene-based tests of miRNA coding genes
Gene-based tests were performed using publicly available GWAS summary
statistics from the BD Working Group of the Psychiatric Genomics

Consortium (PGC), comprising data from 41,917 BD patients and 371,549
controls of European origin [16]. The gene-based tests were performed for
candidate miRNA genes MIR137, MIR499A, MIR708, MIR1908 and MIR2113
(RefSeq definitions [37]) using the gene analysis implemented in MAGMA
v1.09 (http://ctg.cncr.nl/software/magma; [38]). Briefly, SNPs within each
predicted miRNA stem-loop sequence ±20 kilobases (kb) flanking
sequences [32] were grouped together and analyzed using the SNP-wise
Mean model. The generated P-values were Bonferroni-corrected for the
number of tested miRNAs (n= 5).

Gene-set analyses of brain-expressed target genes
Gene-set analyses were performed to test for enrichment of genes
associated with BD in the predicted target genes of the five investigated
miRNAs. For this purpose, the target genes for miR-137, miR-499a-5p, miR-
708-5p, miR-1908-5p and miR-2113 were retrieved from the TargetScan
database (release 8.0; http://www.targetscan.org/vert_80/; [39]). The Brain-
Span database (https://www.brainspan.org/; [40]) was accessed to deter-
mine whether the target genes were expressed in the human brain.
Average expression values were calculated for six donors and nine different
brain regions (amygdaloid complex, cerebellar cortex, dorsolateral pre-
frontal cortex, hippocampus, inferolateral temporal cortex, primary motor
cortex, primary somatosensory cortex, posterior (caudal) superior temporal
cortex and ventrolateral prefrontal cortex). Genes with a mean expression
of >1.0 Reads Per Kilobase Million (RPKM) were considered brain-expressed.
Gene-set analyses of the predicted, brain-expressed target genes were
performed using summary statistics from the GWAS of the BD Working
Group of the PGC [16] and MAGMA v1.09 [38]. SNPs were assigned to genes
if they were located within the gene boundaries and ±20 kb flanking
sequences. As an enrichment of BD associations has been reported for
genes expressed in different brain tissues [16], brain-expressed genes [40]
were used as the background for the gene-set analyses. The generated P-
values were corrected for multiple testing using the Bonferroni method,
taking into account the number of tested target gene networks (n= 5).

Resequencing sample
The resequencing sample comprised 960 BD patients and 960 controls of
German origin.
All 960 patients (44.8% male, 55.2% female) were diagnosed with BD

according to DSM-IV criteria. Patient recruitment was carried out at the
Central Institute of Mental Health in Mannheim, University of Heidelberg,
and other collaborating psychiatric hospitals in Germany.
The controls (46.6% male, 53.4% female) were drawn from a population-

based sample that was recruited in the Bonn area as part of the German
National Genome Research Network [41].
The study was approved by the respective local ethics committees. All

participants provided written informed consent.

Resequencing
DNA was extracted from peripheral venous blood samples using standard
methods. The chromosomal positions of MIR137, MIR499A, MIR708,
MIR1908 and MIR2113 (RefSeq definitions [37]) were retrieved from the
UCSC Genome Browser (assembly Feb. 2009, GRCh37/hg19). Primers were
designed using the Primer3 software [42]. The resulting amplicons were
between 337 and 694 base pairs (bp) in size, including the respective
predicted miRNA stem-loop sequence and flanking sequences. Polymerase
chain reactions (PCR) were carried out on Bio-Rad C1000 and Bio-Rad
S1000 Thermal Cyclers (Bio-Rad, Hercules, CA, USA). Purification was
performed using the AMPure XP PCR Purification kit and the Sanger Dye
Terminator Removal kit of Beckman Coulter (Indianapolis, IN, USA).
Sequence information was generated by Beckman Coulter Genomics
(Essex, UK) on an Applied Biosystems PRISM 3730xl capillary sequencer
(DNA Analyzer), and analyzed by the present authors using SeqMan II
expert sequence analysis software (DNAStar, Madison, WI, USA). Variants
were considered rare if they had a minor allele frequency (MAF) < 1% in
the combined case-control sample, and novel if they were not present in
the dbSNP 154 database [43]. All rare variants located in the predicted
miRNA stem-loop sequence were validated via Sanger sequencing of an
independent amplicon.
Primer sequences, further reagents used in experiments, and specific

experimental conditions are available from the authors upon request. Due
to experimental failures, individual miRNA coding genes and genetic
variants were not investigated in all patients and controls. For quality
control, a call rate of 95% (combined patients and controls) was applied for
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detected variants. One rare sequence variant near MIR137 was excluded
due to a low call rate (50.1%).
To evaluate the association with case-control status of common and rare

sequence variants and the variable number tandem repeat (VNTR) at
MIR137, Fisher’s exact tests (two-tailed) were performed in R v3.6.1, based
on the distribution of allele counts. P-values for the different repeat alleles
of the VNTR (n= 12) were corrected for multiple testing using the
Bonferroni method.
Statistical evaluation of all rare variants at the five microRNA loci was

also performed using Fisher’s exact test (two-tailed), taking into account
the number of BD patients and controls who carried at least one rare
sequence variant.

Secondary structure prediction
Secondary structures were created using the Vienna RNA Package 2.0 [44]
in order to determine whether the detected variants in miR-499a
(rs140486571), miR-2113 (rs142927919) and miR-1908 (rs174561) led to
changes in the predicted miRNA stem-loop structure present in the pre-
and/or pri-miRNA sequence. Secondary structure prediction was per-
formed using the minimum free energy (MFE) prediction algorithm.

Functional analysis of selected variants
Functional analyses were performed for rs140486571 in MIR499A and
rs174561 in MIR1908, since these variants were predicted to alter the
secondary structure of the stem-loop present in the respective pre-/pri-
miRNAs.

DNA plasmids
Primary miRNAs were amplified from human genomic DNA using Pfu Plus!
DNA Polymerase (Roboklon GmbH, Berlin, Germany), in accordance with
the manufacturer’s instructions, and XbaI- and SalI-flanked primers. These
primary miRNAs were then inserted into the pmirGLO dual-luciferase
expression vector (Promega, Madison, WI, USA). Variants in miR-499a
(rs140486571) and miR-1908 (rs174561) were produced by site‐directed
mutagenesis using Pfu Plus! DNA Polymerase (Roboklon GmbH, Berlin,
Germany), in accordance with the manufacturer’s instructions.
shRNA sequences to silence the pri-miRNA processing enzyme Drosha

and control shRNA were obtained from Dharmacon siRNA online design
centre and cloned into pSuper vector (Oligoengine, Seattle, WA, USA) for
transfections, as described elsewhere [45].

Primer sequences (5’ to 3’)
Cloning. hsa-pri-miR-499a_Fwd: TGTCTCTAGACATCGTTCCAGACGGTGTCC
hsa-pri-miR-499a_Rev: TATAGTCGACGAATTGGATGCCGCAGTGGT
hsa-pri-miR-1908_Fwd: TGTATCTAGACCTATCCACTACCCTGGCG
hsa-pri-miR-1908_Rev: TATAGTCGACGGGCACTTCTGCGTTTCTTC
Control shRNA_Fwd 1: GATCCCCAAACCTTGTGGTCCTTAGGTTCAAGAGA
Control shRNA_Fwd 2: CCTAAGGACCACAAGGTTTTTTTTA
Control shRNA_Rev 1: AGCTTAAAAAAAACCTTGTGGTCCTTAGGTCTCTTGAA
Control shRNA_Rev 2: CCTAAGGACCACAAGGTTTGGG
Drosha shRNA_Fwd 1: GATCCCCCAACATAGACTACACGATTTTCAAGAGA
Drosha shRNA_Fwd 2: AATCGTGTAGTCTATGTTGTTTTTGGAAA
Drosha shRNA_Rev 1: AGCTTTTCCAAAAACAACATAGACTACACGATTTC

TCTTGAA
Drosha shRNA_Rev 2: AATCGTGTAGTCTATGTTGGGG

Mutagenesis. Mutant hsa-pri-miR-499a_Fwd: GCCCTGTCCCCTGTGCCTTGG
GCAGGCGGCTGTTAAGACTTGCAG
Mutant hsa-pri-miR-499a_Rev: CTGCAAGTCTTAACAGCCGCCTGCCCAAG

GCACAGGGGACAGGGC
Mutant hsa-pri-miR-1908_Fwd: CCGCAGTGTGATTTGGGGCCGGGAATG

CCGCGGCGGGGAC
Mutant hsa-pri-miR-1908_Rev: GTCCCCGCCGCGGCATTCCCGGCCCCAA

ATCACACTGCGG

Primary neuronal cell culture
Primary hippocampal and cortical cultures were prepared from embryonic
day 18 (E18) male and female Sprague Dawley rats (Charles River
Laboratories, Sulzfeld, Germany), as described elsewhere [46]. Hippocam-
pal neurons were plated on acid-treated coverslips coated with Poly-L-
Lysine (Sigma, Steinheim, Germany) and Laminin (BD Biosciences, San Jose,
CA, USA). Cortical neurons were directly cultured on plates coated with

Poly-L-Ornithine (Sigma). Neurons were maintained in Neurobasal medium
containing 2% B-27 supplement, 2 mM GlutaMAX, 100 U/ml penicillin and
100 μg/ml streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA,
USA) in a humidified incubator with 5% CO2 at 37 °C.

Transfections
For luciferase assays, hippocampal neurons were plated at a density of 75,000
cells per well on a 24-well plate. Cells were transfected at DIV 15 with 100 ng
of wild-type or mutant pmirGLO luciferase reporters and 5 ng of shRNAs
using the Lipofectamine 2000 reagent (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA), in accordance with the manufacturer’s instructions. For
quantitative PCR (qPCR), four million freshly isolated cortical neurons were
transfected with 2 µg of wild-type or mutant pmirGLO luciferase reporters
using the P3 Primary Cell 4D-Nucleofector Kit (Lonza, Basel, Switzerland), in
accordance with the manufacturer’s instructions.

HEK293T cell culture and transfection
HEK293T cells were obtained from the American Type Culture Collection
(ATCC) and regularly checked for mycoplasma contamination using PCR-
based assays. HEK293T cells were maintained in DMEM supplemented with
10% fetal bovine serum (FBS), 1 mM glutamine, 100 U/ml penicillin and
100 μg/ml streptomycin (Thermo Fisher Scientific, Waltham, MA, USA), in a
humidified incubator with 5% CO2 at 37 °C. One day prior to transfection,
cells were seeded in 24-well plates for luciferase reporter assay
experiments or six-well plates for qPCR. HEK293T cells were transfected
with 0.6 μg of DNA per well of a 24-well plate and 2.4 μg per well of a six-
well plate using the calcium phosphate method, with a final CaCl2
concentration of 0.1 M.

Luciferase reporter assay
Neurons and HEK293T cells were lysed in 5× Passive Lysis Buffer (Promega)
72 h post-transfection. Luciferase assay experiments were performed using
a modified Dual-Luciferase Reporter Assay System, as described previously
by Baker & Boyce [47], and the GloMax R96 Microplate Luminomiter
(E1941, Promega). Relative luciferase activity was calculated as a ratio of
Firefly to Renilla signal.

Quantitative real-time PCR
Total RNA was isolated using the mirVana miRNA isolation kit (AM1561,
Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), in accordance
with the manufacturer’s instructions, and then treated with TURBO™ DNase
(Ambion, Thermo Fisher Scientific, Waltham, MA, USA) to remove potential
genomic DNA contaminations. RNA was reverse transcribed using the
TaqMan MicroRNA Reverse Transcription kit (4366597, Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA, USA), in accordance with the
manufacturer’s protocols. Quantitative real-time PCR was performed with
the StepOnePlus Real‐Time PCR System (Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA, USA), and TaqMan Universal PCR Master
Mix (4364341, Applied Biosystems, Thermo Fisher Scientific, Waltham, MA,
USA). For the quantification of mature miR-499a, TaqMan miRNA Assays
hsa‐miR-499a‐5p (Assay ID: 001352) and U6 snRNA (Assay ID: 001973)
were used.

Northern Blot
Northern Blot detection of mature and precursor miR-499a was performed
as described elsewhere [48]. HEK293T cells were seeded in six-well plates
and transfected with 250 ng of pmirGLO plasmids containing either pri-
miR-499a wild-type or the rs140486571 variant. Twenty micrograms of
total RNA were separated in a denaturing urea 15% PAGE gel (Mini-
PROTEAN system; Bio-Rad, Hercules, CA, USA), and blotted onto a
GeneScreen Plus nylon membrane (PerkinElmer, Waltham, MA, USA) using
radioactively labelled Decade marker (Ambion, Thermo Fisher Scientific,
Waltham, MA, USA) as a molecular marker. RNA was crosslinked to the
membrane by ultraviolet irradiation (1200 mJ), followed by baking of the
membrane for 30min at 80 °C. The membrane was pre-incubated in
hybridization buffer (5 × SSC, 20 mM Na2HPO4 (pH= 7.2), 7% SDS, 2 ×
Denhardt’s solution, 40 μg/mL salmon sperm DNA) for at least 2 h at 50 °C
at constant rotation, followed by incubation overnight at 50 °C in
hybridization buffer containing the denatured [32 P] labelled DNA probe.
The membrane was washed twice for 10min and twice for 30min at 50 °C
with a non-stringent wash solution (3 × SSC, 25 mM NaH2PO4 (pH= 7.5),
5% SDS, 10 × Denhardt’s solution), and then once for 5 min at 50 °C with
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stringent wash solution (1 × SSC, 1% SDS). RNA detection was conducted
via autoradiography using the Cyclone Plus Phosphor Imager (PerkinElmer,
Waltham, MA, USA). The DNA probes were as follows (5’ to 3’):
U6 snRNA: GCAGGGGCCATGCTAATCTTCTCTGTATCG
miR-499a: TGAACATCACAGCAAGTCTGT

Statistics
Data are represented as means ± standard deviation. Three independent
experiments were performed for each dataset, unless otherwise specified.
Normal distribution was tested with the D’Agostino & Pearson omnibus
normality test, the Shapiro-Wilk normality test and the KS normality test. P-
values were calculated using the unpaired Student’s t-test (two-tailed,
heteroscedastic) for one-way comparisons, or two-way ANOVA followed by
Tukey’s post hoc test for multi-way comparisons. Data were analyzed using
GraphPad Prism. In all graphs, the significance level is indicated by * for
p < 0.05, ** for p < 0.01 and *** for p < 0.001.

RESULTS
Gene-based tests of miRNA coding genes
A significant association was found for the miRNA coding genes
MIR499A, MIR708, MIR1908 and MIR2113 after correction for
multiple testing (Table 1). Of these, the strongest association with
BD was found for MIR1908 (pcorr= 5.38 × 10−12). No association
with BD was found for MIR137 (pcorr= 0.697).

Gene-set analyses of brain-expressed target genes
The gene-set analyses revealed a significant enrichment of BD
associations in the predicted, brain-expressed target genes of miR-
137 and miR-499a-5p after Bonferroni correction for multiple
testing (Table 2).

Resequencing
A total of 36 independent sequence variants were identified at the
five miRNA loci. These included four common variants (MAF ≥ 1%;
rs174561 in MIR1908, rs3746444 in MIR499A, rs117428639 in
MIR2113 and rs9375085 downstream of MIR2113). None of these
four common variants showed an association with BD in the
resequencing sample. The lowest nominal P-value in the
resequencing step was found for rs174561 (pnom= 0.053).
The 32 distinct rare sequence variants (MAF < 1%, Supplemen-

tary Table 1) showed a non-significant numerical overrepresenta-
tion in BD patients compared to controls (n= 57 in 57 patients
versus n= 42 in 42 controls, p= 0.214; Table 3). The rare variants
comprised single-nucleotide substitutions, as well as small
deletions and insertions. All of the observed rare variants were
found in a heterozygous state.
Seven rare variants were identified within the predicted stem-

loop sequences of MIR499A and MIR2113. These included a rare
guanosine to adenosine substitution (rs142927919) in MIR2113,
which was detected in 10 BD patients (four males, six females;
mean age at onset according to the Operational Criteria Checklist

for Psychotic Illness and Affective Illness (OPCRIT): 26.4 years) and
six controls (two males, four females; pnom= 0.331). In MIR499A, a
rare point mutation (rs140486571) was detected in nine BD
patients (three males, six females; mean age at onset according to
OPCRIT: 31.6 years) and five controls (all male; pnom= 0.297). No
rare variants were detected in the predicted stem-loop sequences
of MIR137, MIR708, or MIR1908.
At the MIR137 locus, investigations were performed into a 15 bp

long VNTR (rs58335419; Supplementary Table 2). In the resequen-
cing sample, 3–14 repeats of the VNTR were observed. Of the
various repeat alleles, only the 11 repeat allele showed a
nominally significant overrepresentation in BD patients compared
to controls (pnom= 0.009). However, this association did not
withstand stringent Bonferroni correction for multiple testing
(pcorr= 0.103).

Secondary structure prediction
Secondary structure predictions were performed for rs140486571
in MIR499A, rs142927919 in MIR2113 and rs174561 in MIR1908
(Fig. 1). For rs140486571 and rs174561, minor changes in the
predicted secondary structure were observed for the predicted
stem-loops of miR-499a and miR-1908 compared to the respective
wild-type sequences. Although these did not affect the mature
miRNA sequence, they were located in close proximity to the
predicted Drosha cleavage sites (Fig. 1A, C). For rs142927919, no
change in the secondary structure of miR-2113 was observed (Fig.
1B).

Functional analyses
Functional analyses were performed for rs140486571 in MIR499A
and rs174561 in MIR1908, since these variants were predicted to
alter the secondary structure of the respective miRNAs.
To assess the functional relevance of the two variants in terms

of the biogenesis of the respective miRNAs, luciferase reporter
assays were performed in HEK293T cells and primary rat
hippocampal neurons. Either wild-type or mutant (rs140486571/
miR-499a; rs174561/miR-1908) pri-miRNA stem-loop sequences
were cloned downstream of the luciferase coding sequence (cds)
within the pmiR-Glo dual luciferase vector. Upon transfection into
cells, enhanced or impaired pri-miRNA processing is expected to
result in reduced or elevated luciferase expression, respectively.
In both HEK293T cells and primary neurons (Fig. 2A, B),

transfection of mutant miR-499a vector caused a significant
increase in luciferase activity compared to the wild-type variant,
indicating a strong impairment of the processing of the pri-miR-
499a stem-loop sequence as a result of the G/A variant. In
contrast, no differences were observed between the miR-1908
mutant and wild-type vectors. To generate further insights into
the mechanism underlying this impaired miR-499a processing,
luciferase assay experiments were performed in the context of
shRNA-directed Drosha knockdown (Fig. 2C). Drosha is the core

Table 1. Results of the gene-based tests for the five microRNA coding genes.

GENE CHR START STOP NSNPS NPARAM ZSTAT P Pcorr
MIR137 1 98491626 98531727 111 10 1.0829 0.139 0.697

MIR2113 6 98452407 98492497 64 11 4.6726 1.49E-06 7.44E-06

MIR1908 11 61562633 61602712 52 6 7.0242 1.08E-12 5.38E-12

MIR708 11 79093066 79133153 147 13 3.3019 4.80E-04 0.002

MIR499A 20 33558179 33598300 101 11 2.3858 0.009 0.043

Overview of the results of the gene-based tests for the five microRNA (miRNA) coding genes, as performed using MAGMA [38] and the summary statistics of a
large bipolar disorder (BD) genome-wide association study [16]. Chromosomal positions are given according to hg19. The miRNA coding genes indicated in
bold font showed a significant association with BD after Bonferroni correction for multiple testing.
CHR chromosome, NSNPS number of single-nucleotide polymorphisms, NPARAM number of parameters used in the model, ZSTAT z-value of the miRNA coding
gene, P P-value of the miRNA coding gene, Pcorr P-value after Bonferroni correction for multiple testing.
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enzyme of the microprocessor complex, and is essential for the
efficient processing of pri-miRNAs into pre-miRNAs. Drosha
knockdown selectively elevated the luciferase activity of the
wild-type, but not the mutant miR-499a vector, demonstrating
that Drosha is responsible for the differences in processing
efficiencies between the wild-type and G/A variant. Analyses to
determine whether impaired miR-499a processing translated into
reduced levels of mature miR-499a revealed that transfection of
the mutant miR-499a construct led to significantly less mature
miRNA expression compared to the wild-type in both
HEK293T cells (Fig. 2D) and primary rat cortical neurons (Fig. 2E),
as determined by qPCR. Similarly, Northern blot experiments
(Fig. 2F) showed a trend towards a reduction in the levels of
mature miR-499a as well as pre-miR-499a in HEK293T cells
transfected with the mutant miR-499a construct, which is
consistent with impaired Drosha-mediated pri-miR-499a proces-
sing secondary to the mutation.

DISCUSSION
In the present study, a systematic investigation was performed to
determine the contribution of five candidate miRNAs to the
development of BD.
The gene-based tests revealed a significant association with BD

for the miRNA coding genes MIR499A, MIR708, MIR1908 and
MIR2113 after stringent Bonferroni correction for multiple testing.
These results are consistent with the findings of a previous study
by our group [32], which showed significant associations with BD
for MIR499, MIR708 and MIR1908 after correction for multiple
testing, while the result for MIR2113 was only nominally

significant. In our previous investigation, the gene-based tests
were performed using an alternative method (set-based testing
approach adapted from the versatile gene-based test for GWAS
[49]), and a smaller BD GWAS dataset (9747 patients, 14,278
controls [15]). Almost all of the latter were included in the larger
PGC BD GWAS [16] investigated in the present study, which
comprised a total of 41,917 patients and 371,549 controls.
The results of the gene-set analyses showed that genes with BD

associations are significantly enriched in the predicted, brain-
expressed target genes of the miRNAs 137 and 499A. These results
provide further evidence that the network regulated by MIR499A is
involved in the development of BD at both the miRNA coding
gene- and the target gene level.
Interestingly, while enrichment was observed in the brain-

expressed target genes of miR-137, no association between
MIR137 per se and BD was found in the gene-based tests for
common genetic variants. Given that previous studies reported a
genome-wide association between common variants in an intron
of a putative primary transcript for MIR137 and schizophrenia (e.g.
ref. [50]), this finding may suggest that the contribution of the
MIR137 regulated network to disease development differs
between schizophrenia and BD [36].
In the resequencing step, rare variants were identified in the

predicted stem-loop sequences of MIR2113 and MIR499A only. Of
these, two variants (rs142927919 in MIR2113 and rs140486571 in
MIR499A) were found in more than two subjects and showed a
statistically non-significant overrepresentation in BD patients
compared to controls. In silico analyses predicted that while
rs140486571 might affect the secondary structure of miR-499a,
rs142927919 does not affect the secondary structure of miR-2113.
Subsequent functional analyses generated evidence that
rs140486571 significantly affects miR-499a processing and expres-
sion, which might lead to a dysregulation of downstream target
gene networks. This, in turn, might contribute to the development
of BD. Given the close proximity of rs140486571 to the predicted
Drosha cleavage site (Fig. 1A), a plausible hypothesis is that reduced
miR-499a expression is a result of impaired pri-miRNA processing by
Drosha. The observation that differences in processing activity were
occluded in Drosha knockdown cells (Fig. 2C) is consistent with this
interpretation. Interestingly, although the common variant rs174561
also affected the secondary structure of miR-1908 close to the
Drosha cleavage site, this had no functional implications (Fig. 2A).
Besides the distances from apical and basal junctions and cis-acting
elements, internal loops and bulges can promote or hinder the
interaction between pri-miRNA and Drosha [51, 52]. We, therefore,
hypothesize that by adding a new bulge to the secondary structure
of miR-499a, rs140486571 creates a physical barrier to proper
recognition and/or binding of the microprocessor that is not
observed in rs174561 (Fig. 1A, C).
With regard to molecular mechanisms, recent studies found

that miR-499 targets CACNB2, a regulatory subunit of L-type

Table 2. Results of the gene-set analyses of brain-expressed target genes of the five microRNAs.

MIRNA NGENES BETA BETA_STD SE P Pcorr
miR-137 1051 0.1194 0.0346 0.0366 5.53E-04 0.003

miR-2113 3102 0.0533 0.0237 0.0234 0.011 0.057

miR-1908-5p 1730 0.0650 0.0234 0.0287 0.012 0.059

miR-708-5p 70 0.0594 0.0046 0.1217 0.313 >0.999

miR-499a-5p 344 0.1488 0.0255 0.0610 0.007 0.037

Overview of the results of the gene-set analyses of the predicted, brain-expressed target genes of the five microRNAs (miRNAs), as performed using MAGMA
[38] and the summary statistics of a large bipolar disorder (BD) genome-wide association study [16]. A significant enrichment of BD associations was detected
for the brain-expressed target genes of two of the five miRNAs (indicated in bold font) after Bonferroni correction for multiple testing.
NGENES number of predicted brain-expressed target genes [39, 40], BETA regression coefficient of the target gene-set, BETA_STD semi-standardized regression
coefficient, SE standard error of the regression coefficient, P P-value of the brain-expressed target genes of the miRNA, Pcorr P-value after Bonferroni correction
for multiple testing.

Table 3. MicroRNA-based distribution of the identified rare sequence
variants.

Gene All variants Variants located in the
predicted microRNA
stem-loop sequence

Patients Controls Patients Controls

MIR2113 26 18 11 7

MIR499A 24 14 11 8

MIR137 3 3 0 0

MIR708 3 3 0 0

MIR1908 1 4 0 0

Total 57 42 22 15

Minor allele frequency of variants <1%; patients= number of alterations
observed in patients; controls= number of alterations observed in
controls.
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voltage-gated calcium channels (LVGCC), which are the primary
mediators of depolarization-induced calcium entry into neurons
[53, 54]. CACNB2 is a reported susceptibility gene for BD [16].
Furthermore, calcium dysregulation—in particular of LVGCCs—
has been frequently implicated in the pathogenesis of neuropsy-
chiatric disorders, including BD [55]. A plausible hypothesis is that
in rs140486571 carriers, miR-499a deficiency leads to elevated
CACNB2 levels, which results in turn in increased intracellular
calcium levels and BD susceptibility. This is supported by a recent
meta-analysis of 21 independent studies, which found that the
peripheral cells of BD patients showed increased levels of
intracellular calcium [56]. Further experiments are warranted to
investigate whether the miR-499/CACNB2 interaction is implicated
in the pathogenesis of BD.
A previous study by Banigan et al. [29] demonstrated an

alteration in the expression of exosomal miR-499 in the post-

mortem brains of BD patients compared to controls. Furthermore,
in their investigation of BD patients, Banach and colleagues
reported lower expression levels of miR-499 during depressive
episodes compared to the remission state [33], which might
suggest that miR-499 is a promising biomarker for depressive
episodes in BD. In a previous study of lithium response in BD, the
present authors performed a genome-wide analysis of miRNA
coding genes and demonstrated a nominally significant associa-
tion with MIR499A [28]. These findings, and the results of the
present study, indicate that MIR499A might be involved in the
development, disease course and treatment response of BD.
Elucidation of the precise role of MIR499A in BD will require: (i)
functional studies of the associated common genetic variants (e.g.
miRNA expression quantitative trait loci (miR-QTL) studies) in
relevant cells/tissues; and (ii) follow-up analyses of rare MIR499A
variants in larger BD case-control samples.

Fig. 1 Secondary structure prediction. Minimum free energy (MFE) secondary structure prediction of A miR-499a wild-type and rs140486571
(G/A); B miR-2113 wild-type and rs142927919 (G/A) and C miR-1908 wild-type and rs174561 (A/G) sequences. The positions of the variant
nucleotides are indicated by black circles. Regions of the mature miRNAs are highlighted in colour (green for 3p, red for 5p). Drosha cleavage
sites on both strands are indicated by scissors.
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The in silico secondary structure prediction for rs142927919
revealed no changes in miR-2113. However, this does not exclude
the possibility that this variant has a functional effect. Therefore,
rs142927919 should also be followed up via functional investiga-
tions and analyses in larger, independent sequencing cohorts.
In the other three miRNA coding genes (MIR137, MIR708 and

MIR1908), no rare variants were identified in the predicted stem-
loop sequences. Although we cannot rule out the presence of
ultra-rare sequence variants, the present results indicate that these
genomic regions are highly conserved. If so, a plausible hypothesis
is that genetic changes in the mature miRNA sequences lead to
more pronounced effects [57]. This might also explain the
generally high conservation of miRNA sequences that has been
demonstrated in previous studies [57–59].
The present results were compared with those of previous

studies [34, 60, 61]. In an investigation of BD and schizophrenia,
Fiorentino and colleagues reported three variants at the MIR708
locus, i.e. rs754333774, rs768049399 and rs56158925 [61]. Of
these, only rs754333774 was detected in our resequencing
sample. However, the variant was not overrepresented in BD
patients (one BD patient versus two controls, Supplementary
Table 1). Variant rs768049399 was not detected in our sample,
which might reflect the very low reported MAF of this variant. No

statement can be made concerning variant rs56158925, since this
chromosomal position was not covered by the selected
primer pair.
At the MIR137 locus, the -4C/T variant rs185304769 reported by

Strazisar et al. [34] was identified in one patient and three controls
from the present resequencing sample (Supplementary Table 1).
Thus, the observation by Strazisar et al. [34] that this variant was
overrepresented in patients with BD compared to controls was not
replicated. With respect to the VNTR, the present analyses
identified a nominally significant association of the 11-repeat
allele with BD that did not withstand Bonferroni correction for
multiple testing. As in the investigation of Strazisar et al. [34], the
8-repeat allele had a slightly higher frequency in BD patients
compared to controls in the present sample (Supplementary Table
2). However, in contrast to Strazisar et al. [34], this overrepresenta-
tion was not statistically significant (pcorr > 0.999).
The rare BD-associated variant “1:g.98515539 A > T” reported by

Duan et al. [60] is located around 3800 bp upstream of the
precursor MIR137. This variant was not investigated in the present
study, since the resequencing approach focused on the predicted
MIR137 stem-loop sequence. Therefore, our results do not exclude
the possibility that rare variants in regulatory elements (e.g.
enhancers) flanking MIR137 might contribute to BD development.

Fig. 2 Variant rs140486571 significantly affects miR-499a processing and expression. miRNA processing was evaluated using luciferase
reporter assay experiments in HEK cells (A) and hippocampal neurons (B) transfected with pmirGLO plasmids. The plasmids contained either a
wild-type sequence, or a sequence bearing the variant of pri-miR-499a (pri-miR-499a G/G and A/A, respectively) or pri-miR-1908 (pri-miR-1908
A/A and G/G, respectively). Relative luciferase activity represents the ratio of Firefly to Renilla control reporter activity. C Luciferase reporter
assay from hippocampal neurons transfected with pri-miR-499a-G/G and A/A, both with and without Drosha knockdown directed by an
shRNA (shDrosha), demonstrates that Drosha is unable to process the mutant miR-499 variant. Relative levels of mature miR-499 were assessed
using qPCR in HEK cells (D) and cortical neurons (E) transfected with pri-miR-499a G/G or A/A. Data represent relative miR-499a expression,
normalized to U6 snRNA expression (2−ΔCt). F Northern blot analysis of miR-499a and pre-miR-499a in HEK cells transfected with pri-miR-499a
G/G and A/A. U6 snRNA was probed and used as a control RNA. Data are presented as individual data points, with bar plots showing the mean
and standard deviation (n= 3 independent experiments for luciferase reporter assays and qPCR, and n= 2 independent experiments for
northern blot). Statistical significance between pri-miR-499a G/G and pri-miR-499a A/A groups was determined using an unpaired Student’s
t-test (*p < 0.05, **p < 0.01, ***p < 0.001). ns not significant.
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In addition, we compared our results with data from the BipEx
browser (https://bipex.broadinstitute.org/), which includes findings
from the recent Palmer et al. study [20]. The BipEx browser listed
variants at the loci of miRNAs 137 and 499 A (as of July 2021). At
the MIR137 locus, the variant rs185304769 was also detected in
BipEx at a slightly higher frequency in controls compared to BD
patients (MAF= 6.12E-04 in BD patients versus 8.34E-04 in controls,
p= 0.406). At the MIR499A locus, four variants identified in the
present study were also listed in the BipEx browser. The variant
rs557768162 was identified in one patient with BD and no controls.
The other three variants rs140486571, rs150018420 and rs7267163
were found in nearly comparable frequencies in patients and
controls, and showed no association with BD (p > 0.684 [20]). These
results provide no strong evidence for an association between BD
and the variant rs140486571, which showed functional effects on
miR-499a processing and expression in the present analyses.
However, the possibility that rs140486571 contributes to BD
development with a small effect size is not completely excluded.
Therefore, follow-up studies of this variant in larger case-control
cohorts are required before definitive conclusions can be drawn.
The present study had several limitations. First, the gene-based

tests investigated variants in the predicted stem-loop sequences
of miRNA coding genes as well as in flanking sequences. However,
four of the five analyzed miRNAs (i.e. miRNAs 137, 499A, 708 and
1908) are located in host genes. Therefore, the applied statistical
approach cannot determine whether the associations detected by
the gene-based tests refer to the miRNA, the host gene, both the
miRNA and the host gene, or to nearby functional elements [32].
To determine their relevance, functional analyses of the BD-
associated genetic variants are therefore necessary, e.g. experi-
ments involving the use of miR-QTL data. Second, the gene-set
analyses were focused on brain-expressed target genes, since an
enrichment of BD associations has been reported for genes
expressed in different brain tissues [16]. However, it should be
noted that a prerequisite for the interaction between miRNAs and
target genes is their co-expression in tissues or cells. Future
studies should therefore investigate the tissue- and cell-specific
regulation of the predicted target gene networks by the
respective miRNA in order to identify those target genes that
are (most) relevant for BD development. Third, although the
present study investigated almost 1000 BD patients and 1000
controls, the power to detect associations with rare variants was
limited [62]. Fourth, the present study focused on five miRNAs
reported in the literature. However, our previous genome-wide
analysis of common variants [32] showed that miRNA loci, in
general, are enriched for associations with BD. Systematic
investigations are therefore warranted to determine the contribu-
tion of rare variants at all known miRNA loci, e.g. via targeted (re-)
analysis of whole-genome sequencing data, or by applying
innovative next-generation sequencing technologies, such as
molecular inversion probes [63].
Given that the regulation of miRNA function is highly complex, a

lack of evidence of BD-associated common or rare sequence
variants at the miRNA locus does not exclude the involvement of
the respective miRNA-regulated network in disease development.
Among others, relevant variants have been identified in the 3’UTRs
of target genes [64] or in nearby located regulatory elements [60].
The present analyses revealed significant enrichment for the brain-
expressed MIR137 target gene network, while common variants at
the MIR137 locus were not associated with BD in the gene-based
tests. However, future systematic research is required to determine
the contribution of common and rare genetic variants at the
various genomic levels of miRNA-regulated networks.
In conclusion, the results of the present genetic and functional

analyses provide further evidence that MIR499A may be involved
in the development of BD. Further research is warranted to
elucidate the molecular network that is regulated by MIR499A, and
its complex contribution to BD susceptibility.
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