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Identification of cis- and trans-regulatory variation
modulating microRNA expression levels
in human fibroblasts
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Department of Genetic Medicine and Development, University of Geneva Medical School, Geneva 1211, Switzerland

MicroRNAs (miRNAs) are regulatory noncoding RNAs that affect the production of a significant fraction of human
mRNAs via post-transcriptional regulation. Interindividual variation of the miRNA expression levels is likely to influence
the expression of miRNA target genes and may therefore contribute to phenotypic differences in humans, including
susceptibility to common disorders. The extent to which miRNA levels are genetically controlled is largely unknown. In
this report, we assayed the expression levels of miRNAs in primary fibroblasts from 180 European newborns of the
GenCord project and performed association analysis to identify eQTLs (expression quantitative traits loci). We detected
robust expression for 121 miRNAs out of 365 interrogated. We have identified significant cis- (10%) and trans- (11%) eQTLs.
Furthermore, we detected one genomic locus (rs1522653) that influences the expression levels of five miRNAs, thus
unraveling a novel mechanism for coregulation of miRNA expression.

[Supplemental material is available online at http:// www.genome.org. The miRNA expression data from this study has
been submitted to the NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession no.
GSE24610. The genotyping data from this study have been submitted to the EMBL-EBI European Genome-phenome

Archive (http:// www.ebi.ac.uk/ega/) under accession no. EGASO0000000056.]

The discovery of microRNAs (miRNAs) (19- to 25-nt-long single-
stranded RNA molecules) has revealed a new mechanism for the
regulation of protein-coding gene expression (Ambros 2004; Bartel
2004; Baek et al. 2008; Selbach et al. 2008). Dosage alterations of
miRNA levels are thought to be involved in human disease path-
ogenesis (Bartel 2004; Kloosterman and Plasterk 2006; Bushati and
Cohen 2007; Bartel 2009; Xiao and Rajewsky 2009). One of the
least understood aspects of miRNA biogenesis concerns the regu-
lation of its expression levels. Approximately half of the miRNAs
identified to date are located in intergenic regions and are there-
fore likely to possess their own promoter and enhancer elements.
The remaining miRNAs map to introns of protein-coding genes
and are transcribed from the same strand (Saini et al. 2008). How-
ever, it is not yet clear whether these miRNAs are the by-products
of protein-coding gene transcription or whether their transcrip-
tion is controlled by independent regulatory elements. Since
miRNA genes are transcribed by RNA polymerase II, it is likely
that they share a similar mode of regulation with protein-coding
mRNAs.

The goal of this study was to identify genetic variation asso-
ciated with miRNA levels, as a way to dissect the elements and
mechanisms governing miRNA expression.
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Recent genetic analyses have demonstrated that transcription
levels of protein-coding genes behave as heritable quantitative
traits and display significant associations with genetic variants,
including single nucleotide polymorphisms (SNPs) and copy num-
ber variants (CNVs) (Morley et al. 2004; Cheung et al. 2005; Deutsch
et al. 2005; Stranger et al. 2007; Dermitzakis 2008).

In this study, we conducted an association analysis using
mature miRNA expression levels as the primary phenotype, with
the aim of identifying regulatory polymorphic variants (expres-
sion quantitative traits loci [eQTLs]) significantly associated with
miRNA expression levels in human primary fibroblasts.

Results

Primary fibroblasts were derived from the umbilical cord of 180
newborns of western European origin recruited for the GenCord
project (see Methods). All samples were genotyped using the Illu-
mina Hap550 SNP array. Mature miRNA expression phenotypes
were generated using the micro-fluidics-based TagMan Human
MiRNA Array v1.0 (Applied Biosystems). For each sample, the
expression levels for 365 known human mature miRNAs were
assayed (Supplemental Table S1). We detected expression above
the background for 57% (n = 208) of the miRNAs in cultured pri-
mary fibroblasts. These were further filtered to include miRNAs
with expression above the background in at least 50% of the
samples (n = 90). One hundred twenty-one miRNAs were retained
for association analysis.

We identified cis-eQTLs, by testing for association between
expression levels and SNP genotypes, within 1 Mb 5’ and 3’ of each
miRNA. SNPs were considered to be significantly associated with
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miRNA expression levels (i.e., eQTLs) if they passed the 0.05 per-
mutation level threshold for 10,000 permutations (see Methods).

Twelve (i.e., 10%) of the 121 miRNAs tested showed signifi-
cant evidence for cis-regulatory variation (permutated P-value <
0.05) (Table 1A; Fig. 1; Supplemental Fig. S1). Given that we tested
121 miRNAs and we expect 5% of them to have significant cis-
associations by chance at the permutation level 0.05, we estimate
that our false-discovery rate (FDR) is about 50% of the 12 miRNA
signals.

Examples of these cis-eQTLs are shown in Figure 1. The most
highly significant cis-eQTL detected was 1s10750218, intronic to
UBASH3B, which associates with levels of miR-100 533 kb away
(Fig. 1). The distance between the cis-eQTLs and their respective
miRNA was variable and ranged from 13.6 kb to 886 kb (Table 1A).
In one case (miR-218-1), cis-eQTLs mapped within the protein-
coding sequences of SLIT2 that also contain the miRNA sequence.
This raises the interesting question of whether both the miR-218-1
and the SLIT2 mRNA share regulatory sequences (Table 1). To ad-
dress this, we investigated whether the specific cis-eQTL for the
miRNA was also associated with SLIT2 mRNA levels. Transcrip-
tion levels of protein-coding genes were assayed using Illumina’s
WG-6 v3 Expression BeadChip array (Dimas et al. 2009). We found
no evidence of shared regulatory variation between mRNA and
miRNA, and no correlation between the miR-218-1 and SLIT2
mRNA levels was observed (Pearson correlation = —0.023, n = 55),
implying absence of coregulation of these two transcripts in
fibroblasts.

We then aimed to identify trans-eQTLs by performing a ge-
nome-wide association study (GWAS) for the 121 miRNA expres-
sion phenotypes. We observed 18 significant trans-eQTLs for 13
miRNAs (10.7%) after Bonferroni correction for multiple testing
at the 95% significance level (Table 1B; Supplemental Fig. S2).
Since under the null hypotheses we would expect on average six
associations, we can estimate our FDR at about 30% for 18 reported
miRNAs.

The most significant trans-eQTL was detected for miR-140
(chromosome 16) with SNP rs6039847 located on chromosome
20 (unadjusted P = 1.5 X 10~°). The majority of trans-eQTLs (72%)
mapped to intergenic regions. We detected cases where multiple
trans-eQTLs, located in different chromosomes, associate with the
expression levels of single miRNAs (Table 1B), suggesting that mul-
tiple loci may act together to regulate miRNA expression. For ex-
ample, two significant trans-eQTLs were detected for miR-134,
the first on chromosome 21 (rs2824791, unadjusted P=1 X 1078%)
and the second on chromosome 3 (rs17533447, unadjusted P =
3.6 X 107%) (Fig. 2). Similar observations were made for miR-103,
miR-130b, miR-29a, and miR-410 (Table 1B; Supplemental Fig. S2).
We also observed two cases in which a single SNP was associated
with the expression of multiple, unrelated miRNAs: rs1522653 is
significantly associated with the expression of miR-103 and miR-
29a; rs6039847, with miR-140 and miR-130b (Table 1B).

These observations prompted us to analyze in-depth for the
presence of statistically significant miRNA “master regulators,” de-
fined as trans-eQTLs involved in the regulation of multiple miRNA
genes.

To this end, we ascertained for each SNP the number of
miRNA associations detected using a reduced stringency (unad-
justed P-value < 107°) (Supplemental Table S2). This analysis
identified one trans-eQTL, rs1522653 on chromosome 11 that was
associated with the expression of five miRNAs (miR-15b, miR-26a,
miR-29a, miR-30c, and miR-103) (Fig. 3). To determine the sig-
nificance of this finding, we permuted 1000 times the expression

levels of all miRNAs (preserving the miRNA expression matrix
per individual) and performed GWAS for each permuted data set.
From this, we estimated the empirical significance of our master
regulator to be equal to 0.005 (Fig. 3; see Methods).

Remarkably, 151522653 is an intergenic SNP, located in a large
gene desert (3.29 Mb with no annotated protein-coding or non-
coding RNAs); the nearest gene, FAM181B, maps 1.59 Mb away
(Supplemental Fig. S2). The identification of regulatory variants
associated with the expression levels of multiple miRNAs may
point to potential “master regulatory” properties and suggests that
the expression levels of groups of miRNAs may be coordinated
through the use of common regulatory elements. This hypothesis
predicts that the five miRNAs associated with rs1522653 should
display related expression profiles. To test this hypothesis, we
compared the average of the correlation values of the five miRNAs
associated with rs1522653 to 10,000 sets of five randomly selected
miRNAs. We found that the observed average correlation of 0.44
is higher than that expected by chance (permutated P-value of
0.0012) (Supplemental Fig. S3). We also examined whether the
predicted target transcripts of the five miRNAs associated with a
master regulator share molecular functions. We investigated Gene
Ontology (GO) terms from computational target predictions of the
five coregulated miRNAs (miRanda [John et al. 2004] from the
miRBase-Targets database [Griffiths-Jones et al. 2008]). This anal-
ysis revealed that the mRNA targets for these five miRNAs are sig-
nificantly enriched for “protein-binding process” (P = 4.4 X 1078,
Fisher’s exact test), “transcription regulator activity” (P = 7.8 X
107%), and “transcription factor activity” (P = 1.2 X 107°) (Sup-
plemental Table S3).

We therefore propose a model in which certain eQTLs act
as master regulators by comodulating the expression of multiple
miRNAs, thus revealing a novel mechanism for coregulation of
miRNA expression.

Discussion

This study provides an initial assessment of the expression level
variation of mature human miRNAs and explores how these levels
are regulated by common genetic variants in fibroblasts from Eu-
ropean individuals. Since we only studied one cell type, the eQTLs
identified here are likely to represent a small subset of regulatory
variation affecting miRNA levels. Indeed, many miRNAs are ex-
pressed in a tissue-restricted manner (Landgraf et al. 2007) and are
thus likely to have tissue-specific regulators, as reported recently
for protein coding genes (Dimas et al. 2009).

Earlier studies have shown that common genetic variants
contribute significantly to the individual differences in protein-
coding gene expression variation (Cheung et al. 2003, 2005;
Mortley et al. 2004; Deutsch et al. 2005; Stranger et al. 2005, 2007;
Spielman et al. 2007; Storey et al. 2007) and transcript isoform
variation (Hull et al. 2007; Kwan et al. 2007, 2008; Zhang et al.
2009). Our study adds a level of complexity to cellular gene ex-
pression regulation by revealing that cis- and trans-eQTLs can af-
fect the expression of miRNAs that are themselves regulatory
molecules. eQTLs identified in this study are potential candidates
for the involvement in human phenotypes. Differences in the
quantity of mature miRNAs have a clear impact on the level of
targeted proteins and result in phenotypic differences (Sethupathy
et al. 2007; Baek et al. 2008; Selbach et al. 2008; Bartel 2009). The
subsequent identification of the functional variation related to
each eQTL type may provide important genomic targets for dis-
secting the molecular basis of susceptibility to genetic disorders.
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Figure 1. Examples of cis-eQTLs for miR-100 (A), miR-320 (B), and miR-218-1 (C). The panels show the distribution of —log;, P-values for SNPs across

a 1-Mb region surrounding the miRNA (“0” position). The highest significant —log, o P-values are shown as red dots. Also shown are the mapping of RefSeq
genes in blue and miRNAs in red. The boxplots depict the relationship between miRNA relative expression levels (log,) and genotypes for the most

significant SNPs. Boxplots are divided by median values.

Methods

Cell culture and RNA preparation

We obtained primary fibroblasts from 180 individuals of the
GenCord project. This collection was established from umbilical
cords of newborns of western European origin (following appro-
priate informed consent and approval by the Geneva University
Hospital’s ethics committee). All cell lines were grown in DMEM
with Glutamax I (Invitrogen) supplemented with 10% fetal calf
serum (Invitrogen) and 1% penicillin/streptomycin/fungizone mix
(Amimed, BioConcept) at 37°C and 5% CO,. Confluent cell lines
were trypsinized and diluted at a density of 7 X 10° cells/mL (40%
of confluence) and harvested the following day. Total RNA was
isolated using TRIzol (Invitrogen) according to the manufac-
turer’s instructions. RNA quality was assessed using RNA 6000
NanoChips with the Agilent 2100 Bioanalyzer (Agilent), and RNA
was quantified with a NanoDrop spectrophotometer (NanoDrop
Technologies).

miRNA expression measurement and data normalization

Expression of 365 known human miRNAs was analyzed using
the TagMan Human MiRNA Array v1.0 early access (Applied Bio-
systems), according to the manufacturer’s instructions. Briefly,
800 ng of total RNA samples was used as template for eight mul-
tiplex reverse transcriptions containing up to 48 specific primers,
using the Multiplex RT for TagMan miRNA Assays Kit (Applied
Biosystems) under conditions defined by the supplier. Each cDNA
generated was amplified by quantitative PCR using 365 sequence-
specific primers from the TagMan miRNA Assays Human Panel on
an Applied Biosystems 7900 Fast Real Time PCR system. Absolute
threshold cycle values (Ct) were determined with the SDS 2.2
software (Applied Biosystems). A threshold value was determined
for each miRNA and used for all the 180 samples. All signals with
a Ct value of =34 (background threshold) were manually set to
undetermined. Indeed, we considered miRNA with a Ct value of
<34 as an “expressed miRNA.” Values were normalized across in-
dividuals using median normalization and were reported as an
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Example of trans- eQTLs for miR-134. (A) Manhattan plot displays —logyo P-values of a GWAS for miR-134 expression variation. Each chro-

mosome is depicted as different shades of blue. Chromosome Y and mitochondrial genotypes have not been included in this study. Red dots indicate SNPs
with the highest significant P-values after Bonferroni correction for multiple testing (see Table 1). Those two eQTLs, rs2824791 on chromosome 21 and
rs7533447 on chromosome 3, are detailed in panels Band C, respectively. (B,C, left panels) The location of associated SNPs, as well as RefSeq transcripts,
conservation, and LD information (LOD scores for CEU population). (B,C, right panels) Boxplots for miRNA expression for different genotypic groups.

expression relative to the population mean for each miRNA as
described (Deutsch et al. 2005; Prandini et al. 2007). Log, values
were used for the association analysis. TagMan miRNA data sets
have been submitted to the NCBI Gene Expression Omnibus
(GEO) database under accession number GSE24610.

Genotyping

Genotyping was performed using the Illumina Hap550 or Hap550-
duo arrays. Genotype calling was performed using the BeadStudio
3.1 software. SNPs were filtered in a stepwise fashion using the
following criteria: (1) a SNP call frequency of at least 99%, (2)
cluster separation greater than 0.3, (3) SNPs with Het Excess values
between [-1.0 to —0.1] and [0.1 to 1.0] were removed, (4) SNPs
that violate Hardy-Weinberg equilibrium (HWE = P < 0.05) were
removed, (5) SNPs with a minimum allele frequency (MAF) < 0.02
were removed (at least seven heterozygous in our sample). After
filtering, 479,314 SNPs were retained for statistical analyses.
Genotyping data sets have been submitted to the European Ge-
nome-phenome Archive (EGA) database under accession number
EGAS00000000056.

Genome-wide and cis-association analysis

eQTLs were detected using linear regression as implemented in
the PLINK package (Purcell et al. 2007). For the cis-analysis, the
association of genotype with expression levels was calculated for

each miRNA within a 2-Mb window around its transcription start
site (1 Mb either side). Association was also calculated using
Spearman’s rank correlation and was compared to the extreme

_miR-15b (8.3 x 107)

. miR-26a (1.4 x 107)

rs 1522653°0  miR-29a (2.1x 10°%)
“.. miR-30c (4.6 x107)

“miR-103 (5.5 x 10%)

3 4 5
| ] |
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2
|
8
8
]

Number of significant associations

1
|

O
SNPs

Figure 3. Master miRNA trans-eQTLs. Plot shows SNPs associated with
the expression variation of multiple miRNAs (using a threshold of an un-
adjusted P-value < 107 per association) (see Supplemental Table S2).
Each circle represents a single SNP. Only SNPs with at least one association
below the P < 107 threshold are shown. One SNP (rs1522653) is sig-
nificantly associated with the expression of five miRNAs (*, permutated
P-value of 0.005). The identities and unadjusted P-values for these miRNAs
are shown.
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P-value distribution of similar associations calculated for 10,000
permutations of the expression phenotype for each miRNA (per-
mutation threshold) as previously reported (Stranger et al. 2007;
Dimas et al. 2009). We applied a permutation threshold of 0.05 per
gene, and we subsequently estimated the FDR on our number of
discoveries based on the fact that we expected 5% of the miRNA
genes to have a significant signal under the null. This design,
which we have extensively applied in the past (Stranger et al. 2005,
2007; Bartel 2009; Dimas et al. 2009; Montgomery et al. 2010),
allows for simultaneous assessment of the multiple testing effect
of all markers tested within a 2-Mb window as well as across all
phenotypes tested. For visualization and graphical displays, we
used WGAviewer (Ge et al. 2008).

Gene Ontology annotation analysis

Analysis were conducted using Bioconductor GO stats version
2.8.0 and annotation Ms.eg.db version 2.2.6 packages (FDR ad-
justed P-value < 0.05) (Falcon and Gentleman 2007).

Expression clustering analysis

Hierarchical clustering was performed using Pearson correlation as
a similarity measure and average linkage as an agglomerative hi-
erarchical clustering algorithm.

Statistical analysis for master regulator identification

We tested for each SNP how many miRs were associated using an
unadjusted P-value < 107°. To estimate the significance for our
findings, we permuted 1000 times the miR expression phenotypes
(preserving the miR expression matrix per individual) and per-
formed GWAS for each permuted data set.
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