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ABSTRACT

Circular RNAs (circRNAs) are abundant in eukaryotic transcriptomes and have been linked to various human disorders.
However, understanding genetic control of circular RNA expression is in the early stages. Here we present the first inte-
grated analysis of circRNAs and genome sequence variation from lymphoblastoid cell lines of the 1000 Genomes Project.
We identified thousands of circRNAs in the RNA-seq data and show their association with local single-nucleotide polymor-
phic sites, referred to as circQTLs, which influence the circRNA transcript abundance. Strikingly, we found that circQTLs
exist independently of eQTLs withmost circQTLs having no effect onmRNA expression. Only a fraction of the polymorphic
sites are shared and linked to both circRNA and mRNA expression with mostly similar effects on circular and linear RNA.
A shared intronic QTL, rs55928920, of HMSD gene drives the circular and linear expression in opposite directions,
potentially modulating circRNA levels at the expense of mRNA. Finally, circQTLs and eQTLs are largely independent
and exist in separate linkage disequilibrium (LD) blocks with circQTLs highly enriched for functional genomic elements
and regulatory regions. This study reveals a previously uncharacterized role of DNA sequence variation in human circular
RNA regulation.
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INTRODUCTION

Circular RNAs (circRNAs) are an abundant class of regu-
latory transcripts primarily derived from protein-coding ex-
ons and widely expressed across eukaryotic organisms
including Homo sapiens and Mus musculus (Danan et al.
2012; Salzman et al. 2012, 2013; Jeck et al. 2013;
Memczak et al. 2013b;Wang et al. 2014). These transcripts
are produced cotranscriptionally; the 5′ and 3′ are joined
in a head-to-tail “backsplice” junction to form a circular
molecule leaving no exposed ends. CircRNAs are known
to be evolutionarily conserved across species, to be
relatively stable in the cytoplasm, and to often show tissue-
and developmental stage–specific expression patterns.
CircRNAs have been shown to be involved in posttran-
scriptional regulation by functioning as decoys for the
binding of miRNAs, reducing their ability to target
mRNAs (Hansen et al. 2013; Memczak et al. 2013a).
Specifically, the circRNA ciRS-7, also known as CDR1as,
has been found to harbor more than 70miR-7 binding sites

and functions as an miRNA sponge to repress miR-7 activ-
ity. CDR1as knockout mice suffer from defects in sensori-
motor gating (Piwecka et al. 2017) and silencing of
CDR1as in colorectal cancer, and hepatocellular carcino-
ma cell lines resulted in decreased tumor proliferation
(Yu et al. 2016; Tang et al. 2017). Similarly, the circular
RNA of the SRY gene contains 16 binding sites for miR-
138, and miR-138-mediated knockdown of mRNA was
shown to be attenuated with circular SRY overexpression
(Hansen et al. 2013). Indeed, multiple studies have report-
ed the sequestration ofmiRNAs by circRNAs, making them
excellent candidates for competing endogenous RNA ac-
tivity (Hansen et al. 2013; Memczak et al. 2013a; Guo et al.
2014; Jeck and Sharpless 2014; Li et al. 2015; Du et al.
2016; Han et al. 2017) . Although multiple reports have
emerged indicating certain circRNAs function as miRNA
sponges, increasing evidence indicates that circular
RNAs may have other potential functional roles like storing
or sequestering transcription factors or RNA binding pro-
teins (Hentze and Preiss 2013) or microRNA transport
(Piwecka et al. 2017), and at least some are translatable
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into functional proteins (Wang and Wang 2015; Legnini
et al. 2017; Pamudurti et al. 2017; Yang et al. 2017).
Legnini et al. (2017) were able to show that circ-ZNF609
is translated into a protein in a splicing-dependent and
cap-independent manner. The resultant protein has a
functional role in muscle differentiation in Duchenne mus-
cular dystrophy by regulating myoblast proliferation.
circRNAs have been shown to be altered in a variety of
pathological conditions, which has stimulated significant
interest into their role in human disease and cancer (Li
et al. 2015; Greene et al. 2017). Although their exact roles
and mechanisms of gene regulation remain to be
understood, circRNAs are being actively investigated for
their association with diseases and their role as potential
biomarkers and novel therapeutic targets.

Recent association studies on expression quantitative
trait loci (eQTL) have provided information on genetic fac-
tors, especially single-nucleotide polymorphisms (SNPs),
associated with variation in gene expression. These stud-
ies have demonstrated the regulatory role of SNPs on
gene expression and the splicing patterns of mRNA
(Lappalainen et al. 2013; GTEx Consortium 2015; Li et al.
2016; Takata et al. 2017). Expression QTL studies offer
an excellent platform to link DNA sequence variation to
changes in gene expression that may contribute to pheno-
typic diversity and disease susceptibility.

In this study, we present the first integrated analysis of
genome sequence variation and circular RNA expression
to identify a set of regulatory variants influencing circRNA
expression. We identified thousands of circRNAs in RNA-
seq data of lymphoblastoid cell lines (LCLs) from the
1000 Genomes Project (Lappalainen et al. 2013) and
mapped their association with local SNP sites, referred to
as circQTLs. These circQTLs associate with the circRNA
abundance and exist independently of eQTLs, with most
circQTLs having no effect on mRNA expression. We report
that only a fraction of the polymorphic sites are shared and
linked to both circRNA and mRNA expression with mostly
similar effects on circular and linear RNA. We also show
that circQTLs and eQTLs exist in separate linkage disequi-
librium (LD) blocks, with circQTLs enriched for exonic and
regulatory region variants. This study reveals a previously
uncharacterized role of DNA sequence variation in human
circular RNA regulation.

RESULTS

Assessing circRNA expression

We used RNA-sequencing data of 358 LCL samples of
European ancestry sequenced in the framework of the
Geuvadis RNA-sequencing project (Lappalainen et al.
2013) along with their genotype information from 1000
Genomes data (Auton et al. 2015). We analyzed the
circRNA expression of these samples using our in-house

developed circular RNA detection pipeline (Ahmed et al.
2016). This pipeline identifies circular RNA structures by
using Bowtie 2 (Langmead and Salzberg 2012) to align
paired-end RNA-seq data to a custom reference exome
containing all possible pairs of intragenic nonlinear combi-
nations of exons, as well as single-exon “backsplices.” This
process yielded a total of 95,675 unique circRNA candi-
dates with a minimum of 50 independent junctional reads
across all samples and expression in at least 60% of the
samples (Supplemental_File_S1.xlsx). Of the 95,675
circRNAs as identified by the pipeline, 58,050 overlap
with one or more circRNA loci defined in the circBase
(Supplemental_File_S2.xlsx; Glažar et al. 2014).

We have validated several circRNA candidates identi-
fied in this study in human T-lymphocyte Jurkat cells and
EBV-transformed lymphoblastoid B-cell lines (LCLs) using
multiple approaches. Divergent primers were designed
for a set of circRNAs to perform PCR amplifications of
the backsplice exon junction from cDNA of the Human T
lymphocyte Jurkat and LCL cells (Supplemental_File_S3.
xlsx). An “outward-facing” strategy in the design of the
divergent primers guarantees the amplifications are from
a circular template (Shen et al. 2015). For all 17 circRNA
candidates tested, a single distinct band of expected
product size was obtained in a PCR assay, and Sanger se-
quencing of the PCR products confirmed the presence of
the backsplice junction sequence (Fig. 1; Supplemental_-
Figure_1.pdf). As a control, we also designed convergent
primers to amplify the linear RNA (mRNA) of the respective
host genes of some of the circRNA candidates. Because
themRNA structure is dictated by the genomic order of ex-
ons, PCR primers designed to amplify the linear RNA can
produce bands for both cDNA and genomic DNA
(gDNA) fractions. On the other hand, the backsplice junc-
tion sequence of the correctly identified circRANs should
not exist in the genome; hence, circRNA-specific primers
should be able to amplify only in the cDNA but not the
gDNA fraction. Indeed, as expected, positive and negative
results of amplifications were obtained for cDNA and
gDNA fractions for circRNA-specific primers. Primers de-
signed to amplify linear RNA produced bands of expected
product sizes for both cDNA and gDNA (Fig. 1C). Further
evidence of a circularized structure for these circRNA can-
didates came from the digestion of total RNA with an exo-
ribonuclease enzyme RNase R. This exonuclease enzyme
digests all linear RNA forms with a 3′ single-stranded re-
gion of >7 nt (Vincent and Deutscher 2006). The circRNAs
have been shown to resist the RNase R-mediated diges-
tion because of their lack of 3′ single-strand overhangs
and hence show enrichment in the RNase R-treated sam-
ples. Indeed, there was ample enrichment of our tested
circRNA candidates after the RNase R treatment compared
to mRNA, confirming their resistance to the exoribonu-
clease digestion and strongly attesting to their nonlinear
structure (Fig. 1D).
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FIGURE 1. Validation of circRNA candidates through RT-PCR and Sanger sequencing. (Also see Supplemental_Figure_1.pdf.) (A) Divergent
primers with respect to genomic sequence were designed for 17 circRNA candidates. These become properly inward-facing and identify the
backsplice junction sequence. The left and right panels of the gel show human Jurkat and LCL cells, respectively. (B) Sanger sequencing confirms
the backsplice junction sequence of the PCR products. Arrows indicate the presence of backsplice junction. (C ) Divergent primers with respect to
the genomic sequence amplify the circRNA backsplice junction sequence in the cDNA but not in the gDNA fraction. Convergent primers with
respect to the genomic sequence amplify mRNA in both cDNA and gDNA fractions. (D) Treatment with RNase R leads to enrichment of
circRNAs and depletion of the host gene and Beta-2 microglobulin (B2M) mRNAs compared to mock. (E) Average expression levels of the tested
circRNAs in 358 EUR LCL samples of the 1000 Genomes Project RNA-seq data. Error bars indicate 95% confidence intervals.
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Assessing circRNA-associated genomic variants

Genotype calls corresponding to the 358 LCL samples
were extracted from VCF files downloaded from Phase 3
release of the 1000 Genomes Project (Auton et al. 2015).
Only common SNP variants with aminimum allele frequen-
cy of >5% and passing the Hardy–Weinberg equilibrium
filter were taken for association testing. The significance
of correlations between genotypes and circRNA expres-
sion levels were determined by linear regression on quan-
tile normalized circRNA expression values, after correction
for known and inferred technical covariates (see Materials
and Methods), using Matrix eQTL (Shabalin 2012). The re-
sults of this additive linear genetic model association anal-
ysis are summarized in Figure 2. We tested approximately
6.2 million SNPs and 95,675 circRNAs for cis QTL associa-
tions (within 1MB of gene boundaries) and plotted the ge-
nome-wide distribution of the test statistic against the
expected null distribution to observe any inflation or resid-

ual deviations in the association statistic that may lead to
an excessive false-positive rate. The observed distribution
of P-values deviates from the expected null distribution in
the extreme right tail only, indicating no evidence for sys-
tematic spurious associations (Fig. 2A). The nominal P-val-
ues obtained fromMatrix-eQTL were adjusted for multiple
testing using the eigenMT package (Davis et al. 2016). This
multiple testing procedure estimates the number of inde-
pendent tests for each gene using a genotype correlation
matrix and then applies a Bonferroni procedure while ac-
counting for LD structure among local variants. We de-
fined “ecircRNAs” as circRNAs with at least one SNP in
cis significantly associated (adjusted P-value of <0.05)
with expression of that circRNA. The number of identified
circQTL variants for each gene was plotted against the
gene length to identify any potential biases of gene length
contributing to the detection of ecircRNAs. Figure 2B
shows a nearly uniform distribution of circQTL variants
with respect to gene length, ruling out any potential biases

A B

C D

FIGURE 2. Summary plots of association statistics. (A) Q–Q plot distribution of all recorded P-values for chromosome 22. (B) Scatterplot of gene
length versus number of identified circQTL SNPs for each gene. The number of identified circQTL SNPs shows a uniform distribution with respect
to gene length as indicated by the line of best fit (blue line). (C ) The distribution of statistical significance of association for circQTL SNPs against
proximity to circular RNA. (D) Manhattan plot of association statistics. The−log10(P-value) is plotted against the physical positions of each SNP on
each chromosome and have been capped to P=1×10−20. The genome-wide significance threshold of 8.4×10−06, obtained as themedian of the
unadjusted P-values for the best circQTL of each ecircRNA, is shown as a horizontal red line.
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due to larger genes having a better chance to be detected
than smaller genes. A genome-wide P-value limit of 8.4 ×
10−06, obtained as the median of the unadjusted P-values
for the best circQTL in each gene, is used as a cutoff to
identify all the circQTLs. This resulted in a total of
139,485 circQTLs for 2260 ecircRNAs in 1359 genes
(Supplemental_File_S4.xlsx). The circRNA expression level
of these genes does not seem to significantly influence the
number of identified circQTLs (Supplemental_Figure_2.
pdf).We also observed an enrichment of the circQTL vari-
ants at the proximity of the backsplice junction (Fig. 2C).
Mapping of reads to measure the circRNA expression
could show allelic biases due to sequencing polymor-
phisms within the backsplice forming exons and hence
could act as a cofounder for the association signal (van
de Geijn et al. 2015). Thus, if one allelic read maps better
to a location compared to the other allelic read, a strong
false-positive association would be induced, generally
closer to the measured event. We found only 721 out of
139,485 circQTLs encompass the backsplicing exons,
strongly indicating the absence of any allele-specific
read mapping biases in our results.
Many of the genes containing ecircRNAs are associated

with a disease phenotype (ALOX5, TCOF1, DFNA5,
OAS1, EIF2D) or a physical trait like BMI and height
(BMS1, RP1-309K20.6; Fig. 2D). For example, the gene
Arachidonate 5-Lipoxygenase (ALOX5) has been associat-
ed with chronic bronchial asthma susceptibility, and we
found several circQTL SNPs in the promotor of the
ALOX5 gene that are associated with the expression of cir-
cular RNA processed from exons 1 and 2 of this gene
(Supplemental_Figure_3.pdf).

circRNA QTLs exist independently of eQTLs

We compared our results for ecircRNAs with those of eQTL
associations obtainedby Lappalainenet al. in theGeuvadis
project (Lappalainen et al. 2013). Out of a total of 1359
genes containing ecircRNAs, 75% of these genes have no
corresponding eQTLs in theGeuvadis data (representation
factor = 0.3, P<2.2×10−16; representation factor <1 indi-
cates less overlap than expected) and ∼62% of the genes
with only eQTLs have no evidence for circRNA expression
(representation factor = 0.6, P<2.2×10−16). Only one-
quarter of the ecircRNA genes have one ormore eQTLs as-
sociatedwith the linear expression of the gene (Fig. 3A). Of
these genes, which contain both circQTL and eQTL SNP
markers, only ∼7% (representation factor = 0.3, P<2.2×
10−16) of the QTLs are shared, having significant associa-
tions with both circRNA and mRNA expression (Fig. 3B).
Thus, in these genes, 74% of the circQTL markers and
90% of the eQTL markers are exclusively associated with
the expression of their respective isoform. To determine
whether circQTLs are associated with any measurable ef-
fect on mRNA expression of the host gene, we compared

the circRNA and mRNA expression changes between ho-
mozygous (REF) and heterozygous genotypes of circQTL
markers. Figure 3C shows circRNA and mRNA expression
changes between homozygous and heterozygous geno-
types for the best circQTL SNP of 1026 ecircRNA genes
that have no corresponding eQTL. Although circRNA ex-
pression shows a clear trend for both positive (β=1.121,
P<2.2×10−16) and negative (β=−1.015, P<2.2×10−16)
β values (effect size), there is no such trend in themRNA ex-
pression (β=0.0294, P=0.8654; and β=−0.0339, P=
0.8639 for positive and negative β values, respectively).
Similarly, in Figure 3D, there is only a marginal difference
in mRNA expression (β=0.072, P<2.2× 10−16; and β=
−0.13,P<2.2×10−16 for positiveandnegative β values, re-
spectively) compared to circRNAexpression (β=−1.31,P<
2.2×10−16; and β=1.16, P<2.2×10−16 for positive and

A
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FIGURE 3. Comparison of circQTL and eQTL variants and their ef-
fects on gene expression. (A) Venn diagram showing an overlap of
ecircRNA genes with eQTL genes from Lappalainen et al. (2013). (B)
Venn diagram showing distribution of genomic variants associated
with circRNA and mRNA expression in 333 genes that contain both
circQTL and eQTL SNPs. Only ∼7% (5600) of QTLs are shared and
show association with both circRNA and mRNA expression in these
genes. (C ) Boxplots representing distribution of average expression
from all individuals with a given genotype. The trends in circRNA
andmRNA expression between reference homozygous and heterozy-
gous genotypes for best circQTL SNP, in 1026 ecircRNA genes that
do not contain any eQTL associations. (D) circRNA andmRNA expres-
sion trends for 16205 circQTL SNPs from genes having both circQTL
and eQTL markers.
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negative β values, respectively) be-
tween homozygous (REF) and hetero-
zygous genotypes. These expression
differences are for the 16,205 circRNA
exclusively associated markers, in
genes that contain both circQTL and
eQTL SNPs. Thus, circQTL markers
do not seem to have any notably
detctable effect on the mRNA expres-
sion of their host genes, ruling out any
artificial increase in spurious associa-
tions for ecircRNAs because of sys-
tematic or analytical biases from
mRNA. These results also imply that
QTL SNP markers exclusively associ-
ate with either circRNA or mRNA
expression. Thus, a large fraction of
ecircRNA genes exist without eQTLs,
indicating the lack of total biological
dependence of circRNA expression
on eQTLs.

Shared QTLs have similar effects
on circRNA and mRNA expression

To understand the effect of shared
QTLs, we plotted circRNA and
mRNA expression profiles for 5600
QTL markers that were significantly
cis-associated with both circRNA and
mRNA expression (Fig. 4A). The
trends in expression from homozy-
gous to heterozygous genotypes are
analogous for circRNA and mRNA,
as would be expected based on
cotranscription. Figure 4B further
evaluates the effect of the shared
QTLs, by charting β values of circQTL
and eQTL associations in a scatter-
plot. The effect size (β) defined as
the slope of the linear regression indi-
cates the direction of change in ex-
pression from reference to alternate
allele with negative values implying
higher expression for the reference al-
lele. Althoughmost sharedQTLs have
similar effects, a small subset has op-
posite effects on the circular and line-
ar expression of their host gene. For example, the
Histocompatibility Minor Serpin Domain Containing
(HMSD) gene contains a cluster of 306 QTL markers that
are associated with the expression of its linear transcript
as well as a circRNA formed by the second and fourth ex-
ons of the HMSD-002 transcript (Fig. 4C). These shared
QTL markers seem to drive the circular and linear expres-

sion of the HMSD gene in opposite directions, suggesting
potential modulation of the circRNA levels at the expense
of mRNA. The reference allele of the most highly associat-
ed circQTL marker (rs55928920) alleviates the expression
of the HMSD circRNA, whereas the alternate allele favors
mRNA expression of HMSD and SERPINB8 genes (Fig.
4D). We tested whether genes with shared QTLs having
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FIGURE 4. Effects of shared QTL variants on gene expression. (A) Boxplots representing dis-
tribution of average circRNA and mRNA expression from all individuals with a given genotype
for shared QTLs. (B) Spearman rank correlation defines the effect size (β) and indicates the di-
rection of change from reference to alternate allele. Each point in the plot is a shared QTL
marker with the x-axis representing β for circRNA association and the y-axis representing β
for mRNA association. The high density of points in the upper right and bottom left quadrants
show that most shared QTLs have similar effects from their reference and alternate alleles on
circular and linear expression. Colored points represent QTLs that have opposite effects on cir-
cular and linear expression of their host genes. (C ) Region association plot for HMSD circRNA.
The shared intronic QTL (rs55928920) is associated with HMSD circRNA (P=1.57×10−16) as
well as mRNA expression (P=5.1×10−17). Values of r2 are based on the CEU HapMap 2 sam-
ples. CEU HapMap 2 recombination rates are indicated in blue on the right y-axes as obtained
using LocusZoom (http://csg.sph.umich.edu/locuszoom). (D) Reference allele of rs55928920 is
associated with higher expression of circRNA from the second and fourth exons of the HMSD
transcript (HMSD-002) and lower expression of the mRNA transcripts from HMSD and
SERPINB8 genes.
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opposite effects on circRNA and mRNA abundance levels
are expressed at similar scales in comparison to other
ecircRNA genes (Supplemental_Figure_4.pdf)—the re-
sults show no difference in mRNA expression but a statisti-
cally significant higher circRNA expression of these genes
compared to other ecircRNA genes.

Sharp LD breakdown between circQTL
and eQTL SNPs

Linkage disequilibrium (LD) is the nonrandom association
between alleles at different loci and can be estimated us-
ing the correlation between SNP markers (Vos et al.
2017). To assess if circQTL and eQTL SNPs are largely in-
dependent, we asked how often a top eQTL SNP is also
a circQTL SNP and vice versa. We found only 43 instances
in which a top eQTL SNP was also a circQTL SNP for the
gene and 72 instances in which a top circQTL SNP was
also an eQTL SNP for the gene. We further explored the
extent of LD structure between circQTL and eQTL markers
by computing the average pairwise correlation for shared
QTL, circQTL, and eQTL SNPs and compared these
distributions with a cross-pair between circQTL and
eQTL markers. Figure 5A indicates that eQTL SNPs tend
to encompass weaker LD regions compared to circQTL
and shared QTL markers. There is a significant decrease
in the average pairwise correlation between a circQTL
and eQTL cross-pair, when compared to intra-pairwise cor-
relation distributions of shared QTL, circQTL and eQTL
markers (median pairwise correlation drops from 0.8 to
0.3). This strongly suggests a sharp breakdown in the LD

structure between circQTL and eQTL SNP-containing re-
gions. Sharp LD breakdown between circQTL and eQTL
variants could indicate differential selection pressures
shaping their molecular evolution.
To estimate the rate of LD decay for circQTL and eQTL

markers and compare their LD patterns, we plotted the
LOESS curves of average pairwise correlations against
the physical distance between the SNP pair (Fig. 5B). LD
for circQTL SNPs decayed faster than eQTL and shared
QTL markers. The average pairwise correlation for
circQTL variants drops sharply within a span of 50 kb, indi-
cating that circQTLs are held in tightly linked and compar-
atively shorter LD blocks. For the cross-pair between
circQTL and eQTL SNPs, LD shows very minimal change
with distance, indicating the lack of genetic linkage be-
tween the two sets of these markers.

Functional characterization of circQTL variants

To assess the functional elements of the genome enriched
for circQTL variants, we performed Monte Carlo simula-
tions using 10,000 random sets of background eQTL
SNPs with minor allele frequencies (MAFs) matched to
the set of 23,769 circQTL variants (see Materials and
Methods). By functionally classifying the circQTL and
background eQTL SNPs as per the definitions in SnpEff
(Cingolani et al. 2012), we found that circQTLs are sig-
nificantly enriched among variants in 5′-untranslated (OR
=1.86; Monte Carlo P-value 2.3 ×10−02), exonic (OR=
1.69; Monte Carlo P-value 8.61×10−03), intergenic (OR=
1.73; Monte Carlo P-value <1×10−04), and regulatory

A B

FIGURE 5. LD structure between circQTL and eQTL markers. (A) Boxplot distributions of the average pairwise correlation (r2) between shared
QTL, eQTL, circQTL, and cross-QTL SNPs for each gene. Average pairwise correlations were computed for each category of QTL markers for
genes containing both circQTL and eQTL SNPs. Cross-pair is the pairwise correlation between a circQTL and an eQTL marker. For each boxplot
distribution,N represents the total number of pairwise combinations from all genes; only combinations with r2 > 0.1 were used for the analysis. (B)
LOESS fit curves for average correlation (r2) versus distance between the QTL markers.
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(OR=1.75; Monte Carlo P-value 9.94
×10−04) regions of the genome. In
contrast, there is a significant drop
(from 64% to 50%) of circQTL SNPs
among intronic region variants (OR=
0.47, Monte Carlo P-value <1×
10−04) (Fig. 6A,B). Although circQTL
variants were also found to be en-
riched for splice site regions (odds ra-
tio OR=1.55), the P-value for this
comparison was insignificant (P=
1.99× 10−01), possibly because of a
low fraction of variants annotated as
“splicing.”

To further explore if chromatin
structure has a perceivable influence
on circRNA expression, we analyzed
the enrichment of circQTL variants
among various genetic regulatory ele-
ment sequences. These regulatory se-
quences correspond to cell-type-
specific tracks of chromatin modifica-
tions, RNA polymerase (Pol II, Pol III)-
bound regions, and transcription fac-
tor binding sites for the GM12878
(lymphoblastoid) cell line obtained
from the ENCODE project (The EN-
CODE Project Consortium 2012) and
are used to annotate circQTL and
background eQTL variants. Using
Monte Carlo simulations, 104 itera-
tions were performed to annotate a
randomly generated set of back-
ground eQTL SNPs with MAFs
matched to circQTL SNPs, and the
odds ratio and significance of the en-
richment computed for each chroma-
tin mark. A total of 42 regulatory
marks were analyzed and significant
enrichment of circQTL SNPs was
found among variants contained in
transcriptionally active chromatin re-
gions. Histone modifications asso-
ciated with active transcription that
showed most significant enrichments
were acetylated histone H3 lysine 9
(H3K9ac; OR=1.79; P=1.1×10−02),
acetylated histone H3 lysine 27
(H3K27ac; OR=1.63; P=4.3×
10−03), and trimethylated histone H3
lysine 4 (H3K4me3; OR=1.49; P=
7.1×10−03). On the contrary, a signifi-
cant depletion of circQTL SNPs was observed among tri-
methylated histone H3 lysine 36 (H3K36me3; OR=0.44;
P=3.2×10−03) marked genomic regions. We also found

significant enrichment of circQTL variants for Pol II RNApo-
lymerase bound regions (Pol II; OR=3.2; P=1.0×10−04)
and POU2F2 (OR=3.34; P=1.4×10−03), BCLAF1 (OR=

A

B

C

FIGURE 6. (A) Enrichment of circQTL variants in genomic sequences. Proportion of SNPs an-
notated for each functional category using SnpEff (Cingolani et al. 2012). (B) Odds ratio (OR) for
each functional category compared to the eQTL background. (C ) Enrichment of circQTL var-
iants within genetic regulatory elements. OR > 1 indicates enrichment of circQTL variants. The
significance of the OR was tested using 10,000 Monte Carlo permutations of the eQTL SNPs,
and the significance level is reported as a Monte Carlo P-value. Bars indicate 95% confidence
intervals.
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2.57; P=4.0×10−04), and TAF1 (OR=2; P=4.94×10−02)
transcription factor binding sites (Fig. 6C).
The potential of circQTL SNPs in the context of their

contribution to disease risk and phenotype association
was analyzed using the NHGRI-EBI GWAS Catalog (Mac-
Arthur et al. 2017), which is a curated collection of all the
published genome-wide association studies (GWASs) for
various human diseases and traits. We tested the enrich-
ment of circQTL SNPs for various Experimental Factor On-
tology (EFO) terms (Malone et al. 2010) defined in the
catalog and representing a disease or a trait. The circQTL
and a random set of background eQTL SNPs of matched
MAFs were separately grouped into genomic loci based
on their LD patterns and defined as the genomic region
containing SNPs in LD with the index SNP at r2 > 0.8. An
associated genomic locus for a trait is identified if a
GWAS risk SNP falls within the locus. Finally, the enrich-
ment of circQTL SNPs among associated loci is evaluated
by a one-tailed Fisher’s exact test followed by Bonferroni
correction for the total number of traits assessed. The
top diseases associated with the genomic loci containing
a significant enrichment for circQTL SNPs are schizophre-
nia (OR=4.06, P=2.02×10−23, one-tailed Fisher’s exact
test with Bonferroni correction), nephropathy (OR=63.6,
P=7.08×10−08), plantar warts (OR=50.7, P=8.27×
10−06), disc degeneration (OR=14, P=3.4×10−03), lung
cancer (OR=4.24, P=3.49×10−03), and asthma (OR=
8.45, P=4.49×10−03) (Supplemental_Figure_5.pdf).

DISCUSSION

In this study, we quantified the contribution of cis-acting
genetic variants on circular RNA expression from RNA-
seq data of the 1000 Genomes Project LCLs (Lappalainen
et al. 2013). To our knowledge, this is the first study to com-
prehensively identify the set of regulatory variants influ-
encing the circRNA expression in a single cell type.
Using our circRNA detection pipeline (Ahmed et al.

2016), we identified 95,675 circular RNAs that are likely
to be adequately expressed in human peripheral blood
transcriptomes and thus constitute an important resource.
Our genome-wide analysis for association of circRNA ex-
pression with genotype identified thousands of previously
uncharacterized cis-acting genetic variants influencing
circRNA transcript abundance. We identified a total of
1359 genes with circQTL associations, referred to here as
ecircRNA genes. These ecircRNA genes are enriched in
canonical pathways controlling important cellular process-
es like cell cycle regulation and spliceosome formation.
Many of the ecircRNAgenes are linked to a disease pheno-
type (ALOX5, TCOF1, DFNA5,OAS1, EIF2D) or a physical
trait like BMI and height (BMS1, RP1-309K20.6). The gene
Arachidonate 5-Lipoxygenase (ALOX5), which contains
several circQTL SNPs in its promotor region, has been
linked to chronic bronchial asthma susceptibility and en-

codes a member of the lipoxygenase gene family that cat-
alyzes the conversion of arachidonic acid to leukotriene
A4. Leukotrienes are important mediators of a number of
inflammatory and allergic conditions and mutations in
the promoter region of this gene have been shown to
lead to a diminished response to anti-leukotriene drugs
used in the treatment of asthma (De Caterina and Zampolli
2004). The presence of several upstream circQTL SNPs ex-
clusively associating with the circRNA transcript processed
from exons 1 and 2 of this gene could indicate a causal
connection of the circQTLs with drug response, acting
thereby through modulation of circRNA levels.
By evaluating genes for the presence of circQTLs or

eQTLs and the influence of these SNPs on host gene ex-
pression, we were able to show that most QTL SNP mark-
ers exclusively associate with either circRNA or mRNA
expression. A large fraction of ecircRNA genes do not
have eQTLs, indicating an arrangement at the level of
DNA sequence for circRNA regulation that does not
seem to influence the basal gene expression. Likewise,
circQTL markers do not have any significantly measurable
effect on the mRNA expression of their host genes, rein-
forcing the idea that circRNA and mRNA transcription
could involve distinctive regulatory mechanisms.
In genes that contain both circQTLs and eQTLs, only a

small fraction of the markers are shared between the two
associations. These shared QTL markers frequently, but
not always, have similar effects on the linear and circular
RNA expressions of the gene. Some shared QTL markers,
however, have opposite effects on gene expression poten-
tially driving the circRNA levels at the expense of mRNA.
We compared the LD patterns for circQTL and eQTL

markers and found that eQTL SNPs tend to encompass ge-
nomic regions of weaker LD structure compared to
circQTL and shared QTL SNPs. The circQTL SNPs are
held in tightly linked LD blocks with their LD structure de-
caying faster than eQTL and shared QTL markers. A sharp
breakdown in the LD structure exists between circQTL and
eQTL SNP-containing genomic regions. Thus differential
selection pressures could be working on circQTL and
eQTL SNPs to influence their distinct regulatory mecha-
nisms on gene expression.
We further characterized the circQTL SNPs for a relation-

ship to various annotated genomic features. We found an
enrichment of circQTL SNPs among transcribed sequence
variants including 5′-untranslated, exonic, intergenic, and
regulatory regions of the genome. The enrichment of
circQTL SNPs in coding sequences is in accordance with
the notion that coding sequences in complex genomes
can simultaneously encode amino acid and regulatory in-
formation including the potential to act as transcriptional
enhancers or splicing signals (Stergachis et al. 2013).
Coding exons have also been shown to function as tis-
sue-specific enhancers of nearby genes operating as cod-
ing exons in one tissue and enhancers of nearby gene(s) in
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another tissue (Birnbaum et al. 2012). In this context,
circQTL SNPs in coding exons could have dual functional
roles with the ability to either encode a transcript variant
of its host gene or adjust a transcriptional regulatory signal
for a nearby gene to alter its circRNA levels.

We also found that circQTL SNPs are enriched among
genomic regions marked by chromatin modifications asso-
ciated with active transcription. The enrichment of circQTL
SNPs among histone modifications and transcription fac-
tors associated with an enhanced transcriptional activity
could indicate a role for chromatin structure in regulating
circRNA expression—possibly through aiding splicing ma-
chinery in coordinating splicing reactions. Several studies
have suggested a cross talk between transcription and
pre-mRNA splicing, emphasizing a functional connection
between RNA Polymerase II (RNAP II) elongation and the
splicing machinery (McCracken et al. 1998; Dower and
Rosbash 2002; Rgio et al. 2012; Haque and Oberdoerffer
2014). There is accumulating evidence that both RNAP II
and the landscape of the chromatin marks contribute to
regulate the splicing patterns through a complex regulato-
ry network that contains both feedforward and feedback
loops. The kinetic model of transcription-coupled splicing
regulation proposed by Kornblihtt (2007) states that chro-
matin structure influences the rate of RNAP II transcription
elongation, and the rate of transcription elongation in turn
influences alternative splicing decisions (Kornblihtt 2007;
Schor et al. 2013). Weak exons lead to RNAP II pausing
and increased inclusion of the exon in spliced mRNA,
whereas increased elongation rate decreases exon inclu-
sion in mRNA (Haque and Oberdoerffer 2014). The chro-
matin modifications H3K4me3, H3K9ac, and H3K27ac,
which show an enrichment for circQTL SNPs and mark ac-
tive gene promotors and enhancers, are known to play a
role in alternative splicing through modulating the rate of
RNAP II elongation (Luco et al. 2010; Rgio et al. 2012;
Haque and Oberdoerffer 2014; Zhou et al. 2014). On the
other hand, circQTL SNPs are underrepresented for
H3K36me3, another histone mark characteristic of active
transcription, particularly from lowly expressed genes,
but known to cause hypoacetylation and exon inclusions
in the mRNA, possibly through inducing RNAP II pausing
(Wilhelm et al. 2011; Rgio et al. 2012). Therefore, chroma-
tin modifications, probably through a combinatorial pat-
tern, could provide RNAP II with signals that locally
regulate elongation rate and alter the splicing decisions
to favor either mRNA or circRNA expression. In this sce-
nario certain combinatorial patterns of active chromatin
modifications could induce a high RNAP II elongation
rate that would translate into exon exclusions from
mRNA and possibly their retention in the circRNA form.

As genetic variants can influence patterns of chromatin
marks (Grubert et al. 2015), some of the circQTL
SNPs could function by altering the epigenetic status of
various histone modifications, thereby enhancing the

RNAP II elongation rate, which will promote a higher
circRNA production. Alternatively, circQTL SNPs can
have a more direct role through recruitment of transcrip-
tion or splicing factors to influence the transcription rate,
which in turn could alter the epigenetic state of the DNA
template.

We observed significant enrichment of circQTL SNPs
with strong to moderate associations with various human
diseases indicating a role for circQTL variants in genetic
disease etiologies. Thus, circQTL SNPs with mostly exclu-
sive associations to circRNA expression could potentially
act as causal variants or explain an additional part of the
genetic architecture of the disease, linking GWAS pheno-
types and diseases to putative target genes and regulatory
elements. With the findings presented here, we provide a
set of SNPs for future investigations of the role of circular
RNAs in the genetic and molecular mechanisms underly-
ing diseases and traits.

MATERIALS AND METHODS

Cell culture

Human T-lymphocyte Jurkat cells and LCL were cultured in RPMI
(Sigma-Aldrich) supplemented with 10% fetal bovine serum (Life
Technologies). The LCL was isolated and characterized from a
healthy human subject (LCL-H2).

RNA isolation, RNase R treatment, andDNA isolation

Total RNA from Jurkat cells was isolated by using RNeasy Mini
Kit (QIAGEN). For RNase R treatment, 20 units of RNase R
(Epicentre), 1 µL of RNase R buffer, and 1 unit/µL Murine
Ribonuclease Inhibitor (New England Biolabs) were added to
the 2 µg of RNA samples and incubated for 30 min at 37°C.
Total DNA was isolated from Jurkat cells using a DNeasy Kit
(QIAGEN).

Sanger sequencing and real-time PCR

One microgram of total RNA was used for cDNA synthesis using
the iScript Select cDNA Synthesis Kit (Bio-Rad). Outward-facing
primers with respect to genomic sequence were designed to spe-
cifically amplify the backsplice junctions of representative
circRNAs in a PCR assay. PCR reactions were performed for
cDNA samples and genomic DNA using 28 cycles. PCR products
were analyzed by 2.2% agarose gel electrophoresis and then pu-
rified using GenElute Gel Extraction Kit (Sigma-Aldrich). Gel puri-
fied PCR products were directly sequenced to identify the gel
product.

For real-time PCR, Fast Start Universal SYBR Green Master Mix
(Roche) was used to amplify the backsplice junctions using diver-
gent primers; primers for mRNAwere obtained from Primer3 soft-
ware. Each real-time assay was done in triplicate using the Step-
One-Plus Real-time PCR system (Life Technologies).
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Processing of genotype data

The 1000 Genomes Project phase3 release of variant calls was
downloaded from ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/
release/20130502/. The variant set contained genotype data for
2504 individuals from 26 populations. The vcf-subset function
from VCFtools (Danecek et al. 2011) was used to extract the geno-
type data for 358 European samples from the downloaded VCF
files. These corresponded to 89 CEU, 92 FIN, 86 GBR, and 91
TSI samples. We recomputed the allele number and allele counts
with –recode –recode-INFO-all parameters for the defined num-
ber of samples, and the variants with a resulting minimum allele
frequency of >5% were taken for further analysis. Further variants
that did not pass the HWE test were also filtered out. The original
VCF files were GRCh37 reference assembly–mapped. We used
the All.vcf.gz file downloaded from ftp://ftp.ncbi.nlm.nih.gov/
snp/organisms/human_9606_b142_GRCh38/VCF/ and contain-
ing GRCh38 mapped coordinates for 1000 Genome variants to
remap the GRCh37 variant coordinates from the original VCF files
to GRCh38 cords using custom Perl scripts.

Processing of RNA-seq data

RNA-seq data for 358 European individuals corresponding to our
genotype samples were downloaded from http://www.ebi.ac.uk/
arrayexpress/experiments/E-GEUV-1/samples, and its map-
ping with the genotype information was obtained from http
://www.ebi.ac.uk/arrayexpress/files/E-GEUV-1/E-GEUV-1.sdrf
.txt. CircRNA pipeline (Ahmed et al. 2016) was run on all 358
RNA-seq data sets on a Linux cluster managing batches of jobs
as per the load on the cluster. Circular RNA structures are identi-
fied by using Bowtie 2 (Langmead and Salzberg 2012) to align
paired-end RNA-seq data to a custom reference exome contain-
ing all possible pairs of intragenic nonlinear combinations of ex-
ons, as well as single-exon “backsplices.” A scrambled junction
is inferred as a circRNA candidate when one mate of a paired-
end read aligns at the backsplice junction with a minimum of 10
bp overlap on either side of the junction and the othermate aligns
in the body of the backsplice forming exon(s). Supportive evi-
dence is also considered when mates of a paired-end read align
to the exons in divergent orientation with respect to the genomic
sequence, suggesting a scrambled junction instead of a linear
junction. These alignments are further filtered to remove any po-
tential PCR duplicates, and only primary alignments are kept for
final assessment of circRNA expression (Ahmed et al. 2016).
The expression of the circRNA in each sample is then defined
as the sum of junctional read-pairs and supportive read-pairs.
As the supportive reads align in the body of the backsplice form-
ing exon(s), the length of these exons could influence the levels of
circRNA expression with longer exons likely to have a higher num-
ber of supportive read-pairs. The circRNA expression is thus cor-
rected for the exon length using the FPKM method. Although
FKPM seems the appropriate method to report circRNA expres-
sion, it may lead to underestimation of circRNA counts, as it is
hard to distinguish whether reads falling within an exon belong
to a circular or linear transcript.

With all 358 samples, aligned and circRNAs called, results were
merged into one data table with rows as circRNA name and col-
umns as counts from each sample. The pipeline initially reported

3,332,457 backsplice junctions with at least one read pair in 358
samples. We applied the first filtering cutoff for a minimum of
50 junctional reads across the samples, and this resulted in
323,900 circRNA candidates. As we also consider supportive ev-
idence, theminimum of 50 junctional read-pairs could come from
either one sample or multiple samples. Nonetheless, the require-
ment for a high number of minimally seen junctional reads mostly
translates to have the junctional evidence coming from multiple
samples rather than a single sample. A further filtering for expres-
sion in at least 60% of the samples and outliers removed (expres-
sion <500 or >50000 counts) resulted in 95,675 circRNAs that
were taken for the final association analysis.

circQTL calling

We used Matrix eQTL (Shabalin 2012) to obtain the significance
of the correlation between genotypes and circRNA expression af-
ter correcting for known and inferred technical covariates. The ge-
notype VCF files were converted into Matrix_eQTL input
genotype and snploc files using custom Perl scripts. The raw
quantifications for circRNA expressionwere library size and length
corrected (converted to FPKM), quantile normalized, and log2

transformed, and association with genotype was determined by
linear regression on normalized circRNA expression values. For
controlling potential confounding factors, we included the first
three principal components from the genotype data—RNA library
sizes, population ID, and RNA-sequencing lab ID—as covariates
in the regression model. All SNPs that lie within a 1-Mb region
of the gene boundaries were tested for cisQTL associations with
the circRNA expression of the gene. The P-values obtained
from Matrix-eQTL were adjusted for multiple testing using the
eigenMT package, which uses a LD aware method for multiple
testing correction in eQTL studies (Davis et al. 2016).

Matched control sets

The circQTL SNPs that are exclusively associated with the circRNA
expression were used for all enrichment analysis (functional/regu-
latory/disease). The 139,485 circQTLs identified in this study cor-
respond to 23,769 unique SNPs exclusively associated with
circRNA expression. We used this list to generate BED files of ran-
dom background sets of eQTL SNPs for comparing the enrich-
ments. First, the set of eQTL SNPs from Lappalainen et al.
(2013) was filtered using a custom script to include only SNPs
that are not in LD with the circQTL SNPs (r2 < 0.2). Finally, using
circQTL and non-LD eQTL lists of SNPs as input in UES
(MacArthur et al. 2017), we generated random background sets
of eQTL SNPs for use in enrichment analysis.

Functional annotation enrichment analysis
of circQTL SNPs

To conduct functional enrichment annotation analysis for circQTL
SNPs, we generated 10,000 random background data sets of
matching eQTL SNPs using the process described above. The
random sets generated by UES (MacArthur et al. 2017) are in
BED file format. We extracted the SNP IDs from BED files and
used them in VCFtools (Danecek et al. 2011) to generate VCF files
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for the background data. Similarly, using VCFtools, a VCF file was
generated for the circQTL SNPs. We used SnpEff (Cingolani et al.
2012), with the options (-csvStats -spliceSiteSize 20 -ud 0 -no-
intergenic -no-utr -v –reg) to annotate both circQTL and the
eQTL background sets of VCF files for the following functional an-
notation terms defined for GRCh38.86: EXON, INTERGENIC,
INTRON, REGULATION, SPLICE_SITE_ACCEPTOR, SPLICE_
SITE_DONOR, SPLICE_SITE_REGION, UTR_3_PRIME, UTR_5_
PRIME. The output csv files generated by SnpEff are processed
using custom scripts to compute odds ratio (OR), 95% CI, and
P-value of the enrichment. The results of the SPLICE_SITE_
ACCEPTOR, SPLICE_SITE_DONOR, and SPLICE_SITE_REGION
terms were combined and reported as “SPLICE.” The Monte
Carlo P-value for the enrichment or underrepresentation of each
functional term was calculated as follows:

For enrichment, P = # %background ≥ # %circQTL
# iterations

.

For underrepresentation, P = # %background ≤ # %circQTL
# iterations

,

where

#=number of times,

%background= fraction of SNPs for the annotation term in back-
ground eQTL sets,

%circQTL= fraction of SNPs for the annotation term in circQTL
data set,

# iterations =10,000.

Regulatory elements enrichment analysis of circQTL
SNPs

Encode annotations of the regulatory tracks corresponding to
GRCh38.86 were downloaded through SnpEff using its download
option. We generated 10,000 random background data sets of
matching eQTL SNPs using the process described above and
converted them into VCF files as described in the functional anno-
tation enrichment analysis. We used SnpEff (Cingolani et al. 2012)
to annotate both circQTL and the eQTL background sets of VCF
files for these regulatory tracks of the lymphoblastoid (GM12878)
cell line: ATF3-GM12878_enriched_sites BATF-GM12878_enri-
ched_sites BCL11A-GM12878_enriched_sites BCL3-GM12878_
enriched_sites BCLAF1-GM12878_enriched_sites CTCF-GM12
878_enriched_sites DNase1-GM12878_enriched_sites EBF1-
GM12878_enriched_sites Egr1-GM12878_enriched_sites ELF1-
GM12878_enriched_sites ETS1-GM12878_enriched_sites Gabp-
GM12878_enriched_sites H2AZ-GM12878_enriched_sites H3K2
7ac-GM12878_enriched_sites H3K27me3-GM12878_enriched_
sites H3K36me3-GM12878_enriched_sites H3K4me1-GM12878_
enriched_sites H3K4me2-GM12878_enriched_sites H3K4me3-
GM12878_enriched_sites H3K79me2-GM12878_enriched_sites
H3K9ac-GM12878_enriched_sites IRF4-GM12878_enriched_sites
Jund-GM12878_enriched_sites MEF2A-GM12878_enriched_
sites MEF2C-GM12878_enriched_sites Nrsf-GM12878_enriched_
sites p300-GM12878_enriched_sites Pax5-GM12878_enriched_
sites Pbx3-GM12878_enriched_sites PolII-GM12878_enriched_
sites PolIII-GM12878_enriched_sites POU2F2-GM12878_enri-
ched_sites PU1-GM12878_enriched_sites Rad21-GM12878_enri-

ched_sites RXRA-GM12878_enriched_sites SIX5-GM12878_
enriched_sites SP1-GM12878_enriched_sites Srf-GM12878_enri-
ched_sites TAF1-GM12878_enriched_sites Tcf12-GM12878_enri-
ched_sites Tr4-GM12878_enriched_sites USF1-GM12878_enri-
ched_sites Yy1-GM12878_enriched_sites ZBTB33-GM12878_
enriched_sites ZEB1-GM12878_enriched_sites. The annotated
VCF files generatedby SnpEff were processed using custom scripts
to compute the fraction of SNPs in circQTL and background eQTL
data sets, odds ratio (OR), 95% CI, and P-value of the enrichment
for each regulatory element. The Monte Carlo P-value for the en-
richment or underrepresentation of each regulatorymark was com-
puted as described in the functional enrichment annotation
section.

Enrichment of circQTL SNPs among GWAS loci

The NHGRI-EBI catalog of published GWASs was downloaded
from EBI (http://www.ebi.ac.uk/gwas; gwas_catalog_v1.0.1-asso-
ciations_e91_r2018-01-01.tsv file). The genomic loci were sepa-
rately created for circQTL and randomly generated background
eQTL SNPs based on their LD patterns. To estimate LD patterns
within a genomic region, PLINK (Purcell et al. 2007) version 1.9
was run with the options –r2 –ld-window-kb 1000 –ld-window-r2
0.8 and SNPs with r2 > 0.8 with an index SNP were grouped to-
gether into a genomic locus. The genomic loci created for
circQTL and background eQTL SNPs were sorted by chromo-
some and start position and converted into BED files. Similarly,
columns DISEASE/TRAIT, REGION, CHR_ID, CHR_POS, MAP-
PED_TRAIT, and MAPPED_TRAIT_URI were extracted from the
GWAS catalog file and processed into a BED file sorted by
CHR_ID and CHR_POS. Finally, bedtools intersect (Quinlan and
Hall 2010) was used to screen overlaps of GWAS SNPs with geno-
mic loci BED files. An associated genomic locus for a trait as de-
fined by the EFO (Malone et al. 2010) tag of MAPPED_
TRAIT_URI field in the GWAS catalog is identified if a GWAS risk
SNP falls within the locus. Finally, the enrichment of circQTL
SNPs among associated loci is evaluated by a one-tailed Fisher’s
exact test with the following 2×2 table: columns, circQTL SNPs
and control eQTL SNPs; rows, SNPs within and not within the dis-
ease-associated loci. A total of 306 traitswereevaluated for theen-
richment and the P-values obtained from Fisher’s exact test were
corrected for the multiple testing based on Bonferroni correction.
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