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ABSTRACT
Circular RNAs (circRNAs) are a distinct category of single-
stranded, covalently closed RNAs formed by backsplicing. The
functions of circRNAs are incompletely known and are under
active investigation. Here, we report that in addition to traditional
linear mRNAs (linRNA), mouse, rat, and human opioid receptor
genes generate exonic circRNA isoforms. Using standard mo-
lecular biologic methods, Oprm1 circRNAs (circOprm1) were
detected in RNAs of rodent and human brains and spinal cords,
as well as human neuroblastoma cells, suggesting evolutionary
conservation. Sequencing confirmed backsplicing using ca-
nonical splice sites. Oprm1 circRNAs were sense-stranded
circRNAs resistant to RNase R digestion. The relative abundance
of Oprm1 circRNA to linRNA determined by quantitative re-
verse transcription polymerase chain reaction varied among
mouse brain regions, with circRNA isoforms predominating in
rostral structures and less abundant in brain stem. Chronic

morphine exposure in mice increased brain circOprm1.e2.3 and
circOprm1.e2.e3.e4(302) levels by1.5- to 1.6-fold relative to linRNA.
SequenceanalysispredictednumerousmicroRNAbindingsiteswithin
Oprm1circRNAsequences, suggestingapotential role inmicroRNA
sequestration through sponging. In addition, we observed that
other opioid receptor genes including d, k, and nociceptin receptor
genes produced similar circRNAs. In conclusion, all members of
the opioid receptor gene family express circRNAs, with Oprm1
circRNA levels exceeding those of linear forms in some regions.

SIGNIFICANCE STATEMENT
The modulation of Oprm1 circular RNA (circRNA) expression by
morphine, coupled with the high abundance and existence of
potential miRNA binding sites with circRNA sequences suggests
the potential role of Oprm1 circRNAs in chronic opioid effects
such as tolerance.

Introduction
Opioids are effective medications, but their prolonged use

leads to a number of compensatory changes, including
tolerance, which is complex and comprised of many factors
(Pasternak and Pan, 2013). The quintessential opioid
analgesic, morphine, acts through m-opioid receptors,
encoded by their gene, Oprm1 (Pasternak and Pan, 2013).
Although undoubtedly useful for acute pain control, chronic
morphine exposure is associated with challenges including
tolerance, which is a complex pharmacodynamic pheno-
menon by which drug action is diminished after serial

exposure. In cellulo models have suggested the contribution
of m agonist–induced receptor phosphorylation and inter-
nalization to opioid tolerance (Williams et al., 2013).
Several systems such as N-methyl-D-aspartate and d re-
ceptors (Pasternak and Pan, 2013) have been involved
in morphine tolerance in vivo models. When dosing was
extended to 6 weeks in mice, morphine analgesic toler-
ance increased for 3 weeks, after which it stabilized. This
stabilization was associated with profound changes in
Oprm1 variant mRNA expression (Xu et al., 2015), suggest-
ing potential involvement ofOprm1 variant mRNA levels in
morphine tolerance.
Many factors can impact gene regulation, including mRNA

transcription, stability, and translation. The importance of
microRNA (miRNA) in modulating gene expression has
been extensively validated and recent studies have impli-
cated circular RNA (circRNA) in the control of miRNA
function (Hansen et al., 2013; Memczak et al., 2013; Wang
et al., 2016; Zheng et al., 2016). While the first descriptions
of circular RNAs date back 30 years (Nigro et al., 1991;
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Cocquerelle et al., 1992; Capel et al., 1993), recent tran-
scriptome surveys vastly expanded the landscape of circRNAs,
and 20% of mammalian genes are now estimated to express
circRNAs (Salzman et al., 2012; Jeck et al., 2013; Memczak
et al., 2013; You et al., 2015). Genome-wide studies revealed
circRNAs to be diverse, abundant, and often evolution-
arily conserved (Jeck et al., 2013; Rybak-Wolf et al., 2015).
Of the three molecularly distinct categories of circu-
lar RNAs, the best studied type involves backsplicing of
the (downstream) end of an exon to the (upstream) front
end of exon, generating covalently closed circular RNAs
(Fig. 1A). Two other types include circular intronic RNAs
derived from failed debranching of lariat intermediates of
mRNA splicing and exon-intron circRNAs, which contain
intron and exon sequences. These latter two RNAs are both
nuclear enriched, and modulate expression of their parent
locus (Zhang et al., 2013; Li et al., 2015b), while exonic
circRNAs are predominantly cytoplasmic (You et al., 2015).
Although the functions of most circRNAs remain unclear,
several competitively antagonize miRNAs, which them-
selves are noncoding regulatory RNAs that dictate post-
transcriptional fates of target mRNAs (Hansen et al., 2013;
Memczak et al., 2013; Wang et al., 2016; Zheng et al., 2016).
The diversity of circRNAs derives from both the number of
genes producing circRNAs as well as the number of vari-
ant circles per gene, much like alternative splicing of
linear mRNAs (linRNAs) (Salzman et al., 2012; Zhang
et al., 2014; Gao et al., 2016). For some genes, circRNA
abundance exceeds that of their linRNAs (Salzman et al.,
2012), and circRNAs have longer half-lives than linRNAs

due to resistance to RNA degradation (Wang and Wang,
2015). circRNAs are enriched in neuronal cells and tissues
(Westholm et al., 2014; Rybak-Wolf et al., 2015; You et al.,
2015), circRNA encoding genes are enriched for annota-
tions for synaptic function (You et al., 2015), and circRNAs
accumulate in synapses (Rybak-Wolf et al., 2015), all
suggesting circRNAs may be particularly important in the
nervous system. We now test the hypotheses that the
Oprm1 gene generates circRNAs and that they are modu-
lated independently of linRNA isoforms. We demonstrate
that the m-opioid receptor gene Oprm1, as well as the d

(Oprd1), k (Oprk1) and nociceptin (Oprl1) genes, generate
circRNA, and that chronic morphine treatment modulates
Oprm1 circular RNA (circOprm1) levels.

Materials and Methods
Animals. Whole brain and spinal cord RNAs were obtained from

adult male CD-1 mice (Mus musculus). Chronic morphine treatment
involved the subcutaneous implantation of 75 mg morphine free base
or placebo pellets (National Institute on Drug Abuse) on the dorsum of
4–6 month old mice under brief isoflurane anesthesia, after which the
skin was stapled closed. Animal protocols were approved by the
Institutional Animal Care and Use Committee.

RNA Isolation. Mice anesthetized with isoflurane were sacrificed
by cervical dislocation, and brains and spinal cords were quickly
dissected while chilled to 4°C as rapidly and consistently as possible.
Tissues were homogenized at 4°C in Trizol (ThermoFisher)/chloforom
using a Polytron tissue homogenizer per the manufacturer’s recom-
mendation. Total RNA was isopropanol precipitated and quantitated
by Nanodrop (ThermoFisher). Rat (Rattus norevegicus) brain and

Fig. 1. Mouse, rat, and human Oprm1/OPRM1
divergent RT-PCRs of circular RNAs. (A) A map
of the mouse m-opioid receptor gene (Oprm1) is
shown with select exons in their relative loca-
tions (e.g., e1 designates exon 1). The e1 and exon
11 (e11) associated promoters are marked with
bent arrows, and intron sizes are labeled in
kilobases. The m-opioid receptor (MOR-1) pro-
tein is encoded by the dominant linear mRNA
containing e1-e2-e3-e4, shown above the geno-
mic DNA (gDNA) with a polyA tail and locations
of forward (F) and reverse (R) primers. The
Oprm1 locus also generates multiple circRNA
isoforms (shown below the gDNA map, with
primer sites; circRNA sizes in nucleotides shown
inside circles; red arrows point to backsplice
junctions). (B) Divergent RT-PCR products from
mouse [Mus musculus (Mm)] brain and spinal
cord total RNA were Sanger sequenced and
backsplice junctions confirmed (also see Supple-
mental Figs. 1 and 2). In brain, three variants
were sequence confirmed, while only circOpr-
m1.e2.e3 was confirmed in spinal cord. (C) Rat
[Rattus norvegicus (Rn)] and (D) human [Homo
sapiens (Hs)] divergent RT-PCRs were designed
similarly to the mouse. Conventional RT-PCR
with convergent primers (e2F-e3R) amplify lin-
ear mRNA as well as circRNAs, while divergent
primers (e2F-e2R, e3F-e3R) only amplify circR-
NAs. In all cases, 5 mg total RNA was treated
with reverse transcriptase [(RTase), arrow] with
250 ng random hexamers in 20 ml reactions (+),
or RTase omitted (2). PCRwas done with 1 ng/ml
of cDNA input to 35 ampflication cycles. Ten
microliters of PCR reaction were loaded against
1ml of Invitrogen 1 kb Plus ladder; 500 bp (*) and
1 kb (#) are marked as size reference.
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spinal cord total RNAs were purchased from Zyagen (RR-201, RR-230,
and Sprague-Dawley), and human (Homo sapiens) male brain and
male/female pooled spinal cord total RNAs were purchased from
Clontech. For mouse brain region RNA isolations, brains were
immediately immersed into ice-cold RNAlater Stabilization Solution
(ThermoFisher) for 3–5minutes, and dissections were performed from
coronal slices generated using a brain matrix (Product 15050; Ted
Pella) to minimize mRNA degradation. The Brain Explorer 2 software
from the Allen Mouse Brain Atlas project was used as an anatomic
reference (Lau et al., 2008).

Reverse Transcription Polymerase Chain Reaction. Reverse
transcription (RT) with Superscript3 (18080093; ThermoFisher)
was performed per the manufacturer’s recommendation with
minor modifications using random hexamer primers (typically,
250 ng per 5 mg total RNA in 20 ml RT reaction) or Oprm1 primers
(2 pmol primer per 5 mg total RNA) targeting sense and antisense
RNA. Digestion of linear RNA was carried out by treating total
RNA with RNase R (Epicentre Biotech), followed by RT with or
without Superscript3 enzyme. Primers were obtained from Sigma
and Invitrogen. Polymerase chain reactions (PCRs) were per-
formed with Taq polymerase (Sigma) and products were sequenced

directly after gel extraction (Zymo) or TOPO cloning (Invitrogen).
Sanger sequencing was performed through theMSKCC sequencing
core facility.

Mouse Oprm1 quantitative PCRs (qPCRs) were performed using
HotStart-IT SYBRGreen qPCRMasterMix (Affymetrix) on a Bio-Rad
CFX96 Touch Real-Time PCR Detection System. For estimation of
linRNA, we employed standard PCR strategies with convergent
primer pairs between exon 1 (e1) and exon 3 (e3), after confirming
that there are no readily detectable circRNA isoforms by divergent
RT-PCR from e1 to exon 2 (e2) (Fig. 2B). The e2.e3 circRNA was
specifically amplified with an e3 forward primer, and an e2.e3
backsplice junction-spanning reverse primer, while the e2.e3.e4
circRNA (where e4 denotes exon 4) was amplified from two junction-
spanning primers including a backsplice junction-spanning primer
(Supplemental Table 1). Analyses of Ct values were performed as
described previously (Lu et al., 2014). For the whole brain ver-
sus spinal cord comparison, a geometric mean of Ct values for
glyceraldehyde-3-phosphate dehydrogenase, succinate dehydroge-
nase, and b-microglobulin was used to obtain a DCt value for each
Oprm1 RNA target. Raw DCt values are reported in Fig. 4B, and
relative ratios of 22DCt values for linear versus circular isoforms

Fig. 2. Mouse Oprm1 divergent RT-PCRs amplify sense-
stranded circRNAs. (A) Primer maps with locations match-
ing the MOR-1 mRNA and (B) dominant Oprm1 circRNAs
are shown. Exons 1–5 are abbreviated e1–e5, and primer
labels designate the target exons and orientation (F/R) with
respect to transcription. The numbers inside the circles
represent circRNA sizes (nt). (C) To confirm that divergent
RT-PCR products are generated from circular RNAs, RNAs
were pretreated with RNase R, an exonucleolytic enzyme
that preferentially digests linear mRNA templates from the
39 tails but not circular RNAs. Mouse brain total RNAs were
digested with (+R) or without (2R) RNase R and samples
were split to RT reactions with random hexamer (N6)
primers, with (+) or without (2) reverse transcriptase
(RTase) enzyme, and then these cDNAs were input to PCR
using convergent or divergent primer pairs. (D) Convergent
RT-PCR (primers e1F-e3R, lanes 1–4) amplified the linear
MOR-1 mRNA, but RNase R predigestion attenuated this
amplification. Divergent RT-PCR products (primers e2F-
e2R, lanes 5–8) were stable against RNase R pretreatment.
Divergent RT-PCR using primers from e1 to e2 (e2F-e1R
primers, lanes 9–12) did not generate products. For labels
above the gel image: top, middle, and bottom rows of labels
represent RNase R treatment, inclusion/omission of RTase
enzyme during RT with N6, and the PCR primer pairs used
for each sample, respectively. For lane labels below the gel
image, L represents the Invitrogen 1 kb plus ladder, and the
1 kb (#) and 500 bp (*) bands aremarked. (E) Some circRNAs
are known to derive from antisense transcripts overlapped
with annotated genes; therefore, to determine whether the
observed Oprm1 divergent RT-PCRs derive from sense or
antisense circRNAs, RT reactions using strand-specific
Oprm1 primers were performed as shown in the scheme.
Mouse brain total RNA was incubated with either the
Oprm1 e2 sense (e2F) or antisense (e2R) gene-specific
primers, with (+) or without (2) RTase enzyme, and
amplified with e2 divergent primers. (F) RT with anti-
sense-stranded primer (e2R) can support divergent RT-PCR
from sense-stranded circRNAs e2.e3, e2.e3.e5(119) and
e2.e3.e4(302) (lanes 3 to 4), but sense-stranded primer (lanes
1 to 2) did not. Labels above the gel, from top to bottom, are for
the RT primers, inclusion (+) or omission (2) of RTase
enzyme, and PCR primers, while lane labels and size ladders
are the same as for (D).
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are reported in Fig. 4C (qPCR analysis method shown below the
graph). For brain region analysis, DCt values were obtained
against glyceraldehyde-3-phosphate dehydrogenase, and ratios of
22DDCt values are reported in Fig. 4D. For the morphine treat-
ment study, total RNA was harvested from spinal cord and brain
and reverse transcribed with Superscript3, and the geometric
means of Ct values for TATA-binding protein, succinate dehydro-
genase, and b-microglobulin were used to obtain the DCt values
reported in Fig. 5. Melt curves and gels indicate single products are
generated by these amplification strategies. While it is theoreti-
cally possible that divergent RT-PCR strategies could amplify from
multiple template sources with internal deletions in the blind spot
between divergent primers, screening with multiple divergent
primer pairs from e2 and e3 suggests that internal deletions within
the Oprm1 e2 and e3 exonic sequence are undetectable under our
conditions.

Bioinformatics. Custom miRNA target predictions were per-
formed using the online mirDB interface (Wong and Wang, 2015).
Exon sequences were permuted in all possible orderings to ensure
capture of predictions near the backsplice junction since the
software interface assumes linear sequence inputs. By default,
predictions scoring below 50 were not reported by mirDB, but any
prediction scoring above 50 for at least one permutation is
presented here. Evolutionary conservation of sequences at pre-
dicted miRNA binding sites was computed using bootstrapping
(discussed subsequently).

Experimental Design and Statistical Analysis. The divergent
RT-PCRs shown in Fig. 1B were replicated from n . 6 animals, with
data shown deriving from young (,3 months) adult CD-1 male
mice. The rat data shown in Fig. 1C were derived from a
commercial RNA source (gender unspecified), with similar results
from total RNA isolated from brain and spinal cords of male
Sprague-Dawley rats (data not shown). The human divergent
RT-PCRs were performed on one brain and one spinal cord sample
each, purchased commercially as described previously. Statistical
size was based on previous experience.

Statistical analysis of the qPCRs was assessed using Prism
7 (GraphPad), with statistical significance set at P , 0.05. Analysis
for Fig. 4C was carried out using two-way ANOVA of 22DDCt values
(circRNA Ct2 linRNA Ct) with matching for each animal (n5 3) and
no multiple comparisons testing. Two-way ANOVA P values for Fig.
4C are reported in Results. Statistical analysis of the qPCR 22DDCt

values of Fig. 4D used one-way ANOVA to analyze the brain region–
specific differences in linear/circular Oprm1 RNA relative ratios
followed by post-hoc multiple comparisons testing between brain
regions with Tukey’s test (see Results). For analyses of morphine
versus placebo treatment qPCRs in Fig. 5, 22DCt values were
computed (where DCt 5 Oprm1 RNA Ct 2 control RNAs’ geometric
mean Ct). The t tests were performed for morphine versus placebo for
each Oprm1 primer target at each anatomic site tested (brain and
spinal cord).

Calculation of P values for the evolutionary conservation of
sequences at predicted miRNA binding sites was performed with
bootstrapping using Python3.6 with NumPy version 1.11.3 as
follows. Mouse and human e2.e3 circRNA sequences were aligned
with BLAST2seq, and the match/mismatch information from
the alignment was concatenated into a binary string of length
874 [mouse, rat, and human e2.e3 circRNA lengths are all ex-
actly 874 nucleotides (nt)]. This string was extended at the
terminus by a copy of the first six positions and then resampled
using numpy.random.choice without replacement for a total of
25 samplings (corresponding to the number of miRNA sites
predicted). For each of these position identities, the 7mer begin-
ning at that position was inspected and categorized as 100%
conserved or not conserved. This process was repeated for
100,000 trials, and the fraction of those trials with greater than
eight out of 25 samplings having 100% identity is reported as the
P value. Scripts are available upon request.

Results
Discovery of the Mouse Oprm1 Circular RNAs. In

standard RT-PCR design, pairs of primers are chosenwith one
sense stranded primer directed downstream and an anti-
sense primer directed upstream of a downstream location (i.e.,
e2F-e3R) (Fig. 1A). Using an RT-PCR strategy with primer
pairs oriented divergently (wherein the antisense primer is
anchored upstream of the sense primer) from exon 2 of mouse
Oprm1, and a second independent pair of primers directed
divergently from exon 3 (Fig. 1, A and B), we detected circular
RNA variants of Oprm1 from mouse whole brain total RNA.
Sanger sequencing of the PCR products confirmed a back-
splice junction connecting the 39 end of e3 with the 59 end of e2,
employing the typical splice-donor and splice-acceptor sites of
e2 and e3 as with canonical linear splicing by the spliceosome
(Fig. 1; Supplemental Fig. 1). This dominant circular RNA,
which we refer to as circOprm1.e2.e3, was amplified from
Oprm1 e2 and e3, and is an 874-nt circle (Fig. 1, A and B). In
addition, we amplified larger products from both the e2- and
e3-based primer pairs, albeit less efficiently.
The second strongest signal in these assays corresponded to

circRNAs containing e2, e3, and the first 302 nt of e4. This product
derives from a 1178-nt circRNA [circOprm1.e2.e3.e4(302)] (Fig. 1,
B and C; Supplemental Fig. 2). The 39 end of this backsplice
junction coincides perfectly with the terminus of several RefSeq
(http://www.ncbi.nlm.nih.gov/RefSeq/) and UCSC genome data-
base (https://genome.ucsd.edu) entries (Supplemental Fig. 2C)
(Kent et al., 2002), suggesting these annotations do not mark true
ends of mRNAs and in fact may be sequence entries derived
from circular templates. The third most readily detected circRNA
was sequence verified through TOPO cloning and contained e2,
e3, and 119 nt of exon 5 (e5) derived from a 993-nt circRNA
[circOprm1.e2.e3.e5(119)] (Fig. 1, B and C). By employing di-
vergent primers at the 59 end of e2 against primers at the 39 end
of e3, we observed numerous other amplicons, suggesting an
unexpected diversity of circRNA isoforms from this locus (Supple-
mental Fig. 3).We determined the sequences of twomore isoforms
of lesser abundance as circOprm1.e2.e3.e5(94).e4(302) and
circOprm1.e2.e3.e5(119).e4(302) (Supplemental Fig. 3). All of
these circRNAs adhere the GT-AG rule of consensus splice
site recognition (Scotti and Swanson, 2016), suggesting that
these circRNAs are generated through mechanisms of ca-
nonical splicing or alternative splicing. Other divergent
RT-PCR products remain to be sequence verified, and likely
represent unknown Oprm1 circRNAs. Thus, the mouse
Oprm1 gene generates a dominant circRNA isoform contain-
ing e2 and e3, while other variant circRNAs are also
generated at lower levels. Although not quantified, circRNA
isoforms were also observed in female mice (Supplemental
Fig. 3).
Evolutionary Conservation of Oprm1 e2-e3 Circular

RNA Isoforms. Evolutionary conservation of many circRNA
has been noticed in large-scale transcriptomic projects (Jeck
et al., 2013). To evaluate the evolutionary conservation of the
circOprm1.e2.e3 isoform, we performed divergent RT-PCR
using primers oriented outward from e2 and separately from
e3 of the rat and human Oprm1/OPRM1 genes. Using total
RNA from whole brain, we confirmed the existence of homol-
ogous e2.e3 circRNA isoforms in rat and human brains by
divergent RT-PCR and Sanger sequencing (Fig. 1, C and D).
Furthermore, total RNA from spinal cord of mouse, rat, and
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human also contained Oprm1/OPRM1 e2.e3 circRNA (Fig. 1,
B–D). Of note, the e2.e3 circRNAs are exactly 874 nt in all
three species due to conservation of e2 and e3 lengths among
these species. The mouse e2.e3 circRNA has an open reading
frame that theoretically could encode a six-transmembrane
variant of 365 amino acids, from a start codon in e3 read-
ing through e2 and e3 until reaching a stop codon in the 59
half of e2 during a second pass through the circRNA se-
quence (Supplemental Fig. 1). The rat and human e2.e3
circRNAs have longer theoretical open reading frames of
583 and 396 amino acids, respectively, with both retain-
ing six-transmembrane spans predicted by TMHMM2
(Sonnhammer et al., 1998), albeit with a long C-terminal
sequence in the rat open reading frame (Supplemental Fig.
4). The rat brain and spinal cord also weakly express circRNA
isoforms roughly 100 and 200 nt larger than the e2.e3
isoform, while the human RNAs reveal more bands, suggest-
ing a more diverse repertoire of circRNA isoforms (Fig. 1D).
Overall, these studies indicate the Oprm1/OPRM1 genes of
all three vertebrates express a conserved e2.e3 circRNA.
Confirmation of Circularity and Strand of Origin. As

further evidence supporting the existence of a circRNA
variant of Oprm1, we used the RNase R/RT-PCR assay
(Salzman et al., 2012) to selectively degrade linear RNA from
our total RNA pool prior to RT-PCR. The RNase R enzyme is
10-fold more active against linear RNA than against circular
RNA (Suzuki et al., 2006). We observed a reduction of the e1-
e2 convergent RT-PCR product with RNase R pretreatment,
while the e2- and e3-based divergent RT-PCRs were resistant
to RNase R degradation (Fig. 2, C and D), confirming the
circular nature of these RNA templates.
Exonic circRNAs predominantly originate from the sense

strand of genes, with only approximately 10% of circRNAs
detected by RNA-sequencing studies antisense to the pri-
mary annotations at their gene of origin (Memczak et al.,
2013). To confirm the strand of origin of circOprm1.e2.e3, we
used strand-specific primers to theOprm1 exonic sequence for
reverse transcription, and then evaluated the e2 divergent
RT-PCR amplicons. Using this strand-specific RT-PCR strat-
egy, we confirmed that circOprm1.e2.e3 derived from the
sense strand Oprm1 transcript (Fig. 2, E and F).
Analyses of Candidate cis Regulatory Sequences

within Oprm1 Introns that May Facilitate Circulariza-
tion. The biogenesis of circRNAs involves interactions be-
tween introns flanking the circRNA exons that may be due to
base pairing of inverted repeat elements such as Alu (human)
and B1 (mouse) repetitive elements or through the presence of
binding sites for sequence-specific RNA binding proteins such
as Quaking (Qki) and Muscleblind (Ashwal-Fluss et al., 2014;
Conn et al., 2015). Since the Oprm1 intron between e1 and e2
is ∼40 kb long and the intron between e3 and e4 is ∼19 kb long
(with e5 interjected 11 kb downstream from e3) (Fig. 1A),
respectively, many B1 elements and other repeat sequences
were readily visible via the UCSC genome browser, consistent
with their possible role in the biogenesis of these circRNAs. On
the other hand, the high number of repeat elements in these
introns makes the evaluation of their individual contributions
to circRNA biogenesis difficult.
We also investigated the flanking intron sequences for Qki

and Mbnl2 binding sites using the MEME Suite of motif
analyses tools; Mbnl2 is reported to be the brain-dominant
mammalian homolog of Drosophila Muscleblind dominant in

the brain. Four instances of potential Qki binding sites were
detected within the 20 kb of sequence upstream of Oprm1 e2
(14.1, 11.9, 7.7, and 3.3 kb upstream of e2), and again in the
20 kb downstream from e3 (1.8, 6.1, 13.9, and 15.2 kb
downstream), suggesting that the mouse e2.e3 circRNA may
employ Qki-dependent mechanisms for circularization (Sup-
plemental Fig. 5 and Supplemental Material for Supplemen-
tal Figs. 5 and 6). Similar analyses for Mbnl2 binding sites
within the same Oprm1 intronic sequences also revealed
consensus Mbnl2 binding sites within both the upstream
and downstream introns (one site 7.6 kb upstream of e2
and two sites downstream from e3 at 13.6 and 16.4 kb
downstream of e3) (Supplemental Fig. 6 and Supplemental
Material for Supplemental Figs. 5 and 6). Experimental
verification of these predicted RNA binding protein inter-
actions is warranted.
d (Oprd1) and k (Oprk1) Opioid and Nociceptin

(Oprl1) Receptor circRNAs. We also observed circRNAs
for the d (Oprd1), k (Oprk1), and nociceptin (Oprl1) receptor
genes as well (Fig. 3). These studies used divergent RT-PCR
fromprimers within the exons homologous toOprm1 e2 and e3
(see Fig. 3A).Oprd1 e2 andOprk1 e3 (which are homologous to
Oprm1 e2) generated single exon circRNAs, although we
failed to observe any single exon circRNAs from Oprm1 (Fig.
3B). Oprl1 also generated a low yield divergent RT-PCR
product containing e3 and two discontinuous portions of e4,
with splice junctions adhering to the GT-AG rule, but this
amplicon was detected less reproducibly (data not shown).
Anatomic Specificity of circOprm1 Abundance. Oprm1

alternative splice variants are differentially expressed in various
brain regions (Xu et al., 2015). To determine if the regulation of
circRNA expression also was region dependent, we evaluated
mouse whole brain and spinal cord total RNAs for linear versus
circRNA variants of Oprm1 by quantitative RT-PCR. SYBR
green qPCRs targeting threeOprm1 amplicons were performed.
Since divergent RT-PCR from e1 to e2 failed to generate
amplicons (Fig. 2C), we interpreted products from e1 to e3 as
deriving from linRNA isoforms, while circOprm1.e2.e3 and
circOprm1.e2.e3.e4(302) were detected using backsplice junction
spanning primers (Fig. 2A). TheDCt values are shown inFig. 4B,
and these values are shown again as relative RNA abundance
(22DDCt values) in Fig. 4C. The latter valueswere analyzed by two-
way ANOVA, with significant variation attributable to anatomic
region [whole brain vs. spinal cord;F(1,4)5 92.68,P50.0007] and
RNA target [circOprm1.e2.e3 vs. circOprm1.e2.e3.e4(302);
F(1,4) 5 163.5, P 5 0.002] as well as interaction [F(1,4) 5 76.73,
P 5 0.009]. Subjects (matching) were not a significant source of
variation [F(4,4) 5 3.045, P 5 0.1531]. The abundances of both
circRNA isoforms were greater in brain than spinal cord, with
circOprm1.e2.e3 beingmore abundant of the two. The observation
that the abundance of circOprm1.e.2.e3 in brain was similar to
linear mRNA levels was unanticipated, as was the marked
differences between circRNA expression in brain and spinal cord.
Together, these results imply that linearandcircRNAisoformsare
differentially regulated post-transcriptionally.
We also examined mouse brain regions for circRNA expres-

sion, including cortex, striatum, diencephalon (thalamus/hy-
pothalamus), periaqueductal gray, and brain stem, and found
significant differences in the ratios of Oprm1 linRNA versus
e2.e3 circRNA in brain regions (Fig. 4D) [one-way ANOVA
with no matching, F(6,14) 5 2.953, overall P 5 0.0446], with
the highest ratio of circOprm1.e2.e3 isoforms in the cortex and
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the lowest in the brain stem (post-hoc multiple comparisons
testing with Tukey correction, P 5 0.0306 for cortex vs. brain
stem) (Fig. 4D). In the cortex, circOprm1.e2.e3 levels exceeded
linRNA levels, whereas in the brainstem the opposite was
true. The regional distributions in brain revealed a trend, with
higher fractions of circOprm1.e2.e3 in rostral regions that
declined in more caudal regions, consistent with the compar-
ison of whole brain and spinal cord (Fig. 4C). The high level of
circOprm1.e2.e3 observed in whole brainmay be in part due to
high cortical contribution to whole brain mass, although other
technical factors may have contributed as well.
Effect of Chronic Morphine Exposure on Relative

Abundance of Oprm1 circRNAs. Chronic morphine pro-
duces a range of compensatory responses, including physical
dependence and tolerance. These physiologic changes are
associated with changes in the regulation of Oprm1 mRNA,
with levels of specific isoforms in select brain regions in-
creasing as much as 300-fold (Xu et al., 2015). In view of the
potential role of circRNA in regulation of m-opioid receptor
expression, we examined the effects of chronic morphine on
Oprm1 circRNA and linRNA isoforms. We used a 10-day
chronic morphine treatment paradigm consisting of subcuta-
neously implanted 75 mg morphine or placebo pellets (Fig. 5).
Morphine treatment significantly increased circOprm1.e.2.e.3
(1.6-fold, P , 0.05 by t test) and circOprm1.e2.d3.e4(302)
levels (1.5-fold, P, 0.05 by t test) in brain, but not spinal cord
(Fig. 5, A and B). Meanwhile, no change was observed in whole
brain linRNA in either region (Fig. 5C). The lack of change in
whole brain linRNA is consistent with our earlier study
employing 6-week treatments (Xu et al., 2015). While that
study did observe changes for Oprm1 mRNA expression, they
were only seen when assessing specific individual regions.

Here, the ratio of circular/linear forms in whole brain increased
also [circOprm1.e.2.e.3/linRNA, 1.6-fold, circOprm1.e2.d3.e4(302)/
linRNA, 1.5-fold], indicating circRNA regulation was in-
dependent of linear Oprm1mRNA expression. This relative
increase in circular isoforms raises questions about their
potential involvement in m receptor gene regulation with
chronic opioid treatment.
miRNA Binding Site Predictions. miRNAs can modu-

late gene expression by selectively binding to specific mRNA
sequences and thereby influencing mRNA stability and/or
translatability. Thus, altering miRNA levels provides a
mechanism to influence protein expression. Typically,
miRNAs are 22 bases long and hybridize with their tar-
get RNAs through binding mediated by a core 6 to 7 bp
interaction through the seed sequence (Gorski et al., 2017).
Some circRNAs operate as decoys for miRNA binding,
titrating the availability of important regulatory miRNAs
and achieving an indirect regulatory effect. Bioinfor-
matic miRNA binding site analysis of the Oprm1 circRNAs
predicted numerous putative miRNA binding sites (Fig. 6).
The miRNA binding sites predicted within e2 and e3 are
shared by all three circRNAs, with the sole exception of
miR-6769b-5p, which was predicted only for the e2.e3 and
e2.e3.e5(119) circRNAs (Fig. 6). We also predicted miRNAs
specific for the e2.e3.e4(302) and e2.e3.e5(119) circRNAs,
and absent in the e2.e3 circRNA. For example, miR-3072-5p
and miR-7226-3p are specific for the exon 4 portion of
e2.e3.e4(302) (Fig. 6B), while miR-7035-5p, miR-3078-3p,
and miR-378d are predicted to target the exon 5 portion
included within e2.e3.e5(119) (Fig. 6C). Predictions for
miRNA binding sites within the human OPRM1 e2.e3
circRNAs (Fig. 7) revealed several predicted miRNA

Fig. 3. Mouse non-m-opioid receptor divergent RT-PCRs. (A) A
schematic of mouse m (Oprm1), d (Oprd1), k (Oprk1), and
nociceptin (Oprl1) receptor mRNAs for the dominant splice
isoforms is shown, with exons labeled below (exon 1 is desig-
nated as e1). The mRNAs are organized by alignment of
homologous exons, with transmembrane span coding regions
colored black. Divergent RT-PCR primers for each target
sequence are shown as arrows. Exons are not drawn to scale;
narrow portions of exons represent untranslated regions. (B)
Divergent RT-PCR was performed on mouse whole brain total
RNA with PCR primer pairs directed outwardly from exons as
labeled. For each gene, two primer pairs were used, targeting
two separate exons. The Oprm1 locus generates several
circRNAs, of which the e2.e3 circRNA appears dominant (*).
Oprd1 e2 generates a single exon circRNA (dollar), and this
template supported detection of a dimeric RT-PCR product
consistent with processive reverse transcription of a single
exon circRNA (#). Oprk1 also generates a single exon e3
circRNA (&). These divergent RT-PCRs were confirmed to
derive from circRNAs by examination of backsplice sequences
from direct Sanger sequencing, or after TOPO cloning, to
confirm the existence of a backsplice junction and adherence
to canonical GT-AG splice junctions. Five micrograms of total
RNA were treated with reverse transcriptase using 250 ng
random hexamers in 20 ml reactions, and 35 cycles of PCR
amplification were done with 25 ng/ml input cDNA. Five
microliters of PCR reaction were loaded against 1 ml of
Invitrogen 1 kb Plus ladder; 500 and 1000 bp are labeled as
size reference.
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binding sites with 100% nucleotide level conservation be-
tween the mouse and human e2.e3 circRNAs. For miRNAs
predicted in mouse, eight out of 25 sites have 100%
nucleotide conservation of the miRNA seed sequences in
the human e2.e3 circRNA, while for miRNAs predicted in
the human e2.e3 circRNA, seven out of 27 are 100%
conserved in mouse at the seed sequence positions. The

Fig. 4. Anatomic survey of expression of mouse Oprm1 linear vs. circular
RNAs. (A) The target Oprm1 RNAs are shown with exons and primers not
drawn to scale. The linear Oprm1 isoforms are detected with primers
spanning exon 1 (e1F1) to exon 3 (e3R2). The circOprm1.e2.e3 is detected
with a backsplice junction spanning primer (e2e3juncR2) paired with an
exon 3 forward primer (e3F1). The circOprm1.e2.e3.e4(302) is selectively
amplified with two junction spanning primers. The backsplice junctions for
circRNAs are shown with a red arrow. (B) DCt values for Oprm1 isoforms
in opioid naive mouse whole brain and spinal cord are shown for linear,
circOprm1.e2.e3, and circOprm1.e2.e3.e4(302). (C) Relative abundance
values for circular isoforms normalized to the linear isoforms, using data
shown in (B), are plotted as DDCt values and analyzed by two-way ANOVA
(significant variation was attributable to anatomic region, ***P , 0.001;
RNA target, **P , 0.01; and interaction, **P , 0.01, see Materials
and Methods). (D) Select brain regions were dissected from naive CD-1
male mice, and qPCRs were performed to evaluate relative expression of
linear and e2.e3 circRNA levels (overall P , 0.05 by ordinary one-way
ANOVA (F6,14 = 2.953; *P = 0.045), followed by post-hoc multiple compar-
isons analysis with Tukey’s correction significant for cortex vs. brain stem
(*P , 0.05).

Fig. 5. circOprm1 RNAs accumulate in mouse whole brain with chronic
morphine exposure. CD-1 male mice were subcutaneously implanted with
a morphine [(M), 75 mg free base] or placebo (P) pellet every 3 days, for a
total of three pellets/animal (n = 5 to 6 mice per group). Tissues were
harvested on day 10 for qPCR analysis for Oprm1 RNAs to compare
circRNA and linRNA levels in whole brain and spinal cord. Tissues were
examined for circOprm1.e2.e3 (A), circOprm1.e2.e3.e4(302) (B), and linear
mRNA (linOprm1.e1.e3) (C) levels. Data are shown as 22DCt. For each
Oprm1 target RNA for each tissue, morphine vs. placebo comparisons were
analyzed by t test, and circOprm1.e2.e3 circOprm1.e2.e3.e4(302) increases
in whole brain were significant (*P , 0.05).
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contribution of high nucleotide level conservation of the
874 nucleotides in the e2.e3 circRNA (770 of 874 between
mouse and human) to the fraction of predicted miRNA
binding sites with 100% interspecies conservation could not
be excluded (P 5 0.68 for the eight out of 25 sites of mouse
versus human sequence, P 5 0.88 for human to mouse).
Collectively, these analyses suggest several candidate
miRNA binding sites exist within the evolutionarily con-
served Oprm1/OPRM1 e2.e3 circRNA, as well as others
specific for the lesser variant circRNAs.

Discussion
Oprm1 circRNA is abundant and differentially modulated

by chronic morphine, independently ofOprm1 linear RNAs. The
dominant mouse circOprm1 backsplices exon 3 to exon 2 (cir-
cOprm1.e2.e3), and a secondary isoform backsplices the first
302 nucleotides of exon 4 to exon 2 [circOprm1.e2.e3.e4(302)].
Exon 5 inclusion into the third most abundant isoform confirms
Oprm1 circRNAs can incorporate alternative exons; other in-
completely characterized forms were observed. Human OPRM1

Fig. 6. Predicted miRNA binding sites in mouseOprm1 circRNAs. Potential miRNAs targeted by circOprm1.e2.e3 (A), circOprm1.e2.e3.e4(302) (B), and
circOprm1.e2.e3.e5(119) (C) are shown. Shared miRNA binding sites are colored in gray, while sites unique for the circOprm1.e2.e3.e4(302) and
circOprm1.e2.e3.e5(119) circRNAs are yellow. Circle sizes not to scale.
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e2.e3 circRNAswere also detected in brain and spinal cord albeit
at levels lower than rodents, possibly reflecting postmortem
changes in RNA, differences in anatomic sampling, evolutionary
divergence, or individual variation. Regardless of quantitative
differences, e2.e3 circRNAs from mouse, rat, and human are
evolutionarily conserved. They join a list of circRNAs with
potential involvement in physiologic and pathologic states,
including pain (Cao et al., 2017), ischemic stroke (Mehta et al.,
2017), cancer (Li et al., 2015a; Xia et al., 2018), neurodevelop-
ment (Szabo et al., 2015), and cardiac injury (Gupta et al., 2018).
Oprm1 generates circRNAs at levels equal to or exceeding

linRNAs in rostral brains, raising questions about previous
analyses of Oprm1 mRNA that did not distinguish linRNAs
versus circRNAs (Meuser et al., 2003). Our observation that
circOprm1 levels increased in brain by ∼50% after 10-day
morphine exposure highlights the importance of disambigu-
ating Oprm1 linRNA from circRNAs when studying Oprm1
gene expression. Previously, 6 weeks of morphine treatment
robustly increased specific Oprm1 variant mRNAs in selected
brain regions (Xu et al., 2015). However, circOprm1 contri-
butions to those changes are not known, since the probes
employed cannot differentiate circOprm1 versus linRNAs.
It will be interesting to revisit this long-term morphine
treatment paradigm to quantitate Oprm1 circRNAs versus
linRNAs. circRNAs are more stable than linear RNAs (Wang
and Wang, 2015), thus are particularly well poised to affect

long-term pharmacological outcomes such as opioid tolerance
(Meuser et al., 2003; Xu et al., 2015).
Overall, several functions of circRNAs are reported, in-

cluding as miRNA sponges (Fig. 8) (Hansen et al., 2013;
Memczak et al., 2013; Wang et al., 2016; Zheng et al., 2016),
RNA binding protein depots, splicing modulators (Ashwal-
Fluss et al., 2014), and a template for protein translation
(Abe et al., 2015; Wang and Wang, 2015). The model circRNA
CDR1as has 60–70 miR-7 binding sites, and transgenic over-
expression of CDR1as circRNA in zebrafish impaired mid-
brain development, phenocopying miR-7 morpholino
knockdown (Memczak et al., 2013). High copy numbers of
miRNA sites may be atypical of circRNAs (Guo et al., 2014;
Jeck and Sharpless, 2014) but low copy numbers of miRNA
sites can be compensated by high levels of circRNA expres-
sion and circRNA stability. The heart-related circRNA only
encodes six miR-223 binding sites, but its overexpression
blocked cardiac hypertrophy in a heart failure model (Wang
et al., 2016). CircHIPK3 is abundantly expressed in liver
cancer and sponges nine different miRNAs, some of which
exist as single copy miRNA sites (Zheng et al., 2016).
Many predicted miRNA binding sites within Oprm1/

OPRM1 e2.e3 circRNA are conserved between mouse and
human at the nucleotide level, suggesting evolutionary
significance. Of the predicted miRNA binding sites con-
served between mouse and human e2-e3 sequences, several

Fig. 7. Predicted miRNA binding sites
within human circOPRM1.e2.e3. A map
of predicted miRNA binding sites within
the human [Homo sapiens (Hs)] Hs.cir-
cOPRM1.e2.e3 is shown. Those miRNAs
with experimental validation (in other
contexts) are labeled in bold. Shown in
orange are the predicted miRNA binding
sites that are 100% conserved for the full
heptamer miRNA seed sequence vs. the
mouse homolog (Mm.circOPRM1.e2.e3).
The red arrow depicts the location of the
backsplice junction.
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are experimentally verified miRNAs (although not yet
verified to interact with circOprm1), including mouse
miR-546 and miR-3470b as well as human miR-4781-3p
and miR-4299. Hippocampal neuronal plasticity in cellulo
is regulated by miR-546 (van Spronsen et al., 2013),
lentiviral transgenesis of miR-3470b in peripheral tissues
led to increased inflammatory pain behaviors in mice
(Segall et al., 2015), dysregulation of miR-4781-3p is pre-
sent in serum fromAlzheimer’s patients (Satoh et al., 2015),
and miR-4299 levels are associated with thyroid cancer
pathogenesis and colon cancer chemoresistance (Hu et al.,
2015; Miao et al., 2016). The high abundance of circOpr-
m1.e2.e3 could empower it to sponge important miRNAs
despite low copy numbers of each miRNA binding site. It
will be important to test these predicted circRNA-miRNA
interactions directly.
Rarely, circRNAs can encode proteins (Legnini et al., 2017;

Pamudurti et al., 2017). Typical eukaryotic protein trans-
lation requires ribosome recruitment to 59 ends of mRNAs
via interactions between translation initiation factors
and the 7-methylguanosine cap at the 59 termini
(Sonenberg and Hinnebusch, 2009), and is aided by de
facto circularization by bridging protein-protein interac-
tions between translation initiation factors and poly-A
binding protein (Wells et al., 1998). circRNAs lack 59 caps
and are largely excluded from polysomes (Nigro et al.,
1991; Jeck et al., 2013), but some are polysomal and their
encoded proteins are detectable by mass spectrometry
(Legnini et al., 2017; Pamudurti et al., 2017). Translation
of circRNAs may be mediated by internal ribosome binding
sites or 6-methyladenine RNA modifications, which both
bypass cap-dependent translation (Meyer et al., 2015;
Legnini et al., 2017; Yang et al., 2017). Alternatively,
some circRNAs might be translated after linearization
(Otsuka et al., 2009; Mukherjee et al., 2012), cytoplasmic
capping, and polyadenylation (for a review, see Elkon et al.,
2013). Such a mechanism could allow for long-term RNA
storage and delayed protein translation. The circRNA
CDR1as can be linearized by binding of miR-671 at a single
copy binding site (Hansen et al., 2011). circOprm1.e2.e3 has
a predicted miRNA binding site at the end of e3. RNA
linearized at this position could encode six-transmembrane
opioid receptor isoforms similar to the MOR-1K isoform
implicated in opioid-induced hyperalgesia and tolerance
(Oladosu et al., 2015; Marrone et al., 2017). Although

speculative, translation ofOprm1 circRNAs is an intriguing
possibility.
The cis-regulatory sequences and trans-acting factors re-

quired for biogenesis of some circRNAs are known, although
not for circOprm1. Long intronic inverted repeat (IR)
sequences flanking the circularized exon in the mouse sex-
determining gene Sry are necessary for circular Syr RNA
formation (Capel et al., 1993; Dubin et al., 1995). Genome-
wide RNA-sequencing extended this observation, and exons
included in human circRNAs are flanked by longer introns
enriched for IRs (Jeck et al., 2013; Salzman et al., 2013;
Zhang et al., 2014) and these IRs can be Alu elements
(Tsirigos and Rigoutsos, 2009) or nonrepeat inverted com-
plementary sequences (Zhang et al., 2014). circRNAs typi-
cally do not include first and last exons (Zhang et al., 2014).
RNA binding proteins also contribute to circRNA formation,
including sequence-specific RNA binding proteins Quak-
ing and Muscleblind that bind to introns bracketing the
circRNA exons (Ashwal-Fluss et al., 2014; Conn et al.,
2015), as well as serine-arginine proteins and heteroge-
neous nuclear ribonucleoproteins in fruit fly circRNA
formation (Kramer et al., 2015). The structure of mouse
circOprm1.e2.e3 is consistent with known general rules of
circRNA formation, such as exclusion of the first exon,
presence of long introns (introns flanking e2 and e3 of
Oprm1 are 40 and 19 kb, and the intron between e2 and e3 is
0.9kb) (Supplemental Fig. 1A), and existence of numerous
repetitive elements in these spans that could contribute to
the circularization of these exons through an IR-dependent
mechanism. Sequences for Quaking and Mbnl2 binding
sites are present in mouse Oprm1 introns flanking the e2-
e3 exon region (Supplemental Fig. 3), suggesting their
possible involvement in e2.e3 circRNA formation, but these
observations warrant validation. The intron spans of non-
m-opioid receptor genes are smaller than those of Oprm1,
possibly contributing to lower circRNA levels of non-m
genes. Our divergent RT-PCR primers for non-m genes
targeted only two exons, chosen based on protein level
homology, leaving open the possibility of other circRNAs
outside the scope of our designs.
circRNAs may be eliminated by dilution, enzymatic

degradation, and cellular extrusion. Eukaryotic mRNA
stability depends largely on 39 exonucleolytic degradation
by the exosome (Kilchert et al., 2016). circRNAs are long
lived due to their lack of free 39 termini for exonucleolytic

Fig. 8. Post-transcriptional gene regulation by micro-
RNAs and circular RNAs. Gene expression involves
translation of mRNAs to proteins (arrow 1), but the
process can be blocked whenmicroRNAs bind to mRNAs
through sequence complementarity (arrow 2). Depend-
ing on the microRNA sequences and the presence or
absence of bulges in the binding due to the presence or
absence of perfect matches in complementarity, mRNAs
may become translationally silenced or targeted for
degradation (arrow 2). However, circular RNAs also
can bind and sequester microRNAs, lowering their
ability to target mRNAs, a process termed sponging,
which can block the inhibitory effects of microRNAs
(arrow 3).
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attack (Wang and Wang, 2015). Accumulation in aged fly
and mouse brains may result from minimal dilution by cell
division (Westholm et al., 2014; Gruner et al., 2016). The
lack of dilution in postmitotic neurons may be more
important than in other cell types since accumulation of
circRNAs can be cytotoxic (Errichelli et al., 2017). Conver-
sion to linear forms via endonucleolytic cleavage, seen with
CDR1as circRNA via a miRNA/Ago2-mediated mechanism
(Hansen et al., 2011), may restore access to standard RNA
outcomes. Finally, vesicular extrusion of circRNA in exo-
somes (not the mRNA degrading enzyme complex of the
same name) is also documented (Li et al., 2015a). Exosomal
circRNAs enriched in plasma of colon cancer patients may
be useful biomarkers (Li et al., 2015a). The potential utility
of exosomal circOprm1 as a tolerance biomarker remains
unexplored.
In conclusion, the high abundance of m-opioid receptor

circRNA isoforms, their conservation from rodent to human,
their differential expression in various brain regions, and
their modulation by morphine imply the functional signifi-
cance of Oprm1 circRNAs, and open questions regarding their
potential role in regulation of miRNAs and linear Oprm1
mRNAs, as well as morphine tolerance. The detectability
of circRNA isoforms of the other opioid receptor genes as well
as the abundance of circRNAs of Drosophila homologs of the
serotonin receptor gene (5-HT2A) and the metabotropic
glutamate receptor gene (mGluRA) (Salzman et al., 2013;
Westholm et al., 2014) argue for the general importance of
circRNAs in G protein-coupled receptor pharmacology.
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Supplmental Figure S1. Mouse Oprm1 e2-e3 circRNA.
S1A. The mouse Oprm1 locus is shown with select exons annotated (not to scale). During canonical mRNA splicing, the upstream 
splice donor sites (GT) and downstream splice acceptor sites (AG) flanking each intron are catalytically joined by the spliceosome 
following the GT-AG rule. During circOprm1.e2.e3 circRNA formation, the downstream splice donor site (GT in red) and the upstream 
splice acceptor site (AG in red) are spliced together, resulting in a circular RNA (red arrow designates the backsplice junction). The 
mRNA is modified with a 5’ cap (pennant) and a poly-A tail (AAAn), features missing in circRNAs. S1B. A representative sequence 
chromatogram of the backsplice junction (red arrow) is shown, with genomic sequence from exon2 and exon3 shown above 
(exons in uppercase, introns in lowercase, splice donor/acceptor nucleotides in red). S1C. The UCSC BLAT alignment of the 
circOprm1.e2.e3 sequence (yellow and green) is  shown for scale. The MOR-1 mRNA is labeled (red arrow). The colors and sizes of 
exonic boxes follow UCSC genome browser conventions; thick boxes represent coding, while thin boxes represent non-coding exon 
regions.
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Supplemental Figure S2. Mouse circOprm1.e2.e3e4(302) circular RNA.
(S2A) The mouse circOprm1.e2.e3e4(302) RNA contains the full exon2 and exon3 (e2 and e3) sequences, and the 
first 302 bp of Oprm1 exon4 (e4(302)) backspliced to the 5’ end of e2. The red arrow specifies the backsplice junction. 
The blue circumferencial arrow depicts the longest theoretical open reading frame (ORF) that could be encoded on 
this RNA. (S2B) A representative sequence chromatogram of the backsplice junction is shown. For comparison, the 
genomic sequence (gDNA) at the exon boundaries are shown, with exonic sequence as uppercase and intronic 
sequence as lowercase. The canonical GT-AG rule splice donor and acceptor sites are shown in red. The amino acid 
sequence for canonical MOR-1 ORF is shown below the chromatogram, with amino acid numbers referring to position 
in the polypeptide, and the initial portion of the theoretical ORF depicted in S1A is shown below it. The methionine 
shared between these two RNAs is also evolutionarily conserved in rat and human. (S2C) The Oprm1 e4(302) sequence 
(orange) was BLAT aligned in the UCSC genome browser and this span matched perfectly to the e4 portions of several 
seqeuence records in the UCSC genome database, as well as the splice sites of some Genbank entries. The e4(302) 
termini are marked by red arrows. The colors and sizes of exonic boxes follow UCSC genome browser conventions; 
thick boxes represent coding, thin boxes represent non-coding exon spans, and red boxes are for stop codons at the 
ends of ORFs.
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Supplemental Figure S3. Minor variant Oprm1 circRNA variants detectable in mouse brain.
S3A. A cartoon showing the primary mRNA of the Oprm1 locus encoding the mu opioid receptor (MOR-1) is shown, with 
exons and primer locations drawn not to scale. Multiple divergent primer pairings within mouse Oprm1 exon 2 and exon 
3 were used for divergent RTPCR, to search for circRNA variants poorly amplified by the divergent RTPCR strategy of 
Figure 1. By pushing primers toward the distal ends of exon 2 and exon 3, in theory, longer circRNA targets could be 
more efficiently amplified than with the assay of Figure 1. S3B. C57BL6 female mouse brain total RNA mock treated with 
RNaseR was amplified by divergent RTPCR with 6 primer pairings. Depending upon the primer pairing used, 4-7 bands 
were amplified. The dominant amplicons correspond to amplification from the e2.e3 and e2.e3.e4(302) circRNAs (* and @ 
symbols, respectively). The upper band near 1kb ($) is the product of rolling circle reverse transcription, which results in a 
product with tandem repeats of the e2.e3 backsplice variant. S3C. An amplicon deriving from an Oprm1 
e2.e3.e5(94).e4(302) circRNA was sequence verified from a sample treated similarly to S3B, amplified with a junction 
primer spanning the e4(302).e2 backsplice junction paired with the e3F4 primer. This circRNA corresponds to the 556bp 
product from the e3F4-e2R3 primer pairs. S3D. A hippocampal total RNA sample from a CD-1 male mouse implanted 
subcutaneously with placebo pellets generated amplicons from circRNAs containing e2F3-e2R4.
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Supplemental Figure S4. Transmembrane 
span predictions of potential ORFs of 
Mouse(Mm), Rat(Rn), and Human(Hs) 
Oprm1/OPRM1 e2-e3 circRNAs.
S4A. The longest contiguous ORF in the mouse 
circOprm1.e2.e3circRNA is 365aa long, encoded 
over 1.3 cycles around the circRNA starting in the 
3’ end of exon 3. TMHMM v2.0 was used to make 
transmembrane (TM) span predictions. 6TM 
spans are perdicted for this potential ORF. S4B. 
The longest ORF in rat Oprm1 e2.e3 circRNA is 
583aa, encoded over 2.0 cycles around the 
circRNA, and also has 6 predicted TM spans. S4C. 
The human OPRM1 e2.e3 circRNA has a longst 
ORF of 396aa encoded over 1.4 cycles around the 
circRNA. The red boxes in each box diagram 
above the TM probabilities plots represents 
predicted TM spans. The plots are all stretched to 
the same scale.
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Supplemental Figure 5. In silico predicted binding sites of sequence specific RNA binding 
protein Quaking involved in circRNA biogenesis
The Quaking (Qki) binding site motif was reconstructed using MEME on published mouse Qki PAR-CLIP data. 
Two related motifs scored at E<0.01 (S5A, S5B). Part of the mouse Oprm1 genomic locus is presented for 
reference (S5C); select exons are annotated above the map (for example, e1 is exon 1). The position specific 
probability matrices for these two motifs were used to search the 20kb of genomic sequence flanking the 
exons of mouse Oprm1 e2-e3 circRNA, using MAST (S5D). Qki binding site matches were found at 
14.1kb,11.9kb, 7.7kb, and 3.3kb upstream of e2, and also in the intron downstream of e3 at 1.8kb, 6.1kb, 13.9kb, 
and 15.2kb downstream. Red circles denote locations of motif instances most proximal to included exons, 
shown blown up to the nucleotide resolution.
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Supplemental Figure 6. In silico predicted binding sites of sequence specific RNA binding 
protein Mbnl2
S6A. The Mbnl2 binding site motif was reconstructed using MEME on published mouse Mbnl2 CLIP-seq data. 
Mbnl2 is a brain specific homolog of the Drosophila splicing regulator Muscleblind, shown to be involved in 
circRNA biogenesis. S6B. A limited view of the mouse Oprm1 genomic locus is presented for reference; select 
exons are annotated above the map. Diagonal bars linking from the geomic map to S6C demonstrate the 
location of the 20kb span of sequence input to MAST. S6C. The reconstructed Mbnl2 position specific probabil-
ity matrix was used to search the 20kb of genomic sequence flanking the exons of mouse Oprm1 e2-e3 
circRNA, using MAST. A potential Mbnl2 binding site was found 7.6kb upstream of e2, while two predicted sites 
were found in the intron downstream of e3 (at approximately 13.6kb and 16.4kb downstream of e3). Red circles 
denote locations of these motif instances, and two of them are shown blown up to the nucleotide resolution.
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Figure Species
target	
topology RT	primer Target

1D Mm linear	&	circ N6 Oprm1	e2F3-e3R2
1D Mm circ N6 Oprm1	e2F3-e2R3
1D Mm circ N6 Oprm1	e3F1-e3R2
1E Rn linear	&	circ N6 Oprm1	e2F1-e3R3
1E Rn circ N6 Oprm1	e2F1-e2R2
1E Rn circ N6 Oprm1	e3F4-e3R3
1F Hs linear	&	circ N6 OPRM1	e2F3-e3R2
1F Hs circ N6 OPRM1	e2F3-e2R4
1F Hs circ N6 OPRM1	e3F1-e3R2
2D Mm linear N6 Oprm1	e1F1-e3R2
2D Mm circ N6 Oprm1	e2F3-e2R4
2D Mm negative N6 Oprm1	e2F3-e1R2
2E Mm negative ATGAGTGTAGACCGCTACATTGCCG Oprm1	e2F3-e2R4
2E Mm circ AAAGGGCAGCGTGCTAGTGG Oprm1	e2F3-e2R4
3B Mm circ N6 Oprm1	e2F1-e2R2
3B Mm circ N6 Oprm1	e3F1-e3R2
3B Mm circ N6 Oprd1	e2F1-e2R2
3B Mm circ N6 Oprd1	e3F1-e3R2
3B Mm circ N6 Oprk1	e3F1-e3R2
3B Mm circ N6 Oprk1	e4F1-e4R2
3B Mm circ N6 Oprl1	e3F1-e3R2
3B Mm circ N6 Oprl1	e4F1-e4R2
4B Mm linear N6 GAPDH
4B Mm circ N6 Oprm1	e3F1-jR2
S3B Mm circ N6 Oprm1	e3F4-e2R4
S3B Mm circ N6 Oprm1	e3F4-e2R3
S3B Mm circ N6 Oprm1	e3F4-e2R2
S3B Mm circ N6 Oprm1	e3F3-e2R4
S3B Mm circ N6 Oprm1	e3F3-e2R3
S3B Mm circ N6 Oprm1	e3F3-e2R2
S3C Mm circ N6 Oprm1	e3F4-e4-302.e2.jR1
S3D Mm circ N6 Oprm1	e2F3-e2R4
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Supplemental table 1

Primer sequences and 
PCR conditions.



F	primer	sequence R	primer	sequence
cDNA	template	
conc	(ng/ul)

annealing	
temp

number	PCR	
cycles

ATGAGTGTAGACCGCTACATTGCCG GAGCAGGTTCTCCCAGTACCATGTG 1 67 35
ATGAGTGTAGACCGCTACATTGCCG AAAGGGCAGCGTGCTAGTGG 1 67 35
CCACTTTCCAGACTGTTTCCTGGCA GAGCAGGTTCTCCCAGTACCATGTG 1 67 35
TTCACCCTCTGCACCATGAGCG CAGTGATGATGAGGACCGGCATGAT 1 67 35
TTCACCCTCTGCACCATGAGCG AGGATGGTTCCGAAGGGCCAT 1 67 35
GTGCTGGTGGTCGTGGCTGTATTTA CAGTGATGATGAGGACCGGCATGAT 1 67 35
GCCACCCTGTCAAGGCCTTAGATTT GGAGTCCAGCAGACGATGAACACAG 5 68 37
GCCACCCTGTCAAGGCCTTAGATTT GGTGCAGAGGGTGAATATGCTGGTG 5 68 37
CAGCTGCCTCAACCCAGTCCTTTAT GGAGTCCAGCAGACGATGAACACAG 5 68 37
CCATGGTCACAGCCATCACCATCAT GAGCAGGTTCTCCCAGTACCATGTG 1 67 35
ATGAGTGTAGACCGCTACATTGCCG GCATCTGCCAGAGCAAGGTT 1 67 35
ATGAGTGTAGACCGCTACATTGCCG CTGGTTGCCATCAACGTGGGACAAG 1 67 35
ATGAGTGTAGACCGCTACATTGCCG GCATCTGCCAGAGCAAGGTT 1 67 33
ATGAGTGTAGACCGCTACATTGCCG GCATCTGCCAGAGCAAGGTT 1 67 33
GTTCACCAGTATCTTCACCCTCTGCACC CATCTGCCAGAGCAAGGTTGAAAATGTAG 25 68 35
CCACTTTCCAGACTGTTTCCTGGCA GAGCAGGTTCTCCCAGTACCATGTG 25 68 35
GCTACATTGCTGTCTGCCATCCTGT CGCATCAGCCAAAGCCAGATTGAAG 25 68 35
TTCTCTACGCCTTCCTGGACGAGAA AGGAACACGCAGATCTTGGTCACAG 25 68 35
GATGAGTGTGGACCGCTACATTGCT TGCATAGCACATCTCCAAAAGGCCA 25 68 35
CCTTGGGTTATACCAACAGCAGCCT TTCCCAGAGCCTCCACCAGGATAAA 25 68 35
CACCCTATCCGTGCCCTTGATGTTC GTGTCAGCAAGACCAGGGTATCAGC 25 68 35
GTGTTCAGCCAGGTAGTGAGACTGC CACGAAGTCGTCGAATCATGAGGCT 25 68 35
ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA 1 65 45
CCACTTTCCAGACTGTTTCCTGGCA TGGTATATCTGGTGGTTAGTTCGATCCA 1 66 45
AACTCTGCTCGAATCCGTCAAA GCATCTGCCAGAGCAAGGTT 2.5 65 35
AACTCTGCTCGAATCCGTCAAA AAAGGGCAGCGTGCTAGTGG 2.5 65 35
AACTCTGCTCGAATCCGTCAAA AGGATGGTTCCGAAGGGCCAT 2.5 65 35
CCACGGCTAATACAGTGGATCGAA GCATCTGCCAGAGCAAGGTT 2.5 65 35
CCACGGCTAATACAGTGGATCGAA AAAGGGCAGCGTGCTAGTGG 2.5 65 35
CCACGGCTAATACAGTGGATCGAA AGGATGGTTCCGAAGGGCCAT 2.5 65 35
AACTCTGCTCGAATCCGTCAAA CAGTCTTCATTTTGGTATATCACAGAGTATTGT 1 67 35
ATGAGTGTAGACCGCTACATTGCCG GCATCTGCCAGAGCAAGGTT 1 67 35
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