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ABSTRACT

Reverse transcription of RNA is fallible, introducing biases and confounding the quantification of transcript abundance. We
demonstrate that circular RNAs (circRNAs) are more subjective to overestimation of transcript abundance than cognate
linear RNAs due to their covalently closed, circular form, producing multiple concatameric products from a single priming
of reverse transcriptase. We developed SplintQuant, where custom DNA oligonucleotides are ligated by PBCV-1 DNA
ligase only when bound to their target RNA. These circRNA-specific DNA oligonucleotides are terminally tagged with
universal primers, allowing SplintQuant to accurately quantify even lowly abundant circRNAs through highly specific
quantitative PCR (gPCR) in the absence of reverse transcription. SplintQuant is sensitive, specific, highly reproducible,
and applicable to the quantification of canonical and noncanonical RNA transcripts including alternative splice variants,

gene fusions, and offers a gold-standard approach for accurately quantifying circRNAs.
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INTRODUCTION

CircRNAs are a large family of covalently closed, single-
stranded RNA molecules present in all eukaryotes and
which display tissue- and disease-specific expression pat-
terns (Wang et al. 2014). CircRNA molecules are formed
by a cotranscriptional alternative splicing event, called
backsplicing, most commonly linking the 3’-end of an
exon to the 5'-end of the same or an upstream exon (Fig.
1A). While de novo identification of circRNAs is achieved
by next-generation sequencing (NGS), a number of ap-
proaches exist for quantifying the abundance of candidate
circRNAs, including northern blotting (Wang and Shan
2018) and quantitative real-time, reverse transcriptase
PCR (gRT-PCR). However, northern blotting suffers from
poor sensitivity and the need for large amounts of RNA,
while gRT-PCR, the most widely used and cost-effective
quantitative approach, for circRNAs has been proposed
to be susceptible to template switching, rolling circle
amplification, and PCR amplification bias (Szabo and
Salzman 2016; Chen et al. 2018; Kristensen et al. 2018).
While these factors have been proposed, they have yet
to be demonstrated.
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CircRNA-specific gRT-PCR is achieved by designing
divergent DNA oligonucleotides on the linear RNA, which
flank or span the backsplice junction and become conver-
gent upon circularization (Jeck and Sharpless 2014). As a
result, when reverse transcribed by either random primers,
or a gene-specific primer, this would cause continuous cir-
cumnavigation of the single circRNA molecule, producing
concatameric cDNAs (Fig. 1A). Therefore, each of these
cDNA molecules provide multiple priming targets for the
gRT-PCR primers (or backsplice reads in the case of
NGS), leading to overestimation of the actual abundance
of the circRNA. Recently, the use of Nanostring nCounter
technology—using color-coded DNA probes hybridized
to cellular RNA in combination with high-content digital
counting—was used to simultaneously enumerate 52
unique circRNAs on fresh, frozen tissue and formalin-fixed,
paraffin-embedded tissue containing highly degraded
RNA (Dahl et al. 2018). As the hybridization of the DNA
probes is directly performed on RNA, not cDNA, this ap-
proach eloquently addresses the aforementioned biases
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Unbiased quantification of circular RNAs
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FIGURE 1. Confounding of circRNA expression profiling by gRT-PCR. (A) circRNA and linear
RNA splicing. Reverse transcription (RT) of circRNA yields concatameric backsplice junctions
and multiple priming sites for gqRT-PCR primers (arrows bound to exons 2 and 3) from circum-
navigation of a single circRNA molecule, thereby overestimating circRNA transcript abun-
dance. (B) Calculation of transcript abundance by gRT-PCR using 27*4“' method for six
synthetic in vitro transcribed RNAs in either their linear form (unfilled boxes) or circular RNA
form (filled boxes). n =3 biological replicates, in technical triplicate. Mean # SD. Linear RNA
(600 nt) set as reference expression level of 1. (*) P<0.05, Students t-test. (C) Calculation of
transcript abundance by gRT-PCR of endogenous linear RNAs (unfilled symbols) and
circRNAs (filled symbols) from HMLE RNA with varying reverse transcription time (2, 5, 10

0.2 fmols of the six linear RNAs and
circRNAs, we performed Sanger se-
quencing of the gRT-PCR products
and confirmed the expected back-
splice junction for the circRNAs (Sup-
plemental Fig. S1). While gRT-PCR
targeting the six linear RNAs showed
no difference in their estimated abun-

min). Mean + SD. n= 3 biological replicates, in technical triplicate.

of gRT-PCR. However, in situations where researchers seek
to quantify only a small number of circRNA targets, the
setup costs for this highly sensitive Nanostring nCounter
method (probes, chips and equipment) may be prohibi-
tive. Therefore, the majority of circRNA researchers would
benefit from a more cost-effective option.

To maximize accuracy of quantification and minimize
experimental outlay costs, we developed SplintQuant
using the enzyme SplintR ligase (New England Biolabs),
a modified PBCV-1 DNA ligase—which ligates adjacent
single-stranded DNA oligonucleotides when splinted by
a complementary RNA strand (Lohman et al. 2014; Jin
et al. 2016). By targeting the DNA oligonucleotides to
be immediately flanking the circRNA backsplice junction
we can detect specific circRNAs, unaffected by either the
cognate linear RNA, circRNAs which comprise additional
internal exons, or the innate size of the target circRNA.
We adapted this methodology to incorporate flaking
M13 universal primer sequences on the circRNA-specific

dance, we found the circRNAs were

overestimated by greater than five-
fold in all instances. Higher rates of overestimation were
found for smaller circRNAs, with the 200 nt circRNA show-
ing ~25-fold overexpression compared with its linear
counterpart, the 400 nt circRNAs showing on average
14.8-fold overestimation and the 600 nt 5.1-fold (Fig.
1B). These observations support rolling circle amplification
as a significant artifact in quantifying circRNAs, which is
further confounded by smaller circRNAs being prone to
higher rates of circumnavigation by reverse transcriptase
compared with larger circRNAs. We performed qRT-PCR
on RNA purified from human mammary epithelial cells
(HMLE) and performed a timecourse of reverse transcrip-
tiontime at 2, 5, and 10 min. Endogenous human circRNAs
from SMARCAS5, HIPK3, and DOCK1 genes, but not their
cognate linear RNAs, were seen to increase significantly
along with increased reverse transcription times by
gRT-PCR (Fig. 1C). This showed that circRNA abundance
was more prone to overestimation than for linear RNAs,
by an order of magnitude using gRT-PCR.
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SplintQuant with direct fluorescence analysis
is specific and quantitative

In order to resolve this confounding from reverse trans-
cription of circRNAs, yet retain the ability to detect lowly
abundant transcripts, we developed SplintQuant. This ap-
proach uses two, target-specific oligonucleotides (i) the
"donor” DNA oligonucleotide, containing a 5’ phosphate,
and (i) the “acceptor” DNA oligonucleotide. Each oligo-
nucleotide was distally tagged with M13 forward or M13
reverse sequences, permitting the use of M13 universal
primers in gPCR for any target, without reverse transcrip-
tion (Fig. 2A). Critically, the donor and acceptor oligonu-
cleotides will only be ligated if they (a) bind perfectly
complementary to the RNA splint and, are (b) immediately
adjacent to each other on the RNA splint. As previously re-
ported (Lohman et al. 2014), the splint reaction produces
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three products, the (l) unmodified donor, (ll) adenylated
donor and finally the largest product which is the (lll)
desired ligated product (Fig. 2A). To validate our
SplintQuant approach, we added a 3’ FAM label to the
donor DNA oligonucleotide to permit fluorescence quanti-
fication of these products by capillary electrophoresis (Fig.
2A). This reaction was performed on in vitro transcribed
RNA corresponding to exons 16-17 of SMARCAS (linear
RNA) and circSMARCAS (comprising exons 16-15)
(Supplemental Fig. S1). We optimized the conditions and
demonstrated that the ligated product was dependent on
the presence of both the template and SplintR ligase and
specific to the circSMARCAS RNA, with no detectable prod-
uct in the presence of the linear SMARCA5 RNA only
(Fig. 2B). Conversely, using the linear SMARCAS oligonucle-
otides, aroductwas seen in the presence of linear SMARCAS
RNA, but not circSMARCAS. A mixed template compris-
ing equimolar circular and linear
SMARCAS5 RNA templates yielded
5 products for both SplintQuant oligonu-
cleotide pairs with similar quantitative
output (peak area of ligated product)
as using the RNAs in isolation. This
shows that the quantitative output is
strongly linked to the input RNA
concentration.

Unlike the reverse transcription
timecourse for gRT-PCR, increasing
the length of ligation beyond 15
min showed no overestimation of
circSMARCAS  (Supplemental  Fig.
S2A). To assess the detection limit of
this method, we performed a dilution
series on the circRNA template; we
found that down to 0.2 pmol RNA
the yield of ligated product was line-
arly correlated with the starting con-
centration of the target. However,
at 0.1 pmol RNA, no product was
detectable by fluorescent fragment
analysis (Supplemental Fig. S2B). We
attempted to quantify circSMARCAS
in a model of epithelial-mesenchy-
mal transition (EMT) using human
mammary epithelial cells (HMLE)
and their mesenchymal equivalent

85 1T
g
2

FIGURE 2. Validation of SplintQuant using fluorescence fragment analysis. (A) Schematic of
SplintQuant-FAM. Donor is 5 phosphorylated and 3’ 6-FAM-labeled (orange sun).
Fragment analysis in FAM channel, producing three distinct products differing in size and elu-
tion time. (I) Unmodified donor, (Il) adenylated donor, and (I1l) the ligated product (in gray dot-
ted box). (B) Validation of SplintQuant, using 6-FAM labeled donor DNA oligonucleotide. (Left)
Oligonucleotide pair for circSMARCAS (targeting exons 16-15); (Right) Oligonucleotide pair
for linear SMARCAS RNA (targeting exons 16-17). Ligated product within gray dotted box,

with representative traces listing color-coded reaction conditions.
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(mesHMLE), the latter being enriched
for circSMARCAS5 (Conn et al. 2015).
Given the low expression levels of
circRNAs in cells, unsurprisingly,
this fluorescence detection iteration
of SplintQuant could not detect
circSMARCAS5 in 100 ng total RNA pu-
rified from either HMLE or mesHMLE
cells (Supplemental Fig. S2C).
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SplintQuant with universal qPCR is highly sensitive
for circRNAs

on the donor and acceptor oligonucleotides and per-
formed gPCR with M13 forward and M13 reverse primers

(Fig. 3A). Targeting the in vitro transcribed circSMARCA5

To enable highly sensitive detection of circRNAs with our
SplintQuant method, we exploited the M13 primer-tags
.
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FIGURE 3. SplintQuant with Universal gPCR accurately quantifies circRNAs in total RNA.
(A) Schematic of SplintQuant. Donor is 5" phosphorylated and both acceptor and donor are
tagged at their termini with M13R and M13F primers, respectively. Following Splint ligation,
products are used as templates for gPCR with M13F/M13R primers. (B) Dilution series of
circSMARCA5 and linear SMARCAS showing high degree of correlation over 8-log dynamic
range. Slope = SEM calculated using linear regression and r? value shown. (C) Calculation of
transcript abundance by SplintQuant using 274" method for six synthetic in vitro transcribed
RNAs in either their linear form (unfilled boxes) or circular RNA form (filled boxes). n = 3 biolog-
ical replicates, in technical triplicate. Linear RNA (600 nt) set as reference expression level
of 1. Mean+SD. (D) Abundance of circSMARCAS5, SMARCAS5 linear, circDOCK1, and
DOCKT1 linear RNA in HMLE cellular RNA using SplintQuant. Comparison of normalization
with GAPDH SplintQuant (gray filled columns) or GAPDH gRT-PCR (gray checkered columns).
Mean = SD. n=3 biological replicates, in technical duplicate. Expression shown relative to
circSMARCADS, as a value of 1. (E) Abundance of MLL, AF4, and MLL/AF4 transcripts in three
human cell leukaemic lines (MV4; 11, MOLM-13, and HL-60). Mean = SD. n = 3 biological rep-
licates, in technical duplicate; n.d., not detected. (*) P<0.05 (Student's t-test).

or linear SMARCA5 RNA (0.2 fmol RNA, one-thousand-
times below the detection threshold of the fluorescence-

based version), SplintQuant with
this universal gPCR produced a sin-
gle, specific product—confirmed by
melt curve analysis and verified by
Sanger sequencing for each target
(Supplemental Fig. S3). Critically,
no gPCR product was amplified in
the absence of primers, template,
or SplintR ligase after 45 cycles
(Supplemental Fig. S3), demonstrat-
ing the specificity of the reaction.
Furthermore, no off-target gPCR
product was found when combining
all circRNA splint oligonucleotides
for the six synthetic circRNA or linear
RNA targets, despite there being 72
possible acceptor/donor combina-
tions in this subset (Supplemental
Fig. S3F). We performed a dilution se-
ries, combining both linear SMARCAS
and circSMARCAS in  equimolar
amounts and found that SplintQuant
quantitative output was indisting-
uishable for these targets and strongly
positively linked to input RNA
concentration across eight orders
of magnitude (rzcircSMARCA5=O-99;
Plinear smarcas=0.99) (Fig. 2B). We
repeated the quantification of the
six synthetic in vitro transcribed
circRNAs and cognate linear RNAs,
this time using SplintQuant in place
of gRT-PCR. While still seeing no
difference between linear RNAs of
distinct sizes, SplintQuant eliminated
the overestimation of circRNA abun-
dance found with gRT-PCR, simul-
taneously eliminating any apparent
confounding based on circRNA size
(Fig. 3C).

SplintQuant with universal gPCR
accurately quantifies circRNAs in
total RNA purified from human
cells

To streamline our methodology for
quantifying  transcript abundance
in total RNA, we also designed
SplintQuant oligonucleotides for a

www.rnajournal.org 1205


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.070953.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.070953.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.070953.119/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.070953.119/-/DC1

Conn and Conn

normalization (“housekeeping”) gene, GAPDH and com-
pared the results to standard qRT-PCR on the same RNA
for GAPDH, utilizing the 272" method to calculate rela-
tive gene expression (Livak and Schmittgen 2001). We
quantified circular and linear RNAs from SMARCAS5 and
DOCKT in 100 ng total RNA from HMLE and mesHMLE
cells. No significant differences were found in expression
levels for these targets between normalization strategies,
therefore we continued to use the SplintQuant GAPDH ol-
igonucleotides (Fig. 3D).

We previously reported a 6.5-fold increase in
circSMARCAS5 between HMLE and mesHMLE cells using
gRT-PCR (Conn et al. 2015), but with SplintQuant we
found only a 3.7-fold increase (Supplemental Table S2).
This diminished fold-change was also confirmed for
circDOCK1, which is only decreased fivefold between
HMLE and mesHMLE cells, rather than the 10-fold
previously estimated by gRT-PCR (Conn et al. 2015).
Calculating the absolute copy-number of these targets
per cell by comparison to a standard curve, we found a
7.4-fold overestimation of circSMARCAS in mesHMLE cells
by gRT-PCR compared with SplintQuant. However, in
HMLE cells where circSMARCAS is less abundant, there
was a reduced, but still fourfold overestimation, suggest-
ing the abundance of the circRNA can also impact the
extent of overestimation by gRT-PCR (Supplemental
Table S2). A similar discrepancy between gRT-PCR and
SplintQuant was observed for two other lowly abundant
circRNAs from MLL and AF4. Therefore, even relative
abundance comparisons for the same circRNA between
samples using gRT-PCR is flawed, let alone absolute
comparisons to other discrete circRNAs.

SplintQuant qPCR can amplify fusion transcripts

CircRNAs are an example of a noncanonical fusion tran-
script, thus we extended our testing of SplintQuant to
detect a fusion mRNA transcript, in this case the leukemo-
genic fusion between mixed lineage leukemia (MLL) and
MLLT2 (AF4), the most common translocation found
in acute leukemia (Meyer et al. 2017). We utilized the
MV4;11 cell line, a human infant acute monocytic leukemia
with a characterized translocation between intron 8 of MLL
and intron 4 of AF4, yielding an oncogenic fusion tran-
script (Felix et al. 1999). Targeting SplintQuant oligonucle-
otidesto MLL, AF4, and the MLL/AF4 fusion at the junction
between MLL exon 6 and AF4 exon 5 (Supplemental Fig.
S4) identified that both wild-type transcripts and the fusion
transcript were transcribed, in support of a lack of recipro-
cal translocations in this line (Fig. 3E). This fusion tran-
script was also undetectable in MOLM-13 (possessing
a fusion transcript of MLL and AF9 Matsuo et al. 1997)
and HL-60, lacking any MLL rearrangement (Kihn et al.
2015).
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DISCUSSION

Recently, we have shown that the presence of circRNAs
significantly skews transcript quantification by NGS, qRT-
PCR, and microarray (Toubia et al. 2018). This is a direct
result of reads emanating from the linear region of the
circRNA itself contributing to the sum total of reads from
the parental transcript and skewing the estimation of
global transcript abundance by approximately twofold.
Here we show that rolling circle amplification of circRNAs
skews the estimation of circRNA abundance itself by
increasing the number of backsplice reads, but this
would concomitantly exacerbate the impact on global ex-
pression profiling as the linear component of the circRNAs
would also be amplified.

PBCV-1 DNA ligase used in this study has been used
to quantify miRNAs and mRNAs previously, unlike in this
report, these target RNAs were not being overestima-
ted with the standard methods for their quantification
(Lohman et al. 2014; Jin et al. 2016). A conceptually similar
approach targeting circRNAs utilized padlock probes
ligated by T4 DNA ligase and rolling circle amplification
permitting the in situ localization of circRNAs (Zaghlool
et al. 2018). However, this approach would conceivably
suffer from the same bias as gRT-PCR due to the depen-
dence on reverse transcriptase. The breadth of diver-
sity and functions of circRNAs are expanding and
SplintQuant provides an easily adoptable approach
to accurately assess the abundance of the circRNA.
Accurate quantification of circRNAs is becoming more
critical as circRNAs are commonly implicated as compet-
ing endogenous RNAs (ceRNAs) (Hansen et al. 2013;
Memczak et al. 2013; Taulli et al. 2013). Like other non-
coding RNAs, the stoichiometry between the circRNA
and its target(s) are of paramount importance for inferring
biological relevance (Fu 2014; Chiu et al. 2017). Therefore,
a highly accurate estimate of circRNA abundance is
required and NGS and gRT-PCR, both incorporating
reverse transcription, are skewing these estimates. While
Nanostring technology was exquisitely used to enumerate
circular RNA molecules directly on RNA (Dahl et al. 2018),
the disproportionate setup costs limit the use of this ap-
proach for the bulk of the circRNA researchers wanting
to quantify a small number of circRNA targets.

Limitations

As demonstrated above, SplintQuant permits accurate
quantification of candidate circRNA and fusion transcript
abundance directly on purified RNA. However, this ap-
proach is similar to gRT-PCR in that it requires the design
of custom target-specific oligonucleotides. Therefore,
the desire to multiplex SplintQuant-gPCR in a single reac-
tion may be challenging as it would require distinct fluores-
cent probes for each target in the master mix as well as,
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perhaps, distinct universal primers for the overhangs.
Therefore, for those experiments requiring large scale pro-
filing of circRNAs, the Nanostring method as per Dahl et al.
(2018) would be recommended. A minor limitation of
SplintQuant, also found in Nanostring and standard gRT-
PCR approaches, is the inability to discriminate trans-
spliced RNAs from bona fide circRNAs. Trans-spliced
RNAs can resemble circRNAs as they possess the same
backsplice junction sequence but are made from splicing
two separate RNA molecules, rather than backsplicing
within the single molecule, for circRNAs (Burgess 2013).
However, trans-spliced RNAs account for <3% of non-
canonical fusions, while circRNAs account for 60%-80%
of these (Chuang et al. 2018). In each case, pretreatment
of RNA with Ribonuclease R would degrade the trans-
spliced RNAs, but not circRNAs, and eliminate this minor
confounding from rare trans-spliced RNAs (Suzuki et al.
2006). Finally, the secondary structure of circRNAs and
linear RNAs could conceivably impact the efficiency of
the splint DNA oligonucleotides in annealing to their
RNA targets. This SplintQuant method utilized single
stranded binding protein in the reaction to enhance the
accessibility of the oligonucleotides for their target, but
increasing the reaction temperature (to 37°C) and/or
altering the length of the oligonucleotides are strategies
which can be utilized to mitigate these potential problems
if they arise.

Conclusions

In conclusion, we have shown that the SplintQuant
methodology is sensitive, specific, and highly accurate
for quantifying circRNAs in RNA samples. SplintQuant of-
fers a cost-effective solution while addressing the demon-
strated artifacts inherent in gRT-PCR and has the potential
to become the gold-standard method for circRNA
quantification.

MATERIALS AND METHODS

Cell growth

The human mammary epithelial cell line (HMLE) was maintained
and induced to form the mesenchymal version, called
mesHMLE cells, as per Conn et al. (2015). HL-60 cells, MOLM-
13, and MV4;11 were maintained in RPMI-1640 (Gibco), with
10% FBS and 1x penicillin-streptomycin-antimycotic (Sigma-
Aldrich) at 37°C, with 5% carbon dioxide.

Harvesting RNA

Total RNA was extracted from cells with RNeasy Mini Kit (Qiagen)
with on-column DNase treatment as per manufacturer’s instruc-
tions. Alternatively, TRIzol (ThermoFisher Scientific) was used
with DNase | digestions (Roche), ensuring post DNase-treatment
cleanup with RNeasy MinElute Cleanup Kit (Qiagen).

For in vitro transcription of RNA substrates for use as linear
RNA, we utilized overlapping long DNA oligonucleotides, with
the forward primer tagged at its 5" end with the T7 RNA polymer-
ase promoter sequence (all oligonucleotides were ordered from
Integrated DNA technologies and listed in Supplemental Table
S1). The in vitro transcription reaction was performed using
HiScribe T7 RNA polymerase kit (New England Biolabs), following
manufacturer’s instructions depending on size of RNA product:
10x Reaction Buffer (1.5 pL); 100 mM rATP (1.5 pl); 100 mM
rCTP (1.5 pL); 100 mM rGTP (1.5 pL); 100 mM rUTP (1.5 pL);
DNA template (100 ng); T7 RNA Polymerase Mix (2 pL); nucle-
ase-free water to 20 pL. The reaction was incubated at 37°C in a
thermal cycler for 16 h, followed by DNase | digestion (Roche)
and cleanup with RNeasy MinElute Cleanup Kit (Qiagen).

In vitro synthetic circular RNA constructs

For in vitro circularization experiments, we ordered synthetic
DNA fragments (gBlocks gene fragments, Integrated DNA
Technologies) tagged at the 5" end with the T7 RNA polymerase
promoter sequence. The in vitro transcription reaction was per-
formed using HiScribe T7 RNA polymerase kit (New England
Biolabs), following manufacturer’s instructions depending on
the size of RNA product: 10x Reaction Buffer (2.0 pL); 100 mM
rATP (1.5 pL); 100 mM rCTP (1.5 pL); 100 mM rGTP (0.6 pL); 50
mM GMP (6 pL); 100 mM rUTP (1.5 pL); DNA template (100 ng);
T7 RNA Polymerase Mix (2 pL); nuclease-free water to 20 pL.
We utilized guanosine 5-monophosphate (GMP; Sigma-Aldrich)
in a 5:1 ratio GMP:GTP to label 5" ends of RNA with monophos-
phate and simplify subsequent circularization as per Kershaw
and O'Keefe (2012b). RNA was incubated at 37°C for 16 h.
Subsequently, 23 pL Nuclease-free water, 5 pL 10x DNase | buffer
and 2 pL (4U) RNase-free DNase | (Roche) were added and incu-
bate at 37°C for 15 min. Cleanup of RNA was achieved with the
RNeasy MinElute Cleanup Kit (Qiagen), eluting in water. This was
quantified by nanospectrophotometry and resuspended at 10 pM
(10 uM for a 300 nt RNA is ~1 ug pL™"). RNA sizing was visualized
by LabChip (PerkinElmer).

RNA was circularized as per Kershaw and O’Keefe (2012a), with
the following modifications. The DNA oligonucleotide bridge
was hybridized to the RNA under the following conditions: 5x
Oligonucleotide annealing buffer (50 mM Tris, pH 7.5; 100 mM
NaCl in nuclease-free water; 70 pL); 10 uM RNA substrate
(2 pL); 100 puM bridging oligonucleotide (0.2 pL) and nuclease-
free water (285.8 pL). The reaction was heated to 90°C and cooled
slowly to 25°C (0.1°C.sec™ in thermal cycler, ~11 min). To circu-
larize the RNA, 40 pL of 10x T4 DNA ligase buffer, 1 pL (20 U)
of RNaseOUT (ThermoFisher Scientific), and 1 pL (2000 U) of
high-concentration T4 DNA ligase (New England Biolabs) were
added into the hybridization mixture and incubated at 37°C for
1 h. The reaction was stopped with the addition of 20 pL of 0.5
M EDTA pH 8. These were subsequently phenol:chloroform
purified and precipitated with 0.1 volumes of 3 M sodium acetate,
pH 5.2 and 2.5 volumes of absolute ethanol. This was briefly vor-
texed and precipitated at —20°C for >30 min. The tubes were
spun at 4°C at 17,900 rpm for 30 min, removing supernatant
and resuspended in 75% ice-cold ethanol, vortex and spin at
10k rpm for 5 min. Pellets were resuspended in 10 pL nuclease-
free water and DNase I-treated as above and cleanup with
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MinElute RNA cleanup column (Qiagen). Perform two rounds
of Ribonuclease R (Epicentre) digestion and MinElute RNA
Cleanup of RNA to purify circRNAs as per Conn et al. (2017).

Oligonucleotide design

All DNA oligonuclectides were synthesized by Integrated DNA
Technologies and purified by standard desalting. Two custom
DNA oligonucleotides (donor and acceptor) were designed
per RNA target to be adjacent and reverse complementary to
the region(s) of interest. The complementary regions are 13 nt
in length and the donor oligonucleotide was 5'-phosphorylated
and tagged at the 3’ end with the M13 forward primer in antisense
orientation (add onto the 3’ end of the donor oligonucleotide
5-CTG GCC GTC GTT TTA C-3', making the donor oligonucleo-
tide 29 nt in length). The acceptor oligonucleotide was tagged
at its 5’-end with the M13 reverse primer in sense orientation
(add onto the 5 end of the acceptor oligonucleotide 5-CAG
GAA ACA GCT ATG AC-3', making the acceptor oligonucleotide
30 nt in length). For validation experiments, the donor oligo-
nucleotide was also 3'-end labeled with 6-FAM (Fluorescein). All
oligonucleotides were resuspended in nuclease-free primer re-
suspension buffer (10 mM Tris, pH8.0, 0.1 mM EDTA, pH 8.0) at
a concentration of 100 uM and stored at —20°C, with FAM-
labeled donor oligonucleotides protected from light.

Hybridization of oligonucleotides to the RNA

Donor and acceptor oligonucleotides were diluted to 10 uM us-
ing nuclease-free water and mixed in RNase-free 0.2 mL PCR
tubes on ice: 5x Oligonucleotide annealing buffer (2 pL), 10 pM
donor oligonucleotide (1 L), 10 pM acceptor oligonucleotide
(1.1 pL), RNA (Total RNA [100 ng]) or 10 pM IVT RNA Splint
(1.1 pb), nuclease-free Water to 10 pL. It was critical to include a
no-template control reaction (no added RNA to act as a splint).
The reaction mixture was heated in a thermal cycler with heated
lid (>95°C) to 85°C for 2 min and then cooled to 25°C at a slow
rate (=0.1°C.sec™’, ~10 min in total). This annealed DNA/RNA
hybrid (substrate) may be used immediately or, alternatively,
can be stored at —20°C.

SplintQuant ligation

Reaction buffers and substrate were placed on ice and compo-
nents added: 10x SplintR Ligase Reaction buffer (2 uL); 1 pM
Substrate (RNA/DNA hybrid; 2 pL); 25 U.pL™" SplintR Ligase
(1 pL); nuclease-free water to 20 pL. An important control reaction
is a ligase-negative reaction (no added SplintR ligase). This was in-
cubated for 30 min at 25°C and the reaction stopped by heating
at 65°C for 20 min.

Quantitative PCR (qPCR)

We performed gPCR on the ligated product (template) using
M13 universal primers (M13f: GTAAAACGACGGCCAG, M13r:
CAGGAAACAGCTATGAC), according to the following reaction
mix: 2x Quantitect SYBR Master Mix (5 pL), 500 nM of each
primer, 2 nM template, and nuclease-free water to 10 pL. We
performed gPCR on a suitable real-time PCR instrument
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(i.e., RotorGene Q [Qiagen]) using the following conditions:
95°C 10 min; 35-45 cycles of (95°C for 10 sec, 58°C for 10 sec,
72°C for 10 sec) followed by a melt curve from 70-90°C.
Fluorescence snapshots were acquired at 72°C. A single product
was confirmed by observing the melt curve, and Sanger sequenc-
ing of PCR products after gel purification with QiaQuick Gel
extraction kit (Qiagen) and cloning into pGEM-T Easy vector
(Promega). Normalization between total RNA samples was
performed using GAPDH as a normalization gene(s) by
SplintQuant, or standard gRT-PCR using Quantitect Reverse tran-
scription kit (Qiagen) to make cDNA. Relative and absolute ex-
pression abundances were calculated using the standard 2744t
method and interpolation from standard curves.

Gene fragment analysis

Following hybridization and ligation of FAM-labeled oligonucleo-
tides, samples were submitted for separation on the ABI 3730
fragment analyser. The neat splint ligation mix (1-4 pL) was mixed
with an appropriate size marker (GeneScan 120 LIZ dye Size
Standard, ThermoFisher Scientific. LIZ fluorophore occupies the
orange channel) with the resultant chromatograms (FAM fluoro-
phore occupies the blue channel) analyzed with GeneMarker
v.2.7.4 software (SoftGenetics, LLC). The area of the peak corre-
sponding to the ligated product was quantified and compared
between samples.

Key reagents

a. DNA oligonucleotides, 100 nmol, desalted (Integrated DNA
Technologies)

b. SplintR Ligase (New England Biolabs, Cat. #M0375L)

c. Extreme Thermostable Single-Stranded DNA Binding Protein
(ET SSB) (MCLAB, Cat. # ETSSB-200)

d. 5X oligonucleotide annealing buffer (50 mM Tris, pH 7.5;
100 mM NaCl in RNase-free water)

e. Primer resuspension buffer (10 mM Tris, pH 8.0, 0.1 mM
EDTA, pH 8.0 in RNase-free water)

f. Nuclease free water (ThermoFisher Scientific, Cat. #
10977023)

g. HiScribe T7 High Yield RNA Synthesis Kit (New England
Biolabs, Cat. #£2030)

h. TRIzol reagent (ThermoFisher Scientific, Cat. #15596018)

i. DNase |, recombinant, RNase-free (Roche, Cat. #04 716
728 001)

j- QuantiTect SYBR Green PCR Kit (Qiagen, Cat. #204145)
k. QuantiTect Reverse Transcription Kit (Qiagen, Cat. #205313)
|. pGEM-T Easy vector system (Promega, Cat. # A1360)

m. GeneScan 120 LIZ dye Size Standard, ThermoFisher
Scientific, Cat. #4324287

Consumables

a. Strip Tubes and Caps for gPCR, 0.1 mL (Qiagen, Cat. #
981106)
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b. 1.5 mL micro-centrifuge tube (Ambion, Cat. #AM12450)
c. 0.2 mL PCR tube, 8-strip (Ambion, Cat. #AM12230)

d. Qiaquick Gel extraction kit (Qiagen, Cat. #28706)

e. RNeasy Mini Kit (Qiagen, Cat. #74014)

f. RNeasy Minelute Cleanup Kit (Qiagen, Cat. #74204)

Optional (quality control only)

a. T4 DNA Ligase (New England Biolabs, Cat. #M0202T)

b. Guanosine 5-monophosphate disodium salt hydrate (Sigma-
Aldrich, Cat. #G8377-1G)

c. Ribonuclease R (Epicentre, Cat. #RNR07250)

Equipment

a. SimpliAmp Thermal cycler (ThermoFisher Scientific).
b. Rotor-Gene Q real-time PCR machine (Qiagen)

c. LabChipHT (PerkinElmer)

d. 3730 DNA Analyzer (Applied Biosystems)

Timing

The RNA extraction steps take 30-120 min to complete, depend-
ing on the method. In vitro transcription (if control RNAs are re-
quired) takes up to 20 h to complete. The hybridization reaction
takes ~10-20 min per sample, but multiple reactions can be set
up concurrently. The splint ligation setup and reaction takes ~45
min and the subsequent gPCR setup and reaction will take ~2 h.
In total, the SplintQuant experiment can be completed in 3-4 h.

Troubleshooting

a. If multiple products are produced following gPCR, addition of
ET SSB (MCLAB, Cat # ETSSB-200) has also been shown to in-
crease activity and reduce off-target ligation when ligating
DNA probes to RNA using SplintR Ligase.

b. If no products are obtained even with positive control RNA,
consider running validation step, using 3’-end FAM-labeled
donor oligonucleotide and running ligated products on
DNA fragment analyzer.

c. If no products are detected, ensure good RNA handling pro-
cedures and purify oligonucleotides by RNase-free HPLC, in-
stead of standard desalting.

d. If no products are detected, revisit oligonucleotide design,
ensuring donor is 5-phosphorylated, and donor/acceptor
are adjacent and reverse complementary to the RNA target.
The SplintR ligase enzyme tolerates all base pair combina-
tions at the ligation junction, but is partially inhibited by
dC/G and dG/C base pairs at the donor (phosphorylated)
side ligation junction, particularly when the +2 base was
also a C/G base pair, which are known to reduce efficiency
of splint ligation. If backpslice junction of circRNA contains
these bases, shift the junction point along, so the donor or ac-
ceptor will bridge the backsplice junction.

e. If aweak signal is obtained, consider increasing reaction tem-
perature to 37°C and supplementing with Mn?*> 5 mM.

f. If poor amplification occurs with M13F/M13R primers, consid-
er other universal primers. We have validated CS1/CS2
primers.

Anticipated results

The abundance of the RNA target (circRNA or linear RNA) in the
sample should be reflected in the quantitative output from gPCR,
unaffected by the size of the product and other RNA splice vari-
ants. Negative control reactions (no template control, or no-ligase
control) should not display any product after 45 cycles.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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