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[Abstract] Gene expression in eukaryotic cells is tightly regulated at the transcriptional and
posttranscriptional levels. Posttranscriptional processes, including pre-mRNA splicing, mRNA export,
mRNA turnover, and mRNA translation, are controlled by RNA-binding proteins (RBPs) and noncoding
(nc)RNAs. The vast family of ncRNAs comprises diverse regulatory RNAs, such as microRNAs and long
noncoding (Inc)RNAs, but also the poorly explored class of circular (circ)RNAs. Although first discovered
more than three decades ago by electron microscopy, only the advent of high-throughput RNA-
sequencing (RNA-seq) and the development of innovative bioinformatic pipelines have begun to allow
the systematic identification of circRNAs (Szabo and Salzman, 2016; Panda et al., 2017b; Panda et al.,
2017c). However, the validation of true circRNAs identified by RNA sequencing requires other molecular
biology techniques including reverse transcription (RT) followed by conventional or quantitative (q)
polymerase chain reaction (PCR), and Northern blot analysis (Jeck and Sharpless, 2014). RT-gPCR
analysis of circular RNAs using divergent primers has been widely used for the detection, validation,
and sometimes quantification of circRNAs (Abdelmohsen et al., 2015 and 2017; Panda et al., 2017b).
As detailed here, divergent primers designed to span the circRNA backsplice junction sequence can
specifically amplify the circRNAs and not the counterpart linear RNA. In sum, RT-PCR analysis using
divergent primers allows direct detection and quantification of circRNAs.
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[Background] CircRNAs are covalently closed, single-stranded RNAs lacking 5’ or 3’ ends. Although
their genesis is poorly understood, they can arise from pre-mRNAs by a process called backsplicing
(Panda et al., 2017d; Jeck et al., 2013). CircRNAs have been reported to be abundant, ubiquitously
expressed, and conserved across species (Jeck et al., 2013). A number of studies have established that
circRNAs can regulate gene expression by acting as competitors of pre-mRNA splicing, as decoys for
microRNAs, as sponges for RBPs, and possibly also as substrates for translation (Panda et al., 2017d).
In recent years, more than one hundred thousand circRNAs have been reported bioinformatically from
high-throughput RNA sequencing (RNA-seq) (Glazar et al., 2014). Unfortunately, there is little overlap
among different bioinformatic pipelines and there is no ‘gold standard’ method to validate the accuracy
of circRNAs identified by different bioinformatic tools (Szabo and Salzman, 2016). However, RT-PCR
has been widely used for validation of circRNAs identified by RNA-seq. This protocol describes the

design of divergent primers which face away from each other on the linear RNA, so that they can only
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amplify the circRNAs, and not the linear RNAs with the same sequence. The PCR amplicon for the

detection of circRNAs using divergent primers spans the backsplice junction of circRNAs. This method

has been successfully used in several studies for the detection and quantification of circRNAs.

Materials and Reagents

11.
12.
13.
14.

15.

16.
17.
18.
19.
20.
21.

Standard pipette tips with a volume capacity of 10 pl, 20 pl, 200 ul, and 1 ml

Nuclease-free 1.7-ml microcentrifuge tubes (Denville Scientific, catalog number: C2171)
ThermoGrid™ rigid strip 0.2-ml PCR tubes [(Denville Scientific, catalog number: C18064
(1000859)]

MicroAmp® optical 384-well reaction plate (Thermo Fisher Scientific, Applied Biosystems™,
catalog number: 4309849)

Optical adhesive film (Thermo Fisher Scientific, Applied Biosystems™, catalog number:
4311971)

Dulbecco’s phosphate-buffered saline (DPBS) (Thermo Fisher Scientific, Gibco™, catalog
number: 14040-133)

Total RNA isolation-miRNeasy Mini Kit (QIAGEN, catalog number: 217004)

(Optional) TRIzol reagent (Thermo Fisher Scientific, Thermo Scientific™, catalog number:
15596018)

Nuclease-free water (Thermo Fisher Scientific, Invitrogen™, catalog number: AM9930)
RiboLock RNase inhibitor (40 U/ul) (Thermo Fisher Scientific, Thermo Scientific™, catalog
number: EO0381)

RNase R (Lucigen, Epicentre, catalog number: RNR07250)

dNTP mix (10 mM each) (Thermo Fisher Scientific, Thermo Scientific™, catalog number: R0193)
Random primers (150 ng/ul) (Sigma-Aldrich, Roche Diagnostics, catalog number: 11034731001)
Maxima reverse transcriptase (Thermo Fisher Scientific, Thermo Scientific™, catalog number:
EPQ0741)

KAPA SYBR® FAST ABI prism 2x qPCR master mix (Kapa Biosystems, catalog number:
KK4605), or SYBR Green from other vendors

QIlAquick Gel Extraction Kit (QIAGEN, catalog number: 28704)

TBE Buffer, 10x, Molecular Biology Grade (Sigma-Aldrich, catalog number: 574795-1L)

1 Kb Plus DNA Ladder (Thermo Fisher Scientific, Invitrogen™, catalog number: 10787018)
UltraPure™ Agarose (Thermo Fisher Scientific, Invitrogen™, catalog number: 16500500)
Ethidium bromide solution (Sigma-Aldrich, catalog number: E1510-10ML)

2% agarose gel (see Recipes)
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Equipment

1. Manual Pipettes set of 2 pl, 20 ul, 200 ul and 1,000 ul (Mettler-Toledo, Rainin, catalog number:
17014393, 17014392, 17014391, and 17014382)

Cell scraper (Thermo Fisher Scientific, Thermo Scientific™, catalog number: 179707PK)
Vortex mixer (Thermo Fisher Scientific, Thermo Scientific™, catalog number: 88880018)

UV transilluminator

Refrigerated centrifuge (Eppendorf, model: 5430 R)

o o B 0N

NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific,

Thermo Scientific™, model: NanoDrop One™, catalog number: ND-ONE-W)

7. PCR strip tube rotor, mini centrifuge C1201 [Denville Scientific, catalog number: C1201-S
(1000806)]

8. Eppendorf® Thermomixer® C (Eppendorf, model: Thermomixer® C, catalog number:
5382000015)

9. Veriti® 96-well thermal cycler (Thermo Fisher Scientific, Applied Biosystems™, model: Veriti™
96-Well, catalog number: 4375786)

10. Owl™ EasyCast™ B1 Mini Gel Electrophoresis Systems (Thermo Fisher Scientific, Thermo
Scientific™, model: Owl™ EasyCast™ B1, catalog number: B1)

11. Gel imaging system (ProteinSimple, catalog number: FluorChem E system)

12. MPS 1000 mini plate spinner (Next Day Science, catalog number: C1000)

13. QuantStudio 5 Real-Time PCR System, 384-well (Thermo Fisher Scientific, Applied

Biosystems™, model: QuantStudio™ 5, catalog number: A28140)
Procedure
A. Divergent primer design

1. Get the mature sequence of circular RNA from the UCSC genome browser

(https://genome.ucsc.edu/) using the genomic coordinates (Note 4).

2. As shown in Figure 1, make the PCR amplicon template by joining the 100 nt sequence from
the 3’ end to 100 nt sequence at the 5’ end of the circRNA (Note 5).
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Figure 1. Schematic illustration of circRNA biogenesis from backsplicing of pre-mRNA
(top) and schematic representation of the design of divergent primers using the circRNA

junction as template for PCR amplification (bottom)

3. Use the above PCR amplicon template sequence to design PCR primers using the Primer 3
webtool (http://bioinfo.ut.ee/primer3/) or NCBI primer-BLAST
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/).

Make sure the PCR amplicon is between 120-200 nt long (Note 6).
If you know the CircBase ID of your circRNA (Glazar et al., 2014), you may design divergent

primers using the Circlnteractome webtool (Dudekula et al, 2016)

(http://circinteractome.irp.nia.nih.gov/Divergent Primers/divergent primers.html).

B. Total RNA isolation

1. Take ~2 million cultured cells and remove the culture media.

2. Wash the cells three times with cold PBS at 4 °C.

3. Immediately scrape the cells and transfer them to a 1.7-ml tube using cold DPBS to rinse the
plate.
Collect the cell pellet by centrifugation at 500 x g for 5 min at 4 °C.
Immediately add 700 ul of QlAzol Lysis Reagent provided in the miRNeasy Kit and disrupt the
cell pellet by pipetting.

6. Prepare the total RNA using the miRNeasy Kit following the manufacturer’s instructions (Note
1).

7. The RNA in nuclease-free water can be stored for 6 months at -20 °C or -80 °C, or used

immediately for RNase R digestion and cDNA synthesis.
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C. Degradation of linear RNA by digestion with RNase R and cDNA synthesis

1.
2.

10.
11.

Measure RNA concentration with a NanoDrop spectrophotometer.

Prepare an RNase R digestion reaction containing 2 pg of prepared RNA, 1 yl RiboLock, 2 pl
10x RNase R reaction buffer, and 1 ul of RNase R; adjust the volume to 20 ul with nuclease-
free water (Note 2).

Prepare a control reaction exactly the same as the RNase R reaction but without RNase R.
Incubate the reactions at 37 °C for 30 min and immediately proceed to RNA isolation.

Prepare the RNA from the RNase R and control treated samples using miRNeasy Kit following
the protocol provided by the manufacturer and elute in 40 yl of nuclease-free water.

Prepare the cDNA synthesis reaction containing 12 pl of prepared RNA, 1 ul RiboLock, 1 ul
dNTP mix, 1 yl random primers, 4 ul 5x RT buffer, and 1 yl Maxima reverse transcriptase (Note
2).

Prepare No-RT reaction containing everything except the Maxima reverse transcriptase (Note
3).

Mix the reaction gently and centrifuge for 10 sec to settle the reaction at the bottom of the tube.
Incubate the reaction at 25 °C for 10 min followed by 30 min incubation at 50 °C for cDNA
synthesis.

Inactivate the reverse transcriptase by incubating the reaction at 85 °C for 5 min.

The prepared cDNA can be stored at -20 °C or used immediately for PCR analysis.

D. PCR and circRNA sequencing

1.

Prepare the forward and reverse divergent primer mix at a final concentration of 1 uM in
nuclease-free water for the circRNA.

Prepare the PCR reactions containing 25 pl of 2x SYBR Green mix, 0.1 pl cDNA, 12.5 pl
divergent primer mix, and adjust the volume to 50 pl with nuclease-free water (Notes 2 and 10).
Prepare another reaction same as above with 0.1 ul of no-RT instead of cDNA.

Mix the reaction by tapping the tube with finger and centrifuge for a few seconds to settle the
reactions at the bottom of the tube.

Perform the PCR on a thermal cycler with a cycle setup of 3 min at 95 °C and 35 cycles of 5
sec at 95 °C plus 5 sec at 60 °C.

Prepare ethidium bromide-containing 2% agarose gel (see Recipes) in 1x TBE buffer and
resolve the whole 50 ul PCR product at 100 V until the loading dye reaches 3/4 of the gel.
Visualize the PCR products on an ultraviolet transilluminator to confirm the size of the PCR
product amplified (Note 7).

Purify the PCR product from the agarose gel using the QlAquick Gel Extraction Kit following the
manufacturer’s instructions (Figure 2).

Quantify the PCR product concentration in the prepared DNA sample.

. Sequence the amplified PCR products with forward or reverse primers to find the backsplice

junction sequence.
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Figure 2. Example circRNA PCR product resolved and visualized on ethidium bromide-

stained agarose gel. The PCR product is submitted for DNA sequencing after gel purification.

E. Quantitative PCR (qPCR) analysis of circRNA
1. Prepare forward and reverse primer mixes for target mMRNAs and circRNAs at a final
concentration of 1 uM in nuclease-free water.

2. Prepare the gPCR reactions in a 384-well plate containing 10 pl of 2x SYBR Green mix, 0.1 pl
cDNA, and 5 pl primer mix. Adjust the volume to 20 ul with nuclease-free water (Notes 2 and
11).

3. \Vortex the reaction plate for few seconds after sealing the plate with optical adhesive film.

Spin the plate for a few seconds to settle the reactions at the bottom of the wells.
Set up the qPCR reaction cycle for 2 min at 95 °C and 40 cycles of 2 sec at 95 °C and 10 sec
at 60 °C on QuantStudio 5 Real-Time PCR System (Note 2).

6. The percentage (%) RNA left after RNase R treatment using the delta CT method as described

in Table 1 (Notes 8 and 9) (Figure 3).

Table 1. % of RNA left after RNase R treatment relative to control. The example CT values
for linear and circRNAs in control and RNase R-treated samples, and calculation of RNA left

after RNase R treatment.

Hypothetical CT values | % of RNAin Control | % of RNA in RNase R
Target RNA Control RNase R 2ACT (Control-Control) * 100 2ACT (Control-RNase R) * 100

X mRNA 22 26 100 6.25
Y mRNA 25 295 100 4.41
Y circRNA 27 26.5 100 141.42
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Figure 3. Hypothetical qPCR data showing the resistance of circRNA to RNase R
treatment as calculated in Table 1. The gqPCR results showing the levels of circRNAs and

linear RNAs in RNase R (black) treated sample compared with the control treatment (grey).

Data analysis

To validate the existence of a circRNA, Sanger sequencing is to be performed on the PCR product
amplified with the divergent primers (Figure 2). The PCR product sequence should match exactly
the expected circRNA junction sequence as predicted from the RNA-seq (Panda et al., 2017a and
2017c). However, this analysis does not inform on whether the backsplice junction sequence is
coming from a scrambled exon linear transcript or a real backsplice junction. To study this possibility,
RNA is digested with RNase R, a 5’ to 3’ exonuclease known to degrade linear RNAs. As shown in
Figure 3, following RNase R treatment, the linear X mRNA and Y mRNA are depleted to a level
lower than 10%, while Y circRNA was not degraded (Table 1). The fact that Y circRNA level did not
show depletion while the counterpart linear Y mRNA depleted to a minimal level with RNase R
treatment supports the notion that RNase R degrades linear RNAs specifically leading to enrichment
of circRNA population (Figure 3) (Panda et al., 2017c).

Notes

1. Total RNA can also be prepared with the TRIzol reagent (Thermo Fisher Scientific) or any other
total RNA isolation kit.

2. To avoid contamination, a PCR workstation may be used to prepare the reaction mixtures for
RNase R treatment, cDNA synthesis, RT-PCR, and qPCR.

3. A ‘No-RT’ cDNA reaction serves as a negative control for cDNA synthesis and only low-level
background should be amplified in the RT-PCR using specific primer sets.

4. The mature sequence of circRNA can be obtained by joining the exon sequence present

between the backsplice site coordinates in the genome.
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5. Ifthe circular RNA is shorter than 200 nt, then the mature circRNA sequence can be divided into
two halves and the template for primer design can be generated by joining the 3’ half to the 5’
end of 5’ half.

6. The PCR amplicon of the divergent primers should span the circRNA backsplice junction; care
should be taken that no primer overlap with the junction sequence.

7. The PCR product on agarose gels should show a single product of the expected size and the
‘No-RT’ reaction should not amplify a product.

The dissociation curve analysis for each primer set should show a single peak.

CT values should represent the average of triplicate reactions. No normalization is needed for
the gPCR analysis. The actual level of linear RNA depletion in RNase R treatment can be
estimated by normalizing it to the level of counterpart circRNA.

10. Any Taq polymerase in place of SYBR green mix can be used for this PCR reaction.

11. As pipetting 0.1 ul of cDNA is difficult and error-prone, a master mix of cDNA and water is
prepared depending on the final number of reactions required for each cDNA sample.
Alternatively, the 20 ul prepared cDNA can be diluted to 1 ml with nuclease-free water and 5 pl
of the diluted cDNA can be used in the gPCR reaction.

Recipes
1. 2% agarose gel
2 g of agarose in 100 ml of 1x TBE

Ethidium bromide (EtBr) at a final concentration of approximately 0.2 pug/mi
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