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Abstract

Circular RNAs with covalently linked ends are generated from many eukaryotic protein-coding
genes when the pre-mRNA splicing machinery backsplices. These mature transcripts are resistant
to digestion by exonucleases and typically have much longer half-lives than their associated linear
mRNAs. Circular RNAs thus have great promise as sensitive biomarkers, including for detection
of transcriptional activity. Here, we show that circular RNAs can serve as markers of readthrough
transcription events in Drosophila and human cells, thereby revealing mechanistic insights into
RNA polymerase 1l transcription termination as well as pre-mRNA 3" end processing. We
describe methods that take advantage of plasmids that generate a circular RNA when an upstream
polyadenylation signal fails to be used and/or RNA polymerase |l fails to terminate. As a proof-
of-principle, we show that RNAi-mediated depletion of well-established transcription termination
factors, including the RNA endonuclease Cpsf73, results in increased circular RNA output from
these plasmids in Drosophila and human cells. This method is generalizable as a circular RNA
can be easily encoded downstream of any genomic region of interest. Circular RNA biomarkers,
therefore, have great promise for identifying novel cellular factors and conditions that impact
transcription termination processes.
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1. Introduction

In recent years, it has become increasingly clear that pre-mRNAs from many eukaryotic
genes can be alternatively spliced to yield circular RNAs [reviewed in 1, 2-4]. Such
transcripts have covalently linked ends and are produced when the pre-mRNA splicing
machinery “backsplices” and joins a splice donor (5" splice site) to an upstream splice
acceptor (37 splice site). Most endogenous circular RNAs are rarely generated and are
expressed at low levels [5]. Nonetheless, these transcripts are naturally resistant to digestion
by exonucleases and typically have longer half-lives (e.g. >10-fold longer) than their
associated linear mMRNASs [6]. This enables some circular RNAs to accumulate to high
levels [7-12] and have physiological functions, including modulating microRNA activity or
innate immunity [9, 13-16]). The unusual stability of circular RNAs further endows this
class of transcripts with promising biotechnological characteristics, including as sensitive
biomarkers. Here, we build upon recent work [17] and describe detailed methods for how
circular RNAs can be engineered to serve as markers of readthrough transcription events in
Drosophila and human cells. In particular, we show that many factors that control RNA
polymerase 11 termination/pre-mRNA 3’ end processing can be identified when RNAI
screening is combined with plasmids that produce a circular RNA when an upstream
polyadenylation signal fails to be used.

Transcription termination by RNA polymerase 11 is tightly linked with pre-mRNA 3’

end processing in eukaryotes [reviewed in 18, 19]. To generate the mature 3" end of a
typical eukaryotic mRNA, only two enzymatic activities, cleavage and polyadenylation, are
required. These activities are carried out by an RNA endonuclease (Cpsf73 in Drosophila,
CPSF3 in humans) and a poly(A) polymerase (hrg in Drosophila, PAPOLA in humans),
respectively. A large complex is nonetheless assembled on the pre-mRNA, which includes
several multisubunit sub-complexes: cleavage and polyadenylation specificity factor (CPSF),
cleavage stimulation factor (CstF), cleavage factor I, (CF 1y,), cleavage factor Il (CF

I15), as well as many (>50) other factors that may mediate crosstalk with other cellular
processes [20]. This complexity enables tight control over polyadenylation signal usage.

In fact, alternative polyadenylation events are widespread across eukaryotes and known

to be globally regulated by cell proliferation, differentiation, stress, and extracellular cues
[reviewed in 21, 22]. For example, proximal polyadenylation signals tend to be used in
cancer cells, resulting in production of mMRNAs with short 3" untranslated regions (UTRs)
that escape microRNA-mediated repression and promote oncogenic transformation [23, 24].
In contrast, there is progressive lengthening of 3" UTRs during embryonic development due
to the use of more distal polyadenylation signals [25].

Upon reaching a polyadenylation signal, RNA polymerase 1l sometimes precisely terminates
because traversing this sequence (typically composed of the hexanucleotide motif AAUAAA
along with a downstream G/U-rich motif) can slow or pause transcription elongation [26,
27]. However, RNA polymerase Il often continues transcribing. Termination of transcription
thus must occur further downstream, and this can sometimes be 10 kb or more downstream
of the polyadenylation signal [28, 29]. Some of the underlying mechanistic details of the
termination process still await discovery, but it is thought that cleavage of the nascent
pre-mRNA by the Cpsf73 endonuclease provides an entry site for a5'—3" exonuclease (Ratl
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in Drosophila, XRN2 in humans) [30-32]. This exonuclease then digests the downstream
RNA in order to catch up to the elongation complex and cause it to terminate.

Recent work has revealed that osmatic stress [33, 34] and some viral infections [35]

inhibit the usage of many polyadenylation signals, resulting in widespread transcriptional
readthrough and production of transcripts with very long 3" UTRs (often >45 kb). To better
understand how termination mechanisms are regulated and impacted by cellular conditions,
there is a pressing need for novel methods that can easily and accurately quantify the
relative amounts of properly terminated vs. readthrough transcripts produced from a given
gene. This has most commonly been done by quantifying transcripts downstream of the
polyadenylation signal [33, 34], but this can be difficult using standard approaches that
measure steady-state RNA levels (e.g. RT-qPCR, Northern blots, or RNA-seq) as these
downstream RNAs are typically of variable sizes and transient in nature. Another option
has thus been to use gain-of-function reporter genes in which a fluorescent protein (e.g.
GFP) [36, 37] or a selectable marker [38] is expressed when an upstream polyadenylation
signal fails to be used. To further improve this gain-of-function approach, we reasoned

that the unusual stability of circular RNAs could be harnessed to allow these transcripts to
serve as biomarkers of specific readthrough transcription events, especially considering that
some endogenous circular RNAs (e.g. from the human PA/P2 gene) are naturally generated
from readthrough transcripts [17]. Here, we describe methods and proof-of-principle
experiments that demonstrate circular RNAs derived from the Drosophila laccaseZ2 (straw)
gene can indeed be encoded downstream of a polyadenylation signal and used in RNAI
screening efforts to identify factors that control transcription termination/pre-mRNA 3" end
processing.

Materials and methods

Reporter plasmids

For experiments in Drosophila cells, the previously described Hy pMT Laccase2 Exons

1-3 plasmid (Addgene 91799) was used [17] (Fig. 1). For experiments in human cells,

the pCRII-TOPO CMV-cGFP-SV40 pA + Laccase2 Exon 2 plasmid (Addgene 91802) was
generated by inserting Drosophila laccase2 exon 2 along with its flanking intronic sequences
downstream of the SVV40 polyadenylation signal (between Blpl and Aflll) of the previously
described pCRII-TOPO CMV-cGFP-SV40 Poly(A) Sense expression plasmid (Addgene
46836) [39] (Fig. 3).

Drosophila cell culture

Drosophila DL1 cells were grown at 25°C in Schneider’s Drosophila medium (Thermo
Fisher Scientific 21720024) supplemented with 1% penicillin-streptomycin (Thermo Fisher
Scientific 15140122), L-glutamine (Thermo Fisher Scientific 35050061), and 10% fetal
bovine serum (Cytiva SH30396.03). To generate the DL1 cell line stably maintaining the
Hy pMT Laccase2 Exons 1-3 plasmid, 2 x 108 cells were plated in complete media

in 6-well dishes and 2 pg of plasmid was transfected using Effectene (Qiagen 301427).
Beginning the following day, cells were selected and maintained in complete medium
containing 150 pg/mL hygromycin B.
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2.3. Drosophila RNAI

Double-stranded RNAs (dsRNAs) from the DRSC (Drosophila RNAI Screening Center)
were generated by /n vitro transcription (MEGAscript kit, Thermo Fisher Scientific
AMB13345) of PCR templates containing the T7 promoter sequence on both ends [40].
Primer sequences are provided in Table S1. Transcription reactions were incubated at 37°C
for 8 h followed by digestion with 1 uL. DNase | at 37°C for 1 h. dsRNAs were purified
using the RNeasy Mini Kit (Qiagen 74106) following the manufacturer’s RNA cleanup
protocol and quantified using a spectrophotometer (1 OD,gg Unit = 45 ug/mL).

DL1 cells stably maintaining the Hy _pMT Laccase2 Exons 1-3 plasmid were grown in
complete medium until confluent. Cells were dislodged from the flask and counted using

a hemocytometer. Knockdown experiments were then set up in 12-well dishes by adding

2 pg of dsRNA to 500,000 cells in 0.5 mL Schneider’s Drosophila medium without
penicillin-streptomycin, L-glutamine, or fetal bovine serum [see 40 for a detailed protocol].
After incubation at 25°C for 45-60 min, 1 mL of complete Drosophila medium was

added. Cells were then incubated for 3 days and, where indicated, a final concentration

of 500 uM copper sulfate was added for the final 14 h to induce transcription from the
Metallothionein A promoter (pMT). Total RNA was isolated using TRIzol (Thermo Fisher
Scientific 15596018) as per the manufacturer’s instructions.

2.4. Mammalian cell culture and transfections

HeLa cells were grown at 37°C, 5% CO, in Dulbecco’s modified Eagle’s medium
(DMEM) containing high glucose (Thermo Fisher Scientific 11995065), supplemented with
penicillin-streptomycin (Thermo Fisher Scientific 15140122) and 10% fetal bovine serum
(Cytiva SH30396.03). Lipofectamine RNAIMAX (Thermo Fisher Scientific 13778150)

and Lipofectamine 2000 (Thermo Fisher Scientific 11668019) were used to transfect
siRNAs and plasmids, respectively, as per the manufacturer’s instructions. HeLa cells

were plated in 6-well dishes and first transfected with sSiRNAs (30 pmol/well). siRNA
sequences are provided in Table S2. On the following day, cells were transfected with the
indicated expression plasmid (1 pg/well). 48 h after sSiRNA transfection (24 h after plasmid
transfection), total RNA was isolated using TRIzol as per the manufacturer’s instructions.

2.5. Northern blotting

Northern blots using oligonucleotide probes and NorthernMax reagents

(Thermo Fisher Scientific) were performed as previously described in

detail [41]. Probes used for Drosophila cell experiments: Laccase2

Exon 2 Xmal (5"-GCTGAGCTCCCCGGG-3"), Drosophila -actin (5'-
AGCACAGTGTTGGCGTACAG-3"), and HygroR (5’-GACATATCCACGCCCTCCTA-3").
Probes used for human cell experiments: Laccase2 Exon 2 (5'-
GCTAGGATTGAGGATGGAGCTCC-3"), cGFP (5'-TCCATGCCGTGGGTGATGCC-3"),
and human B-actin (5"-AGCACTGTGTTGGCGTACAG-3"). All blots were viewed with a
Typhoon 9500 scanner (GE Healthcare) and quantified using ImageQuant.
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3. Results and Discussion

3.1.

Design of a laccase2 expression plasmid that can be used to identify regulators of

readthrough transcription in Drosophila cells

The Drosophila laccase2 (straw) gene generates a 490-nt circular RNA from exon 2 that
accumulates to high levels /n vivo in the nervous system as well as in commonly used
Drosophila cell culture lines, including S2 and DL1 [7, 42, 43]. To identify cis-acting
regulatory sequences and frans-acting factors that control laccase2 circular RNA levels, we
previously generated a plasmid (Hy_pMT Laccase2 Exons 1-3) consisting of a three-exon
laccaseZ minigene as well as a hygromycin resistance (HygroR) expression cassette (Fig.

1) [17]. The HygroR gene is constitutively transcribed, while the /accase2 minigene is
under control of the copper-inducible Metallothionein A promoter (pMT) (Fig. 1A) [44].
Thus, when Drosophila DL1 cells stably maintaining the plasmid (due to selection with
hygromycin) are grown under basal conditions, little transcription of the /accase2 minigene
is observed (Fig. 1B; Fig. 2A, Lane 1). Upon addition of exogenous copper to the cell
culture medium, the pMT promoter is induced, allowing the /accaseZ minigene to produce a
three-exon linear mMRNA as well as a circular RNA from exon 2 (Fig. 1C), and both of these
transcripts are easily detectable by Northern blotting (Fig. 2A, Lane 2). It should be noted
that Kpnl and Xmal restriction sites were inserted into exon 2 (Fig. 1A) so that minigene-
derived transcripts could be distinguished from endogenous laccase2 transcripts. Using
mutagenesis of the plasmid, we previously showed that the complementary DNAREPI_ DM
transposable elements in the flanking introns help drive /accaseZ backsplicing (Fig. 1A) [17,
43]. We further demonstrated that the efficiency of the backsplicing reaction is tuned by a
number of RNA binding proteins, including the SR protein SF2, as well as the levels of core
spliceosome components.

Besides being a useful tool for defining how splicing decisions are controlled at the
Drosophila laccasseZ2 locus, this plasmid can be used to study transcription termination
mechanisms when cells are grown in the absence of exogenous copper [17]. This is

because the HygroR expression cassette is encoded upstream of the /accaseZ minigene

(Fig. 1). Transcription from the constitutive Copia LTR promoter (Fig. 1A) typically does
not significantly extend into the /accaseZ minigene due to the presence of the SV40
polyadenylation signal. However, if this polyadenylation signal fails to be used and/or RNA
polymerase Il fails to efficiently terminate, the nascent HygroR transcript extends further
downstream (Fig. 1D). A nascent HygroR-laccase2 fusion transcript is produced that can be
subjected to backsplicing to generate the laccase2 circular RNA. Circular RNA biogenesis
has thus become independent of the pMT promoter, thereby allowing the mature circular
RNA to be observed even when exogenous copper (which activates the pMT promoter)

has not been added to the cell culture medium. Importantly, readthrough transcription from
the HygroR cassette should not induce the expression of the ~2-kb canonically spliced
(exon 1-2-3) laccase? reporter linear mMRNA, as these exons will instead be part of longer
HygroR-laccase2 fusion transcripts (Fig. 1D; transcripts labeled HygroR-Laccase2 Fusion in
Fig. 2).
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By quantifying the expression of transcripts derived from the HygroR and /accase2
minigenes, one thus can easily distinguish factors that regulate HygroR transcription
termination from factors that affect pMT transcription, backsplicing, or otherwise non-
specifically alter the local chromatin environment. In short, depletion of a gene required for
HygroR transcription termination should cause all of the following expression changes when
cells are grown in the absence of exogenous copper: (i) extension of the HygroR mRNA into
the downstream /accase2 minigene, (ii) production of the laccase2 circular RNA, and (iii) no
change in expression of the ~2-kb canonically spliced (exon 1-2-3) laccase2 reporter mRNA.

3.2. RNAi screening in Drosophila cells to identify genes that control transcription
termination

To test if the Hy pMT Laccase2 Exons 1-3 plasmid can indeed be used to identify
regulators of transcription termination, we first took advantage of the HygroR cassette

to generate a Drosophila DL1 cell line that stably maintains the plasmid [17]. These

cells were then soaked with /n vitro transcribed double-stranded RNAs (dsRNAs) for 3

days to individually deplete proteins with well-established roles in transcription termination/
pre-mRNA 3" end processing (Fig. 2). As a negative control for all comparisons, cells

were soaked with dsSRNAs against £. coli p-galactosidase (p-gal). After 3 days of dSRNA
treatment (with or without exogenous copper added for the last 14 h), total RNA was
isolated and subjected to Northern blotting using a probe complementary to exon 2 of the
laccaseZ minigene (Fig. 2A) or to the HygroR mRNA (Fig. 2C). As expected, in the absence
of exogenous copper, HygroR mRNA was robustly expressed (Fig. 2C, Lane 1) but there
was minimal expression of the laccase2 circular RNA or the ~2-kb canonically spliced (exon
1-2-3) laccase? reporter (Fig. 2A, Lane 1). This indicates that the inducible pMT promoter is
off under these conditions, thereby allowing gain of the laccase2 circular RNA to serve as a
marker of readthrough transcription.

We predicted that depletion of the RNA endonuclease Cpsf73 should inhibit 3" end cleavage
of the HygroR nascent RNA, leading to readthrough transcription into the downstream
laccaseZ minigene (Fig. 1D) [17]. Indeed, Cpsf73 depletion resulted in a >20-fold increase
in the level of the laccase? circular RNA observed in the absence of exogenous copper

(Fig. 2A, Lane 3; Fig. 2B) [17]. There was no change in the expression of the canonically
spliced (exon 1-2-3) laccase2 reporter mMRNA, and this ~2-kb linear transcript could only

be observed when the pMT promoter was activated by addition of exogenous copper to

the cell culture medium (Fig. 2A, even lanes). As expected, Cpsf73 depletion also led

to reduced expression of the canonical HygroR mRNA (Fig. 2C, Lane 2) and a larger
(>4-kb) HygroR-laccase? fusion transcript was instead detected (Fig. 2A, C). Readthrough
transcripts are generally predicted to be of variable sizes, but the observation of a discrete
band suggests that some HygroR-laccase2 fusion transcripts terminate at the polyadenylation
signal downstream of the /accaseZ minigene. It should further be noted that the laccase2
circular RNA transcript was much more abundant than the observed HygroR-laccase2 fusion
transcript, likely reflecting the long half-life of the circular RNA (Fig. 2A). Collectively,
these data confirm that readthrough transcription from the HygroR expression cassette leads
to backsplicing of the /accaseZ minigene and that the mature circular RNA can serve as a
marker of readthrough transcription events.
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We then examined the effect of depleting other well-characterized components of the pre-
mRNA 3" end processing machinery [reviewed in 18, 19] (Fig. 2D). Like depletion of
Cpsf73, depletion of the scaffolding protein Symplekin (Symp) as well as the entire CPSF
(Cpsf100, Cpsf160, Cpsf30, Wdr33, and Fipl) and CF I, (Clpl and Pcf11) complexes led
to >10-fold increases in the level of the circular RNA observed in the absence of exogenous
copper (Fig. 2A, B). Only two of the three components of the CstF complex (CstF64 and
CstF77, but not CstF50) affected circular RNA expression (Fig. 2A, Lanes 21-26) and no
effect on the circular RNA was observed when the CF I, complex was down-regulated
(Fig. 2A, Lanes 27-30). No HygroR mRNA was detected when CF 1,25 or CF 1,68 were
depleted (Fig. 2C, Lanes 8-9), indicating that the lack of change in circular RNA levels
may be due to CF 1,25 or CF 1,68 being required for transcription from the Copia LTR
promoter.

Consistent with the poly(A) polymerase (hrg) acting only to polyadenylate the mature
MRNA after Cpsf73 cleavage, depletion of hrg caused the mature HygroR mRNA to be
shorter (Fig. 2C, Lane 4) but had only a minor effect on downstream circular RNA levels
(Fig. 2A, Lanes 17-18). This result highlights the specificity of the /accaseZ minigene
reporter and its ability to distinguish factors that act at distinct steps in the process

of transcription termination/pre-mRNA 3 end processing. As an additional example of
specificity, we previously showed that depletion of the 5'-3” exonuclease Rat1 resulted
in increased circular RNA expression, but no change in HygroR mRNA levels and no
accumulation of HygroR-laccase?2 fusion transcripts [17]. These phenotypes exactly fit the
torpedo model of transcription termination [30-32]. We thus conclude that circular RNA-
based plasmids can be used to efficiently and accurately study transcription termination
mechanisms and readthrough transcription in Drosophila cells.

3.3. Use of circular RNAs to define transcription termination mechanisms in human cells

We next addressed whether circular RNAs could likewise be used as markers of readthrough
transcription events in human cells. A coral GFP (cGFP) reporter plasmid (pCRII-TOPO
CMV-cGFP-SV40 pA + Laccase2 Exon 2) was generated in which /accase2 exon 2 and

its flanking intronic repeat sequences were inserted downstream of a SV40 polyadenylation
signal (Fig. 3A). This design is simpler than the Drosophila reporter (Fig. 1A), but is
conceptually similar in that the CMV promoter should only produce a polyadenylated

cGFP mRNA (and not the circular RNA) under normal conditions. However, if the S\V40
polyadenylation signal fails to be used and/or RNA polymerase |1 fails to efficiently
terminate, then the laccase2 circular RNA can be generated via backsplicing of the
readthrough transcript.

HeL a cells were transfected with siRNAs to individual transcription termination factors as
well as with the pCRII-TOPO CMV-cGFP-SV40 pA + Laccase2 Exon 2 plasmid, followed
by total RNA isolation and Northern blotting (Fig. 3B). As in Drosophila, depletion of
CPSF3 (CPSF73), Symplekin (SYMPK), and PCF11 resulted in significant readthrough past
the SV40 poly(A) signal and generation of the downstream circular RNA (Fig. 3B, C). This
confirms that this plasmid-based system can identify well-established pre-mRNA 3" end
processing factors in human cells. We further found that depletion of PPP1R10 (PNUTS),

Methods. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liang et al.

Page 8

which is known to modulate protein phosphatase-1 (PP1) activity in the nucleus [45],
resulted in increased circular RNA expression (Fig. 3B, C). In yeast [46] and humans [20],
PP1 (GIc7 in yeast) was originally proposed to be dispensable for pre-mRNA 3’ cleavage,
but required for polyadenylation (and thus PPP1R10 depletion was predicted to have no
effect on circular RNA expression in our assay). Instead, our data are consistent with a
transcriptional profiling study performed in mouse cells [47] and suggest that PNUTS/PP1 is
involved in additional steps in termination (e.g. pre-mRNA 3’ cleavage) [48].

It should be noted that some siRNAs resulted in reduced expression of the mature cGFP
mMRNA (as expected), but not all siRNAs that resulted in a termination defect did so

(Fig. 3B). In addition, no stable cGFP-laccase2 fusion transcript could be observed by
Northern blotting. Gain of circular RNA expression was thus overall a more robust and
reproducible readout of transcription termination defects. This highlights the inherent power
and specificity of using circular RNAs as markers of readthrough transcription.

4. Conclusion

We have outlined methodologies for how circular RNAs can be encoded downstream

of polyadenylation signals and used to study transcription termination mechanisms in
Drosophila and human cells. This approach takes advantage of the long half-lives and
discrete sizes of circular RNAs, which make these transcripts very sensitive biomarkers of
transcriptional activity. Nonetheless, because readthrough transcripts must be backspliced

in order to be detected, a potential limitation of this approach is that factors required for
backsplicing (or that modulate backsplicing efficiency) may be missed if one only quantifies
circular RNA levels. This underscores the importance of also directly examining whether
linear readthrough transcripts can be detected, e.g. using Northern blotting (Fig. 2C) or
RT-qPCR, from the reporter plasmids.

Our circular RNA-based, gain-of-function plasmid methods are generalizable and modular
in design, making them applicable for studying likely any polyadenylation signal or RNA
polymerase Il transcription termination mechanism. One can, for example, easily replace
the SV40 polyadenylation signal that was used here (Fig. 1A, 3A) with a sequence of the
reader’s interest. Likewise, the laccase2 circular RNA sequence can be swapped with other
sequences that can backsplice, including an exon encoding a fluorescent protein (e.g. GFP)
[43] or a fluorogenic RNA aptamer (e.g. Broccoli) [49] to enable a more high-throughput
approach. We prefer to use Northern blots as they enable visualization of all the transcripts
(including their sizes), but RT-gPCR using primers that amplify across the backsplicing
junction [50] or catalytically dead CRISPR-Cas13 proteins [51] can alternatively be used
to detect/quantify circular RNAs generated from readthrough transcription. Together, these
approaches open the opportunity for further genetic (e.g. RNAi or CRISPR/Cas9) or
chemical-based screens to identify factors or cellular conditions that modulate transcription
termination events.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Readthrough transcription can yield circular RNAs in Drosophila and human
cells

Plasmid-based methods to quantify readthrough transcription events

The long half-lives of circular RNAs simplifies detection of readthrough
transcripts

Proof-of-principle experiments identify many known transcription termination
factors
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Fig. 1. A circular RNA-based reporter plasmid for studying readthrough transcription.
(A) Schematic of the Hy pMT Laccase2 Exons 1-3 plasmid. The length of each indicated

region is denoted in purple. (B) When Drosophila cells are grown under standard conditions
(no exogenous copper added to the cell culture medium), the Copia LTR promoter is
active, resulting in production of mature (capped and polyadenylated) HygroR mRNAs.
The pMT promoter is off and no transcripts are produced from the /accaseZ minigene.
(C) When exogenous copper is added, the inducible pMT promoter becomes activated
and the transcribed pre-mRNASs can be alternatively spliced to yield a three-exon linear
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MRNA or a circular RNA from exon 2 from the /accaseZ minigene. (D) If the SV40
polyadenylation signal located downstream of the HygroR open reading frame fails to be
used, there is readthrough transcription into the downstream /accaseZ minigene. This can
result in production of the circular RNA even though no exogenous copper has been added
to cells.
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Fig. 2. Use of a circular RNA-based reporter to identify factors required for transcription
termination in Drosophila cells.

(A) A Drosophila DL1 cell line stably maintaining the Hy_pMT Laccase2 Exons 1-3
plasmid was treated with the indicated dSRNAs for 3 d and, where noted, CuSOg4 was

added for the last 14 h. Components of the CPSF, CstF, CF I, and CF |1, complexes

are indicated. Total RNA was isolated and Northern blots were used to examine expression
of transcripts derived from the /accaseZ minigene. B-Actin was used as a loading control.
Representative blots are shown. (B) Circular RNA levels were quantified using ImageQuant
from three independent experiments and were normalized to the “p-gal, No copper”
samples. Data are shown as mean + SD. ** p<0.01, * p<0.05. (C) Northern blots were

used to examine expression of HygroR transcripts when no CuSO,4 was added. (D) Summary
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of factors required for transcription termination of the HygroR mRNA [Model based on 52].
Depletion of shaded factors caused downstream circular RNA levels to increase, whereas
depletion of unshaded factors had no or minimal effect.
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Fig. 3. Identification of factors required for transcription termination in human cells.
(A) Schematic of the pCRII-TOPO CMV-cGFP-SV40 pA + Laccase2 Exon 2 expression

plasmid. Readthrough of the SVV40 poly(A) signal can result in the production of the
laccase2 circular RNA. (B) HeLa cells were transfected with the indicated siRNAs followed
by plasmid transfection and total RNA isolation (48 h after siRNA transfection, 24 h after
plasmid transfection). Northern blots were used to examine expression of the laccase2
circular RNA and the mature cGFP mRNA. *Concatenated and/or intertwined circular RNA.
#Cross-reactive band that was observed when no plasmid was transfected. (C) Laccase2
circular RNA levels were quantified using ImageQuant from four independent Northern blot
experiments and were normalized to the Mock samples. Data are shown as mean + SD. *
p<0.05.
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