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ABSTRACT

Circular (circ) RNA expression vectors are used as a method of identifying and characterizing RNA sequences that harbor
internal ribosome entry site (IRES) activity. During the course of developing a vector series tailored for IRES discovery, we
found evidence for the occurrence of trans-spliced mRNAs arising when sequences with promoter activity were embedded
between the upstream CTD and downstream NTD exons of the pre-mRNA. These trans-spliced products regenerate the
same open reading frame expected from a circRNA and can lead to false-positive signals in screens relying on circRNA ex-
pression vectors for IRES discovery. Our results caution against interpretations of IRES activity solely based on results ob-

tained from circRNA expression vectors.
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INTRODUCTION

Internal ribosome entry sites (IRESes) were initially identi-
fied by positioning the 5’ leader regions from picornavirus-
es as intercistronic regions within a bicistronic mRNA
configuration (Jang et al. 1988; Pelletier and Sonenberg
1988). The bicistronic system proved to be an easy and ef-
ficient way of identifying and characterizing novel viral and
cellular sequences that harbor IRES activity, but is not with-
out its caveats (Jackson 2013). The presence of cryptic pro-
moter activity or splicing events, ribosome readthrough
activity, and ribosome shunting are phenomenathat can re-
sult in translation of the second cistron in the absence of a
bonafide IRES. In order to bolster claims that bicistronic ex-
pression is truly attributed to IRES-driven translation, a
number of additional complementary experiments are rec-
ommended, some of which include: (i) assessing the 5’ end-
and cap-dependency of any sequence being tested as a
putative IRES in the bicistronic context, (ii) RNAi-mediated
targeting of the first cistron of a bicistronic mMRNA (which
should lead to a concomitant reduction in expression of
the second cistron), (iii) undertaking transfection using
bicistronic mRNA into cells rather than DNA transfection,
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and (iv) ensuring that polysome association of the bicis-
tronic mRNA is maintained upon inhibition of 5" end- or
cap-dependent translation (Jackson 2013). However,
many studies lack these critical authentication steps. An al-
ternative method to verifying putative IRES activity assay is
demonstrating translation of a circular mRNA (circRNA)
template harboring said IRES sequences (Chen and Sarnow
1995). Due to the lack of a free 5" end, validation experi-
ments using circRNAs are not vulnerable to false positive
signals stemming from cryptic promoter activity, ribosome
readthrough, or ribosome shunting. However, generating
circRNAs in vitro using enzymatic ligation is inefficient
and as a result, circRNAs have been utilized far less widely
compared to the bicistronic reporter.

Naturally occurring circRNAs are generated by a head-
to-tail backsplicing mechanism whereby the splice donor
(SD) of an exon is covalently joined to a splice acceptor
(SA) of an upstream exon (Salzman et al. 2012; Jeck et al.
2013; Memczak et al. 2013). This backsplicing event is pro-
moted by proximal positioning of the introns flanking the
SA and SD sites, which can be mediated through sequence
complementarity or via RNA binding proteins (Dubin et al.
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Trans-spliced RNAs from circRNA expression vectors

1995; Jeck et al. 2013; Ashwal-Fluss et al. 2014; Liang and
Wilusz 2014; Zhang et al. 2014; Conn et al. 2015; Ivanov
etal. 2015). CircRNAs have been implicated in several fac-
ets of gene expression regulation including acting as
microRNA sponges (Hansen et al. 2013; Memczak et al.
2013), regulating RNA-binding protein function (Ashwal-
Fluss et al. 2014), and affecting transcription rates (Li
et al. 2015), although the number of circRNAs with as-
cribed activity is quite low. CircRNAs are predominantly
cytoplasmic, and some have been re-
ported to be translated (Pamudurti
et al. 2017), although the precise
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FIGURE 1. The PGK promoter, as test sequence in a circRNA expression vector context, leads

to reporter expression. (A) Schematic diagram of circv1. The positions of the inverted Alu re-

RESULTS

In designing a circRNA expression
vector, we placed a fragment encod-
ing the renilla (RLuc) luciferase NTD
(RLucnTp) downstream from the RLuc

Schematic illustrating

full-length, functional

peats with the two introns are denoted by violet arrowheads. (B) Relative RLuc expression ob-
tained from 293T cells following transfection with circvl harboring test elements from the
indicated genes (Supplemental Table S1). Mock; mock transfection. Values are set relative
to those obtained with EMCV Scrb J/K control sequences in circvl. n=3+SEM. (C)

potential mechanism by which a shortened RLucnrp-containing mRNA

produced from the PGK promoter can participate in a trans-splicing reaction to generate a

renilla ORF.
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We initially inserted the EMCV IRES
between the two RLuc synthetic exons
and found expression of RLuc at levels
100-fold higher than obtained when
using an EMCV IRES containing a
scrambled J/Kloop (Scrb), which leads
to loss of IRES activity (Fig. 1B;
Supplemental Table S1; Hoffman
and Palmenberg 1995). RLuc expres-
sion from the EMCV IRES containing
vector was Alu-dependent since re-
moval of one of these repeats (from
the intron downstream from RLuc
NTD) reduced RLuc expression to lev-
els comparable to those obtained with
the Scrb J/K vector (Fig. 1B, see
EMCVA3'Alu). Among other viral IRE-
Ses tested, polio and HCV sequences
produced strong responses in this as-
say (Fig. 1B). The CrPV IRES was quite
weak in the circv1 context, although it
is possible that the spatial constraints
of the circular RNA may have impeded
proper folding of the IRES (Fig. 1B).
We also tested nine different cellular
5’ leader regions previously reported
to harbor IRES activity (Weingarten-
Gabbay et al. 2016) and found that
only two of these (c-Myc and
ZNF611) showed activity above levels
obtained with the Scrb J/K control
(Fig. 1B; Supplemental Table S1). To
assess whether the circv1 system was
susceptible to false positive signals at-
tributed to cryptic promoter activity,
we inserted the PGK promoter into
circv1. Surprisingly, the levels of RLuc
obtained with circv1.PGK exceeded
those obtained with any of the nine
putative cellular 5 leader regions.
We hypothesize that our vector could
produce two linear mRNAs: (i) the ex-
pected full-length mRNA driven from
the CMV promoter, and (i) a shorter
mRNA arising from the PGK promoter
harboring the RLuc NTD and down-
stream intron (Fig. 1C). Annealing of
these two different mRNAs via their
complementary Alu repeats would
be predicted to favor a trans-splicing
event with the resulting product be-
ing capped and capable of synthesiz-

ing RLuc protein (Fig. 1C). These results challenge the
assumption that RLuc levels obtained with circRNA vectors,
like circv1, solely arise from a circular RNA template.
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FIGURE 2. CircRNA expression vectors can generate trans-spliced products. (A) Schematic
representation of circvéGFP.PGK and circv6RLuc.PGK expression vectors. (B) Trans-spliced
products expected from circv6RLuc.PGK and circv6GFP.PGK vectors. Only trans-spliced prod-
ucts formed from the CMV (full-length mRNA) and PGK (shorter mRNAs) promoters are shown
due to space limitations, but we envisage homotypic (GFP and RLuc) products also being pro-
duced, as well as products from trans-splicing of two full-length, CMV-synthesized mRNAs. The
relative location of PCR primers (RLuc-F; R, RLuc-R; R,, GFP-F; Gy, and GFP-R; G,) used for
product detection are shown. (C) Endpoint RT-PCR analysis of RNA isolated from 293T cells
transfected with the indicated expression plasmids. RNA was isolated 48 h following transfec-
tion. (Top panel) PCRs performed on RNA samples that had not been converted to cDNA
(—RT). (Bottom panel) RT-PCR products obtained after 25 cycles. (D) RT-gPCR analysis of
RNA from 293T cells transfected with the indicated plasmids. The combination of plasmids
used in the transfection, as well as primer pairs used in the gPCR, are shown below the graph.
The relative abundance of each PCR product was calculated using the AACt method with GFP
or RLuc signal calculated relative to GAPDH. n= 6 = SD. (E) Sequencing chromatogram of the
PCR product obtained from RNA of cells cotransfected with circv6GFP.PGK and circv6RLuc.
PGK. PCR primers crossed the GFP(NTD)/RLuc(CTD) exon junction.

To test this possibility more directly, we simplified our
vector design (circv6RLuc) and generated a second com-
panion vector with split GFP exons, circv6GFP (Fig. 2A).
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If our hypothesis was correct, we reasoned that cotransfec-
tion of circv6RLuc.PGK and circv6GFP.PGK should pro-
duce not only circRNA products, but also trans-spliced
GFP-RLuc and RLuc-GFP mRNA fusions which should be
detectable using appropriately designed primer pairs
(Fig. 2B). Following transfection of 293T cells with single
or both plasmids, total RNA was isolated and the presence
of spliced fusions probed by RT-PCR (Fig. 2C). GFP and
RLuc primer pairs were designed to cross the NTD/CTD
exon—-exon junctions and successfully did so (Fig. 2C; com-
pare lane 1 to 2 and 5 to 4). Using GFP/RLuc primer com-
binations, we detected PCR products only in RNA
preparations from cells that had been cotransfected with
both circvéRLuc.PGK and circv6GFP.PGK (Fig. 2C; com-
pare lane 9 to 7-8 and 12 to 10-11). These results were in-
dependently confirmed in RT-gPCR experiments where
the presence of GFP-RLuc and RLuc-GFP fusion mRNAs
were detected in cells cotransfected with both circvéR-
Luc.PGK and circv6GFP.PGK (Fig. 2D). Sequencing of
the fusion product obtained with primers GFP-F and
RLuc-R confirmed the presence of a

GFP(NTD)/RLuc(CTD) fusion junction

unable to participate in a trans-splicing reaction with
the shorter, PKG-driven mRNA from circG/R.PGK, and
thus we also expect the production of only GFP, and no
RLuc, when both of these vectors are cotransfected
(Supplemental Fig. S1b).

As expected, introduction of circv6GFP.PGK into 293T
cells did not produce significant levels of RLuc (Fig. 3C),
butdid produce quantifiable GFP levels (Fig. 3D). Introduc-
tion of circv6RLuc.PGK produced significant levels of RLuc,
butno GFP (Fig. 3C,D). Transfection of only circR/G.PGK or
circG/R.PGK alone failed to produce significant levels of
RLuc or GFP (Fig. 3C,D). However, cotransfection of
circR/G.PGK and circG/R.PGK generated robust levels of
both RLuc and GFP proteins. On their own, neither control
vector (circR/GA5’Alu.PGK nor circG/R.APGK) produced
significant RLuc or GFP products. Cotransfection of circR/
GAS5'Alu.PGK with circG/R.PGK produced GFP, and signif-
icantly reduced levels of RLuc (Fig. 3C,D). Similarly, when
circG/R.APGK was cotransfected with circR/G.PGK, signifi-
cant levels of GFP were apparent and low levels of RLuc
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ed (Supplemental Fig. S1a,b). circG/R.
APGK should not produce the shorter
Renntp-containing mRNA hence no
RLuc protein is expected upon cotrans-
fection with circR/G.PGK—only GFP
should be produced (Supplemental
Fig.S1a). The longer, CMV-driven tran-
script from circR/GAS'Alu.PGK will be

FIGURE 3. Protein expression from trans-spliced mRNA products. (A) Schematic representa-
tion of circR/G.PGK and circG/R.PGK expression vectors. (B) Schematic diagram illustrating
how trans-splicing of the indicated cotransfected vectors can lead to the production of full-
length RLuc and GFP proteins. Due to space constraints, not all possible trans-splicing reac-
tions are shown. (C) Luciferase values obtained from 293T cells cotransfected with the indicat-
ed expression vectors. RLuc RLU values were normalized to total protein levels in the extracts.
n =4 =SD. (D) Flow cytometry showing representative GFP expression obtained from 293T
cells transfected with the indicated individual or combinations of plasmids.
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were obtained (Fig. 3C,D). Taken together, our results
highlight that trans-splicing is a source of protein products
arising from circRNA expression vectors.

DISCUSSION

The phenomenon of trans-splicing was initially document-
ed by Konarska et al. (1985) who showed that this process
is favored when intervening sequences between two tar-
get mRNAs can base-pair. This phenomenon is well de-
scribed and has even been explored as a potential
therapeutic route by which germline mutations could be
eliminated from endogenous pre-mRNAs if an appropriate
wild-type donor RNA template is available (Berger et al.
2016). Trans-splicing events have also been found in can-
cers and postulated to precede and facilitate chromosome
translocations (Zaphiropoulos 2011).

Although our data emerged from studying only the PGK
promoter, the amount of trans-spliced mRNA product aris-
ing from our circRNA expression vector was quite signifi-
cant. In our experience with circv6GFP.PKG and
circv6RLuc.PGK, chimeric mRNA levels reach ~2.5-9 times
the levels of GAPDH in transfected 293T cells (Fig. 2D). As
well, RLuc activity was easily detected in cells cotransfected
with circR/G.PGK and circG/R.PGK, where its production
could only have arisen from trans-splicing (Fig. 3B,C). We
note that levels were ~25-fold lower than obtained with
circv6RLuc.PGK, and this may reflect that trans-splicing is
more efficient when transcripts are generated in proximity
of each other from the same expression vector or locus ver-
sus from two different plasmids at geographically distinct
nuclear locations. Although we have highlighted in our
schematic diagrams trans-spliced reactions involving a lon-
ger, CMV-derived mRNA with a shorter, PGK-derived
mRNA to explain how RLuc activity could have been at-
tained from circv1.PGK (Fig. 1B), we are cognizant that
two longer CMV originating transcripts could also trans-
splice to each other. For example, in Supplemental
Figure S1a, one could expect a functional RLuc protein be-
ing generated from trans-splicing of the CMV-originating
mRNA from circR/G.PGK with the CMV-originating
mRNA from circG/R.APGK. It may be that circularization
in cis by the circG/R.APGK full-length mRNA is more effi-
cient since splicing generally occurs during transcription
(Herzel et al. 2017), minimizing the amount of unspliced
full-length RNA available for trans-splicing. Since the short-
er, PGK-originating transcript cannot participate in cis-
splicing reactions (Fig. 2B), its accumulation may then per-
mit it to participate in trans-splicing reactions.

It has been reported that circRNAs can be translated to
give rise to protein products (Legnini et al. 2017;
Pamudurti et al. 2017). The mechanism by which ribo-
somes would be recruited to circRNAs should involve an
IRES, and the m®A reader, YTHDF3, and elF4G2 have
been implicated in this process (Yang et al. 2017; Zhao
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etal. 2019; Di Timoteo et al. 2020). Our results do not chal-
lenge the existence of circRNAs or the fact that polypep-
tide products arise from some of these (Begum et al.
2018; Zhang et al. 2018a,b; Zheng et al. 2019), they simply
raise caution concerning interpretations of translation initi-
ation mechanisms of circRNAs when using expression vec-
tors of the type used herein. Indeed, similar concerns were
recently raised by Ho-Xuan et al. (2020), who undertook a
detailed analysis of the protein products arising from
circZNF609 and concluded that they were unlikely to be
the consequence of translation from the circular mRNA
template, but more likely to arise from trans-splicing
events (although the latter was not formally investigated).

The results presented here raise concerns over the use
of circRNA expression vectors as a facile way of identifying
IRESes. Cryptic promoter activity from an embedded se-
quence can lead to the production of transcripts harboring
an intron with an ALU repeat that will be able to participate
in trans-splicing reaction with transcripts made from the
upstream CMV promoter on the same vector. A validation
assay for any IRESs discovered using circRNA expression
vectors could be to position the putative IRES sequence
upstream of a reporter ORF, generate ApppG-capped
mRNA in vitro, and transfect the transcribed reporter into
cells. The presence of an ApppG-cap will effectively block
any 5-dependent initiation events. Alternatively, if the
IRES requires a nuclear experience to function (Semler
and Waterman 2008), one could isolate circRNA from
transfected cells, demonstrate their circular nature in vitro
(e.g., using RNase R resistance), followed by reintroduction
into cells. Our results caution against solely the use of
circRNA expression vectors for IRES discovery, unless ac-
companied by experimental approaches to eliminate
trans-splicing interference.

MATERIALS AND METHODS

Cell culture conditions

HEK293T cells were maintained in DMEM supplemented with
10% FBS (Wisent), 100 U/mL penicillin/streptomycin, and 2 mM
L-glutamine at 37°C and 5% COs,. For transfection, HEK293T cells
were seeded to 70% confluency in 24 well plates and transfected
with 1 pg plasmid using polyethylenimine (PEl) mediated trans-
fection. Media was refreshed the next day and 2 d following
transfection (Fukumoto et al. 2010), GFP expression was mea-
sured using flow cytometry (Guava EasyCyte), and renilla values
were determined on a Berthold luminometer (Lumat LB 9507)
(Dyer et al. 2000).

CircRNA plasmid design

The expression cassette shown in Figure 1A was custom synthe-
sized in pUC57 by GenScript and then subcloned into pCMV6-
XLé using EcoRI/Xbal sites to produce circV1.EMCV. To generate
different reporter plasmids containing different sequences
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between the Ren CTD and NTD, the circV1 vector was digested
using Mfel and Mlul restriction sites and the sequence of interest
(produced as a gBlock [IDT]) was cloned into the digested vector
using Gibson Assembly (NEB). The more streamlined circVé vec-
tors were also custom synthesized by GenScript and subcloned in
pCMV6-XL6.

RNA isolation and RT-qPCR

RNA isolation was performed 48 h post-transfection (as described
above but scaled up into six-well plates using 3 pg of DNA) using
TRIzol (Thermo Fisher Scientific) following the manufacturer’s rec-
ommendations. Reverse-transcription reactions were performed
using M-MulV-reverse transcriptase (New England Biolab) and
random primer mix (New England Biolab) according to the manu-
facturer’s protocol. gPCR experiments were performed on cDNA
diluted 1/10 using the following oligonucleotides (GFP-F:
5’ACGACGGCAACTACAAGACC3'; GFP-R: STTGAAGTTCACC
TTGATGCC3’; Ren-F: 5’CCCAGATCTGATCGGAATGG3'; Ren-
R: 5GATCTTGCTTGGGAGCATGG3'; GAPDH-F: 5GGTATCGT
GGAAGGACTCAT3'; GAPDH-R: 5’GCAGGGATGATGTTCTGG
AG3') in a CFX96 PCR System (Bio-Rad) using SsoFast Evagreen
Supermix (Bio-Rad). Gene expression data analysis was performed
using the Bio-Rad CFX Manager 3.1 software.
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