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ABSTRACT

Circular RNA (circRNA) is emerging as a highly promising technology in various biomedical applications, offering advantag-
es over traditional linear RNA. The Twister-optimized RNA for the durable overexpression (Tornado) system has been
widely investigated for generating circRNAs in mammalian cells; however, the use of the Tornado system for large RNA
inserts, especially those containing the internal ribosome entry site (IRES) sequences, is hindered by low circularization ef-
ficiency and limited circRNA abundance. Therefore, developing novel strategies to enhance RNA circularization in cells is of
critical importance. In this study, we present a modified Tornado system that significantly improves circRNA-based protein
expression by incorporating an optimal distance between the IRES and the upstreamCMVpromoter. Furthermore, we elu-
cidate the dual roles of HRV-B3 IRES in mammalian cells, demonstrating its negative regulatory effect on RNA abundance
and its positive contribution to RNA circularization. Additionally, the integration of a truncated 5′′′′′ long terminal repeat
(LTR) from HIV-1 upstream of the HRV-B3 IRES, combined with the woodchuck hepatitis virus post-transcriptional regula-
tory element (WPRE), further enhances transcriptional efficiency in the Tornado system. This modified system holds great
potential for advancing circRNA-based therapeutics and vaccines, and these findings provide valuable insights for refining
the Tornado system and designing regulatory elements in synthetic biology applications.
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INTRODUCTION

mRNA-based therapeutics and vaccines have emerged as
a promising technology across diverse biomedical applica-
tions. However, the therapeutic potential is significantly
constrained by the short half-life of linear mRNAs due to
its inherent instability in cytoplasm. This limitation can be
effectively addressed through the use of circular RNAs
(circRNAs) (Wesselhoeft et al. 2018), which are resistant
to exonucleolytic degradation (Ibrahim et al. 2008). The re-
markable stability of circRNAs makes them an attractive al-
ternative for achieving sustained protein expression, and
thus it is of great potential for advancing circRNA-based
therapeutics and vaccines (Qu et al. 2022; Yue et al.
2024). Unlike linear mRNAs that require a 5′ cap structure

for translation initiation, circRNAs use an internal ribosome
entry site (IRES) to recruit the translationalmachinery (Chen
and Sarnow 1995). Current methodologies for circRNA
synthesis primarily involve two approaches: enzymatic li-
gation of 3′ and 5′ ends, and utilization of permuted self-
splicing introns (Puttaraju and Been 1992; Obi and Chen
2021; Qu et al. 2022). In particular, modified group I in-
trons using a permuted intron–exon (PIE) arrangement
have demonstrated significant potential. In this strategy,
target RNAs are flanked by two exons, with the 3′ half of
the intron positioned at the 5′ end and the 5′ half at the
3′ end. Splicing subsequently circularizes the RNA through
exon ligation (Puttaraju and Been 1992).
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Currently, circRNA synthesis methods include cell-free
system and in-cell system. While significant progress has
been made in cell-free circRNA synthesis system, critical
limitations hinder its widely clinical applications. (1)
Immunogenic byproducts (such as linear RNA contami-
nants) trigger robust cellular immune responses
(Wesselhoeft et al. 2019). (2) The residual unmodified
circRNAs (non-m6A modification) can activate RIG-I via
K63-polyubiquitin–mediated signaling, thus inducing
MAVS filamentation, IRF3 dimerization, and interferon pro-
duction (Chen et al. 2019). (3) Lack of endogenous RNA-
binding proteins: Cell-free synthesized circRNAs lack
host-derived RNA-binding proteins that tag circRNAs as
“self” to reduce immunogenicity (Chen et al. 2017).
Notably, in-cell circRNA synthesis—using human-derived
introns to template foreign sequences—mitigates this im-
munogenicity. Thus, while cell-free systems achieve higher
circRNA yields (Wesselhoeft et al. 2018), in-cell circRNA
synthesis is promising for minimizing excessive immune
activation in therapeutic and vaccine applications.
However, in-cell circRNA synthesis still faces challenges
in terms of abundance and circularization efficiency.
Naturally occurring circRNAs in eukaryotic cells are typical-
ly generated through a mechanism involving complemen-
tary Alu elements, where base-pairing between these
sequences facilitates splice site approximation through a
protein-bridging mechanism (Dubin et al. 1995; Jeck
et al. 2013; Liang and Wilusz 2014; Zhang et al. 2014;
Ivanov et al. 2015; Li et al. 2015). Several innovative ap-
proaches have been developed to enhance circRNA pro-
duction. For example, a reporter plasmid incorporating
exons 14–17 of the SMARCA5 gene was engineered
with green fluorescent protein (GFP) and IRES sequences
inserted into exons 15 and 16, respectively, successfully
generating circRNA through the alternative splicing factor
Quaking (QKI) (Conn et al. 2015). The ZKSCAN intron sys-
tem has also been used for circularizing GFP and IRES se-
quences, enabling efficient screening of functional
circRNA IRES elements (Kramer et al. 2015; Chen et al.
2021). Commercial circularization vectors, such as the
pLC5-ciR vector containing optimized Alu elements and
QKI binding sites, have demonstrated improved efficien-
cy, achieving over 50-fold upregulation of circCDK13 lev-
els relative to endogenous expression (Huang et al. 2024).
In contrast to conventional in-cell RNA circularization

methods, an alternative approach harnessing transfer
RNA (tRNA) splicing machinery exhibit superior efficiency.
The tRNA splicing mechanism was first described in 1983,
with precursor tRNAs identified to harbor distinctive termi-
ni: a 5′-hydroxyl group and a 2′,3′-cyclic phosphate at the 3′

end (Filipowicz and Shatkin 1983; Laski et al. 1983). This
foundational work culminated in the discovery of RtcB as
the essential ligase mediating junction of these modified
termini (Tanaka et al. 2011). Based on these findings, re-
searchers developed an in-cell platform to engineer

circRNAs—including functional RNA aptamers—in human
cells (Lu et al. 2015). However, practical utility of this system
was constrained by its low yield. A breakthrough emerged
with the Twister-optimized RNA for durable overexpres-
sion (Tornado) system (Litke and Jaffrey 2019), which inte-
grates two flanking Twister ribozymes. These ribozymes
enable rapid autocatalytic cleavage, bypassing slow enzy-
matic ligation steps and dramatically improving circRNA
output. Unlike the above-mentioned intron-driven circular-
ization systems, which can produce scarless circRNAs that
maintain native sequence integrity and thereby eliminate
vector-derived artifacts (Chen et al. 2025), the Tornado sys-
tem usually leaves a sequence scar on the resulting
circRNAs, which may affect their structure, stability, or bio-
logical function. Initially designed for RNA aptamer
circularization, the Tornado platform has since been ex-
panded to protein-coding applications. Tornado-based
circRNA expression is quite high for small RNAs like
aptamers but significantly reduced for larger RNAs, such
as coding sequences. Most notably, its recent adaptation
to circularize large RNA constructs containing IRES and
open reading frames (ORFs) has established the Tornado
translation system as a robust tool for protein synthesis,
outperforming the ZKSCAN1 backsplicingmethod in com-
parative studies (Unti and Jaffrey 2024). Despite these ad-
vancements, current RNA circularization methods still
suffer from relatively low circRNAabundance, and produce
transcripts at significantly lower levels compared to linear
mRNA systems, highlighting the need for continued inno-
vation in RNA circularization technologies.
In this study, we systematically investigated a novel strat-

egy to enhance protein expression from Tornado transla-
tion system–generated circRNA and elucidated the
regulatory mechanism of IRES elements in mammalian
cells. Our findings demonstrated that the HRV-B3 IRES se-
quence exerts a cis-acting inhibitory effect on RNA abun-
dance, independent of transcription termination. We also
found for the first time that appropriate insertion of a spac-
er sequence between the HRV-B3 IRES and upstream pro-
moter significantly enhanced the downstream gene
expression. Our findings provide valuable guidance to
modify the Tornado translation system for improving
circRNA-based protein expression, and also offer funda-
mental insights for the rational design of regulatory ele-
ments in synthetic biology applications.

RESULTS

Tornado system incorporating the optimizedHRV-B3
IRES yielded high level of protein expression

circRNAs synthesized typically use a group I intron-derived
backbone with PIE arrangements, as exemplified by the
engineered Anabaena PIE system. This system comprises
a 3′ intron, exon 2, exon 1, and a 5′ intron in sequential
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order. A key feature of this design is the inclusion of spac-
er–spacer complementary sequences that facilitate the for-
mation of a protected “splicing bubble”—a structural
motif in which catalytic intronic sequences are flanked by
homologous regions (Fig. 1A, upper panel; Wesselhoeft
et al. 2018). In addition, to enable cap-independent trans-
lation, an IRES element is engineered upstream of an ORF
sequence. Recent advancements use an optimized IRES
derived from human rhinovirus B3 (HRV-B3), which incor-
porates an eIF4G-binding aptamer critical for ribosome re-
cruitment, along with a 5′ UTR PABPv2 spacer and a full
HBA1 3′ UTR to maximize translational output (Chen
et al. 2023). These flanking elements not only enhance
circRNA circularization efficiency but also stabilize RNA
secondary structures required for sustained protein
synthesis.

To identify elements that can potentially improve pro-
tein expression, we synthesized circRNAs encoding en-
hanced GFP using different translation frameworks.
These circRNAs were generated through in vitro transcrip-
tion (IVT) and intron-assisted splicing. One construct with a
full length of 1629 nt, featured an HRV-B3 IRES with its
spacer elements, while the other measured 1655 nt in
length and used Coxsackievirus B3 (CVB3) IRES with spac-
ers (Fig. 1A). Following transfection into HEK293T cells,
GFP expression was quantified by flow cytometry, and re-
sults showed that cells transfected with the construct con-
taining HRV-B3 IRES exhibited significantly lower GFP
levels compared to those transfected with the construct
containing CVB3 IRES (Fig. 1B).

The Tornado system comprises the following core com-
ponents: a 5′ P3 Twister U2A ribozyme, complementary
sequences (5′ and 3′), and a 3′ P1 Twister ribozyme.
Following transcription, the ribozymes undergo autocata-
lytic self-cleavage, enabling the 5′ and 3′ RNA termini to
be spatially aligned via hybridization of the comple-
mentary sequences, and subsequently ligated by the
RNA ligase RtcB. Next, to evaluate the performance of
HRV-B3 IRES in the Tornado system, we constructed
two plasmids: pcDNA3-Tornado-HRV-B3_IRES-GFP and
pcDNA3-Tornado-CVB3_IRES-GFP (Fig. 1C). The IRES se-
quences were adjacent to the upstream sequence of the
GFP gene to maximize translation efficiency. Surprisingly,
the Tornado system incorporating HRV-B3 IRES with its
spacer elements yielded higher levels of GFP expression
than that with CVB3 IRES (Fig. 1D).

To investigate whether this enhanced protein expres-
sion was because of increased RNA levels, we compared
the relative GFP RNA levels in cells transfected
with pcDNA3-Tornado-HRV-B3_IRES-GFP and pcDNA3-
Tornado-CVB3_IRES-GFP. Remarkably, cells transfected
with the HRV-B3 IRES construct exhibited >40-fold higher
GFP RNA levels (including both linear and circular GFP
RNAs) than those transfected with the CVB3 IRES construct
(Fig. 1E). This demonstrates that the HRV-B3 IRES-based

Tornado system, which integrates spacer elements
(PABPv2 and HBA1 UTRs), correlates with substantially
higher RNA abundance, thereby driving enhanced protein
translation. This characteristic aligns with our goal of opti-
mizing circRNA-based protein expression. Consequently,
the Tornado system using the same HRV-B3 IRES element
was selected for subsequent experiments.

Then, we integrated HRV-B3 IRES with its spacer ele-
ments and a reporter gene (e.g., GFP or luciferase) into
the Tornado translation system (Fig. 1F). After transfecting
HEK293T cells, we used convergent and divergent primers
to detect linear mRNA transcripts and circRNAs. Only
cDNA derived from circRNAs produced a distinct band
when amplified with divergent primers in agarose gel elec-
trophoresis, confirming successful RNA circularization by
the Tornado system (Fig. 1G). Consistent with previous
findings, the Tornado translation system yielded lower pro-
tein levels than the linear mRNA system (Fig. 1H,I), though
it should be noted that the GFP signal observed in the
Tornado system may partially derive from linear RNA
products. Similarly, luciferase (Luci) assay also revealed
minimal Luci expression in the Tornado system, with
pcDNA3-Tornado-IRES-Luci producing ∼1/100 Luci activ-
ity of the pcDNA3-Luci construct (Fig. 1J). This discrepancy
was likely attributable to the inherently lower activity of
IRES-mediated translation compared to cap-dependent
mechanisms. These results suggested that the Tornado
system can circularize RNAs but correlates with lower
RNA levels than linear mRNA system, and thus it is of great
importance to optimize Tornado system for improving
circRNA-based protein expression.

pCDH vector-based Tornado system enhances
circRNA-based protein expression

During the construction of lentiviruses containing the GFP
gene within the Tornado system using the pCDH shuttle
plasmid (pCDH-CMV-MCS-EF1-Puro, hereafter referred
to as pCDH), we observed unexpectedly high protein pro-
duction (Fig. 2A,B). In the pCDH-based lentiviral vector
system, the Rous sarcoma virus (RSV) promoter upstream
of the truncated 5′ long terminal repeat (LTR) functions
as a promoter to initiate transcription, and the transcription
process terminates at the 3′ end of the 3′ LTR. Unless oth-
erwise specified, the subsequent 5′ LTR refers to the RSV
promoter and the truncated 5′ LTR. To further investigate
this observation, we transiently transfected HEK293T cells
with either pcDNA3 or pCDH plasmids carrying the
Tornado system or a linear mRNA system. As expected,
the linear mRNA system in the pcDNA3 vector, which in-
cludes a CMV enhancer, exhibited higher protein expres-
sion than the pCDH vector (Fig. 2C,D). However, for the
Tornado system, the pCDH vector produced significantly
more GFP expression than that of pcDNA3 vector (Fig.
2C,D). Since the identical Tornado system (including the
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FIGURE 1. Tornado system incorporating the optimized HRV-B3 IRES yielded high level of protein expression. (A) Design of circRNA circulari-
zation via group I intron autocatalysis in vitro. (B) Flow cytometry analysis was performed to measure mean fluorescence intensity (MFI) of GFP
expression and percentage ofGFP-positive cells in HEK293T cells transfectedwith the construct containingCVB3 IRESor the construct containing
HRV-B3 IRES for 48 h. Untreated cells served as a negative control. (C ) Design of Tornado translation system in pcDNA3 vector. (D) Flow cytometry
analysis of GFP expression in HEK293T cells transfected with pcDNA3-GFP, pcDNA3-Tornado-CVB3_IRES-GFP, or pcDNA3-Tornado-HRV-
B3_IRES-GFP for 48 h. Untreated cells served as a negative control. (E) Relative GFP RNA levels measured by RT-qPCR in HEK293T cells trans-
fected with pcDNA3-Tornado-CVB3_IRES-GFP or pcDNA3-Tornado-HRV-B3_IRES-GFP. (F ) Design of Tornado translation system featuring a 5′

UTR PABPv2 spacer, HRV-B3 IRES (with an eIF4G-binding aptamer), and a full HBA1 3′ UTR. The arrows indicate the primer design for PCR anal-
ysis. (G) Agarose gel electrophoresis of PCR products amplified from cDNA, which was reverse-transcribed from RNA harvested from HEK293T
cells transfected with pcDNA3-GFP, pcDNA3-Tornado-IRES-GFP, pcDNA3-Luci, or pcDNA3-Tornado-IRES-Luci. Both convergent and divergent
primers were used. (H) Transfection efficiency and GFP expression levels in HEK293T cells transfected with 1 μg of pcDNA3-GFP or pcDNA3-
Tornado-IRES-GFP for 48 h. (I ) Relative GFP RNA levels in HEK293T cells transfected with pcDNA3-Tornado-IRES-GFP or pcDNA3-GFP. (J)
Luminescence and relative Luci RNA levels in HEK293T cells transfected with pcDNA3-Tornado-IRES-Luci or pcDNA3-Luci. (Luci) Luciferase.
The data are shown as mean±SD of at least three independent experiments, and P-values of <0.05 were deemed statistically significant. (∗∗)
P<0.01; (∗∗∗) P<0.001.
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same HRV-B3 IRES element) was used in these constructs,
the observed protein expression enhancement likely re-
flects differences in the pCDH vector system itself.

To further test this hypothesis, we measured relative
GFP RNA levels using reverse transcription quantitative
PCR (RT-qPCR). For the linear mRNA system, the pCDH
vector showed lower GFP RNA levels than the pcDNA3
vector, whereas the opposite was observed for the
Tornado system (Fig. 2E). These findings indicated that
the pCDH vector increased RNA abundance in the context
of the Tornado system.

The transition from the pcDNA3 to the pCDH vector dif-
ferentially impacts RNA abundance depending on the
translation system. This effect appears to be influenced
by the presence of the Tornado system and IRES.
Previous studies have shown that IRES can significantly re-
duce RNA polymerase II activity in adjacent regions

(Slobodin et al. 2020). Our data suggest that specific ele-
ments within the pCDH vector may counteract this effect,
upregulate RNA abundance by modulating the activity of
the Tornado systemor the IRES. This discovery highlighted
the potential of the pCDH vector for optimizing circRNA-
based protein expression system.

Dual roles of HRV-B3 IRES in negative
RNA-abundance regulation and positive
RNA circularization

To investigate whether IRES contributes to RNA reduction,
we replaced the HRV-B3 IRES sequence (666 bp, including
the eIF4G-binding aptamer) with an mCherry sequence
(708 bp) in the plasmid constructs (Fig. 3A). The resulting
constructs exhibited comparable lengths, with a negligible
size difference of 42 bp (<0.68% of the total plasmid

A

B

C D E

FIGURE2. pCDHvector-based Tornado systemenhances circRNA-basedprotein expression. (A) Design of the Tornado translation systembased
on pCDH vector. The symbol (……) represents key elements, including the HIV-1 packaging signal (HIV-1Ψ), Rev response element (RRE) for Rev-
dependent nuclear export, an antigenic peptide (amino acids 655–669 of HIV gp41), and the central polypurine tract/termination sequence of
HIV-1 (cPPT/CTS). (B–D) GFP expression levels (MFI) and percentage of GFP-positive cells in HEK293T cells transfected with pcDNA3-GFP,
pCDH-GFP, pcDNA3-Tornado-IRES-GFP, or pCDH-Tornado-IRES-GFP. (E) Relative GFP RNA levels in HEK293T cells transfected with indicated
vectors for 48 h. The data are shown as mean±SD of at least three independent experiments, and P-values of <0.05 were deemed statistically
significant. (∗∗) P<0.01; (∗∗∗) P<0.001.
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FIGURE 3. Dual roles of HRV-B3 IRES in negative RNA-abundance regulation and positive RNA circularization. (A, left) Flow cytometry histogram
plots. (Middle) Schematic of plasmids containing either IRES or mCherry. All the plasmids are numbered. The symbol (……) represents key ele-
ments, including HIV-1 Ψ, RRE, gp41 peptide, and cPPT/CTS. (Right) Relative GFP RNA levels in HEK293T cells transfected with the plasmids
shown in the middle panel. (B) Relative GFP RNA levels in HEK293T cells transfected with pcDNA3-GFP or pcDNA3-mCherry-GFP. (C )
Comparison of relative GFP RNA levels in HEK293T cells transfected with plasmids containing HRV-B3 IRES or mCherry. (D) Circularization effi-
ciency of RNA transcribed from pCDH-Tornado-GFP with IRES or mCherry inserted upstream of GFP. (E) The RNA levels upstream of IRES or
mCherry in HEK293T cells transfected with pCDH-Tornado-IRES-GFP or pCDH-Tornado-mCherry-GFP for 48 h. (F ) Relative Luci RNA levels in
HEK293T cells transfected with pCDH-Δ(458-2009)-Luci-IRES-GFP-Δ(2295-3472) or pCDH-Δ(458-2009)-Luci-mCherry-GFP-Δ(2295-3472) for 48
h. (G) Relative GFP RNA levels in HEK293T cells cotransfected with pcDNA3-GFP and either pcDNA3-FLAG (negative control), pcDNA3-
Tornado-CVB3_IRES, or pcDNA3-Tornado-HRV-B3_IRES for 48 h. The data are shown as mean±SD of at least three independent experiments,
and P-values of <0.05 were deemed statistically significant. (∗) P<0.05; (∗∗) P<0.01; (∗∗∗) P<0.001.
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length). This minimal size variation ensured equivalent mo-
lar plasmid amounts when equal masses were transfected,
thereby normalizing comparisons between HRV-B3
IRES-positive andHRV-B3 IRES-negative constructs. To ex-
clude promoter-like activity in these sequences, both the
HRV-B3 IRES and mCherry regions were analyzed
using Promoter 2.0 (https://services.healthtech.dtu.dk/
services/Promoter-2.0/) (Knudsen 1999), which confirm-
ed the absence of predicted promoter motifs (output:
“No promoter predicted”). Moreover, to exclude that
mCherry itself does not activate transcription, we cloned
the mCherry gene into the pcDNA3-GFP plasmid, posi-
tioning it upstream of the GFP gene. After transfecting
HEK293T cells, we measured relative GFP RNA levels us-
ing RT-qPCR, and results showed that the GFP RNA levels
in pcDNA3-mCherry-GFP (Plasmid 2) were lower than
those in pcDNA3-GFP (Plasmid 1) (Fig. 3B). This reduction
in RNA levels may be due to the increased length of
the transcription template or the lower molarity for
transfection.

Next, we replaced the HRV-B3 IRES sequence in pCDH-
Tornado-IRES-GFP (Plasmid 3) with the mCherry se-
quence, creating pCDH-Tornado-mCherry-GFP (Plasmid
4). Transfection of HEK293T cells revealed that the relative
GFP RNA levels in pCDH-Tornado-mCherry-GFP (Plasmid
4) were significantly higher than those in pCDH-Tornado-
IRES-GFP (Plasmid 3) (Fig. 3C), suggesting that the HRV-
B3 IRES played a role in decreased RNA abundance.

To further investigate the RNA-reducing effects mediat-
ed by IRES andmCherry elements, we removed nonessen-
tial sequences from the pCDH vector (Fig. 3A). The
deleted regions included the following: (1) the sequence
between the truncated 5′ LTR from HIV-1 and the CMV
promoter (nucleotides 458–2009 in pCDH vector; the first
nucleotide of the HIV-1 Ψ sequence is designated as nu-
cleotide 458); (2) the Tornado system; and (3) a region en-
compassing the core promoter for human elongation
factor EF-1α (EF-1α core promoter), the truncated 5′

LTR from human T-cell leukemia virus (HTLV) type 1, and
the puromycin N-acetyltransferase (PuroR) gene (nucleo-
tides 2295–3472 in pCDH vector). The resulting plasmids
were named pCDH-Δ(458-2009)-IRES-GFP-Δ(2295-3472)
(Plasmid 5) and pCDH-Δ(458-2009)-mCherry-GFP-
Δ(2295-3472) (Plasmid6). After transfectingHEK293T cells,
wemeasured relativeGFP RNA levels using RT-qPCR. Both
constructs exhibited reducedGFP RNA levels compared to
the original pCDH vectors (transfected at equal mass but
higher molarity), but the mCherry-containing plasmid con-
sistently showed higher GFP RNA levels than the HRV-B3
IRES-containing plasmid (Fig. 3C). This indicated that the
deleted regions potentially enhance transcription or RNA
stability in the presence of HRV-B3 IRES. Additionally, cir-
cularization efficiency was significantly higher in pCDH-
Tornado-IRES-GFP (Plasmid 3) (>40%) compared to
pCDH-Tornado-mCherry-GFP (Plasmid 4) (<20%) (Fig.

3D), further highlighting the dual roles of HRV-B3 IRES in
negative RNA-abundance regulation and positive RNA
circularization.

Then, to investigate whether HRV-B3 IRES negatively
regulates RNA synthesis via transcription termination, we
designed a pair of primers specific to the sequence be-
tween the CMV promoter and the 5′ Tornado system. If
HRV-B3 IRES promotes transcription termination, the
transcripts upstream of the IRES would be more abundant
than those downstream. However, in HEK293T cells trans-
fected with pCDH-Tornado-IRES-GFP (Plasmid 3), the
RNA level upstream of the IRES was lower than in
cells transfected with pCDH-Tornado-mCherry-GFP
(Plasmid 4), corresponding to the reduced relative GFP
RNA levels (Fig. 3C–E). Additionally, no significant differ-
ence in relative Luci RNA levels was observed between
pCDH-Δ(458-2009)-Luci-IRES-GFP-Δ(2295-3472) (Plasmid
7) and pCDH-Δ(458-2009)-Luci-mCherry-GFP-Δ(2295-
3472) (Plasmid 8) (Fig. 3F). These results, consistent with
the relative GFP RNA levels in transfected HEK293T cells,
demonstrate that HRV-B3 IRES does not decrease RNA
synthesis through transcription termination. We also inves-
tigated whether the HRV-B3 IRES from different deriva-
tions affects the level of RNA abundance. HEK293T cells
were cotransfected with pcDNA3-GFP (Plasmid 1) and ei-
ther HRV-B3 IRES, CVB3 IRES in the Tornado system, or
pcDNA3-FLAG as amock control. No significant differenc-
es in relative GFP RNA levels were observed among these
groups, indicating that IRES does not negatively regulate
RNA abundance when plasmids were used as template
through trans-acting mechanisms (Fig. 3G).

Furthermore, we inserted a luciferase (Luci) sequence
(1653 bp) upstream of the IRES in pCDH-Δ(458-2009)-
IRES-GFP-Δ(2295-3472) (Plasmid 5) [designated as
pCDH-Δ(458-2009)-Luci-IRES-GFP-Δ(2295-3472) (Plasmid
7)] and upstream of mCherry in pCDH-Δ(458-2009)-
mCherry-GFP-Δ(2295-3472) (Plasmid 6) [designated as
pCDH-Δ(458-2009)-Luci-mCherry-GFP-Δ(2295-3472)
(Plasmid 8)] (Fig. 3A). For the mCherry construct, the addi-
tion of the Luci sequence reduced relativeGFP RNA levels,
likely due to the increased length of the transcription tem-
plate or the lower molarity for transfection (Fig. 3C). In con-
trast, for the HRV-B3 IRES construct, the Luci sequence
significantly increased relative GFP RNA levels.
Remarkably, the GFP RNA levels in pCDH-Δ(458-2009)-
Luci-IRES-GFP-Δ(2295-3472) (Plasmid 7) were comparable
to those in pCDH-Δ(458-2009)-Luci-mCherry-GFP-Δ(2295-
3472) (Plasmid 8) (Fig. 3C). Notably, IRES-containing
mRNAs with the upstream insertions exhibited faster deg-
radation rates compared to their IRES-negative counter-
parts with identical upstream sequences (Slobodin et al.
2020). These findings demonstrate that strategic insertion
of additional sequences (e.g., luciferase) between the
CMV promoter and IRES element can effectively mitigate
the RNA-reduction effect of IRES element.
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Increased distance between IRES and upstream
promoter mitigates RNA-abundance
downregulation

To systematically test this hypothesis, we generated a se-
ries of plasmids containing various sequence intervals be-
tween the CMV promoter and HRV-B3 IRES element, with
or without the Luci sequence (Fig. 4A). To be noted, when
the equal masses of plasmids were transfected, the molec-
ular amounts of DNA with additional inserted sequences
were fewer relative to those without additional insertion
constructs (calculated based on plasmid molecular
weights). However, after transfecting these plasmids into
HEK293T cells, we found that the inclusion of the Luci se-
quence upstream of the IRES significantly increased GFP
expression (Fig. 4B,C).
When the Tornado system elements were removed

[comparing pCDH-Δ(458-2009)-IRES-GFP-Δ(2295-3472)
(Plasmid 5) to pCDH-Δ(458-2009)-Tornado-IRES-GFP-
Δ(2295-3472) (Plasmid 10)], we observed that the shorter
distance between the HRV-B3 IRES and the CMV promoter
correlated with higher GFP RNA levels (Fig. 4D). This im-
plies that the Tornado system reduces GFP RNA levels, po-
tentially due to increased degradation of RNA lacking a 5′

cap and a 3′ poly(A) tail. Notably, the GFP RNA levels in
pCDH-Δ(458-2009)-Luci-IRES-GFP-Δ(2295-3472) (Plasmid
7) were higher than those in pcDNA3-Luci-Tornado-IRES-
GFP (Plasmid 11), suggesting that the 5′ LTR promoter
and woodchuck hepatitis virus post-transcriptional regula-
tory element (WPRE) may enhance transcription activity or
transcript stability in conjunction with the HRV-B3 IRES
(Fig. 4E). Additionally, reducing the distance between
the 5′ LTR and the IRES [comparing pCDH-Δ(458-2009)-
Tornado-IRES-GFP-Δ(2295-3472) (Plasmid 10) to pCDH-
Tornado-IRES-GFP (Plasmid 3)] resulted in lower
GFP RNA levels (Fig. 4D). Furthermore, constructs with
both the 5′ LTR and CMV promoters positioned far
from the IRES exhibited higher GFP RNA levels than
those with only the 5′ LTR promoter distant from the
IRES, as evidenced by the comparative analysis between
pCDH-Δ(458-2009)-Luci-Tornado-IRES-GFP-Δ(2295-3472)
(Plasmid 12) and pCDH-Tornado-IRES-GFP (Plasmid 3)
(Fig. 4F). However, inserting a long sequence between
the 5′ LTR and CMV promoter, along with the Luci se-
quence between the CMV promoter and HRV-B3 IRES,
slightly reduced RNA levels compared to inserting only
the Luci sequence between the CMV promoter and HRV-
B3 IRES (Fig. 4E,F). These findings indicated that the
HRV-B3 IRES acts as a position-dependent negative regu-
latory element for the CMV promoter.
To further assess whether the Luci sequence upstream

of the HRV-B3 IRES affects autocatalytic cleavage and liga-
tion, we measured relative GFP RNA levels and circRNA
junction levels to calculate circularization efficiency.
Surprisingly, the Luci-containing Tornado system exhibit-

ed an increased circularization efficiency (Fig. 4G). Thus,
to maximize circRNA-based protein production, we select-
ed pCDH-Luci-Tornado-IRES-GFP (Plasmid 13) for lentivi-
ral vector construction for subsequent experiments.

Increased circRNA-based protein expression
by our modified Tornado system

To investigate the transcriptional efficacy of the pCDH-
Tornado-IRES system for different protein expression, we
substituted the GFP reporter with the gene encoding en-
dothelial lipase (LIPG). The construct (pCDH-Tornado-
IRES-LIPG) was transfected into HEK293T cells, and RT-
qPCR analysis showed a >4500-fold increase in LIPG
RNA levels compared to baseline controls (Fig. 5A), con-
firming the superior expression potency of the pCDH-
Tornado translation platform and its potential utility for ro-
bust gene overexpression.
Various vectors have been developed for circRNA pro-

duction. Among them, pLC5-ciR shuttle plasmid is specif-
ically designed for this purpose. pCD25-ciR shares the
same circularization elements as pLC5-ciR, such as modi-
fied Alu elements and binding sites for RNA-binding pro-
teins like QKI, but its backbone is derived from pcDNA3.
While these vectors have been used to produce
circRNAs in previous studies, their suitability for an IRES-
driven translation system remains unclear.
Moreover, to further assess the efficiency of circRNA pro-

duction, the sequence of neuraminidase subtype 1 (NA1) of
influenza and a C/D box (24 bp) were cloned into the mod-
ified Tornado system, pLC5-ciR, and pCD25-ciR (Fig. 5B).
The C/D box RNA sequence can bind L7Ae (archaeal ribo-
somal protein), which is used for conjugating circRNA with
exosomes (Saito et al. 2010; Kojima et al. 2018). The DNA
length of the modified Tornado system construct was lon-
ger than the pLC5-ciR construct and the pCD25-ciR con-
struct. To be noted, when the equal masses of plasmids
were transfected, the molecular amounts of DNA with the
modified Tornado system constructs were fewer relative to
the pLC5-ciR construct and the pCD25-ciR construct (calcu-
lated based on plasmid molecular weights).
After transfection into HEK293T cells, we observed that

pLC5-ciR-IRES-NA1-C/D_box produced approximately
twofold higher NA1 RNA levels than pCDH-Tornado-
IRES-NA1 but 0.5-fold lower than pCDH-Luci-Tornado-
IRES-NA1-C/D_box (Fig. 5C). This difference may be par-
tially attributed to the varying distances between the
CMV promoter and the IRES: 324 bp for pCDH-Tornado-
IRES-NA1, 500 bp for pLC5-ciR-IRES-NA1-C/D_box, and
1921 bp for pCDH-Luci-Tornado-IRES-NA1-C/D_box.
Consistent with these findings, pCD25-ciR-IRES-NA1-C/
D_box, based on the pcDNA3 backbone, generated mini-
mal NA1 transcripts. Surprisingly, pLC5-ciR-IRES-NA1-
C/D_box did not produce a circularization junction
(Fig. 5C). Instead, it generated linear mRNA, which served
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FIGURE 4. Increased distance between HRV-B3 IRES and the upstream promoter mitigates RNA-abundance downregulation. (A, left) Flow cy-
tometry histogram plots. (Middle) Schematic of plasmids containing HRV-B3 IRES or mCherry. All the plasmids are numbered. The symbol (……)
represents key elements, including HIV-1Ψ, RRE, gp41 peptide, and cPPT/CTS. (Right) RelativeGFP RNA levels in HEK293T cells transfectedwith
the plasmids shown in themiddle panel. (B) GFP expression levels (MFI) and percentage of GFP-positive cells of plasmids with or without a Luci
sequence. (C ) Relative GFP RNA levels in HEK293T cells transfectedwith plasmids with or without a Luci sequence. (D) Relative GFP RNA levels in
HEK293T cells transfected with plasmids containing HRV-B3 IRES but without a Luci sequence. (E) Relative RNA levels of GFP and Luci in
HEK293T cells transfected with plasmids containing both HRV-B3 IRES and a Luci sequence. (F ) Scatter plot illustrating the correlation between
relative GFP RNA levels and the DNA sequence length from the CMV promoter to IRES or from the CMVpromoter to the 5′ LTR in the presence of
HRV-B3 IRES. CMV refers to cytomegalovirus promoter. (G) Circularization efficiency of RNA transcribed from the Tornado translation system in
plasmids with or without a Luci sequence. The data are shown as mean±SD of at least three independent experiments, and P-values of <0.05
were deemed statistically significant. (∗) P<0.05; (∗∗∗) P<0.001.

Cui et al.

1920 RNA (2025) Vol. 31, No. 12

 Cold Spring Harbor Laboratory Press on November 24, 2025 . Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


as the template for translation and resulted in the highest
protein expression (Fig. 5D). Notably, pCDH-Luci-Tornado-
IRES-NA1-C/D_box outperformed pLC5-ciR-IRES-NA1-C/
D_box in both RNA abundance and circularization efficiency.
We further investigated whether HRV-B3 IRES reduced

target RNA levels in pLC5-ciR, similar to its effect in

pCDH. In these experiments, the HRV-B3 IRES was re-
placed with mCherry in the plasmids. After transfection,
we found that HRV-B3 IRES-mediated RNA-abundance
downregulation did not occur when pLC5-ciR was used
as the template for exogenous circRNA production (Fig.
5E). This may be due to the presence of Alu elements in

A

C D

E F G

B

FIGURE 5. Enhanced circRNA-mediated protein expression using the modified Tornado system. (A) Endogenous LIPG gene overexpression us-
ing pCDH-Tornado-IRES-LIPG. Relative LIPG RNA levels were measured by RT-qPCR. (B) Design of the Tornado translation system in the pCDH
vector, pLC5-ciR, and pCD25-ciR. The symbol (……) represents key elements, including HIV-1 Ψ, RRE, gp41 peptide, and cPPT/CTS. The
Tornado system includes ribozymes and complements sequences at the 5′ and 3′ ends. (For) Forward circular frame, (Back) backward circular
frame, (CopGFP) green fluorescent protein 2 from Pontellina plumata (ppluGFP2). (C ) NA1 transcripts were amplified using convergent primers,
while junction transcripts were amplified using divergent primers. (D) Western blot analysis of NA1 expression in HEK293T cells transfected with
the indicated plasmids. (E) Relative GFP RNA levels in HEK293T cells transfected with pCDH-Tornado-IRES-GFP, pCDH-Tornado-mCherry-GFP,
pLC5-ciR-IRES-GFP, pLC5-ciR-mCherry-GFP, pCD25-ciR-IRES-GFP, or pCD25-ciR-mCherry-GFP. (F ) Relative junction RNA levels in HEK293T
cells transfected with pCDH-Tornado-IRES-GFP, pLC5-ciR-IRES-GFP, or pCD25-ciR-IRES-GFP, measured using divergent primers. (G) Relative
junction RNA levels in HEK293T cells transfected with pCDH-Tornado-mCherry-GFP, pLC5-ciR-mCherry-GFP, or pCD25-ciR-mCherry-GFP,
also measured using divergent primers. The data are shown as mean±SD of at least three independent experiments, and P-values of <0.05
were deemed statistically significant. (∗∗) P<0.01; (∗∗∗) P<0.001.
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pLC5-ciR, which are rich in secondary structures associated
with transcription inhibition. Additionally, both pLC5-ciR
and pCD25-ciR showed minimal ability to circularize RNA
containing IRES-GFP (Fig. 5F,G). Collectively, these find-
ings demonstrated that our modified Tornado system—

comprising two functionally optimized plasmids (pCDH-
Luci-Tornado-IRES-GFP [Plasmid 13] for lentiviral vector
construction and pCDH-Δ(458-2009)-Luci-Tornado-IRES-
GFP-Δ(2295-3472) [Plasmid 12] for enhanced protein
expression)—serves as a highly effective platform for
circRNA-based protein expression in mammalian cells.

DISCUSSION

The Tornado system has been extensively studied for gen-
erating circular RNAs (circRNAs) in mammalian cells, but its
low circularization efficacy and abundance for large RNA
inserts limits the further application to develop circRNA-
based vaccines or drug delivery. Thus, it is of great impor-
tance to explore novel methods to improve the production
of large RNA circularization in mammalian cells. In this
study, we demonstrated that incorporating a spacer se-
quence of a specific length between the HRV-B3 IRES
and the upstream CMV promoter significantly increases
the RNA abundance and thus the expression of circRNA-
based protein by the Tornado system. The modified
Tornado system, which includes an appropriate distance
between the IRES and the upstream CMV promoter, 5′

LTR, and WPRE, facilitates the abundance of RNAs con-
taining Twister ribozymes flanking the RNA sequence of in-
terest and the HRV-B3 IRES.

Several factors can influence the RNA abundance gener-
ated by the Tornado system. First, the presence of the
Tornado system itself flanking a sequence of interest re-
duces RNA levels, as evidenced by the increased RNA
abundance observed after removing the Tornado system
in our study. Please note, the 5′ cap and 3′ poly(A) tail ef-
fectively protect linear mRNA in the cytoplasm from decay
(Garneau et al. 2007). However, the 5′ P3 Twister U2A ribo-
zyme in the 5′ end of the Tornado system cleaves near the
5′ end, resulting in the loss of the cap (Litke and Jaffrey
2019). Meanwhile, the 3′ P1 Twister ribozyme in the 3′

end of the Tornado system cleaves near the 3′ end, leading
to the loss of the poly(A) tail (Litke and Jaffrey 2019). If the
cleaved linear RNA is not circularized and is transported to
the cytoplasm, it will be rapidly degraded, resulting in de-
creased RNA abundance. Second, the presence of the
HRV-B3 IRES correlates with RNA-abundance downregula-
tion from the Tornado system. The HCV IRES has been
shown to induce RNA reduction through low RNA poly-
merase II occupancy in the region upstream of the IRES
(Slobodin et al. 2020). Previous studies have reported
that CVB3 RNA synthesis is inhibited by AU-rich element
degradation factor 1 (AUF1 or hnRNP D), although AUF1
does not promote CVB3 RNA decay (Ullmer and Semler

2018). Additionally, AUF1 negatively regulates CVB3
IRES-driven translation, potentially acting as a negative
IRES trans-acting factor by competing for IRES binding in
its RNA form. However, no studies have reported that
the quantity of IVT RNA depends on the presence of an
IRES, suggesting that T7 RNA polymerase is not affected
by IRES. Thus, the RNA-abundance downregulation exert-
ed by the HRV-B3 IRES in its DNA form may be promoter-
specific or dependent on binding to specific proteins in a
certain underlying mechanism. In this study, we found that
the downregulation effect of RNA abundance by the HRV-
B3 IRES is position-dependent. For example, compared to
that of pCDH-Tornado-IRES-GFP (Plasmid 3), the distance
from the HRV-B3 IRES to the 5′ LTR of pCDH-Δ(458-2009)-
Tornado-IRES-GFP-Δ(2295-3472) (Plasmid 10) is shorter,
while the distance from the HRV-B3 IRES to the CMV pro-
moter remained same, but the relative GFP RNA level
transcribed from pCDH-Δ(458-2009)-Tornado-IRES-GFP-
Δ(2295-3472) (Plasmid 10) was lower than that from
pCDH-Tornado-IRES-GFP (Plasmid 3). This reduction in
RNA abundance may be attributed to the decreased spa-
tial distance between the IRES and the 5′ LTR, which hin-
ders transcription initiation (Miyoshi et al. 1998). This
finding underscores the crucial role of transcription initia-
tion at the 5′ LTR in increasing RNA levels. More important-
ly, we observed a significant increase in RNA levels
produced by the Tornado system when the distance be-
tween the HRV-B3 IRES and the upstream CMV promoter
was extended in an appropriate length. Interestingly, giv-
en the inherent Tornado system-mediated faster mRNA
degradation (Litke and Jaffrey 2019) and IRES-mediated
accelerated mRNA instability (Slobodin et al. 2020), this
rapid processing ensures immediate removal of inserted
sequences from mature transcripts, effectively decoupling
these elements from potential post-transcriptional regula-
tion. Thus, the resultant transcripts are structurally indistin-
guishable from native mRNAs in terms of stability
determinants, and consequently, the increased RNA level
by our modified Tornado system should bemainly due to a
transcriptional enhancement. Together, these findings
suggest that the IRES not only functions as a translation
driver in its RNA form but also acts as a position-depen-
dent negative regulatory element in its DNA form.

In this study, we also studied the circRNA production us-
ing pLC5-ciR, a commercialized and optimized backsplicing
system plasmid (Huang et al. 2024). This system is designed
to generate circRNA by leveraging endogenous gene ex-
pression mechanisms, including Alu elements and QKI.
However, our experiments revealed that the predominant
product frompLC5-ciR was linear RNAbut not circRNA, like-
ly due to the more efficient forward splicing reaction. This
observation alignswith previous report that backsplicing sys-
tems predominantly generate linear forward splicing prod-
ucts (Unti and Jaffrey 2024). In contrast, the Tornado
system can produce circRNAswith a circularization efficiency
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exceeding 36%, and we further increased it to over 50% by
adjusting the distance between the HRV-B3 IRES and the
upstream CMV promoter. Therefore, our modified
Tornado system with the superior circularization efficiency
is highly recommended for scenarios requiring the genera-
tion of large and diverse circRNAs in cells. For example,
circRNA-loaded exosomes can be harvested after donor
cells are transfected with this modified Tornado system.
Although our modified Tornado translation system sig-

nificantly increased circRNA-based expression level com-
pared to its parental version, the spacer sequence—a
nonessential luciferase ORF separating the IRES from the
upstream promoter—might introduce interpretative ambi-
guity. (1) It remains unclear whether the enhancement ef-
fect by the inserted spacer is sequence-specific,
particularly regarding how replacement of the luciferase
ORF sequence with alternative cis-acting elements would
affect this phenomenon. (2) Given an additional 2289
bp insertion in the parental expression vector and an ad-
ditional 1623 bp insertion in the parental shuttle vector,
the recombinant lentiviruses containing this modified
Tornado system might potentially have a compromised
capacity for its packaging efficiency and carrying thera-
peutic transgenes. (3) The transfection efficacy can be de-
creased by the enlarged constructs due to an inverse
relationship between the length of constructs and cellular
internalization rates. Thus, future research should priori-
tize the intervals between the CMV promoter and IRES el-
ement with a noncoding sequence and finely adjust the
length of the constructs for optimized therapeutic imple-
mentations. In addition, although supported by both
our data and another report (Slobodin et al. 2020) for the
different IRES elements of HCV, HRV-B3, and CVB3, the
generalizability of the conclusion that IRES element can
play a role in RNA-abundance downregulation should be
examined with a broader interpretation, since there are
more than 17,200 documented IRES polymorphism and
variations in flanking regulatory regions (Chen et al. 2021).
Importantly, the exact mechanism by which the IRES ele-
ment downregulates RNA abundance remains an unre-
solved important area and warrants further investigation.
Overall, we developed a modified Tornado system for

improving circRNA-based protein expression, and further
elucidated the dual roles of HRV-B3 IRES in negative
RNA-abundance regulation and positive RNA circulariza-
tion in mammalian cells. This modified system offers a
promising platform for the development of circRNA-based
therapeutics and vaccines.

MATERIALS AND METHODS

Cell lines

HEK293T cell line was maintained in our laboratory. HEK293T
cells were cultured in Dulbecco’s modified Eagle medium

(DMEM), with 10% fetal bovine serum (ExCell), supplemented
with 1% penicillin–streptomycin in 5% CO2 incubator at 37°C.

Plasmid construction

For in vitro circRNA transcription, plasmids were constructed by
synthesizing and cloning the following components into pUC57:
the T7 RNA polymerase promoter, 5′ and 3′ homology arms,
group I intron sequences, exon sequences, spacer sequences,
IRES, GFP, and other regulatory elements. The circRNA contain-
ing CVB3 IRES sequence was designed based on Qu’s work
(Qu et al. 2022), while the HRV-B3 IRES sequence, including an
eIF4G-binding aptamer, 5′ UTR PABPv2 spacer, and HBA1 full
3′ UTR, was adapted from Chen’s work (Chen et al. 2023).
For the Tornado translation system, the Tornado sequence was

synthesized and cloned into the pcDNA3 backbone, generating
the pcDNA3-Tornado plasmid. CVB3 and HRV-B3 IRES sequenc-
es, along with their spacer elements, were PCR-amplified and
cloned into pcDNA3-Tornado to create pcDNA3-Tornado-
CVB3_IRES and pcDNA3-Tornado-HRV-B3_IRES. GFP, Luci, the
neuraminidase from the H1N1 influenza virus (NA1), and
mCherry coding sequences were subsequently cloned into these
plasmids. Additional constructs were generated using seamless
cloning with the ClonExpress Ultra One Step Cloning Kit V2
(Vazyme C116) and cloned into the pCDH-CMV-MCS-EF1-Puro
plasmid (hereafter referred to as pCDH), pLC5-ciR (Geneseed
Biotech, Guangzhou, China), or pCD25-ciR (Geneseed Biotech).
These sequences are shown in Supplemental Table S1.

Production and purification of circRNA

The production and purification of circRNAs was performed ac-
cording to previous reports (Wesselhoeft et al. 2018; Qu et al.
2022). Briefly, linearized plasmid templates were used for IVT
with the HiScribe T7 High Yield RNA Synthesis Kit (NEB
E2040S). Post-IVT, RNA products were treated with DNase I
(NEB M0303S) for 30 min to remove DNA templates.
Circularization was catalyzed by adding GTP (2 mM final concen-
tration) and incubating at 55°C for 15min. RNAwas purified using
the Monarch RNA Cleanup Kit (NEB T2040L), heated at 70°C for
3 min, and cooled on ice. Recircularization was performed with
GTP and T4DNA Ligase Reaction Buffer, followed by final column
purification.

Transfection

HEK293T cells (3 × 105 cells/well) were seeded in 12-well plates
and transfected with 1 µg of circRNA or plasmid, using
Lipofectamine MessengerMAX (Invitrogen LMRNA003) for
circRNA or jetPRIME (Polyplus-transfection 101000046) for DNA
plasmids. At 48 h post-transfection, fluorescence signals were im-
aged using an inverted fluorescence microscope (Axio Observer
3, Carl Zeiss), and cells were collected for further analysis.

RNA quantification

RNA levels in transfected HEK293T cells were quantified by RT-
qPCR. Total RNA was extracted using the Universal RNA
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Purification Kit (EZBioscience EZB-RN4), reverse transcribed, and
amplified using Hieff qPCR SYBR Green Master Mix (Yeasen
11202ES08). GAPDH served as the internal reference. Primer se-
quences are listed in Supplemental Table S2. Measurements of
RNA levels for GFP, Luciferase, and NA1 represented total RNA
abundance, including both linear and circular RNA forms.

Circularization efficiency of RNA was quantified using a previ-
ously published qPCR-based method (Amer and Almajhdi
2011). To amplify the cDNA of the target circRNA, which included
the GFP sequence, the circRNA junction region, and the IRES/
mCherry sequence, we used forward primers specific to the 5′

GFP region and reverse primers specific to the 3′ IRES/mCherry
region. The amplified cDNA sequences were subsequently
cloned into the pcDNA3 vector. These plasmids, harboring the
target sequences, served as DNA standards for qPCR quantifica-
tion. The plasmids were 10-fold serially diluted starting with a
1:20 dilution (the primary concentrations were about 1× 1010

copies/μL). These diluted plasmids were used as templates for
qPCR. The cycle threshold (Ct) values obtained from the qPCR re-
actions were used to construct standard curves. Specifically, the
Ct values were plotted against the logarithm of the plasmid
copy numbers to generate the standard curves. Total RNAwas ex-
tracted from HEK293T cells transfected with plasmids harboring
either IRES-positive or IRES-negative plasmids, as well as plas-
mids with or without the inserted sequences. The cDNA was syn-
thesized from the total RNA. The Ct values for the cDNA samples
were determined via qPCR. Using the standard curves generated
from the plasmid standards, the absolute copy numbers of the tar-
get RNA (GFP and circRNA junction) in the samples were calculat-
ed. The circularization efficiency was calculated as the ratio of the
copy number of the circRNA junction to the copy number of GFP.

Flow cytometry analysis

Transfected cells were washed twice with PBS, resuspended in
300 µL PBS, and filtered through a 200-mesh filter. Samples
were analyzed on a CytoFlex S (Beckman Coulter).

Luciferase assay

As previously reported (Zhao et al. 2022; Li et al. 2023), HEK293T
cells transfected with pcDNA3-Luci or pcDNA3-Tornado-IRES-
Luci were detected for bioluminescence using a GloMax 96
luminometer (Promega) with a bright-light luciferase assay
system.

Western blot

For detecting NA1 protein expression, the HEK293T cells were
cultured in 6-well plates, and transfected with pcDNA3-NA1,
pCDH-Tornado-IRES-NA1, pCDH-Luci-Tornado-IRES-NA1-C/D_
box, pLC5-ciR, pLC5-ciR-IRES-NA1-C/D_box, or pCD25-ciR-
IRES-C/D_box for 48 h. These cells were then lysed, and proteins
were separated by SDS-PAGE for western blot analysis as previ-
ously reported (Han et al. 2024). All loading controls were pro-
teins from the same gel and membrane as the proteins under
examination.

Statistical analysis

Two-tailed Student’s t-tests were used for two-group compari-
sons. Multigroup comparisons were performed using one- or
two-way ANOVA followed. Data are presented as mean±SD,
with P<0.05 considered statistically significant.
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