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FIGURE 2. pCDH vector-based Tornado system enhances circRNA-based protein expression. (A) Design of the Tornado translation system based
on pCDH vector. The symbol (...... ) represents key elements, including the HIV-1 packaging signal (HIV-1¥), 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.

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-gPCR). 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 Il activity in adjacent regions
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(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 system or 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 elFAG-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
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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 ¥, 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-A(458-2009)-Luci-IRES-GFP-A(2295-3472) or pCDH-A(458-2009)-Luci-mCherry-GFP-A(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.

www.rnajournal.org 1917


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

Downloaded from rnajournal.cship.org on November 24, 2025 . Published by Cold Spring Harbor Laboratory Press

Cui et al.

length). This minimal size variation ensured equivalent mo-
lar plasmid amounts when equal masses were transfected,
thereby normalizing comparisons between HRV-B3
IRES-positive and HRV-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-gPCR, 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 and mCherry 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 ¥ 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-1a (EF-1a. 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-A(458-2009)-IRES-GFP-A(2295-3472)
(Plasmid 5) and pCDH-A(458-2009)-mCherry-GFP-
A(2295-3472) (Plasmid 6). After transfecting HEK293T cells,
we measured relative GFP RNA levels using RT-gPCR. Both
constructs exhibited reduced GFP 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.
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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
pPCDH-A(458-2009)-Luci-IRES-GFP-A(2295-3472) (Plasmid
7) and pPCDH-A(458-2009)-Luci-mCherry-GFP-A(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
pPcDNA3-FLAG as a mock 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-A(458-2009)-
IRES-GFP-A(2295-3472) (Plasmid 5) [designated as
pPCDH-A(458-2009)-Luci-IRES-GFP-A(2295-3472) (Plasmid
7)] and upstream of mCherry in pCDH-A(458-2009)-
mCherry-GFP-A(2295-3472) (Plasmid 6) [designated as
pPCDH-A(458-2009)-Luci-mCherry-GFP-A(2295-3472)
(Plasmid 8)] (Fig. 3A). For the mCherry construct, the addi-
tion of the Luci sequence reduced relative GFP 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-A(458-2009)-
Luci-IRES-GFP-A(2295-3472) (Plasmid 7) were comparable
to those in pCDH-A(458-2009)-Luci-mCherry-GFP-A(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-A(458-2009)-IRES-GFP-A(2295-3472)
(Plasmid 5) to pCDH-A(458-2009)-Tornado-IRES-GFP-
A(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-A(458-2009)-Luci-IRES-GFP-A(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-A(458-2009)-
Tornado-IRES-GFP-A(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-A(458-2009)-Luci-Tornado-IRES-GFP-A(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-
gPCR 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 NAT RNA levels than pCDH-Tornado-
IRES-NAT 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 NAT 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-
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the plasmids shown in the middle 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 transfected with plasmids with or without a Luci sequence. (D) Relative GFP RNA levels in
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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.

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


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

Downloaded from rnajournal.cship.org on November 24, 2025 . Published by Cold Spring Harbor Laboratory Press

Modified RNA circularization system

A Endogenous expression B

Tornado system

vs pCDH-Luci-Tornado-IRES-NA1-C/D_box,
0 overexpression (5 TR][ ... | XM | E] PuroR|WPRE} 3' LTR [ sv40l——
2 *kk 1
g 10% ot CMV promoter SV40 poly(A) signal
T 1034 FLAG-HA-tag 5' UTR PABPv2 C/D box HBA1 full 3' UTR EF-1a core promoter and truncated 5’ LTR
e
3 1021 pLC5-CIR-IRES-NA1-C/D_box
S 104 —{s R Hemv———/ For | |HRESHEZSM] | Back }E licsscee] PuroR[{wPREN 3 LTR [[svaol——
4 100e2e—
® 10-- pCD25-CiR-IRES-NA1-C/D_box
B @oé“ 62@ ——femvelfemv——— For [ |HRESHEESM] [ Back }{El[cescrr| Puror} [BGH]
& | )
X% BGH poly(A I
Ny CMV enhancer poly(A) signa
bo
&‘b
&0
OQ*'
O
< Qo+
AN
S
Cc Transcription and circulization D \of .00+ /o A
& O (OIS
109 — XXX EEX o CDH-Tomado-IRES-NAT1 F T
*% ! S &K &
s —— ® pCDH-Luci-Tornado-IRES-NA1-C/D_box N & & & &
piid RSN SR
[} o @ pLC5-ciR-IRES-NA1-C/D_box “ X L Ny
2 67 & F S
g o ® pCD25-CiR-IRES-NA1-C/D_box 100 kD ¥ I ¥ I I 7
S 4 - a 2
3 o PCDH-NAT 70 kDat v ag— | NAT
&2+ 55 kDa
o [ _ 2 40 kDa '
T al - GAPDH
NA1 Junction 35kDa
E F G mCherry-GFP
*k*
150 - *E* 08 16 o XXX
% 100 - OIRES-GFP SZos TE 12 I
> o I o % o &
<5 50 © mCherry-GFP % Soa % S s
5 5 3 X o X o1.0
a2 2 S S 52 tard
we 8o g g 02 5£05
5= 11d 53 3
0 =00 =00
obo @'§ @'§ oq’bo °3’§~°3’§-
50‘ \/O OQ{L o~ :&o‘ \/C) 00'1/
X R N S X 9
O O O
N Q N

FIGURE 5. Enhanced circRNA-mediated protein expression using the modified Tornado system. (A) Endogenous LIPG gene overexpression us-
ing pPCDH-Tornado-IRES-LIPG. Relative LIPG RNA levels were measured by RT-gPCR. (B) Design of the Tornado translation system in the pCDH
vector, pLC5-ciR, and pCD25-ciR. The symbol (...... ) represents key elements, including HIV-1 ¥, 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) NAT 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.

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

pPCDH. 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
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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-A(458-2009)-Luci-Tornado-IRES-
GFP-A(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 |l 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
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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-A(458-2009)-
Tornado-IRES-GFP-A(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-A(458-2009)-Tornado-IRES-GFP-
A(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 atthe 5’ LTRin 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 be mainly 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 from pLC5-ciR was linear RNA but not circRNA, like-
ly due to the more efficient forward splicing reaction. This
observation aligns with previous report that backsplicing sys-
tems predominantly generate linear forward splicing prod-
ucts (Unti and Jaffrey 2024). In contrast, the Tornado
system can produce circRNAs with 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% CO, 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 | 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
elF4G-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 |
(NEB MO0303S) for 30 min to remove DNA templates.
Circularization was catalyzed by adding GTP (2 mM final concen-
tration) and incubating at 55°C for 15 min. RNA was 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 T4 DNA Ligase Reaction Buffer, followed by final column
purification.

Transfection

HEK293T cells (3 x 10° cells/well) were seeded in 12-well plates
and transfected with 1 pg of circRNA or plasmid, using
Lipofectamine MessengerMAX  (Invitrogen LMRNAQO03) 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-
gPCR. Total RNA was extracted using the Universal RNA
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Purification Kit (EZBioscience EZB-RN4), reverse transcribed, and
amplified using Hieff gPCR 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 gPCR-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 gPCR quantifica-
tion. The plasmids were 10-fold serially diluted starting with a
1:20 dilution (the primary concentrations were about 1x 10'°
copies/pl). These diluted plasmids were used as templates for
gPCR. The cycle threshold (C)) values obtained from the gPCR re-
actions were used to construct standard curves. Specifically, the
C; values were plotted against the logarithm of the plasmid
copy numbers to generate the standard curves. Total RNA was 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 C; values for the cDNA samples
were determined via gPCR. 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 pL 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 6é-well plates, and transfected with pcDNA3-NA1,
pPCDH-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.

1924 RNA (2025) Vol. 31, No. 12

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.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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which the first author(s) of research-based papers in each issue
have the opportunity to introduce themselves and their work
to readers of RNA and the RNA research community.
Mingting Cui is the first author of this paper, "Development
of a modified RNA circularization system to improve circRNA-
based protein expression in mammalian cells.” Mingting re-
cently earned her Master’s degree after completing her aca-
demic research in Professor Caijun Sun’s laboratory at Sun
Yat-sen University, China. Her work focused on optimizing a
large circular RNA expression system—specifically the
Tornado translation system—by developing molecular design
strategies to enhance circular RNA abundance and subsequent
protein expression.

Mingting Cui

What are the major results described in your paper, and how do
they impact this branch of the field?

This paper reports a novel finding that the HRV-B3 internal ribo-
somal entry site (IRES) functions as a position-dependent negative
regulator of the upstream promoter, but this inhibitory effect can
be mitigated by inserting a spacer sequence between the IRES
and the promoter. This strategy offers a highly effective alternative
for enhancing the expression of large circular RNAs in mammalian
cells.

RNA (2025) Vol. 31, No. 12

What led you to study RNA or this aspect of RNA science?

To develop novel mRNA-based therapeutic and vaccine strate-
gies, | previously established a stable cell line capable of express-
ing large, protein-coding circular RNAs using a pCDH shuttle
plasmid system. During this process, | observed that the
Tornado translation system generated a markedly enhanced GFP
signal after being cloned into the pCDH vector, highlighting its
potential for high-level circular RNA expression.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

Although a strong GFP signal was observed in cells transfected
with the Tornado translation system cloned into the pCDH plas-
mid, no signal was observed in cells following transduction with
the corresponding lentiviral construct. | realized there must be
something different between these constructs.

What are some of the landmark moments that provoked your
interest in science or your development as a scientist?

| was particularly excited to discover that the low-yield limitation
associated with encoding large sequences in the Tornado system
could be overcome by mitigating the inhibitory effect of the HRV-
B3 IRES on RNA abundance—a finding that greatly satisfied my
scientific curiosity.

If you were able to give one piece of advice to your younger
self, what would that be?

Maintain your curiosity.

Are there specific individuals or groups who have influenced
your philosophy or approach to science?

My undergraduate advisor Dr. Caijun Sun has played a huge role in
shaping me as a scientist.

What are your subsequent near- or long-term career plans?

| plan on working as a healthcare professional at an exciting new
startup, with a mission to advance human health.
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