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Circular RNAs (circRNAs) are promising candidates for RNA- 
based therapeutics due to their enhanced stability and 
sustained protein production compared to linear mRNAs. 
Traditional circRNA production methods, such as the 
Anabaena-based permuted intron-exon (Ana-PIE) system, 
often introduce extraneous sequences, referred to as “scars.” 
However, a comprehensive evaluation of the functional conse
quences of incorporating or omitting extraneous “scar” se
quences during circRNA production is lacking. In this study, 
we developed two scarless circRNA circularization systems, 
SCAP and mSCAP, based on Ana-PIE. We systematically 
compared these systems, along with the scarless Clean-PIE 
approach, across key performance metrics: circularization ef
ficiency, protein production, stability, and immunogenicity. 
By quantifying these parameters using multiple reporter 
genes, we provide a comprehensive evaluation demonstrating 
that removing scar sequences, particularly with the SCAP sys
tem, can enhance protein production while preserving stabil
ity and maintaining minimal immunogenicity. Our compre
hensive evaluation establishes a framework for the rational 
design of circRNA therapeutics.

INTRODUCTION

Circular RNAs (circRNAs) are a distinct class of single-stranded, 
covalently closed RNA molecules formed through a backsplicing 
process in which a downstream 5′ splice site is ligated to an upstream 
3′ splice site.1–3 This unique closed-loop structure confers several ad
vantages over linear mRNA. Most notably, circRNAs are generally 
more resistant to exonucleolytic degradation due to the absence of 
free 5′ or 3′ ends, resulting in enhanced stability and prolonged 
half-lives within cells.4–6 As a result, circRNAs can sustain protein 
production over longer periods, potentially reducing dosing fre
quency and improving therapeutic outcomes in vivo.7–10

Various in vitro strategies have been devised to generate circRNAs, 
including chemical ligation, enzymatic ligation, and the use of ribo
zymes for self-splicing.11–13 Among these, approaches employing 
group I intron ribozymes, such as the Anabaena-based permuted 
intron-exon (Ana-PIE) method, have emerged as particularly versa
tile and efficient,7,14 which can circularize relatively large and diverse 

RNA sequences.9,15 In the Ana-PIE system, the E1 and E2 sequences 
(E1E2) are exon sequences derived from the Anabaena intron. 
Following the permutation of introns and exons, the E1E2 sequences 
is positioned between the intronic regions, establishing the necessary 
splice sites for the back-splicing reaction required for circRNA for
mation.16 The E1E2 sequences introduce extraneous sequences, 
often referred to as “scars” that are critical for directing the precise 
ligation of the RNA ends, thereby ensuring efficient and accurate 
circularization. While effective, these extraneous elements may 
potentially introduce some unwanted effects such as increase of 
immunogenicity.17,18

To address these issues and create more native-like circRNAs, re
searchers have developed new “scarless” circularization methods 
that avoid inserting these exogenous sequences. For instance, Qiu 
et al. introduced a Clean-PIE system, which generates circRNAs by 
circularizing through the protein-coding or internal ribosome entry 
site (IRES) regions without adding extraneous elements.19 In a 
similar vein, Lee et al. and Qi et al. employed end-to-end self-target
ing and cis-splicing reactions, respectively, to produce scarless 
circRNAs.20,21

Despite these developments, a comprehensive evaluation and 
consensus on the benefits of “scarless” systems are lacking. Qiu 
et al., Lee et al., and Qi et al. reported improved protein translation 
with scarless circRNAs,19–21 but Hu et al. and Chen et al. found no 
significant differences.22,23 Immunogenicity results are similarly 
mixed: Qiu et al. noted reduced immunogenicity,19 while Lee et al. 
and Qi et al. found no difference.20,21 Stability comparisons are 
limited, with only Lee et al. reporting increased stability in one 
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gene.20 Therefore, a systematic investigation of the scarless and 
scarred circRNAs, encompassing protein translation, stability, and 
immunogenicity across multiple constructs and conditions, is 
required. Factors hindering such studies include the variability in 
experimental conditions; differences in target genes; and the limited 
availability of standardized methods for measuring protein produc
tion, stability, and immunogenicity. Addressing these challenges 
would resolve existing discrepancies, clarify the advantages of scar
less designs, and guide the rational selection and engineering of 
circRNA platforms for therapeutic applications.

In this study, we investigate the functional consequences of incorpo
rating or omitting extraneous “scar” sequences during circRNA pro
duction. To make a direct comparison of scarred and scarless circu
larization systems, we engineered two scarless systems based on the 
established scarred Ana-PIE method. We systematically compared 
these systems against the original Ana-PIE method and the scarless 
Clean-PIE approach across key performance metrics: circularization 
efficiency, protein production, stability, and immunogenicity. By 
quantifying these parameters using multiple reporter genes, we pro
vide a comprehensive evaluation demonstrating that removing scar 
sequences using approaches such as the SCAP system, which inte
grates scar-like elements within the IRES, can enhance protein pro
duction while preserving stability. In addition, we found that both 
the scarred and scarless systems exhibited similarly minimal immu
nogenicity. Our study provides a framework for evaluating circular
ization systems and offers important insights for developing 
circRNA therapies.

RESULTS

Development of “scarless” circular RNA system

The Coxsackievirus B3 (CVB3) IRES is known to support robust and 
efficient translation of circRNA across multiple cell types.7 Building 
on this, we developed a “split-CVB3 Ana-PIE” (SCAP) approach, a 
scarless circRNA production system that merges the E1E2 sequences 
into the IRES-CVB3. Specifically, we first identified a segment of the 
E1E2-like sequences within the IRES-CVB3 that closely resembles the 
native E1E2 sequences from the Anabaena group I intron by se
quences homology search.24 Based on this segment, we split the 
IRES-CVB3 into two parts: 5′IRES-CVB3 and 3′IRES-CVB3. These 
were placed at the respective ends of the linear RNA precursor, and 
introns along with homology arms were incorporated to promote 
self-splicing and circularization.7 This design allows to produce 
circRNA without introducing extraneous E1E2 sequences (Figure 
1A). Alternatively, we could also generate another scarless system 
by mutating the E2-like sequences within the IRES-CVB3 that pre
cisely match the native E2 sequences, named mutated SCAP 
(mSCAP) (Figure 1B). Finally, we had two “scarless” systems, SCAP 
and mSCAP, to compare against the standard Ana-PIE system, which 
relies on extraneous E1E2 and spacer sequences for circularization.

We first assessed the circularization efficiency of these three methods 
by testing circRNAs encoding enhanced green fluorescent protein 
(EGFP).25 All three approaches demonstrated comparable perfor

mance, achieving approximately 80% circularization efficiency 
(Figures 2A and 2B; materials and methods). These results were 
corroborated by high-performance liquid chromatography (HPLC) 
and capillary electrophoresis, which confirmed robust circulariza
tion efficiency for all three approaches (Figures S2A and S2C). 
Furthermore, RNase R digestion, an assay that selectively degrades 
linear but not circRNA,26 verified the integrity of circRNAs pro
duced by the three approaches (Figure 2C). After HPLC purification 
and RNase R digestion, high-purity circRNA was obtained 
(Figure S2). Sanger sequencing of the circularization junctions 
confirmed the precise joining of E1E2 in all the cases, confirming ac
curate and efficient circularization (Figures 2D–2F).

Collectively, we demonstrated that the SCAP and mSCAP systems 
achieved robust circularization without the inclusion of extraneous 
spacer and E1E2 sequences and successfully generated scarless circR
NAs at high efficiency, comparable to the conventional Ana-PIE 
method.

Evaluation of protein production

To evaluate how our scarless systems influence translational effi
ciency of coding sequences, we first generated EGFP-encoding circR
NAs (circEGFP) using each of the three circularization systems: 
SCAP, mSCAP, and Ana-PIE. We then transfected the resulting cir
cEGFP into HEK293T and HeLa cells, respectively, to assess protein 
production across distinct cellular contexts. After 48 h, circRNAs 
produced by SCAP led to significantly higher EGFP fluorescence in
tensity compared to those produced by Ana-PIE and mSCAP 
(Figures 3A–3C, unpaired t test, p < 0.05). Consistent results were 
observed over a seven-day period, with fluorescence microscopy im
aging confirming that SCAP-derived circEGFP consistently main
tained higher fluorescence signals relative to the other two methods 
(Figure S3).

To further validate these findings, we used Gaussia luciferase (Gluc) 
as an additional reporter,27 which also offers a sensitive and quan
titative readout of protein production. Following transfection of 
circGluc into HEK293T and HeLa cells, respectively, we measured 
luciferase activity over four days. Like the EGFP results, SCAP- 
derived circGluc generated higher peak luciferase activity than 
both Ana-PIE and mSCAP-derived circGluc (Figures 3D and 3E, 
unpaired t test, p < 0.05 or p < 0.01 as indicated). Moreover, 
SCAP circGluc consistently achieved greater overall luciferase ac
tivity throughout the observation period (Figures 3F and 3G, un
paired t test, p < 0.01).

To investigate the underlying reasons for these differences in protein 
yield, we examined the IRES sequence integrity and predicted sec
ondary structures of the circRNAs. Although SCAP and Ana-PIE 
both incorporate the wild-type IRES-CVB3, Ana-PIE includes exog
enous spacer and E1E2 sequences that can adopt independent sec
ondary structures and potentially interfere with IRES function. 
This added complexity may partially obstruct the initiation of trans
lation and lower protein output. In contrast, SCAP avoids 
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introducing extraneous spacer sequences that can form additional 
secondary structures. Therefore, by preserving the IRES’s native 
sequence and avoiding additional structure, SCAP-derived circRNA 
likely fosters more efficient recruitment of translation initiation fac
tors, thereby enhancing protein production (Figure 3H).

Meanwhile, mSCAP replaces the IRES’s E1E2-like sequences with 
native Anabaena E1E2 sequences. Although this was intended to 
facilitate circularization, it appears to have altered critical IRES do
mains, which refers to a specific region within the IRES sequence 
that possesses distinct functional or structural characteristics.28

Figure 1. Design of the SCAP and mSCAP 

(A) Schematic illustration of the Split-CVB3 Ana-PIE 

(SCAP) system for scarless circRNA production. Step 1: 

an endogenous segment within the IRES-CVB3 

resembling the Anabaena E1 and E2 sequences (E1E2- 

like: CTTAGAAGT) is identified. Step 2: the linear RNA 

precursor design splits the IRES-CVB3 based on these 

sequences, flanking the gene of interest. Step 3: 

Anabaena group I introns and homology arms are 

added to both ends of the linear precursor. Step 4: 

intron self-splicing and back-splicing reactions 

mediated by the endogenous E1E2-like sequences 

result in a covalently closed, scarless circRNA 

containing the intact IRES-CVB3 and the gene of 

interest. The junction sequence formed is TGAAGATTC. 

(B) Schematic illustration of the mutated SCAP 

(mSCAP) system. Following a similar precursor design 

as SCAP, the key difference is in step 2: the linear RNA 

precursor design splits the IRES-CVB3 based on these 

sequences, flanking the gene of interest. In addition, the 

endogenous E2-like sequence (AGAAGT) within the 3′

IRES-CVB3 fragment was mutated to precisely match 

the native Anabaena E2 sequence (AAAATC). 

Accordingly, the final junction sequence formed is 

CTAAAATTC in step 4.

RNA structure modeling indicated that 
mSCAP-derived circRNA forms a stem-loop 
structure at the circularization junction within 
domain I of the IRES-CVB3 (Figure 3H; 
materials and methods), an essential region 
for translation initiation.29,30 Such sequential 
and structural disruptions likely weaken the 
IRES’s ability to recruit the translational 
machinery, resulting in reduced protein 
production.

In sum, SCAP outperforms Ana-PIE and 
mSCAP in driving protein production in both 
EGFP and Gluc reporter systems. This advan
tage stems from SCAP’s ability to maintain a 
more native, less perturbed IRES environment. 
The absence of extraneous sequences in SCAP- 
produced circRNAs may contribute to a more 

favorable RNA structure for ribosome recruitment, ultimately 
enhancing translational efficiency.

Evaluation of stability

Assessing the stability of circRNA is crucial for therapeutic applica
tions, as greater stability often correlates with longer in vivo half-life 
and more sustained biological effects.14 To compare the stability of 
circRNAs produced by the SCAP, mSCAP, and Ana-PIE systems, 
we transfected HEK293T and HeLa cells with circEGFP and circGluc 
constructs and monitored their levels at four time points: 24, 48, 72, 
and 96 h

www.moleculartherapy.org 
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Overall, the relative expression levels of circEGFP and circGluc 
generated by the three systems were similar (Figures 4A, 4C, S4A, 
and S4C). Specifically, half-life between SCAP and Ana-PIE-derived 
circRNAs were similar for either EGFP or Gluc in HEK293T cells 
(Figures 4B and 4D, unpaired t test; SCAP-EGFP vs. Ana-PIE- 
EGFP, p < 0.05; SCAP-Gluc vs. Ana-PIE-Gluc, p > 0.05). These find
ings were consistent with results obtained in HeLa cells (Figures S4B 
and S4D, unpaired t test; p > 0.05). The mSCAP system generated 
circRNAs with a slightly longer half-life compared to Ana-PIE 
(Figures 4B and 4D, unpaired t test, p < 0.05 and p < 0.01 for 
EGFP and Gluc, respectively), with similar trends observed in 
HeLa cells (Figures S4B and S4D, unpaired t test). However, this 
modest increase in stability was accompanied by reduced protein 
production levels, potentially limiting mSCAP’s utility for applica
tions where high protein output is essential.

Interestingly, the mSCAP circRNA has a less negative minimum free 
energy (MFE) value (− 547.10 kcal/mol) compared to Ana-PIE 

(− 596.90 kcal/mol). The enhanced stability of mSCAP may result 
from the formation of its stem-loop structure and the mutations 
introduced within it, which collectively protect circRNA from degra
dation while preserving overall structural integrity. Previous studies 
have demonstrated that such stem-loop structures can significantly 
contribute to RNA stability.31

In summary, SCAP-derived circRNAs maintained similar half-lives 
to those produced by Ana-PIE. While mSCAP offered a slightly sta
bility advantage, its diminished protein production may lessen its ap
peal for therapeutic use.

Evaluation of immunogenicity

Immunogenicity is a critical factor in the development of RNA-based 
therapeutics. Previous studies have reported conflicting findings 
regarding the immunostimulatory effects of extraneous sequences 
in engineered circRNAs; while some work suggests that these se
quences may activate innate immune responses,17,32 others have 

Figure 2. Comparison of circularization efficiency 

(A) Agarose gel electrophoresis of circEGFP produced by the SCAP, mSCAP, and Ana-PIE systems. (B) Quantification of circularization efficiency for circEGFP. Results are 

presented as mean ± SEM (n = 3; ns, not significant; unpaired t test). (C) RNase R digestion of circEGFP and its precursor. (D–F) Sanger sequencing of the circEGFP 

circularization junctions.
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observed minimal immunogenicity despite their presence.20,21 How
ever, these previous studies only assessed cellular immunogenicity 
based on a few immune markers. To clarify the role of exogenous el
ements, we conducted a comprehensive immunogenicity assessment 
by performing RNA sequencing (RNA-seq) analysis on SCAP- 
derived and Ana-PIE-derived circRNAs transfected samples and 
the untransfected control samples. In addition, we compared these 
two circRNAs with m1ψ-modified linear RNAs.

Principal-component analysis did not find distinct clustering among 
the RNA-transfected samples, including linear or circular mRNAs, 

and the control group (Figure 5A). Moreover, gene expression pro
files were highly correlated across all the samples (Figure S4A, Spear
man’s rho of all the pairwise comparisons >0.97). These analyses 
indicated no overall transcriptional differences induced by these 
three mRNA transfections.

Moreover, relative to the untransfected controls, the RNA-trans
fected samples showed only a few differentially expressed genes, 
ranging from 2 to 13 (Figure 5B). Gene ontology (GO) analysis re
vealed no significant GO terms enriched with these differentially ex
pressed genes. Furthermore, gene set enrichment analysis revealed 

Figure 3. Comparison of protein production 

(A) Fluorescence microscopy images were obtained 48 h after transfecting HEK293T and HeLa cells with circRNA. (B and C) Fluorescence intensities of EGFP were 

measured 48 h post-transfection in HEK293T and HeLa cells (n = 3; mean ± SEM). (D and E) A time course of Gaussia luciferase activity was measured in HEK293T and HeLa 

cells transfected with purified circGluc (n = 4; mean ± SEM). (F and G) Cumulative Gaussia luciferase activity over 96 h in HEK293T and HeLa cells (n = 4; mean ± SEM). (H) 

Predicted secondary structures. Note: Ctrl, untreated samples. ns, not significant, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001, **p < 0.01, ***p < 0.001, and 

****p < 0.0001; unpaired t test.
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that the top differentially changed pathways were related to innate 
immune responses, cytokine signaling, and antiviral pathways, 
although none of them were significantly enriched (Figure 5C, 
all p > 0.05).

We further examined the expression of four known immune 
markers17,19,20 using RT-qPCR, including interferon (IFN)-β, 
RIG-I, interleukin (IL)-6, and tumor necrosis factor alpha (TNF- 
α). Neither detected notable differences between the SCAP, Ana- 
PIE, and m1ψ-modified linear RNA groups relative to the untreated 
controls in HEK293T cells (Figures 5D–5G, unpaired t test, all 
p > 0.05) and HeLa cells (Figures S6A–S6D, unpaired t test, all 
p > 0.05). Additionally, the protein levels of immune-related factors 
were measured using ELISA, and no significant differences were de
tected between the experimental groups. Furthermore, none of the 
groups induced a significant immune response. (Figures S6E–S6N; 
unpaired t test, all p > 0.05). These observations align with some pre
vious reports indicating minimal immunogenicity of engineered 
circRNAs and modified linear mRNAs.8,20,21

In summary, our findings indicated that circRNAs generated by the 
scarless SCAP system, the traditional Ana-PIE approach, and the 
tested m1ψ-modified linear RNA all exhibited negligible immuno
genicity in the cellular context. The removal of extraneous se
quences in the SCAP method did not significantly alter immune re
sponses relative to Ana-PIE-derived circRNA or m1ψ-modified 
linear RNA.

Figure 4. Comparison of stability 

(A) The relative expression level of circEGFP, with data 

normalized to the expression level of the 24-h time point. 

(n = 4; mean ± SEM). (B) The half-life of circEGFP 

produced by the SCAP, mSCAP, and Ana-PIE systems 

(n = 4; mean ± SEM). (C) The relative expression level of 

circGluc, with data normalized to the expression level of 

the 24-h time point (n = 4; mean ± SEM). (D) The half- 

life of circGluc produced by the SCAP, mSCAP, and 

Ana-PIE systems (n = 4; mean ± SEM). Note: ns, not 

significant, *p < 0.05, **p < 0.01, ***p < 0.001, and 

****p < 0.0001; unpaired t test.

Comparison with clean-PIE

We finally compared our systems to Clean-PIE, 
a scarless circularization system that utilizes the 
td group I intron from bacteriophage T4 (T4td) 
for circularization and employs the IRES from 
Echovirus 29 (E29) to drive RNA translation. 
Using EGFP as a reporter, our experimental re
sults demonstrated that all three systems 
achieved high circularization efficiency 
(Figure S7A). Sanger sequencing confirmed 
that the Clean-PIE system enables precise liga
tion of the ends of the circRNA precursor 
(Figure S7B). Furthermore, HPLC purification 
followed by RNase R digestion effectively 

removed circularization byproducts (Figure S7C), indicating that the 
Clean-PIE system produces highly pure and reliable circRNA.

To assess protein production, HEK293T and HeLa cells were trans
fected with circEGFP constructs generated by each of the three scar
less circularization systems. Fluorescence intensity was measured 
48 h post-transfection. The results showed that circEGFP produced 
via the SCAP system exhibited significantly higher protein produc
tion compared to the Clean-PIE system. Specifically, in HEK293T 
cells, the protein production level of circEGFP generated using the 
SCAP circularization system was 1.8-fold higher than that produced 
by Clean-PIE. Similarly, in HeLa cells, the protein production level 
was 1.57-fold higher (Figures 6A–6C; unpaired t test, p = 0.000111 
in HEK293T cells, p = 0.000908 in HeLa cells). Regarding stability, 
the relative RNA levels of circEGFP generated by the three scarless 
circularization systems were similar (Figure 6D). circEGFP gener
ated via the Clean-PIE system demonstrated a modest increase in 
stability compared to the SCAP system, with a 1.16-fold longer 
half-life (Figure 6E, p = 0.036558). The observed differences in pro
tein production and RNA stability between the two systems may be 
attributed to the distinct circularization system used. Finally, immu
nogenicity assays revealed that circRNAs produced by the three scar
less circularization systems did not elicit significant innate immune 
responses (Figures 6F–6I, unpaired t test, p > 0.05).

In summary, the SCAP circularization system demonstrated higher 
protein production and a slightly shorter half-life compared to 
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Clean-PIE, while maintaining comparable circularization efficiency 
and low immunogenicity. These findings highlight SCAP as a robust 
and efficient circularization platform, particularly well-suited for ap
plications requiring high-level protein production.

DISCUSSION

In this study, we introduced two scarless circRNA circularization 
systems, SCAP and mSCAP, which integrate the E1E2 sequences 
into the IRES region rather than embedding extraneous elements 
directly into the coding sequences. This design choice distinguishes 
our approach from previous methods that inserted sequences 
directly into the open reading frame, which can introduce undesired 
mutations or disrupt the encoded protein’s function.19 By utilizing 
the endogenous IRES region, our systems can be readily applied to 
any coding sequences without compromising protein integrity.

Our evaluation revealed that both scarless circularization systems 
efficiently generate circRNAs, achieving circularization efficiencies 
on par with the widely used Ana-PIE method. Notably, this high ef

ficiency was maintained even in SCAP, where the E1E2-like se
quences embedded within the IRES-CVB3 differ from the native 
E1E2 configuration. This suggests that precise replication of the orig
inal E1E2 sequences may not be strictly necessary for robust circular
ization, broadening the design flexibility and applicability of scarless 
circRNA production strategies.

A key advantage of the SCAP system is its capacity to support enhanced 
protein production. We observed that SCAP-derived circRNAs yield 
significantly higher protein production levels than either Ana-PIE- 
or mSCAP-derived constructs, as demonstrated by EGFP and Gaussia 
luciferase reporters. This benefit likely arises from preserving the native 
IRES-CVB3 sequence and its secondary structure, which collectively 
promote more efficient translation initiation. In contrast, introducing 
extraneous sequences (Ana-PIE) or altering the IRES (mSCAP) likely 
disrupts optimal RNA folding and ribosome recruitment.

With respect to stability, SCAP-derived circRNAs proved as 
durable as those produced by Ana-PIE, displaying comparable 

Figure 5. Comparison of immunogenicity 

(A) Principal-component analysis of the untreated (Ctrl) and the treatment groups by Gluc mRNAs generated by Linear (m1ψ), Ana-PIE, and SCAP. (B) Differentially expressed 

gene analysis of the treatment vs. the untreated groups using expression fold change >2 and p value <0.05. (C) Gene set enrichment analysis. (D–G) mRNA expression of IFN- 

β, RIG-I, TNF-α, and IL-6 measured by qPCR transfected with Gluc-encoding RNAs at 24 h. Poly(I:C) was served as a positive control. (n = 3; mean ± SEM; ns, not significant, 

**p < 0.01 and ****p < 0.0001; unpaired t test).
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half-lives across multiple days while mSCAP demonstrated a 
slightly increase in stability. Interestingly, the mSCAP circRNA 
has a higher MFE value (− 547.10 kcal/mol) compared to Ana- 
PIE (− 596.90 kcal/mol). Therefore, the enhanced stability in 
mSCAP might be attributed to the formation of specific secondary 
structures, such as the stem-loop at the circularization junction 
within domain I of the IRES-CVB3. Additionally, the precise mu
tations introduced in mSCAP could enhance the rigidity or 
compactness of certain regions, further protecting the circRNA 
from degradation.

Immunogenicity remains a critical consideration for any RNA ther
apeutic. Although some previous studies have suggested that 
removing extraneous sequences can reduce immunogenicity,17 our 
analysis indicates no significant difference between scarless and 
scarred systems in the tested cellular model. Neither the SCAP (scar
less) nor the Ana-PIE (scarred) method and the m1ψ-modified 
linear mRNAs, elicited substantial innate immune responses. This 
finding suggests that scarless approaches do not inherently confer 
an immunological advantage under these conditions. Instead, our re
sults imply that both scarless and conventional circRNA designs, as 

Figure 6. Comparison of Clean-PIE, SCAP and mSCAP 

(A) Fluorescence microscopy images were obtained 48 h after transfecting HEK293T and HeLa cells with circRNA. (B and C) Fluorescence intensities of EGFP were 

measured 48 h post-transfection in HEK293T and HeLa cells (n = 3; mean ± SEM). (D) The relative expression level of circEGFP, with data normalized to the expression level of 

the 24-h time point. (n = 3; mean ± SEM). (E) The half-life of circEGFP produced by the Clean-PIE, SCAP, and mSCAP systems (n = 3; mean ± SEM). (F–I) mRNA expression of 

IFN-β, RIG-I, TNF-α, and IL-6 measured by qPCR transfected with Gluc-encoding RNAs at 24 h. Poly(I:C) was served as a positive control. (n = 3; mean ± SEM). Note: ns, not 

significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; unpaired t test.
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well as modified linear mRNAs, can maintain negligible immunoge
nicity, offering flexibility in therapeutic design without increasing 
the risk of adverse immune reactions.

In addition to SCAP and mSCAP, we further evaluated the Clean- 
PIE system to broaden our comparative analysis. Consistent with 
SCAP and mSCAP, Clean-PIE achieved high circularization effi
ciency and precise junction formation, as well as high final product 
purity following post-purification analysis. However, despite exhib
iting slightly improved RNA stability, circRNAs produced by Clean- 
PIE showed lower protein production compared to those generated 
by SCAP. This discrepancy may stem from intrinsic differences in 
the circularization mechanisms employed by each system. Collec
tively, these results underscore a critical trade-off between RNA sta
bility and translational efficiency, emphasizing the need for careful 
selection and optimization of circularization strategies to meet spe
cific therapeutic demands, particularly for applications requiring 
robust protein expression. Importantly, Clean-PIE also demon
strated minimal immunogenicity, comparable to that observed 
with SCAP and mSCAP, further supporting the flexibility of these 
systems for RNA therapeutic development.

While our study provides valuable insights into circRNA design and 
function, our evaluations were conducted in vitro using established 
cell lines. Although these cell lines are effective for assessing protein 
production, stability, and immunogenicity, they may not fully reca
pitulate the complexities of in vivo biological systems. In particular, 
cell lines often differ from primary cells and tissues in RNA meta
bolism, translation dynamics, and immune responses. Consequently, 
the behavior of scarred and scarless circularization systems in living 
organisms may differ from our in vitro observations. To bridge this 
gap, future studies should extend these findings using primary cells 
and animal models.

In conclusion, our study offers a framework for the rational design of 
RNA therapeutics. The SCAP system and our comprehensive evalu
ation provide valuable insights into how balancing circularization ef
ficiency, protein production, stability, and immunogenicity can opti
mize circRNA production. These findings can inform decisions on 
where to integrate essential regulatory elements, how to balance 
stability with protein production, and which modifications to incor
porate for the development of mRNA therapies across a broad spec
trum of diseases, ultimately accelerating the development of next- 
generation RNA therapeutics that are both safe and clinically 
effective.

MATERIALS AND METHODS

Plasmid construction

The Ana-PIE circularization system plasmid was constructed by 
sequentially inserting the following DNA fragments into the 
pUC57 vector: a T7 promoter, the Anabaena intron 1 (including 
homology arm sequences), exon 2, spacer sequence 2, an IRES, 
the coding sequence, spacer sequence 1, exon 1, and the Anabaena 
intron 2 (including homology arm sequences). The SCAP and 

mSCAP plasmids were derived from the Ana-PIE plasmid by 
removing exon and spacer sequences through PCR-based mutagen
esis and homologous recombination. To construct the linear RNA 
plasmid, a T7 promoter, the 5′ untranslated region (5′ UTR), the 
coding sequence, the 3′ UTR, and a poly(A) tail were sequentially 
cloned into the pUC57 vector. In the Clean-PIE plasmid, the E29 
and T4td group I intron sequences are derived from the proprietary 
Clean-PIE technology (patent no. CN114574483B). All plasmid 
constructs were validated by Sanger sequencing (conducted by Tia
nyi Huiyuan).

m1ψ-modified linear RNA and circRNA production

For the production of m1ψ-modified linear RNA, the linear RNA 
plasmid was digested with BspQI and purified using the MinElute 
Gel Extraction Kit (QIAGEN). Linear RNA was synthesized using 
the T7 High Yield RNA Synthesis Kit (New England Biolabs) with 
co-transcriptional capping performed using the m7G(5′)ppp(5′)G 
RNA Cap Structure Analog (New England Biolabs, S1404) according 
to the manufacturer’s instructions. Following DNase I treatment 
(New England Biolabs) to remove residual DNA, the RNA was puri
fied using the Monarch RNA Cleanup Kit (New England Biolabs). 
N1-Me-Pseudo UTP (Yeasen Biotechnology, 10651ES) was used as 
a substitute for unmodified UTP during transcription.

For the production of circRNA, DNA templates for in vitro tran
scription were linearized by amplification and purified using the 
MinElute Gel Extraction Kit (QIAGEN). circRNA precursors were 
synthesized using the T7 High Yield RNA Synthesis Kit (New En
gland Biolabs) following the manufacturer’s instructions. After 
DNase I treatment (New England Biolabs) to remove residual 
DNA, the circRNA precursors were purified using the Monarch 
RNA Cleanup Kit (New England Biolabs).

For circRNA production using the Ana-PIE and Clean-PIE systems, 
purified circRNA precursors were heated at 70◦C for 3 min and 
immediately placed on ice for 2 min. The RNA was then incubated 
in a reaction mixture containing 1× T4 RNA Ligase Buffer (New En
gland Biolabs) and 2 mM GTP (New England Biolabs) at 55◦C for 
15 min. Following the reaction, the RNA was purified using a col
umn-based method. The circularization process was conducted in 
accordance with previously published protocols.7

For circRNA production using the SCAP and mSCAP systems, we 
optimized the reaction conditions by extending the reaction time 
to 30 min and adjusting the RNA concentration to 200 μg in 
600 μL of reaction solution. Additionally, based on previous studies 
indicating that the inclusion of 10% polyethylene glycol 8000 (PEG- 
8000) can significantly enhance the in vitro self-splicing of group II 
introns by mimicking cellular conditions,33,34 we incorporated 10% 
PEG-8000 into the reaction mixture. Following these optimizations, 
the circularization efficiency of both the SCAP and mSCAP systems 
increased substantially, reaching slightly above 80%, which was com
parable to the performance of the Ana-PIE system (Figures S1A 
and S1B).
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Purification and verification of circRNA

HPLC was used to separate circRNA based on differences in molec
ular weight, ensuring effective isolation of the circRNA prod
uct.8,35,36 A 4.6 × 300 mm column (Sepax Technologies, HPLC- 
26) with a particle size of 5 μm was employed for the separation, 
with elution carried out at a flow rate of 0.3 mL/min in RNase-free 
TE buffer (10 mM Tris and 1 mM EDTA [pH 6]). The circRNA 
was detected at 260 nm and subsequently collected.

Following HPLC purification, the circRNA samples were treated 
with RNase R (Beyotime) to degrade any remaining linear RNA con
taminants, thereby enriching the circRNA product. For RNase R 
digestion, 1 μg of circRNA was incubated with 1 U of RNase R in 
1× RNase R Reaction Buffer at 37◦C for 10 min. The reaction 
mixture was then purified using the Monarch RNA Cleanup Kit 
(New England Biolabs).

RNA purity and integrity were assessed using the RNA Cartridge Kit 
(BiOptic) on the Bioptic Qsep 100 Automated Nucleic Acid and Pro
tein Analysis System, which provides high-resolution separation and 
sensitivity for RNA fragment detection. All procedures followed the 
manufacturer’s instructions.

Reverse transcription PCR and cDNA synthesis

cDNA was synthesized using the HiScript III 1st Strand cDNA Synthe
sis Kit (Vazyme) via reverse transcription with random primers, using 
circRNA as the template. Primers flanking the circularization junction 
were designed to amplify the PCR products for sequencing. After PCR 
amplification, the products were resolved by agarose gel electropho
resis, excised, purified, and then submitted for sequencing analysis.

Cell culture and transfection

HEK293T and HeLa cells were cultured in DMEM with high glucose, 
supplemented with 10% fetal bovine serum and 1% dual antibiotic, at 
37◦C in a 5% CO2 incubator. Cells were passaged every 2–3 days. For 
transfection, 293T cells were seeded at a density of 2 × 104 cells per 
well in 96-well plates and 2 × 105 cells per well in 24-well plates. 
Once cells reached 70%–90% confluence, RNA was transfected using 
Lipofectamine MessengerMax (Invitrogen) at 150 ng per well for 
96-well plates and 500 ng per well for 24-well plates.

Luciferase activity assay

Carefully aspirate the cell culture medium, and then add 20 μL of 1×
cell lysis buffer to each well of a 96-well plate. Incubate for 10 min at 
room temperature, either by standing or gently shaking. The result
ing lysate will be used for subsequent assays. Next, add 50 μL of an 
8 μg/mL Renilla reaction solution to each well, mix thoroughly, 
and incubate in the dark for 1 min. Assays will be performed using 
an enzyme labeling instrument, with four parallel experiments con
ducted for each group. Notably, several commercially available kits, 
such as Vazyme DL101-01, also enable luciferase activity detection 
through direct cell lysis, and many published studies have adopted 
such kits for similar assays, underscoring the reliability and repro
ducibility of this approach.37–40

Fluorescence intensity assay

HEK293T (2 × 105) cells were seeded into 24-well plates. Equimolar 
amounts of RNA were transfected using Lipofectamine 
MessengerMAX reagent (Invitrogen), following the manufacturer’s 
instructions. Fluorescence intensity of EGFP in transfected cells 
was measured at designated time points using a Synergy HTX micro
plate reader (BioTek, Winooski, VT), with an excitation wavelength 
of 485/20 nm and an emission wavelength of 528/20 nm.

RNA extraction and RT-qPCR

Total RNA was isolated from transfected HEK293T cells using the 
EZ-press RNA Purification Kit (EZBioscience) and reverse tran
scribed with the HiScript III RT SuperMix for qPCR (Vazyme). 
Quantitative PCR was performed on a CFX Connect Real-Time Sys
tem (Bio-Rad) using iTaq Universal SYBR Green Supermix (Bio- 
Rad). Relative gene expression was calculated by the 2− ΔΔCt method, 
with 18S as the reference gene.

RNA secondary structure prediction

RNA secondary structures were predicted using the RNAfold web 
server (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold. 
cgi). The circRNA sequences were input into the “Sequence Input” 
field, with the “assume RNA molecule to be circular” option selected, 
while keeping the other options at their default settings. RNAfold 
outputted the predicted secondary structure with MFE.

Determination of RNA half-life

The RNA levels were measured at 24, 48, 72, and 96 h, with data 
normalized to the 24-h time point. For each sample, we used the 
following formula to fit the relative RNA levels at different time 
points:

Fi = 100 × 0:5ti=half − life;

where Fi is the array of relative RNA levels at multiple time points, 
and ti represents the time points in hours. The half-life is determined 
as the fitted decay constant from this analysis.41

Enzyme-linked immunosorbent assay

Except for RIG-I, which is a non-secreted protein, all other target pro
teins are secreted; therefore, RIG-I was quantified using cell lysates. All 
enzyme-linked immunosorbent assays were performed strictly in 
accordance with the manufacturers’ instructions provided with each 
kit. Due to differences in kit availability and supplier-imposed con
straints for certain assay kits, Enzyme-linked immunosorbent assay 
(ELISA) for IFN-β, TNF-α, and IL-6 were conducted using kits 
from HUABIO; the RIG-I assay was carried out using a kit from Afbio; 
and the MCP-1 assay was performed using a kit from Elabscience.

Library preparation for RNA sequencing

A total of 2 μg of RNA per sample was used as input material for 
RNA sample preparation. Sequencing libraries were generated using 
the NEBNext Ultra RNA Library Prep Kit for Illumina (no. E7530L, 
NEB, USA), following the manufacturer’s instructions, with index 
adapters incorporated to assign sequences to individual samples. 
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Briefly, mRNA was purified from total RNA using poly-T oligo- 
attached magnetic beads. RNA fragmentation was achieved with 
divalent cations under elevated temperature in NEBNext First Strand 
Synthesis Reaction Buffer (5×). First-strand cDNA synthesis was 
performed using random hexamer primers and RNase H. Subse
quently, second-strand cDNA synthesis was carried out with buffer, 
dNTPs, DNA polymerase I, and RNase H. The library fragments 
were purified using QiaQuick PCR kits and eluted in EB buffer. 
Following purification, terminal repair, A-tailing, and adapter liga
tion were performed. The desired fragments were selected, followed 
by PCR amplification to complete the library preparation process.

Library clustering and sequencing

Index-coded samples were clustered using the cBot cluster genera
tion system with the HiSeq PE Cluster Kit v4-cBot-HS (Illumina), 
following the manufacturer’s instructions. After cluster generation, 
the libraries were sequenced on an Illumina platform, generating 
150 bp paired-end reads.

Bioinformatical analysis

The raw RNA-seq data were preprocessed and subjected to quality 
control using fastp.42 The human rRNA reference sequence was ob
tained from NCBI. Bowtie2 was used to construct the reference index 
and perform local alignment, effectively filtering out reads that map
ped to the rRNA sequences.43 The human genome reference and 
gene annotation files were sourced from Ensembl. STAR was em
ployed to build the reference index and perform the alignment, fol
lowed by RSEM for quantification of gene expression from the re
sulting alignment data.44,45 Gene expression normalization and 
identification of differentially expressed genes were performed using 
DESeq2.46 GO enrichment analysis was performed using fGSEA.47

Statistical analysis

Data are presented as mean ± standard error of the mean (SEM) 
from at least three independent experiments. Statistical significance 
was determined using unpaired t test, with p-values <0.05 considered 
statistically significant. All statistical analyses were performed using 
GraphPad Prism 8 software (GraphPad Software Inc.).
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