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Oligonucleotide therapeutics, especially antisense oligonucleo-
tides (ASOs), provide promising treatments for various diseases, with

combinatorial ASO therapy increasing the efficacy. However, challenges persist % Y
in enhancing stability and ensuring precise delivery. Here, we proposed the use B A
of single-stranded circular ASOs (circASOs) for the cosilence of multiple genes, reglon s reglon 2
which was demonstrated with universality. Notably, unmodified circASOs
achieved a similar silencing efficiency compared to chemically modified ASOs. Functional
Multitargeted circASOs were also designed for simultaneous silencing of EIRe s J
different genes, showing prolonged and higher gene silencing due to their high wn 3 Py Y o
biostability. Furthermore, the circASO is compatible with various chemical - . . ) s

K ircular Anti-sense Oligonucleotide
modifications, which could further enhance the circASO functionality. This

Y Multi-target gene e Long-t ion Y Higher bi

programmable circular ASO platform provides a versatile tool for designing
multifunctional nucleic acid medicines for gene therapy.

antisense oligonucleotides, chemical modification, circular DNA, gene regulation, multitarget therapy

distribution of different ASOs, which may lead to an unclear
ratio of internalized ASOs and affect the reproducibility.
Linear oligonucleotides are known for their short lifetime
due to the nucleases in serum or cell plasma. Therefore,
chemical modifications such as phosphorothioate (PS) linkages
and 2',4’-constrained 2'-O-ethyl (cEt) have been employed to
enhance the stability of linear ASOs.'’~*° However, these

Oligonucleotide therapeutics have emerged as a promising
platform for treating undruggable diseases,' > such as
homozygous familial hypercholesterolemia (HoFH)," spinal
muscular atrophy (SMA),” Duchenne muscular dystrophy
(DMD),° familial hyperchylomicronemia syndrome (FHCS),”
and acute myelogenous leukemia (AML).® Several oligonu-
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cleotide-based drugs have already received approval or are
currently undergoing clinical trials. Among them, antisense
oligonucleotides (ASOs) have gained significant attention,
which could precisely bind to target mRNA, thereby regulating
gene expression.” ' Combinatorial ASO therapy, which
targets multiple mRNA sequences simultaneously, has
demonstrated superior efficiency and broader applicability
compared to single-target ASO therapy.'”™'® For example, the
combination of ASOs targeting the X-linked inhibitor of
apoptosis protein (XIAP) and multidrug resistance protein
(MRP) has proven effective in simultaneously downregulating
these proteins, which significantly reduces drug resistance in
AML."® Moreover, a combination of different ASOs targeting
multiple regions of DMD pre-mRNA has shown a significant
increase in therapeutic efficacy, expanding the treatable patient
population from 8-—13% with single ASO therapy to 40—
47%.'"'> However, the delivery of multiple ASOs in
combinatorial therapy has drawn attention to the relevant
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modifications raise concerns about potential toxicity and
immunogenicity.'®*' An alternative strategy is the develop-
ment of circular oligonucleotides with enhanced stability.”*~*°
For example, Tang et al. designed a 30 nt c-ODN for the
inhibition of miR-21, which showed reduced off-target effects
and nonspecific immune stimulation.”® Additionally, Zhao et
al. synthesized a dual-function circular aptamer-ASO chimera
(circSApt-NASO), which demonstrated superior efficacy
against both SARS-CoV-2 and the Omicron variant.”” Despite
these advantages, circular oligonucleotides face challenges,
where the circular structure can introduce tension during the
hybridization process, which hinders the efficiency of RNase
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Figure 1. Design, synthesis, and gene silencing performance of multiple circular single-target ASOs (cSTs). (A) Design of cST-1 ~ 49. (B)
Synthesis route of cST-1 ~ 49. (C) 10% denaturing PAGE analysis of the synthesis and Exo III resistance of cST-1. Lanes 1 to 10: Low-range
ssRNA ladder, starting materials, reaction mixture after ligation, and reaction mixture incubation with Exo III for 0.5, 1, 2, 4, 12, 24, and 36 h. (D)
10% denaturing PAGE characterization of in vitro RNase H cleavage of PCSK9 mRNA fragments through ¢ST-1. Lanes 1 to 6: Low-range ssRNA
ladder, PCSK9 mRNA fragment, incubation with PC2, and incubation with cST-1, PC2, cST-1. (E) Relative expression of PCSK9 mRNA in
HepG2 after treatment with S0 nM c¢ST. The relative PCSK9 mRNA expression was measured through RT-qPCR using GAPDH mRNA as the

internal control; at least three independent experiments were performed.

H-mediated cleavage.”” In principle, a larger circular structure
could benefit by alleviating the torsional strain, with greater
control over combinatorial ASO therapies. Therefore, the
development of large circular ASOs will provide a promising
avenue for more effective gene therapy.

In this work, we present a novel strategy that employs
programmable, single-stranded circular ASOs for the simulta-
neous inhibition of multiple genes. A series of large circular
ASOs (circASOs) were designed and synthesized, demonstrat-
ing a significantly improved gene silencing efficiency compared
with their linear counterparts. Notably, unmodified circASOs
could achieve a similar silencing efficiency compared to that of

chemically modified ASOs. Furthermore, a double-target
circASO was also engineered, resulting in the prolonged and
more robust cosilencing of two distinct genes. Additionally, the
synthesis approach of circASOs enables the precise incorpo-
ration of chemical modifications at the single-base level,
allowing for further optimization of circASOs. Our methods
provide a rational framework for designing circASOs with
tailored functional sequences and chemical modifications,
offering a versatile tool for the development of multifunctional

nucleic acid-based therapies in gene treatment.
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Figure 2. Design and synthesis of the circular multitarget ASO. (A) Design of a single circASO (cMT) for multitarget inhibition. (B) 10%
denaturing PAGE characterization of the synthesized circASO. Lanes 1 to 4: Linear ligation; circular ligation without Mn**; circular ligation with
Mn?*; and low-range ssRNA ladder. (C) 10% denaturing PAGE characterization of Exo III resistance of cMT. Lanes 1 to 8: Low-range ssRNA
ladder; circular ligation; and incubation of the circular ligation product with Exo III for 0.5, 1, 2, 4, 12, and 24 h. (D) 8% denaturing PAGE
characterization of in vitro RNase H-mediated cleavage. Lanes 1 ~ 9: Low-range ssRNA ladder; nLuc mRNA; incubation with nLuc-1; incubation
with nLuc-2; incubation with nLuc-1 and nLuc-2; and incubation with ¢cMT, nLuc-1, nLuc-2, and cMT.

To demonstrate the gene silencing potential of circASOs, a
series of single-target circASOs (cST-1 ~ 49) to proprotein
convertase subtilisin/kexin type 9 (PCSK9) were first designed
and synthesized. Each c¢ST consists of two regions: a 22-nt
functional region that can bind with PCSK9 mRNA and a 49-
nt varied region (sequences provided in Table S1) to alleviate
the tension during the hybridization between the circASO and
mRNA (Figure 1A). The varied region (linker) may interact
with the functional region (Figure S1), and different
intramolecular interactions could affect the binding affinity
and potentially impact the gene silencing efficiency.

The single-target circASOs were synthesized through
template-directed ligation, as shown in Figure IA. Briefly,
two oligonucleotides with 5’-phosphate groups were directly
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circularized by T4 DNA ligase with the assistance of splint
DNA. Exonuclease III was then added to remove the linear
DNA. Taking cST-1 as an example, as shown in Figure 1B,
after ligation, several new bands with lower migration appeared
(Lane 2), which can be ascribed to enzymatic ligation. Only
one band remained after exonuclease treatment (Lanes 3 to 9),
which can be ascribed to ¢ST-1. The circular structure of cST-
1 was confirmed through the rolling cycle reaction (RCA).
During RCA, phi29 DNA polymerase could produce long
single-stranded DNA with a circDNA template, but only
double-stranded DNA with a linear template. As shown in
Figure S2, the product was accumulated in the sample well
when ¢ST-1 was used as the template (Lane 3), and DNA
products were no longer observed when linear DNA was used
as the template (Lane S), which confirmed the circular
structure of cST-1. Moreover, the MALDI-TOF result (Figure
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Figure 3. Designed cMT reduced target RNA via RNase H degradation in HepG2. (A) Simultaneous inhibition of PCSK9 mRNA and
nanoluciferase mRNA through ¢MT. (B) Reduction of nanoluciferase expression by ¢cMT in HepG2 cells. (C) Reduction of PCSK9 mRNA by
cMT in HepG2 cells. (D) Long-term efficacy of cMT in reducing the PCSK9 mRNA level. The relative PCSK9 mRNA expression was measured
through RT-qPCR using GAPDH mRNA as the internal control; at least three independent experiments were performed, and multiple
comparisons were performed using one-way ANOVA with Tukey’s test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

S3) showed a single peak at 21,811 g/mol, which was mol). Similarly, cST-2 to cST-49 were obtained through the
consistent with the theoretical molecular weight (21,812 g/ same route, and the clear bands shown in Figure S4 indicated
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the successful synthesis of circASOs. Taken together, the splint
ligation and exonuclease digestion strategy could be used for
the programmable synthesis of circASOs.

The RNase H-mediated cleavage of RNA is essential for the
function of the ASO, and therefore, we first tested the in vitro
RNase H-mediated mRNA cleavage through the circASO. As
shown in Figure 1C, 1 h after the incubation, cST-1 (Lane 4)
had successfully cleaved PCSK9 mRNA (the sequence is
shown in Table S8) into two fragments as PC2 (Lane 3),
which suggested that the circular structure did not affect the
cleavage. For further evaluation of the gene silencing efficiency
of ¢ST and the effect of the secondary structure of ¢ST, c¢ST-1
~ 49 was then transfected into HepG2 cells, which are known
for their high expression levels of PCSK9. After 24 h, the
relative expression of PCSK9 mRNA was measured through
RT-qPCR. As shown in Figure 1E, all circASOs demonstrated
a higher gene silencing efficiency compared with unmodified
ASOs. Notably, some circASOs, such as ¢ST-5 and ¢ST-26,
exhibited an even greater silencing efficiency than chemically
modified ASOs (a gapmer design ASO with PS and cEt
modifications; the sequence is provided in Table S2).
Considering that the intramolecular interactions within
circASOs may impact the gene silencing efficiency through
either affecting the binding affinity or the RNase H cleavage
activity, the secondary structures of cST-1 ~ 49 were further
predicted by mFold for the investigation of the structure—
activity relationship. As shown in Figure S1, no interactions
between functional and linker regions in ¢ST-S and ¢ST-26
were predicted. Instead, their link regions performed some
tandem weak interactions, which may synergistically enhance
the kinetic stability of the intramolecular interactions.””
However, the linker regions were predicted with certain
structures such as cST-34 and cST-35, which could increase
the ring tension of ¢ST and reduce the binding affinity to
corresponding mRNA. Taken together, introducing linker
regions into the circASO not only relieved tension during
DNA-RNA hybridization but also offered greater design
flexibility for circASOs. By rationally designing their sequences,
unmodified circASOs can achieve a similar or even higher
efficiency in comparison to chemically modified linear ASOs.

After demonstrating the superior single-targeted gene silencing
capability of circASOs, we designed a model system to validate
the simultaneous inhibition of multiple genes. As shown in
Figure 2A, a 132-nt circASO (cMT; sequences are shown in
Table S3) containing four different ASO sequences (functional
regions) was prepared. Two functional regions were designed
to target PCSK9 mRNA (PC1 & PC2), while the other two
targeted nanoluciferase mRNA (nLuc-1 and nLuc-2). To
minimize potential steric hindrance effects, four nonfunctional
linkers (black) were introduced between each functional ASO
region. The sequences of the linkers were optimized based on
the predicted structure, and the structure of the optimized
cMT is shown in Figure S5. It can be observed that there are
no cross-talk interactions between functional regions and
linkers, and a lack of strong intramolecular interactions is also
observed. To facilitate the formation of the circular structure, a
rapid synthetic route was developed, as illustrated in Figure S6.
Initially, several short DNA fragments were ligated with splint
strands to form a linear intermediate (Figure 2B, Lane 1),

3559

which was then cyclized by CircLigase (Figure 2B, Lanes 2 and
3).>”* Notably, cMT was successfully obtained in up to 50%
yield in the presence of Mn** (Figure 2B, Lane 3). After
exonuclease digestion to remove excess linear fragments, the
circASO was purified through ethanol precipitation and
ultrafiltration.

The circular structure of cMT was also confirmed through
exonuclease digestion and rolling circle amplification (RCA).
As illustrated in Figure 2C, under the incubation with
exonuclease III, the band corresponding to ¢MT remained,
while the linear DNA gradually disappeared with increased
incubation time. Moreover, the product was accumulated in
the sample well after the RCA reaction (Figure S7, Lane 3),
which confirmed the circular structure of cMT. Furthermore,
the MALDI-TOF result (Figure S8) revealed a single peak at
40,744 g/mol, corresponding to monomeric circular DNA
(with a calculated mass of 40,745 g/mol). These results
demonstrated that multitarget cMT was successfully synthe-
sized.

In our design, cMT could target different regions of
nanoluciferase mRNA and generate different fragments,
respectively. For the verification of the multitarget cleavage
potential of the circASO, cMT was first incubated with nLuc
mRNA (the sequence is shown in Table S8) in the presence of
RNase H. As shown in Figure 2D, nLuc mRNA was cleaved
into three fragments (Lane 6) when incubated with cMT,
which was consistent with the molecular design. In contrast,
the single ASO could only cleave the mRNA into two
fragments (Lanes 3 and 4). Additionally, the incubation with
the mixture of nLuc-1 and nLuc-2 (Lane S) resulted in the
same fragments as our ¢cMT. The same result was also
observed when the circASO was incubated with PCSK9
mRNA (Figure S9). Taken together, the in vitro cleavage
suggested that the different functional regions in ¢tMT could
separately act as ASOs and cleave mRNA.

Next, the multigene silencing potential of cMT was
investigated (Figure 3A). cMT was transfected into a model
cell line, which could express both nanoluciferase and PCSK9
mRNA simultaneously. As shown in Figure 3B,C, the
expressions of both of the target mRNAs were decreased
with the increased cMT concentrations. At 12.5 nM, an 83.0%
inhibition efficiency (inhibition efficiency = 100% relative
expression level compared to mock) against exogenous
nanoLuc and a 66.5% inhibition efficiency of endogenous
PCSK9 mRNA were observed. However, the inhibition
efficiency of PCSK9 was only 19.7% when the mixture of
two unmodified linear ASOs (PC1 & PC2; sequences are
shown in Table S2) was used, and the inhibition efficiency of
nLuc was only 60.2% when the mixture of two unmodified
linear ASOs (nLuc-1 & nLuc-2; sequences are shown in Table
S2) was used at the same condition. Moreover, based on the
silencing effect of nanoluciferase mRNA shown in Figure 3B,
the quantitative analysis indicated that the circASO had an
ICS0 value of 3 nM, while the unmodified linear ASO had an
IC50 value of 11.27 nM. Notably, the inhibition efficiency of
PCSK9 mRNA under the treatment of cMT was significantly
higher than those of PC1 & PC2, demonstrating the superior
inhibitory efficacy of the unmodified circASO. Especially, cMT
even achieved comparable inhibitory effectiveness to the
combination of two chemically modified linear ASOs (PCS1
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final product after Exo III digestion. The sequences of these modified circular DNAs are shown in Table S4.

& PCS2, Table S2). These results demonstrated the
remarkable efficacy of unmodified ¢tMT in downregulating
both endogenous and exogenous mRNA levels, with its
multitarget effect enabling the simultaneous suppression of
multiple mRNA targets.

Next, the long-term inhibitory effect of cMT was evaluated.
As depicted in Figure 3D, cMT maintained a 50% inhibition
efficiency even after S days due to its enhanced biostability. In
contrast, unmodified PC1 & PC2 exhibited a diminished
inhibitory effect of only 10% on the third day, which reached
negligible levels after the fifth day. It was also worth noting that
the inhibition efficiency of ¢cMT was comparable with
chemically modified PCS1 & PCS2 even 9 days after
transfection. The similar long-term inhibition of nanoluciferase
was observed in Hep3B cells, which showed a higher inhibition
efficiency than the unmodified linear ASO even after S days
(Figure S10). This prolonged gene inhibition may be
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attributed to the enhanced stability conferred by the circular
structure, which allows for the avoidance of the use of chemical
modifications.

To demonstrate that the long-term higher gene silencing
efficiency of cMT is due to its super biostability, the tolerance
of cMT to the exonucleases (Exo I and Exo V), as well as
serum (DMEM containing 10% FBS or 50% FBS), was
investigated. As shown in Figure S11, after incubation with
different media, there was no significant change of the circASO
in the migration rate or intensity under all of the conditions.
However, its linear DNA (1i-300 nt) showed a significant
reduced intensity after the treatment with Exo V for 12 h and
completely disappeared after incubation with Exo I for 3 h. It
was also found that many diffused bands appeared below the li-
300 nt band after incubation with 10% FBS for 12 h, and 1i-300
nt also completely disappeared after 36 h. Under 50% FBS, the
1i-300 nt band disappeared entirely only after just 6 h. These
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Figure S. Silencing of PCSK9 mRNA in HepG2 cells using cSTs with different phosphorothioate-modified patterns. (A) Chemical structure of
unmodified phosphodiester and phosphorothioate linkages. (B) Silencing of PCSK9 mRNA in HepG2 cells through cST-50, cST-50-PC1-21S,
cST-50-Fwd-21S, cST-50-Rev-21S, cST-50-Fwd-Rev-42S, and ¢ST-50-mid-21S. (C) Silencing of PCSK9 mRNA in HepG2 cells through ¢ST-13,
cST-13-Fwd-16S, cST-13-Rev-16S, cST-13-Fwd-Rev-32S, ¢ST-13-mid-16S, and c¢ST-13-mid-16S’. The relative PCSK9 mRNA expression was
measured through RT-qPCR using GAPDH mRNA as the internal control; at least three independent experiments were performed, and multiple
comparisons were performed using one-way ANOVA with Tukey’s test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. The sequences

of these modified circular DNAs are shown in Table SS.

results indicated that ¢cMT has higher biostability compared
with linear DNA, which could be used for long-term therapy.

As the immunogenicity is a key factor affecting nucleic acid
drug development, we tested the immunogenicity of circASOs
through the quantification of the mRNA expression level of
two kinds of proinflammatory cytokines and chemokines:
interferon # (IFN-f) and tumor necrosis factor-a (TNF-a) by
RT-qPCR. As shown in Figure S12, the circASOs had low
immunogenicity, which is similar to modified linear ASOs,
suggesting their potential application in therapy.

Although our strategy eliminated the reliance on the chemical
modifications, it is also compatible with various commercially
available modifications at a single-base resolution. Principally,
different chemical modifications could be site-specifically
incorporated into short DNA fragments through solid-phase
synthesis and further transferred to the circASO (Figure 4A).
A series of circASOs with site-specific single modification and
continuous or discontinuous multiple modifications were
synthesized for further verification. First, a circASO
(67FAM-cMT) with a precisely single-site modification
(FAM at T67) was designed as a model system. As shown
in Figure 4B, after a standard synthesis procedure and
exonuclease digestion, the band corresponding to 67FAM-
cMT could be observed under the FAM channel (Figure 4B
lane 4). Such a fluorophore-labeled circASO has also facilitated
the study of the subcellular distribution. As shown in Figure
4C, 24 h after the transfection to HepG2 and Hep3B, 67FAM-
cMT (Green) was localized in both the cytoplasm and the
nucleus (Blue) in both cell lines, which was same as the
previously reported therapeutic oligonucleotides.

3561

Additionally, combined modifications could also be
introduced at a single-base resolution at the same time.
Three fluorophores were subsequently chosen and incorpo-
rated into 17Cy3-67FAM-106CyS-cMT (Cy3 at T17, FAM at
T67 and CyS at T106). As shown in Figure 4D, after linear
ligation (Lane 4), circular ligation (Lane S), and exonuclease
III digestion (Lane 6), the bands corresponding to the circular
product could be visualized in all fluorescent channels. In
addition to fluorophores, the lipophilic 2’-O-hexadecyl (at
A20, 20C16-30FAM-cMT) and carbohydrate 2’-O-GalNAc
(C18, G19, and A20, GalNAc;-30FAM-cMT) modifications
were also successfully introduced, which may facilitate the free
uptake of cMT in vivo’"** (Figure S13). It is worth noting that
these modifications only had a minimal impact on the yield of
cMT. These results demonstrated the potential of our ligation
method in constructing site-specific chemically modified
circDNA structures, which provides a valuable platform for
investigation of the functional implications and applications of
modified circASOs.

The continuous phosphorothioate linkages could also be
introduced into different regions of circASOs with our strategy.
Two 71 nt circASOs, ¢ST-50, and ¢ST-13 were chosen as
examples, which contain a single functional region PC1 or
PC2, respectively. The phosphorothioate-modified patterns are
shown in Figure S14 and the silencing efficiency was measured
in HepG2. As shown in Figure 5B, the treatment of c¢ST-50-
Fwd-21S could reduce the expression of PCSK9 mRNA by
81%, while unmodified cST-50 could reduce the expression by
only 69%. Similarly, c¢ST-13-Fwd-Rev-32S showed a 76%
reduction, while unmodified ¢ST-13 only showed a 43%
reduction. It was also worth noting that even the
phosphorothioate modification was not on the functional
region; the performance of the circASO could be improved,
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which indicated that this improvement was not due to the
increase of the stability of the functional region. We proposed
that this phenomenon is due to the phosphorothioate
modification on the circASO binding with some proteins
inside the cell, thereby altering its intracellular distribution and
enhancing its gene knockdown efficacy. The silencing
efficiency in different modification patterns suggested that
the site-specific modifications play an important role in the
function of circASOs. Thus, all of these results indicated that
the efficiency of circASOs could be improved through either
structure optimization or site-specific modifications.

In summary, we proposed the use of circular single-stranded
DNA as ASOs for multitarget gene therapy. To circumvent the
impact of intramolecular tension during mRNA binding, a
nonfunctional region was introduced into the circASO. The
single-target circASOs (cSTs) with the same target sequence
but different nonfunctional regions demonstrated that the
nonfunctional sequence can influence intramolecular inter-
actions, thereby affecting the efficacy of the ASO. Importantly,
some of the unmodified ¢STs could achieve an inhibition
efficiency comparable to third-generation ASOs. Furthermore,
we designed a circASO (cMT) capable of simultaneously
suppressing the expression of both nLuc and PCSK9 genes. By
the introduction of linker sequences between functional
regions, each functional region could exert its effect
independently. Compared with the use of mixtures of short-
chain ASOs, cMT achieved more prolonged simultaneous
inhibition of multiple genes in cells, which has been attributed
to the higher stability against exonucleases. Meanwhile, our
strategy could tolerate numerous chemical modifications,
which will further improve the gene silencing efficiency. And
based on these site-specific modifications, the detailed
mechanism of circASOs such as the endosomal escape
behavior and nuclear enrichment could be investigated in the
future, which would be beneficial to the further design and
development of circASOs. Moreover, our synthetic method for
circASOs demonstrated robustness and yielded homogeneous
products, indicating its potential for treating diseases like
hyperlipidemia. Given the larger quantities required for animal
trials, it is necessary to further refine the purification process by
employing scalable techniques, such as high-performance
liquid chromatography (HPLC) for in vivo validation. Despite
the ASO, other functional oligonucleotides such as aptamers™*
and DNAzymes*>** could also be integrated into circDNA,
which could broaden the application of the circDNA in gene
regulation. Although the introduction could cause potential
off-target hybridization between the circASO and nontarget
mRNA, the activity of RNase H-mediated RNA cleavage needs
a perfect complementary, reducing off-target gene silencing
likelihood. Besides, due to the tolerance of our methods to
various chemical modifications, they could be further
introduced to reduce the potential off-target effects. Taken
together, the strategy we proposed here has universality in
terms of the sequence, size, and modifications, and our results
revealed great promise of the application of modified circDNA
as novel tools for multigene regulation research and in future
molecular therapy.
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