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Circular RNAs (circRNAs) are highly stable RNA molecules
that are attractive templates for expression of therapeutic pro-
teins and non-coding RNAs. In eukaryotes, circRNAs are pri-
marily generated by the spliceosome through backsplicing.
Here, we interrogate different molecular elements including
intron type and length, Alu repeats, internal ribosome entry
sites (IRESs), and exon length essential for circRNA formation
and exploit this information to engineer robust backsplicing
and circRNA expression. Specifically, we leverage the finding
that the downstream intron can tolerate large inserts without
affecting splicing to achieve tandem expression of backspliced
circRNAs and tRNA intronic circRNAs from the same tem-
plate. Further, truncation of selected intronic regions markedly
increased circRNA formation in different cell types in vitro as
well as AAV-mediated circRNA expression in cardiac and skel-
etal muscle tissue in vivo. We also observed that different IRES
elements and exon length influenced circRNA expression and
translation, revealing an exonic contribution to splicing, as evi-
denced by different RNA species produced. Taken together,
these data provide new insight into improving the design and
expression of synthetic circRNAs. When combined with AAV
capsid and promoter technologies, the backsplicing introns
and IRES elements constituting this modular platform signifi-
cantly expand the gene expression toolkit.

INTRODUCTION
Circular RNAs (circRNAs) are a class of covalently closed RNA mol-
ecules characterized by their highly stable nature.1 CircRNAs are both
widely and highly expressed; they can be formed from introns (e.g.,
self-splicing introns,2 tRNA introns,3 or retained lariats4,5) or, most
commonly in metazoans, by the backsplicing of pre-mRNA exons.
Exonic circRNAs are formed through a backsplicing process, in which
the spliceosome joins a downstream donor site to an upstream
acceptor site, creating a covalently closed circularized exon.6,7

Sequencing experiments have revealed thousands of circRNAs ex-
pressed from different cell types, tissue types, and organisms.1 How-
ever, the function of the majority of circRNAs is unknown, with the
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exception of a few well-characterized circRNAs, which act as miRNA
or protein sponges or are translated to produce protein products.7–9

Recent work has shown that overexpression of both endogenous and
synthetic circRNAs can enhance outcomes in multiple disease states.
For instance, restoration of the endogenous circRNA circFndc3b,
which is downregulated following cardiac injury such as myocardial
infarct, has been shown to enhance cardiac function and repair in
mice by regulating vascular endothelial growth factor (VEGF)
signaling.10 Another recent study demonstrated that synthetic circR-
NAs can be engineered into artificial miRNA sponges to decrease
increased miRNA levels associated with cardiac dysfunction in a hy-
pertrophic mouse model of disease.11 Similarly, overexpression of
circRNA ZNF532, an endogenous circular miRNA sponge, has
been shown to mitigate retinal degeneration in a diabetic mouse
model.12 Thus, circRNAs present a promising new class of therapeu-
tic RNA molecules.

The aforementioned studies were enabled by recombinant adeno-
associated virus (AAV) vectors that allow for the expression of
therapeutic circRNAs from target tissues/cell types.13–15 In humans,
a major cis element for circRNA formation is the presence of comple-
mentary Alu elements in the flanking introns.1,16 Inclusion of these
backsplicing elements within the AAV genomic cassette allows for
the production of circRNA products in transduced cells with signifi-
cantly greater stability than linear mRNAs.17 Further, addition of an
internal ribosome entry site (IRES) element preceding an open
reading frame (ORF) in the backsplicing cassette can enable circRNA
translation.17 These elements work in tandem to regulate both the
levels of circRNAs generated and the rate of protein synthesis. While
AAV-circRNAs show promise for several therapeutic applications,
erapy: Nucleic Acids Vol. 23 March 2021 ª 2021 The Authors. 821
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Figure 1. Distance requirements between Alu element and splice site differ in upstream and downstream introns

(A) A reporter was constructed by extracting portions of introns from the HIPK3 gene and placing them around a split GFP reporter exon. Inverted Alu repeats in the introns

interact, allowing for backsplicing to occur, forming a circRNA. The presence of an IRES sequence drives translation, leading to GFP protein expression. See Figure S1 for

intron sequences. (B) Sequence ranging from 100 nt to 1,500 nt was inserted into the left HIPK3 intron at the indicated position. See also Figure S2. (C and D) Constructs were

transfected into HEK293 cells and expression assayed at 4 days post-transfection by (C) western blot analysis, with actin as a loading control (quantification below), and (D)

(legend continued on next page)
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work to improve circRNA expression using AAV vectors has not been
explored.

In the current work, we interrogate molecular elements that influence
circRNA backsplicing and translation in vitro and in vivo. We find
that intronic backsplicing introns can tolerate insertions, in an
asymmetric manner that allows for the expression of dual circRNA
products. Further, we show that targeted intronic deletions result in
significantly enhanced circRNA generation. Additionally, changes
to exonic sequences affect multiple aspects of the splicing process,
leading to changes in the type and quantity of RNAs produced. We
also assess the impact of these newly optimized elements on circRNA
expression in mice and find that both circRNA formation and trans-
lation can be tissue specific. Our findings highlight how the nature of
different intronic and exonic elements can significantly impact syn-
thetic circRNA backsplicing and expression. Further, these studies
provide modular design principles for expression of synthetic
circRNA-based tools and a potential new sub-class of gene-based
therapeutics.

RESULTS
Backsplicing introns tolerate insertions, allowing for dual

circRNA expression

A common feature of introns that mediate backsplicing is the pres-
ence of inverted Alu elements or other complementary sequences.1

To interrogate how the distance between these complementary re-
gions and splice donor/acceptor sites affects backsplicing of a
circRNA, we utilized a previously reported system as a template,
wherein introns from the HIPK3 gene drive circularization of a split
GFP exon.17 Briefly, upon transcription, the introns drive formation
of a circRNA that unites the GFP ORF. Translation of the GFP ORF is
then initiated by an IRES within the circGFP RNA (Figure 1A; se-
quences in Figure S1).

To probe the impact of spacing in the introns, we first artificially
increased the distance between each Alu element and the splice site.
Random inserts ranging from 100 to 1,500 nt were designed with
nucleotide content similar to the HIPK3 introns but devoid of any
strong predicted secondary structure. We first inserted these into
the “left” intron (upstream of the splice acceptor site) at a site �100
nt from the splice acceptor (Figure 1B). The insertion of additional
distance was highly detrimental, as seen from western blots of GFP
protein and northern blots of the circRNA (Figures 1C and 1D).
Insertion of only 100 nt lowered the circRNA formation by �5-
fold, whereas greater distances effectively ablated circRNA formation.
northern blot analysis, probing for GFP sequences (quantification below). (E) Sequence ra

position. (F and G) Constructs were transfected into HEK293 cells and expression assa

control (quantification below), and (G) northern blot analysis, probing for GFP sequenc

Broccoli (tricY-Broccoli) were inserted into the same location in the right HIPK3 intron. (I

staining. (J and K) circRNA formation was assayed by (J) western blot analysis, with actin

for GFP sequences (quantification left). On northern blots, the asterisk refers to an additio

and methods and graphed relative to the unchanged HIPK3 intron construct. Student’s

0.0005; ****p < 0.00005.
Given that the HIPK3 splice acceptor has a large poly-pyrimidine
tract (Figure S1A) and to control for a possible impact on the branch
point environment, we created a second series of constructs in which
the additional sequences were inserted distal to the splice junction
and proximal to the Alu element (Figure S2A). This second set
behaved virtually identically, with insertion of 100 nt or more greatly
reducing circRNA formation and GFP expression (Figures S2B and
S2C).

We also created insertions in the “right” intron (downstream of the
splice donor site) (Figure 1E). Surprisingly, the effect of right inser-
tions was distinct from the left intron insertions, with sequences up
to 1.5 kb in length showing no effect on GFP expression or circRNA
formation (Figures 1F and 1G). Different RNA concatemers formed
in the case of the original HIPK3 intron were also observed in these
constructs with inserts in the right intron. Notably, these additional
bands/molecular entities were later resolved and found to be depen-
dent on other elements such as the IRES, as demonstrated later in this
report. We then replaced the randomized insert with a sequence en-
coding a Drosophila tRNA:TyrGUA gene carrying an intron contain-
ing the noncoding RNA-based fluorescent aptamer Broccoli.3,18 In
theory, this construct is expected to independently produce both a
GFP circRNA and a Broccoli tricRNA (tricY-Broccoli) (Figure 1H).
We observed robust tricY-Broccoli expression using an in-gel assay
(Figure 1I). Further, western and northern blot analyses confirmed
that tricRNA formation did not affect GFP protein or circRNA levels
(Figures 1J and 1K). Thus, not only can the distance between the
splice donor and the Alu element be increased without effect, but
an additional functional RNA element can be inserted in the intronic
region.

Synthetic intronic sequences increase circRNA expression

In counterpoint to the above experiments, we investigated the effect
of decreasing the distance between the Alu element and splice site
by deleting intronic sequences. As mentioned earlier, the HIPK3
splice acceptor has a large poly-pyrimidine tract; therefore, we pre-
served �125 nt proximal to the splice junction to create the LD42–
267 construct. In the right intron, we designed a full deletion
(RD10–654) and two smaller deletions (RD10–497 and RD161–
654), both of which preserve �150 nt distance (Figure 2A, deletions
numbered from the start of their respective introns). The ability of
these modified introns to support circRNA formation and translation
was then analyzed by GFP fluorescence, western blot, and northern
blot. With the LD42–267 construct we observed �2-fold higher
GFP and circRNA expression in comparison to the original construct
nging from 100 nt to 1,500 nt was inserted into the right HIPK3 intron at the indicated

yed at 4 days post-transfection by (F) western blot analysis, with actin as a loading

es (quantification below). (H) Sequences driving formation of a tricRNA containing

) tricY-Broccoli expression was verified by gel electrophoresis followed by DFHBI-1T

as a loading control (quantification below left), and (K) northern blot analysis, probing

nal circular band.Western and northern blots were quantified as detailed inMaterials

t test was performed to test for statistical significance. *p < 0.05; **p < 0.005; ***p <
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Figure 2. Partial truncation of intronic sequences increases circRNA expression

(A) Portions of the HIPK3 left and right introns were deleted; deletions are numbered from the start of their respective intron. (B–D) Constructs were transfected into HEK293

cells and expression assayed at 4 days post-transfection by (B) GFP fluorescence, (C) western blot analysis, with actin as a loading control (quantification below), and (D)

northern blot analysis, probing for GFP sequences (quantification below). (E) Either the left or right partial Alu element was deleted from the HIPK3 introns. (F and G)

(legend continued on next page)
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(Figures 2B–2D). The large RD10–654 deletion, which places the Alu
element within 20 nt of the splice junction, reduced circularization ef-
ficiency drastically. However, the smaller deletions were tolerated
without impacting circRNA biogenesis or GFP expression. Note
that both smaller deletions splice equally well, indicating a
sequence-independent effect. We then combined the upstream
LD42–267 and downstream RD10–497 deletions to create the mini-
mal LDRD intronic elements. The combination of deletions led to a
synergistic effect, increasing GFP expression and circRNA levels by
�5-fold (Figures 2B–2D). Deletion of either the left or right Alu re-
gions (Figure 2E) abrogated GFP expression and circRNA formation,
confirming the necessity of Alu elements in this system (Figures 2F
and 2G). Similar results were observed in both the U87 glioblastoma
and Huh7 hepatocarcinoma cell lines (Figure S3), suggesting that
regulation of backsplicing is conserved across diverse cell types.
Intronic spacing effects on circRNA formation are conserved

To ascertain if the conclusions generated from the HIPK3-derived in-
trons apply more generally, we conducted experiments with reporters
driven by two different intron pairs derived from the human
ZKSCAN1 gene or the Drosophila melanogaster Laccase2 gene (Fig-
ures S1B and S1C). We created three insertions in each intron pair
(L100, L500, and R1500) (Figures S4A and S4D). In both cases, inser-
tions in the left intron decreased circRNA expression. Insertion into
the right Laccase2 intron had no effect, while insertion into the right
ZKSCAN1 intron slightly decreased expression (Figures S4B, S4C,
S4E, and S4F). We also created deletion constructs for both Laccase2
and ZKSCAN1, designed to remove as much sequence as possible
based on our results in the HIPK3 intron pair. For ZKSCAN1, it
was not possible to design a deletion in the left intron because of space
constraints between the Alu element and splice site (Figure S4G). For
Laccase2, LD403–507 and RD15–118 constructs and a combined
deletion were created (Figure S4J). The ZKSCAN1 and Laccase2 de-
letions were all tolerated and expressed at equivalent levels to the orig-
inal (Figures S4H, S4I, S4K, and S4L). Therefore, the results from
additional intron pairs confirm that intronic spacing effects on
splicing efficiency appear to be conserved in general.
IRES elements regulate circRNA levels and translation

In our system, GFP expression is a product of both circRNA levels
and IRES activity. As circRNAs do not contain a 50 end, canonical
cap-dependent translation cannot occur, and thus must rely on
IRES elements to initiate cap-independent translation and protein
synthesis. We created versions of the HIPK3 split GFP construct con-
taining the encephelomyocarditis virus (EMCV) IRES, poliovirus
IRES, Kaposi sarcoma-associated herpesvirus (KSHV) vFLIP IRES,
or hepatitis C virus (HCV) IRES.19 circRNAs containing these
different IRES elements displayed variable levels of GFP expression,
Constructs were transfected into HEK293 cells and expression assayed at 4 days po

northern blot analysis, probing for GFP sequences. On northern blots, the asterisk refers

in Materials and methods and graphed relative to the unchanged HIPK3 intron construc

0.005; ***p < 0.0005; ****p < 0.00005.
with the poliovirus IRES-containing circRNA construct yielding
�5-fold higher expression compared to EMCV and KSHV IRES ele-
ments. In contrast, no GFP expression was observed with the HCV
IRES (Figures 3A and 3B). To directly assess translation efficiency,
we isolated polyribosome fractions and visualized the bound RNAs
by northern blot using a probe specific for GFP (Figure 3C). RNAs
associated with multiple ribosomes (polyribosomes) are translated
more efficiently, while those associated with two (disome) or a single
(monosome) ribosome are translated less efficiently. The circGFP
RNA containing the EMCV IRES was present onmono- and disomes,
althoughmuch of the circRNAwas untranslated, confirming previous
results.20 The KSHV IRES-containing circRNA was also present in
fractions corresponding to monosomes and disomes, although, like
the EMCV circRNA, a large portion of the circRNA was untranslated,
showing that low GFP protein levels are due to low translation effi-
ciency of these circRNAs. The poliovirus IRES-containing circGFP
RNA, in contrast, was detected in higher fractions corresponding to
multiple bound ribosomes, correlating with the observed higher levels
of GFP expression (Figure 3C). Confirming the lack of protein expres-
sion with the HCV IRES, a large majority of the circRNA was in an
unbound fraction; in contrast, a control linear GFP mRNA was de-
tected in high-weight polysome fractions (Figures S5A and S5B).
Overall, levels of RNA and protein of these constructs in U87 and
Huh7 cell lines were similar to those observed in 293T cells (Fig-
ure S6), suggesting that IRES-mediated translation efficiency of these
circRNA vectors is similar in vitro.

When visualizing the total RNA produced from these constructs
through northern blot, we noticed some differences. First, the total
amount of circRNA produced varied among the four constructs.
The HCV IRES construct expressed the highest levels of circRNA, fol-
lowed by KSHV, poliovirus, and finally EMCV IRES (Figure 4D).
Although the four IRES elements varied in size, there was not a strong
correlation between IRES (and therefore circRNA) size and circRNA
levels. Second, there were dramatic differences in the type of RNA
species produced, other than the circRNA. Notably, we observed an
RNA species smaller than the circRNA with both the poliovirus
and KSHV constructs. Additionally, the KSHV construct produced
several larger RNA species (Figure 4D). Interestingly, these higher
bands were detected in polyribosome fractions, while the small
RNA species was not (Figure 4C). Both the small RNA species and
the larger KSHV RNA species were RNase R resistant, suggesting
that they may also be circular (Figure 4E).
IRES elements significantly affect circRNA splicing patterns

To further interrogate the identity of the additional RNA species
observed, we first carried out RNase H digestion using an oligonucle-
otide that binds the backsplice junction, confirming the circular
st-transfection by (F) western blot analysis, with actin as a loading control, and (G)

to an additional circular band.Western and northern blots were quantified as detailed

t. Student’s t test was performed to test for statistical significance. *p < 0.05; **p <
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Figure 3. IRES elements affect translation efficiency and circRNA expression levels

The HIPK3 split GFP construct was created with either the EMCV, Polio, KSHV vFLIP, or HCV IRES elements. (A and B) Constructs were transfected into HEK293 cells and

expression assayed at 4 days post-transfection by (A) GFP fluorescence and (B) western blot analysis, with actin as a loading control (quantification below). (C) To assay

translation efficiency, the indicated constructs were transfected into HEK293 cells and harvested in cycloheximide followed by a sucrose gradient and fractionation. Top: OD

(legend continued on next page)
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nature of these RNA species. As expected, the bands corresponding to
the main circRNAs remained. Intriguingly, many of the higher KSHV
bands disappeared altogether or decreased in intensity, while the
bands corresponding to the main circRNA and small circRNA
increased in intensity, suggesting that these larger species may be con-
catemers (Figure S7A). We then probed total RNA with a probe spe-
cific to the backsplice junction. The RNA banding pattern was similar
to that observed with a probe to the GFP exon, suggesting that these
RNA species represent spliced products (Figure S7B).

To elucidate the identity of the additional spliced products produced
by poliovirus and KSHV circRNAs, we probed total RNA against the
construct’s respective IRES elements. This probe detected most of the
RNA species but was unable to detect the small circRNA, indicating
that this species lacks the IRES, suggesting that the IRES element
was spliced out of the RNA product (Figure S7C). We then performed
a virtual northern blot and extracted RNA corresponding to the small
circRNA.21 Following cDNA synthesis, PCR products were obtained
using primers amplifying across the IRES and sequenced, confirming
that the IRES was indeed spliced out of these circRNA products. In
both cases, a weak splice donor in the last two codons of GFP was
spliced to a weak acceptor at the end of the IRES (Figure S7D). Having
identified the splice sites involved, we abolished the alternative donor
site by making silent mutations in the GFP coding sequence, which
consequently eliminated formation of the small circRNA (Fig-
ure S7E). These results highlight the importance of identifying
weak donor/acceptor splice sites in the design of circRNA vectors.

Larger circRNA generation does not affect expression

The size of endogenous circRNA exons can range from�100 nt to >1
kb, averaging�700 nt.1,6 Our circGFP RNAs range in size from 1.1 to
1.5 kb in length, fairly large compared to endogenous circRNAs, but
express at high levels. To investigate whether exon length could be
further increased, a P2A self-cleaving sequence followed by the dsRed
ORF downstream of the end of the GFP ORF fragment (-FP) was
added, increasing the exon length by �750 nt to a total of 2.2 kb.
This larger exon was paired with both the original and LDRD
HIPK3 intron pairs and yielded GFP expression comparable to previ-
ous results (Figure 2), in addition to expressing dsRed (Figures 4A–
4C). Polyribosome analysis revealed that the GFP-dsRed circRNA
was present in fractions containing multiple translating ribosomes,
showing that it is efficiently translated (Figure 4D). When the P2A
sequence was added, removal of the GFP stop codon mutated the
weak splice donor site identified earlier. Accordingly, when the total
RNA species was analyzed by northern blot, only two species were de-
tected: the circGFP RNA and a larger RNA species (Figure 4E). RNase
R and RNase H analyses confirmed the circular nature of the putative
trace of the gradient, with fractions marked by lines. Middle: RNA was extracted from g

with methylene blue to visualize the ribosomal RNA. Bottom: the same membrane wa

circRNA is detected. (D) RNA from transfected cells was assayed by northern blot and pro

followed by northern blotting, probing for GFP sequences. On northern blots, the asteris

detailed in Materials and methods and graphed relative to the unchanged HIPK3 intron c

**p < 0.005; ***p < 0.0005; ****p < 0.00005.
circRNA band and revealed that the larger species was linear (Figures
4F and 4G). Probing for the backsplice junction revealed that both
bands contained the backsplice junction, indicating that the larger
linear species has undergone a splicing event (Figure 4H). These re-
sults show that both the endogenous and synthetic HIPK3 backsplic-
ing introns can mediate splicing of large circRNA products.

circRNAs can be highly expressed using AAV vectors in cardiac

and muscle tissue

To gather further insight into circRNA backsplicing and IRES-medi-
ated translation efficiency in vivo, we packaged DNA constructs con-
taining a cytomegalovirus (CMV) promoter driving (1) the original
HIPK3 intron and poliovirus IRES or (2) the LDRD intron and polio-
virus IRES with the split GFP exon and flanked by inverted terminal
repeats into AAV vectors (Figure 5A).17 Mice in each cohort were in-
jected intravenously with 3� 1011 vector genomes per animal, and tis-
sues were harvested at 4 weeks post-injection. The AAV vector genome
copy numbers were statistically indistinguishable between cohorts,
confirming equivalent dosing (Figure 5B). We then assayed circRNA
expression in cardiac, liver, and skeletal muscle tissues. Quantitative
RT-PCR was performed using a primer pair across the circRNA back-
splice junction and revealed that the LDRD intron pair led to signifi-
cantly higher circRNA expression: �4-fold higher expression in heart
and liver and �50-fold higher expression in muscle compared to the
original HIPK3 introns. In particular, circRNA expression in skeletal
muscle was detected at very low levels with the original HIPK3 introns,
while expression dramatically increased with the LDRD intron pair to
levels comparable to the heart and liver (Figure 4C). Immunofluores-
cent staining of sectioned tissue for GFP confirmed that the LDRD
construct demonstrated significantly higher GFP expression in the
heart (Figure 5D) as well as skeletalmuscle (Figure 5E). GFP expression
in the liver was low with both constructs, despite the difference seen in
circRNA expression, indicating that the poliovirus IRES does not trans-
late efficiently in liver (Figure S8). These results demonstrate that the
altering intronic distances can be exploited to regulate synthetic
circRNA levels in different tissues in vivo.

DISCUSSION
To date, the best-characterized cis elements associated with back-
spliced circRNAs are inverted repeat sequences such as Alu
elements.1,16 Current models postulate that these inverted repeat se-
quences base pair, bringing the splice sites in physical proximity. Our
studies provide further insight into the role of intronic and exonic el-
ements that can influence backsplicing efficiency. First, the physical
spacing between the base pairing and splice sites does not appear to
follow a simple relationship. Instead, we discovered an asymmetric ef-
fect, wherein the upstream inverted repeat must be within a few
radients, separated by gel electrophoresis, transferred to a membrane, and stained

s probed for GFP sequences. The arrowhead marks the last fraction in which the

bed for GFP sequences (quantification left). (E) RNAwas digested by RNase R (RnR)

k refers to an additional circular band. Western and northern blots were quantified as

onstruct. Student’s t test was performed to test for statistical significance. *p < 0.05;

Molecular Therapy: Nucleic Acids Vol. 23 March 2021 827

http://www.moleculartherapy.org


Figure 4. circRNA size can be increased without loss of expression

(A) A self-cleaving P2A peptide followed by the dsRed ORF was added to the exon at the end of the GFP fragment either in the original HIPK3 construct or in the LDRD intron

pair. (B and C) Constructs were transfected into HEK293 cells and expression assayed at 4 days post-transfection by (B) GFP and dsRed fluorescence and (C) western blot

analysis, with actin as a loading control (quantification below). (D) To assay translation efficiency, the construct was transfected into HEK293 cells and harvested in

(legend continued on next page)
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hundred nucleotides of the splice acceptor site and the downstream
inverted repeat can be separated from the splice donor site by >2
kb. This spacing effect appears to be conserved for three different
intron pairs derived from two distinct organisms, suggesting that
these principles could be applied to many or all complementarity-
driven circRNA intron pairs in designing synthetic circRNAs.

Given that it is detrimental to move the upstream repeat element far
from the splice site, we reasoned that moving the Alu element closer
may increase expression. In the HIPK3 intron pair, we removed�700
nt, which synergistically and significantly increased circRNA expres-
sion. This effect was observed in multiple transformed cell lines as
well as various mouse tissues. Interestingly, the deletions “activated”
circRNA expression in skeletal muscle tissue, which otherwise ex-
pressed extremely low levels. While themechanism behind this obser-
vation remains to be determined, our findings imply that tissue-spe-
cific circRNA expression can be achieved in a promoter-independent
manner.

Second,whengenerating a circRNA for protein expression, the IRES is a
critical element controlling translation.19,22,23 In our simplest interpre-
tation, we postulated that different IRES elements (and exonic elements
in general) could affect the strength of protein expression as well as the
cell/tissue specificity.While this was indeed the casewith different IRES
elements, we also observed unanticipated effects on splicing. It should
be noted that in all cases the intended circRNA was formed, and assays
that directly detect only the desired species would not report findings of
additional RNA species. The ability of a 30 splice site within an IRES to
activate weak upstream 50 splice sites has been previously shown in re-
porters of translation.24 Indeed, in three out of four tested IRES ele-
ments, weak splice sites led to the removal of the entire IRES. This linear
splice is consistent with known multi-exon circRNAs, in which inter-
vening intron sequences are not contained in the mature circRNA.
We also discovered that inclusion of the KSHV vFLIP IRES led to cre-
ation of multiple large circRNAs, whichmay represent concatemer for-
mation.We therefore propose thatwhendesigning a synthetic circRNA,
splicing analyses performedon sequences to be circularized could reveal
additional species. In corroboration, we also demonstrate that removal
or decrease in level of these aberrant splice products by mutation of
weak splice sites is readily feasible. Lastly, we also demonstrate that
the size of a backspliced circRNA can be increased significantly without
decreasing expression. This observation is consistent with earlier re-
ports that circularized exons tend to be longer than control exons1

and supports the notion that small exonswould be sterically suboptimal
for backsplicing to occur.
cycloheximide followed by a sucrose gradient and fractionation. Top: OD trace of the g

separated by gel electrophoresis, transferred to a membrane, and stained with methylen

GFP sequences. The arrowhead marks the last fraction in which the circRNA is detecte

GFP sequences (quantification above right). (F) RNAwas treated with RNase R, then ana

performed with an oligonucleotide targeting the backsplice junction. Samples were anal

northern blot and probed with an oligonucleotide spanning the backsplice junction. On n

blots were quantified as detailed inMaterials andmethods and graphed relative to the un

significance. *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.00005.
Interest in circRNA-based therapeutics has been growing,10,11,25

largely in part due to their long life span and resistance to RNA decay
mechanisms. Although the current study investigated molecular as-
pects of circRNA formation, our findings provide a road map for
rational design of synthetic circRNA cassettes. For instance, our dis-
covery that additional inserts are tolerated within the right intron can
be exploited to create bi-functional RNAmolecules from a single tem-
plate. Specifically, we demonstrate that a tRNA intron-derived
circRNA can be incorporated within the intronic sequence without
affecting backspliced circRNA formation. This insert could also be re-
placed by other non-coding RNAs such as miRNA precursors,
shRNAs, tRNAs, or RNA aptamers. Such a design allows for both
RNA species to be produced from the same RNA transcript, enabling
co-regulated expression. Additionally, the LDRD introns described in
this work are a minimal intronic pair that increases circRNA expres-
sion significantly (both in cell culture and in vivo), implying that
synthetic introns can be further engineered to improve backsplicing
efficiency. Further, this approach also helped reduce the length of
the expression cassette by two-thirds from the original intron,
enabling packaging into recombinant AAV vectors.

It is also noteworthy to compare the platform described here to other
systems for expressing synthetic circRNAs such as the Tornado system,
which relies on ribozyme cleavage and tRNA ligationmachinery,26 and
the use of permutated group I self-splicing introns.27 Although each
system has benefits and drawbacks, a backspliced circRNA platform
provides several distinct advantages, including (1) creation of seamless
circRNAs with no “scars” remaining in the mature product; (2) ability
to generate large (>1 kb) circRNA with high efficiency; (3) control by
RNA polymerase II (RNA Pol II) promoters, allowing for cell- and tis-
sue-specific expression or controlled expression;28,29 (4) lack of im-
mune response arising from exogenous linear RNAs;30,31 and (5)
compatibility with AAV-based delivery systems that allow long-term
gene expression in a wide range of tissues compared to non-viral deliv-
ery platforms.14,15 Overall, the molecular determinants regulating
circRNA expression examined in this work not only provide insight
into circRNA biogenesis but also provide design principles for engi-
neering synthetic circRNAs for gene therapy applications.

MATERIALS AND METHODS
Plasmids

Plasmids containing portions of the HIPK3, ZKSCAN1, and Laccase2
genes were previously described.16,32 New vector cassettes were con-
structed using these naturally occurring intron sequences and cloning
them into a plasmid backbone separated by a multiple cloning site. A
radient, with fractions marked by lines. Middle: RNA was extracted from gradients,

e blue to visualize the ribosomal RNA. Bottom: the same membrane was probed for

d. (E) RNA from transfected cells was analyzed by northern blot analysis, probing for

lyzed by northern blot, probing for GFP sequences. (G) RNase H (RnH) digestion was

yzed by northern blot and probed against GFP sequences. (H) RNA was analyzed by

orthern blots, the asterisk refers to an additional circular band. Western and northern

changed HIPK3 intron construct. Student’s t test was performed to test for statistical
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Figure 5. The LDRD intron pair afford increased circRNA expression in multiple murine tissues in vivo

(A) The indicated constructs were packaged into recombinant AAV9 vectors and injected intravenously into C57BL/6 mice (n = 5) at a dose of 3� 1011 vector genomes per

animal, then harvested 4 weeks post-injection. (B) AAV vector genomes per cell were quantified in each tissue by quantitative PCR (qPCR) for the CMV promoter, normalized

to themouse lamin B2 locus. (C) Quantitative RT-PCR performedwith primers amplifying GFP across the backsplice junction revealed increased circRNA expression with the

LDRD intron pair. circRNA expression is graphed relative to GAPDH (left) or normalized to HIPK3 Polio expression in each tissue (right). (D) Immunofluorescent staining of

sectioned cardiac tissue for GFP expression. The level of GFP expression was quantified by the corrected total cell fluorescence (CTCF) method (right). (E) Immunofluorescent

staining of sectioned skeletal muscle tissue showing GFP expression. The level of GFP expression was quantified by the CTCFmethod (right). Student’s t test was performed

to test for statistical significance. *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.00005.
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cassette containing an IRES (EMCV, Polio, KSHV, or HCV) and split
GFP was cloned between these intron sequences. The split GFP
cassette used was derived from the circGFP plasmid.33 All plasmids
830 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
were constructed in the pcDNA3.1 backbone. Random sequences
were designed to match the G/C base content of the HIPK3 introns
but controlled for lack of strong secondary structure. 1.5 kb
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randomized sequences for the left and right introns were then synthe-
sized. Sequences were inserted into the introns or exons using PCR
and restriction cloning. When necessary, site-directed mutagenesis
was used to make 1–2 nt changes to create a restriction enzyme site.

Cell culture

HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium
(Gibco, Gaithersburg, MD, USA) supplemented with 10% FBS (Milli-
pore-Sigma, Burlington, MA, USA) and 1% penicillin-streptomycin
and maintained at 37�C and 5% CO2. Cells were seeded into 6-well
plates and transfected at �70% confluency. Transfections were per-
formed using 2.5 mg of plasmid DNA (test constructs were equimolar,
with mass equalized using empty vector) and 12.5 mL of 1 mg/mL
PEI-MAX 40,000 (Polysciences, Warrington, PA, USA).

U87 cells were cultured in Dulbecco’s modified Eagle’s medium
(Gibco, Gaithersburg, MD, USA) supplemented with 5% FBS (Milli-
pore-Sigma, Burlington, MA, USA) and 1% penicillin-streptomycin
and maintained at 37�C and 5% CO2. Cells were seeded into 6-well
plates and transfected at �70% confluency. Transfections were per-
formed using 2.5 mg of plasmid DNA (test constructs were equimolar,
with mass equalized using empty vector) and Lipofectamine 3000 (In-
vitrogen, Carlsbad, CA, USA), following the manufacturer’s protocol.

Huh7 cells were cultured in Dulbecco’s modified Eagle’s medium
(Gibco, Gaithersburg, MD, USA) supplemented with 5% FBS (Milli-
pore-Sigma, Burlington, MA, USA) and 1% penicillin-streptomycin
and maintained at 37�C and 5% CO2. Cells were seeded into 6-well
plates and transfected at �70% confluency. Transfections were per-
formed using 2 mg of plasmid DNA (test constructs were equimolar,
with mass equalized using empty vector) and Lipofectamine 3000 (In-
vitrogen, Carlsbad, CA, USA) using equal amounts of P3000 and Lip-
ofectamine 3000 reagents, with the transfection mixture removed and
replaced with fresh medium after 24 h.

For all cell types, cells were imaged 4 days post-transfection using an
EVOS FL epifluorescence cell imaging system (AMC/Life Technologies,
Carlsbad, CA, USA) equipped with the GFP light cube (excitation
470 nm, emission 510 nm) or the Texas Red light cube (excitation
585 nm, emission 624 nm). Cells were harvested from the plate by pipet-
tingwith cold 1� PBS (HEK293,U87) or trypsinization (Huh7). The cell
suspension was separated into two tubes and centrifuged at 300� g for
4minat 4�C.Cell pelletswere suspended in either 1�PassiveLysisBuffer
(Promega,Madison,WI, USA) or TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA), placed on a rocker for 10 min at 4�C, and then stored at
�80�C prior to use. Lysates in Passive Lysis Buffer were centrifuged
for 5 min at 16,000� g at 4�C to remove cell debris prior to freezing.

Western blotting

Lysates were recovered using 1� Passive Lysis Buffer (Promega, Mad-
ison, WI, USA) and stored at �80�C. Equal volumes of samples were
denatured in sample buffer (200 mM DTT, 100 mM Tris pH 8, 2.5%
SDS, 20% glycerol) and heated to 100�C for 5 min before separation
on a 10% Tris-glycine gel and transfer to a nitrocellulose membrane.
Membranes were blocked overnight at 4�C in 5% non-fat milk in 1�
TBST. Membranes were blotted with primary antibody against GFP
(SC9996 1:1,000, Santa Cruz Biotechnology, Dallas, TX, USA) or
Actin (GT5512 1:10,000, GeneTex, Irvine, CA, USA). Stabilized
peroxidase-conjugated anti-mouse antibody was used as a secondary
antibody (NA931V 1:3,000, GE Healthcare, Chicago, IL, USA). Blots
were developed using SuperSignal West Femto substrate (Thermo
Scientific, Waltham, MA, USA) and visualized by the Chemilumines-
cence High Sensitivity protocol on a ChemiDoc XRS+ (Bio-Rad Lab-
oratories, Hercules, CA, USA). Quantifications were performed in
ImageJ using the gel analysis method.34
RNA extraction

RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA,
USA), following the manufacturer’s protocol. RNA was resuspended
in nuclease-free water and stored at �80�C until use.
Northern blotting

5 mg of RNA was resuspended in denaturing buffer (67% deionized
formamide, 6.7% formaldehyde, 1� morpholino propanesulfonate
[MOPS] running buffer), incubated at 65�C for 7 min, and cooled
on ice. Samples were separated on a 1.2% denaturing formaldehyde-
agarose gel in 1� MOPS running buffer and subsequently transferred
to Hybond N+ membrane (GE Healthcare, Chicago, IL, USA). Radio-
labeled probe was generated using the Prime-It II Random Primer La-
beling Kit (Agilent Technologies, Santa Clara, CA, USA) according to
manufacturer’s instructions. DNA templates for probe labeling were
generated by PCR or restriction enzyme digest from a plasmid tem-
plate. Radiolabeled probe was purified using illustra MicroSpin G-50
columns (GE Healthcare, Chicago, IL, USA), following the manufac-
turer’s protocol. Probe was then hybridized to the membrane in
Rapid-Hyb buffer (GE Healthcare, Chicago, IL, USA) at 55�C for 3
h. After washing, blots were visualized by exposure to film and radio-
label signal was quantified by exposure to a PhosphorImager screen fol-
lowed by scanning and quantification using an Amersham Typhoon
(GE Healthcare, Chicago, IL, USA). ImageQuant TL software was
used to quantify blots using the 1D gel analysis tool; background was
subtracted using the rolling circlemethod. For oligonucleotide probing,
the oligo was labeled with radioactive ATP using T4 Polynucleotide Ki-
nase (NEB, Ipswich, MA, USA), following the manufacturer’s protocol.
Radiolabeled probe was purified as above and hybridized to membrane
in Rapid-Hyb buffer (GEHealthcare, Chicago, IL, USA) at 42�C for 3 h.
After washing, blots were visualized and quantified as described above.
In-gel tricRNA visualization

5 mg of RNA was resuspended in denaturing buffer (67% deionized
formamide, 6.7% formaldehyde, 1� MOPS running buffer), incu-
bated at 65�C for 7 min, and cooled on ice. Denatured samples
were separated on a 10% Trisborate/EDTA (TBE)-urea gel run at
300 V. The gel was washed three times in water and then stained
for 30 min in DFHBI-1T fluorescent probe staining solution
(40 mM HEPES pH 7.4, 100 mM KCl, 1 mM MgCl2, 10 mM
DFHBI-1T). The stained gel was imaged with an AmershamTyphoon
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(GE Healthcare, Chicago, IL, USA), using the 488 excitation/526
emission setting.

RNase R treatment

5 mg of RNAwas treated with 5 units of RNaseR (Lucigen, Middleton,
WI, USA) at 37�C for 10 min. Enzyme was inactivated at 95�C for
5 min. The resulting RNA was visualized by northern blotting. RNase
R minus samples were treated in the same manner in the absence of
enzyme.

Polyribosome isolation

HEK293 cells were seeded overnight into 10 cm plates and were trans-
fected at �70% confluency using PEI Max with 8 mg of the indicated
plasmids. 24 h post-transfection, cells were split and seeded 1:2 into
10 cm plates. Cells were grown to 60–70% confluency, then incubated
in media containing cycloheximide (CHX, 100 mg/mL) for 10 min at
37�C, followed by two washes with ice-cold PBS containing CHX. Cells
were lysed (20mMTris-HCl pH7.4, 140mMKCl, 5mMMgCl2, 1mM
DTT, 1% Triton X-100) and passed through a 27 1/2-gauge needle five
times to disrupt cell membranes. Lysates were spun to remove nuclei
and spun again to remove remaining cellular debris. Clarified lysate
was loaded on top of a linear 10–50% sucrose gradient prepared in
polysome gradient buffer (20 mM Tris-HCl pH 7.4, 140 mM KCl,
5 mM MgCl2) and spun for 2 h at 32,000 rpm in a SW41 swinging
bucket rotor with no break. Gradients were fractionated into 750 mL
fractions with continuous monitoring of absorbance at 254 nm
using a Brandel gradient fractionator system. RNA was extracted
from each gradient fraction using TRIzol reagent according to theman-
ufacturer’s directions and visualized by northern blot as described
above.

Virtual northern procedure

5 mg of RNA was separated on a denaturing agarose as for a northern
blot (see above). The gel was stained with ethidium bromide to visu-
alize the ribosomal RNA. Pieces of the gel corresponding to the larger
and smaller circRNAs were cut based on distance from the 18S rRNA
(distances measured from a northern blot). RNA was extracted from
the gel with a QIAquick Gel Extraction Kit (QIAGEN, Germantown,
MD, USA), using a modified protocol (J. Knobloch, Heinrich Heine
University, Düsseldorf, Germany). RNA was DNase treated using
the Turbo DNA-free kit (Ambion, Austin TX, USA). Equal nanogram
amounts of DNase-treated RNA were converted to cDNA using the
High Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City,
CA, USA). Products of this reverse transcription reaction were uti-
lized as template for PCR using primers specific to the backsplice
(50-CTGCTTGTCGGCCATGATATAGACGTTGTGGC-30, 50-CAA
GCTGACCCTGAAGTTCATCTGCACCACC-30) or primers span-
ning the IRES element (50-GGCCGACAAGCAGAAGAACGGCAT
CAAG-30, 50-GGTGGTGCAGATGAACTTCAGGGTCAGCTTG-
30), followed by sequencing of the purified PCR products.

Recombinant AAV vector production

A triple plasmid transfection protocol with modifications was used to
generate recombinant AAV vectors. Briefly, the transfection mixture
832 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
contained (1) the pXR helper plasmid; (2) the adenoviral helper
plasmid pXX6-80; and (3) the indicated transgene, driven by a
CMV promoter and a SV40 polyA, flanked by AAV2 inverted termi-
nal repeats (ITRs). Vector purification was carried out following poly-
ethylene glycol (PEG) precipitation (8%w/v) frommedia supernatant
using iodixanol gradient ultracentrifugation and desalting with Ze-
baSpin desalting columns (40K MWCO, Thermo Scientific, Wal-
tham, MA, USA). Vector genome (vg) titers were obtained by quan-
titative PCR (Lightcycler 480, Roche Applied Sciences, Pleasanton,
CA, USA) using SYBR Green (Roche Applied Sciences, Pleasanton,
CA, USA) and primers designed to selectively bind AAV2 inverted
terminal repeats (forward, 50-AACATGCTACGCAGAGAGGG
AGTGG-30; reverse, 50-CATGAGACAAGGAACCCCTAGTGAT
GGAG-30).
Intravenous administration of AAV vectors

Animal experiments reported in this study were conducted with
C57BL/6 mice bred and maintained in accordance with NIH guide-
lines as approved by the Duke Institutional Animal Care and Use
Committee (IACUC). Animals were injected intravenously through
the tail vein with 3 � 1011 vg/animal. At 4 weeks post-injection,
mice were overdosed with tribromoethanol (Avertin) (0.2 mL/10 g
of 1.25% solution) via the intraperitoneal route. This was followed
by transcardial perfusions of phosphate-buffered saline. Portions of
the harvested organs (heart, liver, skeletal muscle) were cut and stored
in RNAlater solution (Invitrogen, Waltham, MA, USA); the
remainder was postfixed in 4% paraformaldehyde. For this study,
n = 5 mice were injected for each construct.
Quantification of vector genome copy number in tissues

Genomic DNA was extracted from sections of fixed tissue using the
QiaAmp DNA FFPE Tissue Kit (QIAGEN, Germantown, MD,
USA). To calculate viral genome copy numbers, quantitative PCR
was performed with primers specific to the CMV promoter (50-CA
AGTACGCCCCCTATTGAC-30 and 50-AAGTCCCGTTGATTTTG
GTG-30). The vector genome copy numbers were normalized to the
mouse lamin B2 locus as the housekeeping gene (primers 50-GGACC
CAAGGACTACCTCAAGGG-30 and 50-AGGGCACCTCCATCTC
GGAAAC-30).
RT-PCR

5 mg of RNA was DNase treated using the Turbo DNA-free kit (Am-
bion, Austin, TX, USA). Equal nanogram amounts of DNase-treated
RNA were converted to cDNA using the High Capacity RNA-to-
cDNA kit (Applied Biosystems, Foster City, CA, USA). Products of
this reverse transcription reaction were utilized as template for PCR
(or quantitative PCR) using gene-specific primers for GFP (50-CT
GCTTGTCGGCCATGATATAGACGTTGTGGC-30, 50-CAAGCTG
ACCCTGAAGTTCATCTGCACCACC-30) and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) (50-CCACTCCTCCACCTTT
GAC-30, 50-ACCCTGTTGCTGTAGCC-30). Quantitative PCR was
carried out using a Roche Light-Cycler 480 and SYBR Green Master-
mix (Roche Applied Sciences, Pleasanton, CA, USA).
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Tissue processing and immunohistochemistry

For heart and liver, 50-mm-thick sections were obtained from fixed
tissue using a Leica VT 1200 S vibrating blade microtome (Leica Bio-
systems, Buffalo Grove, IL, USA). Immunohistochemical analyses of
GFP expression were conducted using an antibody against GFP
(G10632, Invitrogen, Waltham, MA, USA) and Alexa Fluor goat
anti-rabbit 488 (1:500, Invitrogen A-11008) secondary antibody.
Sections were mounted on slides in ProLong Gold Antifade Mount-
ant with DAPI (P36935, Invitrogen, Waltham, MA, USA). Imaging
was performed on an Aperio ScanScope XT (brightfield) or an
Aperio ScanScope FL (fluorescence) at 20�magnification (Transla-
tional Pathology Lab, UNC). Fluorescence was quantified in ImageJ
by the corrected total fluorescence method.34 Skeletal muscle sam-
ples were processed by the UNC Translational Pathology Lab for
mounting and sectioning, followed by immunofluorescence (GFP
ab13970, Abcam, Cambridge, UK) and slide scanning. Fluorescence
was then quantified in ImageJ by the corrected total fluorescence
method.34
Statistical analysis

Statistical analysis was carried out using an unpaired, one-tailed Stu-
dent’s t test. Significance symbols are defined as follows: n.s., not sig-
nificant; *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.00005. Data
are graphed as mean ± standard deviation.
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