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Circular RNAs (circRNAs) sequester microRNAs (miRNAs)
and repress their endogenous activity. We hypothesized that
artificial circRNA sponges (circmiRs) can be constructed to
target miRNAs therapeutically, with a low dosage requirement
and extended half-lives compared to current alternatives. This
could present a new treatment approach for critical global pa-
thologies, including cardiovascular disease. Here, we con-
structed a circmiR sponge to target known cardiac pro-hyper-
trophic miR-132 and -212. Expressed circmiRs competitively
inhibited miR-132 and -212 activity in luciferase rescue assays
and showed greater stability than linear sponges. A design con-
taining 12 bulged binding sites with 12 nucleotides spacing was
determined to be optimal. Adeno-associated viruses (AAVs)
were used to deliver circmiRs to cardiomyocytes in vivo in a
transverse aortic constriction (TAC) mouse model of cardiac
disease. Hypertrophic disease characteristics were attenuated,
and cardiac function was preserved in treated mice, demon-
strating the potential of circmiRs as novel therapeutic tools.
Subsequently, group I permutated intron-exon sequences
were used to directly synthesize exogenous circmiRs, which
showed greater in vitro efficacy than the current gold standard
antagomiRs in inhibiting miRNA function. Engineered
circRNAs thus offer exciting potential as future therapeutics.

INTRODUCTION

Heart failure is the final common pathology for a myriad of cardiovas-
cular diseases such as hypertension, metabolic syndrome, valve dis-
ease, and others." It is a major cause of mortality and morbidity
worldwide,” and poses a significant healthcare burden, with the press-
ing need for novel therapeutic approaches. Here, we present the
development of a treatment strategy, using artificially designed circu-
lar RNA (circRNA) to target microRNAs (miRNA) in order to
ameliorate pathological left ventricular hypertrophy.

As fine-tuners of gene expression, miRNAs play essential roles in
normal development and homeostasis, dysregulation of which has
been implicated in the pathogenesis of various diseases.”* Hence, tar-
geting candidate miRNAs presents an exploitable therapeutic avenue.
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The first anti-miRNA therapeutic drug, Miravirsen, has shown effi-
cacy in phase II clinical trials against hepatitis C virus infection
with minimal side effects.” While the continuous development
and optimization of existing miRNA interference technology has
conferred therapeutic benefits in clinical trials, many challenges
remain. These include short half-lives, off-target effects, and
potential accumulation of non-metabolizable molecules such as
locked nucleic acid (LNA) nucleotides.”®

5,6

circRNAs belong to an emerging class of noncoding RNA that exist in
circular instead of canonical linear form. The cellular splicing mech-
anism plays a central role in the biogenesis of circRNAs from pre-
mRNAs. circRNA are generated through a back-splicing reaction
where the 5’ splice donor site of a downstream exon is fused to the
3’ splice acceptor site of an upstream exon.” "' Recently, there has
been emerging evidence of endogenous circRNAs functioning as
miRNA sponges. The first two circRNAs to be elucidated as miRNA
sponges were ciRS-7 and circSRY.'* More than 70 seed sites for miR-7
were identified in ciRS-7, and 16 miR-138 sites were identified in
circSRY.'? Of note, following miR-7 binding, ciRS-7 levels remained
unaffected, whereas co-tested linear miR-7 sponge constructs saw an
approximate 2-fold decrease in abundance, presumably the result of
exonucleolytic degradation.'” Thus, the circularity of the circRNA
may confer resistance to degradation upon miRNA binding.'” circR-
NAs are also protected against RNase mediated exonucleolytic decay
due to non-requirement of a 5’ cap and a 3’ poly(A) tail."”> This is
consistent with the typical observation of deadenylation and decapp-
ing when miRNA bind to their canonical linear mRNA targets."’

From a therapeutic viewpoint, an ideal miRNA interference technol-
ogy should exhibit high miRNA inhibitory activity at a low dosage
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and enhanced stability. circRNAs carry the valuable trait of resistance
against nuclease degradation without need for chemical modifica-
tions. Importantly, these stable circles thus likely enter a natural bio-
logical degradation pathway, which may not be the case for mixmer
anti-miR drugs. With foresight, circRNAs have the potential to sus-
tain miRNA suppression for prolonged time periods and would in
turn require minimal dosage, or longer dosing intervals, as compared
to linear miRNA inhibitor administration.

In this study, we constructed a circular miRNA sponge, termed “circ-
miR,” which was engineered as a custom sponge to sequester target
miRNAs of interest. As proof of concept, we chose the mouse pres-
sure-overload-induced cardiac hypertrophy disease model to test our
circmiR. Pathological hypertrophy associates with cardiac dysfunction
and fibrotic remodeling, leading to wall stiffness, which compromises
systolic and diastolic function, and ultimately progresses to heart fail-
ure."* Cardiac hypertrophy is one of the strongest prognostic factors
in patients with heart disease,'” and reduction in pathological hypertro-
phy or adverse myocardial remodeling represents a therapeutic goal for
cardiovascular pharmacotherapy.'*'® It was recently shown that miR-
212/132 family expression is upregulated in cardiomyocytes following
hypertrophic stimuli and miR-212/132 necessarily drive pathological
hypertrophy.'” Pharmacological targeting of miR-132 by antagomiRs
reduces cardiac hypertrophy progression, and abrogates heart failure
in rodent models,'” and is currently entering phase I clinical trials.'®"
Hence, the circmiR was designed to target the miR-212/132 family to
test its effectiveness against miRNA inhibition as a new development
for pharmacotherapy.

Here, we address the importance of optimizing crucial parameters in
engineered circmiRs such as the number and type of binding sites to
be incorporated, as well as between-site spacer sizes. Cardiomyocyte-
specific in vivo delivery of optimized circmiRs, targeting the miR-212/
132 family, attenuated left ventricular hypertrophy. Furthermore,
circmiRs exhibited improved efficacy compared to equimolar phar-
macological antagomiRs in vitro and enhanced stability compared
to linear counterparts. Our study introduces the first instance of ther-
apeutic application of a targeted miRNA interference technology,
circmiRs, in vivo.

RESULTS

Design and Circularization of miRNA Sponge Sequences

miRNA binding sites (MBSs) were engineered as illustrated in Fig-
ure 1A, and bulged binding sites were introduced by one deletion
and three mismatches in the MBSs (Figure 1A). The miRNA sponge
was designed initially to carry a total of 12 alternating bulged miRNA
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binding sites, 6 for each of miR-132 and miR-212, with a 6 nucleotide
(nt) separation space between miRNA binding sites (Figure 1B). The
values for these parameters were based on optimization studies pre-
viously carried out for linear miRNA sponge design.””’

To circularize the miRNA sponge, we flanked the sequence with in-
verted complementary introns (Figure 1C). The head-to-tail junction
of the consequent circmiR was detected by quantitative real-time PCR
using divergent primers and confirmed by Sanger sequencing (Fig-
ure 1D). To test whether shorter flanking intronic sequences could
also lead to efficient circularization, we trimmed the intronic se-
quences (Figure 1E). However, a significant decrease in circmiR
and increase in linear pre-mRNA levels was observed, suggesting
lower circularization efficiency with shorter flanking introns (Fig-
ure 1F). Hence, the construct with long inverted introns was used
for the rest of the study.

Functional Efficacy Testing and Optimization of circmiR Design
In Vitro

First, to validate circmiR function, miR-132 and -212 binding sites
were inserted into the 3’ untranslated region (UTR) of a Renilla lucif-
erase construct from the dual-luciferase reporter system. Co-trans-
fecting this construct with miR-132 and miR-212 mimics into
HEK293T cells caused a significant reduction in Renilla activity, as ex-
pected (Figure 2A). Upon introduction of circmiR carrying bulged
miRNA binding sites, Renilla activity was significantly rescued,
compared to introduction of a negative control sponge (circScram),
in which miR binding sites were scrambled (Figure 2A).

The circmiR structural design was next optimized by testing the effect
of different spacer lengths, type of binding sites, and total number of
binding sites. Previously, linear miRNA sponges showed effective
miRNA inhibition with short spacers between miRNA binding sites.”’
However, short spacer sequences in a circular structure may conceiv-
ably exert tension on neighboring binding sites, affecting miRNA bind-
ing. To examine whether longer spacer lengths are preferable, we con-
structed bulged circmiRs with different spacer lengths as follows: 6, 12,
24, 36, and 72 nt. The 12-nt spacer construct produced the greatest
rescue effect (Figure 2B). Spacer sizes greater than 12 nt showed
reduced rescue of Renilla activity (Figure 2B). Notably, the 6-nt and
36-nt spacer constructs showed similar rescue effects (Figure 2B).

Bulged circmiR constructs were also generated containing 2, 6, 8, 12,
and 16 binding sites, separated by 12-nt spacers, per sponge. The
rescue effect of circmiR increased with increasing number of binding
sites, but no significant difference was seen between circmiRs

Figure 1. Engineering of a Circular miRNA Sponge

(A) Design of a perfect complementary or imperfect bulged miRNA binding site. The bulge is created by one base deletion and three base mismatches at positions 9-12 nt.
Seed regions are highlighted in yellow. (B) Schematic illustration of miRNA sponge construct carrying 12 binding sites separated by 6 nt spacers. (C) Schematic illustration of
circmiR expression construct, indicating positions of the convergent (gray arrows) and circmiR-specific divergent (black arrows) PCR primer binding sites. (D) Sanger
sequencing of PCR product following amplification with divergent circmiR primers confirming back-splicing of the miRNA sponge construct. (E) Schematic of varying length of
intronic sequences, short and long, flanking the MIRNA sponge sequence. (F) Expression abundance of circRNA derived from constructs with short or long flanking intronic
sequences in transfected HEK293T cells using gPCR. (n = 3); “*p < 0.01, **p < 0.001. Student’s t test.
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containing 12 and 16 binding sites (Figure 2C). Bulged miRNA bind-
ing sites are preferred over perfect binding sites in linear sponge
sequences since the latter result in degradation via RISC-mediated en-
donucleolytic cleavage upon miRNA binding.”""** To determine
whether circmiRs suffer the same fate, we compared circmiRs with
either bulged or perfect miRNA binding sites. Regardless of the spacer
size, expression of perfect circmiRs failed to rescue Renilla activity
(Figure 2D). However, bulged circmiRs rescued Renilla expression
consistently, and this effect was influenced by their spacer sizes as
before (Figure 2D). Interestingly, upon miRNA mimic treatment,
both bulged and perfect circmiRs carrying 12 miRNA binding sites
separated by 12-nt spacers were degraded (Figure 2E). However,
the perfect circmiRs were degraded to a much greater extent than
bulged circmiRs (785-fold and 27-fold respectively; Figure 2E). These
luciferase experiments were replicated in H9C2 rat cardiomyocytes
where luciferase activity was similarly rescued only by bulged but
not perfect circmiRs, each carrying 12 miRNA binding sites separated
by 12-nt spacers (Figure S1).

Altogether, we concluded an optimal circmiR design, comprising of
12-nt spacers with 12 bulged miRNA binding sites. This design was
used for all further experiments.

In Vivo circmiR Administration Attenuates Disease in a Mouse
TAC Model

Hypertrophic stimuli reportedly upregulate cardiomyocyte expres-
sion of miR-132 and miR-212, which are necessary to drive patholog-
ical hypertrophy.'” We confirmed the upregulation of both miR-132
and miR-212 in our in vivo transverse aortic constriction (TAC) car-
diac pressure overload mouse model, although at a later time point
than previously reported (Figure S2).

Next, adeno-associated virus (AAV) serotype 9 vectors were em-
ployed to deliver and express constructs in vivo, specifically in cardi-
omyocytes (CMs), using the cardiac troponin T (cTnT) promoter.>
AAV vectors expressing either circScram, circmiR, or a linear miR-
212/132 sponge (linsp) were injected intra-peritoneally 1 week before
TAC surgery (Figure 3A). Successful targeted expression was vali-
dated by quantitative PCR (qPCR)analysis of isolated CMs (Fig-
ure 3B). Specific divergent primers detected circScram and circmiR
constructs, respectively, whereas convergent primers detected linsp
constructs, as expected (Figures 3B and S3).

Cardiac function was evaluated by weekly echocardiographic mea-
surements. Ejection fraction, a parameter of systolic cardiac function,
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was significantly compromised in TAC-operated circScram mice,
whereas both circmiR and linsp mouse groups showed improved
preservation of cardiac function up to 4 weeks post-TAC (Figure 3C).
Pressure overload induces pathological cardiac wall thickening (hy-
pertrophy).”* 4 weeks post-TAC, interventricular septal (IVS) and
left ventricular posterior wall (LVPW) thickness of both circmiR
and linear sponge groups were significantly reduced, compared to
circScram (Figures 3D and 3E). Thus, pathological hypertrophy was
significantly attenuated in the circmiR and linear sponge treated
groups, compared to circScram controls.

The heart weight to tibia length ratio, another measure of cardiac hy-
pertrophy, increased post-TAC in both circScram and linsp mice,
whereas heart weight in circmiR mice remained similar to sham levels
(Figure 3F). Morphologically, CM diameter trended to increase in
both circScram and linsp mice more so than circmiR mice, in which
CM diameter was again similar to those of sham mice, although these
changes did not reach statistical significance (Figure 3G).

The expression levels of canonical CM stress markers Nppa, Nppb,
and Myh7 were significantly increased post-TAC in circScram-
treated hearts compared to sham levels (Figure 3H). These stress
markers were attenuated in circmiR-treated hearts, for which de-
creases in Nppb and Myh7 were statistically significant (Figure 3H).
Attenuation of stress markers was also observed in linsp-treated
hearts but did not reach statistical significance (Figure 3H). Interest-
ingly, the detected abundance of miR-132 and -212 were markedly
higher in both circmiR and linsp groups compared to circScram con-
trols (Figure 3I). Conceivably, this may be caused by retention of
sequestered miRNAs without degradation, due in part to bulged bind-
ing sites (Figure 2E). Both circmiR and linsp did conversely appear to
reduce miR-212/132 abundance in HEK293T cells in vitro (Figure S4),
possibly reflecting the considerable differences between cell types, and
in vitro versus in vivo environments.

Generation of Synthetic circmiRs

Next, we sought to compare the efficacy of synthesized circmiRs
against pre-existing antagomiR technology. Synthetic circmiRs, in
contrast to vector driven expression, allow for a direct route of deliv-
ery and controlled, temporal dosing. Dosage comparisons can also be
made directly between the two technologies, unlike potentially
saturating expression through AAV, which may be long-term when
transduced in non-dividing adult cardiomyocytes. We leveraged
the permutated intron-exon (PIE) method to generate in vitro
synthesized circmiRs (Figure 4A).”>*” Group I introns, a class of

Figure 2. Engineered circmiRs Are Efficient Sponges of miR-132 and -212

Luciferase rescue reporter assays using dual reporter constructs with miR-132 and -212 binding sites inserted into the 3’ UTR of the Renilla luciferase gene. HEK293T cells
were co-transfected with dual reporter plasmid psiCheck2, miR-132 and -212 mimics, and respective circRNA expression constructs for 48 h, to determine (A) the effect of
circmiR versus circScram, (B) the effect of circmiR with different spacer lengths as follows: 6, 12, 24, 36, and 72 nuclectides, (C) the effect of circmiR with different numbers of
miRNA binding sites as follows: 2, 6, 8, 12, 16, and (D) the effect of bulged versus perfect complementary miRNA binding sites. RNAhybrid prediction of structures are shown
for each binding site type upon miRNA binding. (n = 3); “p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001 relative to control with mimics. One-way ANOVA with Benjamini-
Hochberg adjustment. (E) Expression abundance 48 h post-transfection of circmiRs carrying either 12 bulged or perfect miRNA binding sites in the presence or absence of
mimics in HEK293T cells using gPCR. (n = 3); **p < 0.01 relative to control without mimics. Student’s t test.
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autocatalytic ribozymes, carry out efficient splicing between reversed
splice sites.”> >’ Constructs therefore consisted of fused exons flanked
by half-intron sequences and were made to undergo two successive
transesterifications, resulting in the excision of a circular miRNA
sponge product (Figure 4A).

Using this strategy, we inserted our miRNA sponge sequence between
two exon regions (exon 1 and 2) of the PIE construct flanked by 3’ and
5’ intron halves of the permutated group I intron of the T4 phage thy-
midylate synthase (Td) gene (Figure 4A). circmiRs synthesized by
in vitro transcription were confirmed to be resistant to RNase R degra-
dation (Figure 4B). Interestingly, however, subsequent Sanger
sequencing revealed that splicing had not occurred exactly at the pre-
dicted regions. Instead, self-ligation occurred between a region within
the 3" half intron and at the end of the 3’ miRNA sponge sequence (Fig-
ure S5). Regardless, the resulting circmiRs were purified at high yields,
and significantly rescued Renilla activity by 4-fold when co-transfected
with miR-212/132 mimics in our in vitro luciferase reporter model
(Figure 4C). Individual datapoints are displayed in Figure S6. More-
over, this effect was significantly greater than the 2-fold rescue effect
of Renilla activity by equimolar antagomiRs (Figure 4C). Synthetic
circmiR was more efficacious than 2-, 4-, and 6-fold higher molar con-
centrations of antagomiRs (Figure S7; see Materials and Methods for
calculation of molar concentrations). Hence, in this system, our syn-
thetic circmiR product appeared more efficacious than antagomiRs
in vitro. However, the rescue effect was lower than that of plasmid
driven expression of circmiRs, potentially due to plasmid transfection
producing higher copy numbers of circRNA products in cells
(Figure 4C).

circmiRs Are More Stable Than Linear miRNA Sponges

Finally, the stability of circmiRs in comparison to linear miRNA
sponge constructs was investigated. HEK293T cells were transfected
with plasmids driving either circmiR or linear sponge expression or
with synthetically generated circmiR or linear sponge constructs.
Transcription was inhibited with actinomycin D and total RNA
was harvested at indicated time points.

As anticipated,”®”” measured by qPCR, positive control 18S abun-
dance was highly stable across the 72 h time period, whereas a
decrease in abundance of the less stable c-Myc transcript (MYC)
was observed, exhibiting a half-life of 6 h. Plasmid-expressed circmiRs
were resistant to nuclease degradation and were stable for up to 72 h
(Figure 5A). In contrast, the turnover rate of the linear sponge RNA
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was comparable to that of an mCherry reporter (half-lives < 24 h),
also expressed from the same construct. Similar to plasmid-expressed
circmiR, the synthetic circmiR was stable for up to 72 h, compared to
synthetic linsp RNA (half-life < 24 h) (Figure 5B). Thus, these results
strongly demonstrate that regardless of the source of circmiR produc-
tion, plasmid-driven, or synthetically produced, circular constructs
are more stable than their linear counterparts.

DISCUSSION

circRNAs have been propelled to recent attention, highlighted by
their abundant endogenous expression, and function as miRNA
sponges.'>*® Compared to other anti-miR technology implemented
to date, circmiRs, without the requirement for chemical modifica-
tions, are likely to be well tolerated in biological systems. Our present
study exploits the natural potential of the circular structure to engi-
neer a therapeutic tool for miRNA antagonism. Here we demonstrate
the successful construction and in vivo testing of artificial circmiRs as
miR-132 and miR-212 antagonists.

circRNAs are more stable than linear RNAs due to the covalent linkage
of their ends and our in vitro experimental evidence concurs with this
greater stability, compared to linear sponge constructs. This is an ad-
vantageous feature of circRNAs as a therapeutic tool. Longer flanking
introns promote more efficient back-splicing than shorter flanking in-
trons and this has been well repor'[ed.28’30’31 In our study, we used the
longer flanking introns to maximize circularization efficiency. How-
ever, if the circmiR design needs to be more compact due to viral vector
space constraints, shorter flanking introns could be incorporated.

Importantly, we found that circmiRs constructed with 12 perfect sites
showed poor miRNA inhibitory effect compared to bulged circmiRs.
This could be due to the susceptibility of circmiRs containing perfect
binding sites to degradation upon miRNA binding by Ago2-mediated
cleavage, which is not the case for bulged sites.”>*>* Furthermore, it
has been reported that the presence of a near-perfect miR-671 site
abolished functionality of an endogenous circular miRNA sponge,
CiRS-7, through RISC mediated endonucleolytic cleavage.'>** Alto-
gether, the differences in spatial and structural distribution have vary-
ing effects on circmiR functionality. Hence, circmiR design plays
utmost importance to its resulting structure that in turn determines
its effectiveness as a miRNA inhibitor.

In a recent study describing the synthesis of a circular sponge
comprising 8 miRNA binding sites, both bulged or perfect binding

Figure 3. circmiR Therapy Attenuates Pressure Overload-Induced Hypertrophy

(A) Experimental strategy to test circmiR therapeutic or circScram/linsp control constructs in vivo by AAV9 injection to 7-week-old mice. TAC surgery was performed one
week later. Weekly echocardiography was conducted up to 4 weeks post TAC surgery before sacrifice. (B) Expression abundance of products from AAV construct circ-
Scram, linsp, and circmiR in isolated cardiomyocytes using gPCR. (C-E) Echocardiographic analysis of (C) ejection fraction, (D) interventricular septal thickness, and (E) left
ventricular posterior wall thickness in circScram, linsp, and circmiR injected mice and sham-operated controls. (F) Heart weight to tibia length ratios and (G) cardiomyocyte
diameter measured by immunofluorescence analysis of WGA and cTnl staining to visualize cell membrane and cardiomyocytes respectively in circScram, linsp, and circmiR
injected mice and sham-operated controls. (H) Expression levels of cardiac stress response genes Nppa, Nppb, and Myh7/Myh6 ratio in isolated cardiomyocytes using
gPCR. (l) miR-132 and miR-212 expression levels in isolated cardiomyocytes using qPCR. For all data, circScram (n = 12), circmiR (n = 11), linsp (n = 11), and sham (n = 9)
except (F) and (G) where circScram (n = 10), circmiR (n = 11), linsp (n = 10) and sham (n = 7). *p < 0.05, **p < 0.01, ***p < 0.001, and ***p < 0.0001 (sham versus circScram).
#n < 0.05, p < 0.01, and **p < 0.001 (circScram versus circmiR/linsp). One-way ANOVA with Benjamini-Hochberg adjustment.
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circmiR compared to its linear counterpart.
However, therapeutically, a pharmacological
agent that is more precisely and temporally
dose controlled is typically more desirable. It
is in this context that we propose that the
markedly improved stability of a directly
administered synthetic circmiR may have the
advantage against linear therapeutics. This
will require further rigorous in vivo testing.

=3 Control

[ Synthetic circmiR

B AntagomiR

[ Expressed circmiR

I Expressed linear

sponge

Accordingly, we also synthesized and purified
our circmiRs to enable future testing of route of

delivery and dosage and conducted direct com-

%
300
[ +

sites were equally effective for miRNA inhibition.”” This discrepancy
could be accounted for by the shorter post-transfection (4 h) lucif-
erase activity measurement during which susceptibility of the bulged
or perfect binding sites to degradation may not be detected.

In our in vivo study, both circmiR and linsp, bearing binding sites
for miR-132 and miR-212, attenuated cardiac hypertrophy and
heart failure progression to a similar extent. This effect concurs
with a previous study in which the pharmacologic inhibition of
miR-132 by antagomiR injection suppressed pressure-overload
induced hypertrophy.'” While ideal as proof-of-concept, cardiac
AAV vector systems drive high levels of constant expression,’*”’
which therefore likely preclude the benefit of the higher stability

| miRNA mimics . .
parisons to antagomiRs as the current technology

leaders in this field. Remarkably, circmiRs

showed favorable functional effectiveness when

compared to equimolar antagomiRs in vitro.

Thus far, few publications have described the
in vitro synthesis of circular miRNA sponges. A circular sponge that in-
hibits miR-21 in gastric carcinoma cells, and another that inhibits miR-
122 from hepatitis C virus, have been reported to function in vitro.”>*®
Notably, both studies employed enzymatic ligation of linear RNA
generated from in vitro transcription as the method of RNA circulari-
zation. We and others have recently shown efficacy of expressing
endogenous circRNAs in mammalian models of disease.”** In the pre-
sent study, we utilized endogenous splice machinery to generate
custom-designed circular miRNA sponges and delivered them into
an in vivo mouse model using AAVs.

It will be of great importance to determine the optimal delivery plat-
form for circmiRs. Currently, in addition to aforementioned
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limitations, the AAV system applied here as proof of concept risks un-
desired immunological and long-term off-target effects. Future studies
to package in vitro synthesized circmiRs into targeted nanoparticles
could allow for a more refined route of delivery in vivo. In conclusion,
our findings demonstrate the promising potential of circmiRs as ther-
apeutic miRNA antagonists. We have applied this treatment and
demonstrate benefits in an in vivo model of cardiovascular disease,
which represents the primary cause of death globally, and anticipate
that future development can expand this scope significantly.

MATERIALS AND METHODS

Cell Culture and Transfections

HEK293T and H9C2 cells were maintained in DMEM (GE Health-
care Life Science) supplemented with 10% FBS (Capricorn Scientific),
100 U/mL penicillin, and 100 pg/mL streptomycin (Nacalai Tesque)
in a humidified atmosphere at 37°C, 5% CO,. Transient transfection
of plasmids and/or miRNA mimics (QIAGEN) into both cell lines
was carried out with Lipofectamine 2000 reagent (Invitrogen) accord-
ing to the manufacturer’s protocol.

circmiR Construct Design
The miRNA sponge sequence was constructed using Ultramer DNA
oligos (Integrated DNA Technologies, IDT) designed to contain 2, 4,
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Figure 5. circRNA Offers Superior Protection
against Endogenous Nuclease Degradation

RNA stability assay of sponge constructs in HEK293T
cells following actinomycin D treatment. 78S and MYC act
as endogenous control transcripts while mCherry is a
plasmid driven control transcript. RNA levels at each time
point were measured by gPCR, to enable comparison of
RNA stability between (A) plasmid-driven circmiRs versus
linear sponges, and (B) in vitro synthesized circmiRs
versus linear sponges. *p < 0.01 and ***p < 0.0001
(circmiR versus linear sponge). One-way ANOVA with
Benjamini-Hochberg adjustment.

or 6 miRNA binding sites. Binding sites were
designed as the reverse complement of the
mature sequences of mmu-miR-132-3p or
mmu-miR-212-3p (miRBase). Bulged sites car-
ried one deletion and three base mismatches
outside the seed regions as described,”* while
perfect sites had complete complementarity to
the mature miRNA sequences (Table SI).
Spacer regions of different sizes and a scrambled
sequence were created using a random oligo
generator (http://mkwak.org/oligorand/). The
online RNAhybrid tool*"** was used to confirm
binding of designed miRNA sponge sequences
to target miR-212/132 sequences.

1.1 kb of the 5 intronic sequence upstream and

1.1 kb of the 3’ intronic sequence downstream of

exon 2 of the mouse Slc8al locus (encoding a
known Slc8al circRNA*>*>**) was PCR amplified (Table S1). Both
fragments were cloned into an AAV9-cTnT-eGFP plasmid backbone
(gift from Dr. Jiang Jianming, Cardiovascular Research Institute, Na-
tional University of Singapore). The miRNA sponge oligos were
cloned between these fragments to generate circmiRs carrying 2 or
6 binding sites. For circmiRs carrying 8, 12, or 16 binding sites, addi-
tional miRNA sponge oligos were sequentially cloned** between the
inverted intronic repeats. The linear sponge sequence comprised of
12 bulged miRNA binding sites, constructed by sequential cloning®’
of miRNA sponge oligos carrying 6 binding sites into the AAV9-
cInT-eGFP plasmid, without inverted intronic repeats. circScram
was constructed by inserting a scrambled sequence, ordered as a
gBlock gene fragment (IDT), between the inverted intronic repeats
in the AAV9-cTnT-eGFP plasmid. The entire circmiR/linear/circ-
Scram sponge sequences were cloned into pCAG-mCherry plasmid
backbones for in vitro applications.

Luciferase Reporter Assays

miRNA-212/132 binding sites were cloned downstream of the Renilla
luciferase gene of the psiCHECK-2 vector (Promega). 5 x 10*
HEK293T cells were co-transfected with 50 ng of the psiCHECK-2-
miR-212/132 or empty psiCHECK-2 vector, 50 ng of circmiR/circ-
Scram vectors, and 10 pmol of equal molar mix of miR-212/132
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mirVana miRNA mimics (QIAGEN), using Lipofectamine 2000 re-
agent (Invitrogen) according to manufacturer’s instructions. T7 syn-
thesized circmiRs or miRvana miRNA inhibitors (QIAGEN) were
also co-transfected with 10 pmol of equal molar mix of miR-212/
132 mirVana miRNA mimics (QIAGEN). HIC2 cells (a kind gift
from Dr. Zhou Yue, Cardiovascular Research Institute, National Uni-
versity of Singapore) were co-transfected with 50 ng of psiCHECK-2-
miR-212/132 or empty psiCHECK-2 vector, 200 ng of circmiR/circ-
Scram vectors and 0.2 pmol of equal molar mix of miR-212/132
mirVana miRNA mimics (QIAGEN). Luciferase activity was
measured 48 h after transfection using the Dual-Glo Luciferase Assay
System (Promega) according to manufacturer’s protocol and read on
a GloMax multi-plate reader (Promega). Results are expressed as
Renilla luciferase normalized against Firefly luciferase.

RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR

Total RNA was extracted from either isolated adult mouse cardiomyo-
cytes or HEK293T cells using TRIzol Reagent (Thermo Fisher Scienti-
fic) according to standard procedures. Complementary DNA (cDNA)
was synthesized with random primers using the qScript cDNA Synthe-
sis Kit (Quantabio). PCR was performed with Perfecta SYBR Green
FastMix (Quantabio) on a LightCycler 480 (Roche) according to the
manufacturers’ instructions using primers listed in Table S2. Primer
design to distinguish between circmiR and linear sponge has been
detailed in Figure S3. All qPCR data were normalized to expression
of the housekeeping genes GAPDH (for human genes) or 18S (for
mouse genes). miRNA reverse transcription reactions were carried
out using the miRCURY LNA Universal RT Kit (QIAGEN) according
to manufacturer’s protocol. QPCR was performed with Perfecta SYBR
Green FastMix (Quantabio) on a Rotorgene Q cycler (QIAGEN) using
miRCURY LNA miRNA PCR assay (QIAGEN) primer sets for mmu-
miR-132-3p and mmu-miR-212-3p. Results were normalized to
expression of 18S. All qPCR reactions were carried out in duplicates.

TAC Model and Cardiomyocyte Isolation

All animal procedures were approved by the National University of
Singapore Institutional Animal Care and Use Committee and were un-
dertaken in strict accordance with Singapore National Advisory Com-
mittee for Laboratory Animal Research guidelines. Adult mice were
housed in individually ventilated cages, with sex-matched littermates,
under standard conditions. Food and water were available ad libitum.
TAC or sham surgery was performed on 8-week-old male C57BL/6
mice as previously described.*® Left ventricular cardiomyocytes were
isolated as described”” from AAV treated mice 4 weeks after surgery.
Transthoracic echocardiography was performed according to the man-
ufacturer’s guide for small animal echocardiography (Vevo 2100 Imag-
ing System, Visualsonics). Doppler velocity measurements of right and
left carotid arteries across the aortic constriction was performed at
weeks 1 and 4 post-TAC mice to confirm the consistency of the surgi-
cal procedure (Vevo 2100 Imaging System, Visual Sonics).

AAV9 Viral Production and Purification
circScram, circmiRs, and linear sponge constructs were cloned
into AAV9-cTnT-eGFP vectors as described above. The target AAV9

vectors were packaged by a triple transfection method with helper plas-
mids pAdAF6 and pAAV2/9 (Penn Vector Core) as previously
described.*® All constructs were administered at a titer of 5 x 10'° virus
genome (vg)/kg via thoracic cavity injection to 7-week-old mice.

Heart Weight Measurement and Immunofluorescence

Mice were anesthetized by isoflurane inhalation. The heart was
arrested in diastole by injecting 500 L of a 15% potassium chloride
solution into the inferior vena cava. Hearts were excised and flushed
with saline solution via retrograde perfusion. Aorta and auricles were
trimmed, and hearts were dried by removing excess fluid with forceps.
Heart weight was measured, after which hearts were immersed in 4%
buffered formalin and embedded in paraffin blocks according to stan-
dard procedures.

5 uM sections were co-stained with cardiac troponin I (¢Tnl; Abcam,
ab56357) and biotinylated wheat germ agglutinin (WGA; Vectorlabs,
B-1025) with streptavidin linked Alexa Fluor 488 conjugate (Life
Technologies). Images were analyzed using the NIKON-NIS-Ele-
ments Viewer software and Image].’19 For each heart, the diameter
of 200 cardiomyocytes were counted and a mean value was obtained,
with experimenters blinded to experimental condition until data
collection was finalized.

Synthetic circmiR Generation

Based on established methods, the 3’ and 5’ group I permutated
intron-exon (PIE) sequences’’ from the T4 phage were synthesized
as gBlocks (IDT). These were inserted downstream of a T7 promoter
in the pcDNA3.1 plasmid vector (Addgene). A miRNA sponge
sequence carrying 12 bulged binding sites was cloned between these
intron-exon sequences. To create a linear RNA control for compari-
son of exonuclease degradation susceptibility, we removed the exon
and 5 half intron of the PIE sequence downstream of the miRNA
sponge sequence by restriction enzyme digestion during plasmid line-
arization prior to in vitro transcription. Both circular and linear con-
structs were then synthesized by in vitro transcription from linearized
plasmid DNA template using TranscriptAid T7 High Yield Tran-
scription Kit (Thermo Fisher Scientific). RNA was purified from
the reactions using TRIzol-LS reagent (Thermo Fisher Scientific).
To confirm circularization, we digested 1 1g of RNA with 2 U RNase
R (Epicenter) at 37°C for 30 min. Digests were separated on 2%
agarose gels and bands were visualized using the ChemiDoc Imaging
System (BioRad). Molar concentrations of synthetic circmiR were
calculated using the NEBioCalculator tool (https://nebiocalculator.
neb.com/#!/ssrnaamt).

RNA Stability Assay

1.2 x 10° HEK293T cells per well were seeded on 24-well culture
plates. 0.25 ng of plasmids driving either circmiR or linear sponge
expression were transfected using jetPRIME transfection reagent
(Polyplus Transfection). Alternatively, 0.5 pug of T7 synthesized circ-
miRs and linear sponge RNA constructs were transfected using
Lipofectamine 2000 (Invitrogen). 48 h post-transfection, cells were
treated with 10 pg/mL actinomycin D (Sigma Aldrich) in fresh media.
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Cells were harvested at 0-, 6-, 12-, 24-, 48-, and 72-h time points post-
actinomycin treatment. RNA was isolated and equal RNA quantities
were subjected to reverse-transcriptase-PCR and qPCR as described
above. Each RNA level was normalized against the 0 h time point
to calculate log, fold change.

Statistical Analysis

All results are presented as mean + standard error of the mean (SEM).
Two-tailed, unpaired Student’s t test was performed for comparison
between two groups. One-way ANOVA followed by the Benjamini-
Hochberg adjustment was used to compare more than two groups.
All tests were performed using GraphPad Prism 7. p < 0.05 was
considered significant.
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