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Silencing mouse circular RNA circSlc8a1
by circular antisense cA-circSlc8a1 induces
cardiac hepatopathy
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Circular RNAs (circRNAs) are a group of non-coding RNAs
with a unique circular structure generated by back-splicing.
It is acknowledged that circRNAs play critical roles in cardio-
vascular diseases. However, functional studies of circRNAs
were impeded due to lack of effective in vivo silencing ap-
proaches. Sincemost circRNAs are produced by protein-coding
transcripts, gene editing typically affects the coding activity of
the parental genes. In this study, we developed a circular anti-
sense RNA (cA-circSlc8a1) that could silence the highly ex-
pressed circRNA circSlc8a1 in the mouse heart but not its
parental Slc8a1 linear mRNA. Transgenic cA-circSlc8a1 mice
developed congestive heart failure resulting in a significant in-
crease in the body weight secondary to peripheral edema and
congestive hepatopathy. To further test the role of circSlc8a1,
we generated transgenic mice overexpressing circSlc8a1 and
observed a protective effect of circSlc8a1 in a pressure overload
model. Mechanistically, we found that circSlc8a1 translocated
into mitochondria to drive ATP synthesis. While establishing
a transgenic murine model for antisense-mediated circRNA
silencing without interfering with the parental linear RNA,
our finding revealed the essential role of circSlc8a1 inmaintain-
ing heart function andmay lay the groundwork of using the cir-
cular antisense RNA as a potential gene therapy approach for
cardiovascular diseases.
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INTRODUCTION
Circular RNAs (circRNAs) are a large class of covalently linked sin-
gle-stranded RNAs. Abnormal elevation of circRNA levels is associ-
ated with the onset or progression of cardiovascular diseases.1–3 A
variety of circRNAs have been demonstrated to play critical roles
in cardiovascular diseases, including cardiomyopathy, myocardial
infarction, and artery diseases.4–6 The circRNAs have been recog-
nized as potential therapeutic targets and biomarkers in cardiovas-
cular diseases.7–9 Therefore, it is of great importance to investigate
the roles of circRNAs in the development of cardiovascular diseases.
Recently, some other non-coding RNAs, such as miRNAs and
lncRNAs, have been successfully applied in RNA therapy in
cardiovascular diseases.10,11 However, RNA therapy targeting
1688 Molecular Therapy Vol. 31 No 6 June 2023 ª 2022 The American
circRNAs in cardiovascular diseases is still in the early stages of
investigation.12

The circRNAs are produced by linking a 50 splice donor with an up-
stream 30 splice acceptor by back-splicing of the linear transcripts.
The circRNAs are thus resistant to exonuclease treatment and more
stable than the linear RNAs. The circRNAs have been identified
across the genome and most of them are derived from protein-coding
genes.13 Since circRNAs share a part of the exon sequences with the
parental coding genes, the traditional methods for generating gene
knockout mice are hardly applied to establish circRNA knockout
models. The widespread use of genetic methods becomes limited in
circRNA functional studies due to lack of effective tools for knocking
out/down endogenous circRNAs in vivo without affecting the
parental mRNAs. In the past several years, some important break-
through progresses have been made on in vivo model studies in
certain exceptional scenarios. A circRNA, Cdr1as, without detectable
linear cognate mRNA was identified and the Cdr1as locus was suc-
cessfully knocked out by using CRISPR-Cas9.14 A circRNA, circNfix,
whose expression depends on a super-enhancer, was knocked down
by mutation of its transcription factor, Meis1.5 Another study re-
ported the knockdown of circRNAs using CRISPR-Cas13 by directly
targeting the back-splicing junction (BSJ) region of the circRNA dur-
ing mouse embryo preimplantation development.15 Recently,
removal of intronic cassettes was also reported to knockout the
expression of circZfp292 and consequently altered the endothelial
flow response.16 The more popular methods used to silence a
circRNA are the short hairpin RNAs and small interfering RNAs
that are complementary to the BSJ of the circRNA.17,18

Here, we developed a strategy to generate a circularized antisense
RNA that is complementary to the complete sequence of a circRNA.
We expected that this antisense RNA was able to form a stable
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double-stranded RNA circle with its sense counterpart, resulting in
the loss of the normal structure and functions of the sense circRNA.
We first screened the circRNAs expressed in the mouse heart by RNA
sequencing and selected the highest expressed circRNA, circSlc8a1, as
our target. We then established a transgenic mouse model, in which
the expression of circSlc8a1, but not the full-length Slc8a1 mRNA
and protein, was successfully sequestered by the circular antisense
against circSlc8a1 (cA-circSlc8a1) driven by a heart-specific promoter.
We found that cardiac function in cA-circSlc8a1-transgenic mice was
compromised, resulting in a significant increase in the body weight
secondary to peripheral edema and the histological changes in the
liver, including hepatic steatosis and cirrhosis. Importantly, our study
demonstrates specific silencing of circRNA function. This proof-of-
concept study may lay the foundation for potential clinical applica-
tions in circRNA therapy.

RESULTS
Blocking circSlc8a1 expression by circular antisense RNA

induces phenotypic changes

In this study, we perform high-throughput circRNA deep sequencing
in myocardial tissue samples of 13 mice to search for the highest ex-
pressed circRNA in the hearts that may possess essential physiological
functions. This allows us to develop an approach to silence the
circRNA leading to a potent phenotype. We found that circSlc8a1
(mmu_circ_0000823) was the topmost circRNA among 27,960 circR-
NAs detected in the hearts. Its expression levels (sequencing read-
counts) were 4.2-fold of the second highest circRNA and even
more than the sum by adding the readcounts of the top 2–8 circRNAs
(Figure 1A). We examined the levels of circSlc8a1 and linear Slc8a1
mRNA in six main organs and found that both circSlc8a1 and
Slc8a1 were expressed the highest in the heart compared with
the other organs (Figures 1B and S1A). Furthermore, we compared
the levels of circSlc8a1 with Slc8a1 mRNA and the housekeeping
gene U6 in the mouse heart tissues and found that the expression
levels of circSlc8a1 in the heart were slightly lower than Slc8a1
mRNA but higher than the housekeeping gene U6 (Figure 1C). In
Figure 1. Generation of transgenic mice expressing circular antisense against c
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addition, 2,174 ± 313.82 copies of circSlc8a1 per ng total RNA were
determined in the mouse heart tissues by using droplet digital PCR.
The high abundance of circSlc8a1 implied its essential physiological
role in the heart. Therefore, we designed a construct to express a cir-
cular antisense RNA (cA-RNA) perfectly complementary with
circSlc8a1, named cA-circSlc8a1, which had the potential to sequester
circSlc8a1 by forming a sense-antisense double-stranded RNA
circle (Figure 1D). The circular antisense was obtained by inserting
the donor and acceptor sequences of the introns, respectively, into
the antisense sequence of circSlc8a1, allowing back-splicing to form
a circle. To validate whether cA-circSlc8a1 has higher affinity to the
circSlc8a1 than to the linear Slc8a1 mRNA, we used the computa-
tional docking methods to predict the potential blocking ability
(Figure 1E). The docking score of cA-circSlc8a1 complexed with
circ-Slc8a1 was found to be �7,621.32 kCal/mole, whereas the score
was �1,699.97 kCal/mole for docking cA-circSlc8a1 with the linear
Slc8a1 mRNA. Our results speculated that cA-circSlc8a1 has much
higher binding affinity with circSlc8a1 compared with the linear
Slc8a1 mRNA.

Before further studying the function of cA-circSlc8a1, we first vali-
dated the successful circularization of cA-circSlc8a1 plasmids in the
cells. We transfected human HEK293 cells with the mouse cA-
circSlc8a1 plasmids and measured the expression of cA-circSlc8a1
with mouse-specific divergent primers spanning the back-splice junc-
tion. The correct junction sequence that ectopically expressed in
HEK293 cells was validated by Sanger sequencing as shown in Fig-
ure 1F. By pre-treatment prior to reverse transcription (RT) with
RNase R (the enzyme that degrades linear RNAs but not circRNAs)
and RNase A (the enzyme that degrades all RNAs), our results verified
that cA-circSlc8a1 was resistant to RNase R (Figures 1G and S1B). In
addition, due to lack of open ends, the circRNAs cannot be reverse
transcribed with oligo(dT) primers but only with random primers.
Our PCR results showed that the cA-circSlc8a1 plasmids formed
circularized RNA, which could not be reverse transcribed with oli-
go(dT) primers (Figures 1H and S1C).
ircSlc8a1 (cA-circSlc8a1) knocked down cardiac circSlc8a1 and developed
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To confirm that cA-circSlc8a1 could block circSlc8a1without affecting
Slc8a1 mRNA in vitro before generating the transgenic mice, we
transfected the cA-circSlc8a1 plasmids in HL-1 cells, an immortalized
mouse cardiomyocytes cell line. RT using random primers for both
circSlc8a1 and cA-circSlc8a1 in transfected HL-1 cells may lead to
misamplification of cA-circSlc8a1 in the following qPCR analysis.
To avoid this, we conducted gene-specific RT by using the reverse
primer that was specifically complementary to circSlc8a1, and could
not reverse transcribe cA-circSlc8a1. In addition, the reverse primer
specific for circSlc8a1 could not bind to those circSlc8a1 that had
already formed double-stranded RNA circle with cA-circSlc8a1 for
RT. Therefore, only the free unbound circSlc8a1 could be detected
by using the circRNA-specific RT with specific reverse primer fol-
lowed by qPCR. Our results revealed that circSlc8a1 was blocked by
cA-circSlc8a1 while the levels of Slc8a1 mRNA were not affected
(Figures 1I and S1D). Taken together, these results validated that
cA-circSlc8a1 plasmids successfully produced a circularized antisense
RNA that blocked circSlc8a1 without affecting Slc8a1 mRNA in the
cells.

To further validate the function of cA-circSlc8a1 in vivo, we estab-
lished a transgenic mouse model expressing cA-circSlc8a1 driven by
a heart promoter to specifically silence circSlc8a1 in the mouse heart
(Figures S1E and S1F). We confirmed that the amount of free un-
bound circSlc8a1 was significantly decreased in the heart of cA-
circSlc8a1-transgenic mice (Figure 1J). Nevertheless, the Slc8a1
mRNA and SLC8A1 protein expression in the heart of cA-
circSlc8a1-transgenic mice were at the similar levels compared with
the negative mice, which excluded the possibility that cA-circSlc8a1
affected the parental Slc8a1 expression (Figures 1J and S1G). Notable
phenotypic changes were observed in these cA-circSlc8a1-transgenic
mice compared with the litter-matched negative counterparts
(Figures 1K and S1H). The body weights and the heart/tibia length
ratio of cA-circSlc8a1-transgenic mice were significantly higher than
those of the negative mice (Figures 1K and S2A).

Development of hepatic steatosis as a consequence of impaired

heart function

Since the transgenic cA-circSlc8a1 expression was cardiac specific,
we examined whether the phenotypic changes were caused by the
cA-circSlc8a1 due to depleting endogenous circSlc8a1 function in
the heart. To test this, we evaluated the heart function of the cA-
circSlc8a1-transgenic mice and their negative counterparts at
different ages. Using the Vevo 2000 imaging system, we detected a sig-
nificant malfunction in the cA-circSlc8a1-transgenic mice. Typical
M-mode echocardiograms showed increased left ventricular chamber
sizes and decreased ventricular contractile ability in the cA-circSlc8a1-
transgenic mice compared with the litter-matched negative mice (Fig-
ure 2A). At the age of 6 months and above, cA-circSlc8a1-transgenic
mice showed a significant decrease in the left ventricular ejection frac-
tion (LVEF), left ventricular fractional shortening (LVFS), and left
ventricular pressure (dp/dt) compared with the litter-matched nega-
tive mice (Figures 2B–2D). These transgenic mice showed increase in
left ventricular end diastolic diameter (LVEDD) and left ventricular
end systolic diameter (LVESD), leading to a decrease in LVEDD-
LVESD (Figures S2B–S2D).

To corroborate the effect of cA-circSlc8a1 on decreasing heart func-
tion, we further examined the morphological changes of the cardiac
tissue in the transgenic mice. Hematoxylin and eosin (H&E) staining
of the heart sections showed cardiac hypertrophy in the cA-
circSlc8a1-transgenic mice at all time points (Figure 2E), consistent
with the impaired heart functions, suggesting remodeling of the car-
diac tissues. In support of this, we analyzed cardiac fibrosis by staining
the heart sections with Masson’s trichrome and Sirius red to visualize
the collagen deposition and detected increased fibrotic staining in the
cA-circSlc8a1-transgenic mouse heart (Figures 2E and S2E). More-
over, to examine cardiac hypertrophy, we stained cardiomyocytes
with Alexa Fluor 555-conjugated wheat germ agglutinin (WGA) in
the cross-section of the cA-circSlc8a1-transgenic and the litter-
matched negative mouse hearts and detected enlargement of
cardiomyocytes sizes in the cA-circSlc8a1-transgenic mice, reaching
significant levels at all time points, far before cardiac fibrosis was
observed (Figures 2E and S2F). We also confirmed cardiac hypertro-
phy in the cA-circSlc8a1-transgenic mice by measuring the expression
of ANP and BNP, the markers of myocardial hypertrophy
(Figure S2G).

In the cA-circSlc8a1-transgenic mice, we noticed that hepatic steatosis
was developed as early as 3 months old. The lipid droplets were exten-
sively accumulated in the liver of cA-circSlc8a1-transgenic mice
before the age of 6 months, visualized by both H&E and Oil Red O
(ORO) staining (Figure 3A). The lipid droplets were also quantified
by ImageJ scanning (Figure S3A). Moreover, 2 out of 14 cA-
circSlc8a1-transgenic mice at the age of 12 months showed significant
liver cirrhosis while none of the negative mice did (Figure S3B). To
validate whether such hepatic steatosis was caused by the ectopic car-
diac-specific expression of cA-circSlc8a1, we examined the levels of
cA-circSlc8a1 precursor in different organs, including both heart
and liver and detected a dramatic increase in cA-circSlc8a1 precursor
levels in the heart but not in the liver of the cA-circSlc8a1-transgenic
mice (Figures 3B and S3C). In addition, we also used a probe specif-
ically targeting circSlc8a1 to pull down circSlc8a1 in the heart and liver
of cA-circSlc8a1 transgenic and the litter-matched negative mice. Due
to the formation of double-stranded RNA circle with cA-circSlc8a1,
circSlc8a1 could not bind to its specific probe that was complementary
to its BSJ region in the presence of cA-circSlc8a1 (Figure 3C). In the
heart of cA-circSlc8a1-transgenic mice, significantly less circSlc8a1
was pulled down by the circSlc8a1 probe since cA-circSlc8a1 blocked
the binding of the circSlc8a1 probe with the double-stranded circRNA
(Figure 3D, left). However, such effects could not be observed in the
liver of the cA-circSlc8a1-transgenic mice (Figure 3D, right). These
findings confirmed that hepatic steatosis in the cA-circSlc8a1-trans-
genic mice originated from the heart dysfunction. In addition, to
test the effect of the dsRNA-induced immune response, we examined
the levels of multiple immune potentiated cytokines in the heart of
cA-circSlc8a1-transgenic mice. Our results showed that, except for a
slight increase in IL-6 expression, the expression of other cytokines
Molecular Therapy Vol. 31 No 6 June 2023 1691
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Figure 2. Heart function and cardiac histological changes of cA-circSlc8a1-transgenic mice evaluated by echocardiography and staining

(A) The representative echocardiography of cA-circSlc8a1-transgenic mice at different ages. (B) Echocardiography of cA-circSlc8a1(+) mice showed reduced left ventricular

ejection fraction (LVEF) compared with the litter-matched negative mice. **p < 0.01 versus negative. (C) Echocardiography of cA-circSlc8a1(+) mice showed reduced left

ventricular fractional shortening (LVFS) compared with the litter-matched negative mice. **p < 0.01 versus negative. (D) Echocardiography of cA-circSlc8a1(+) mice showed

reduced left ventricular pressure (dp/dt) compared with the litter-matched negative mice. **p < 0.01 versus negative. (E) Representative photographs of Masson trichrome

staining and Sirius red staining showing significant development of cardiac fibrosis in cA-circSlc8a1(+) mice after age 12 months. H&E staining and WGA staining showed

development of cardiac hypertrophy in cA-circSlc8a1(+) mice as early as under age 6 months.
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Figure 3. The cA-circSlc8a1-transgenic mice developed cardiogenic hepatic steatosis

(A) Representative photographs of gross appearance, H&E staining and Oil Red O staining of livers from cA-circSlc8a1mice at different ages, detecting hepatic steatosis in

cA-circSlc8a1(+) mice. (B) The expression levels of cA-circSlc8a1 precursor in the heart and liver of cA-circSlc8a1-transgenic mice, confirming specificity of the heart

promoter. n = 8; **p < 0.01 versus negative heart. (C) A schematic illustration of the interaction of circSlc8a1 probes to circSlc8a1 with or without the presence of cA-

circSlc8a1. (D) circSlc8a1 was pulled down significantly less by the circSlc8a1 probe in the heart (left) of cA-circSlc8a1(+) mice (**p < 0.01 versus negative), whereas no

difference was observed in the liver (right) of cA-circSlc8a1(+) mice compared with the litter-matched negative mice. n = 16–20.
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in cA-circSlc8a1-transgenic mice was at similar levels to those in nega-
tive mice (Figure S3D), excluding the effect of immune response on
the observed phenotype. Thus, sequestering endogenous circSlc8a1
by cA-circSlc8a1 appeared to have instigated cardiac hypertrophy
and malfunction, which consequently led to hepatic steatosis and
eventually cirrhosis.

Transgenic expression of circSlc8a1 prevents pressure

overload-induced heart injury

Our results from cA-circSlc8a1-transgenic mice implied that
circSlc8a1 might play an essential role in maintaining the physiolog-
ical function of the heart. Therefore, we constructed a circSlc8a1
plasmid for performing further functional studies on circSlc8a1. We
found that circSlc8a1 could only be detected in cDNA but not in
gDNA with divergent primers, while the linear form of Slc8a1 could
be detected in both cDNA and gDNA with convergent primers in
HL-1 cells (Figure 4A). Our results also showed that the overex-
pressed circSlc8a1 was resistant to RNase R treatment (Figures 4B
and S4A) and could not be reverse transcribed with oligo(dT) primers
(Figures 4C and S4B). In addition, the BSJ sequences of circSlc8a1
were verified in the PCR products from circSlc8a1 overexpressed
HEK293 cells by Sanger sequencing (Figure 4D). All of these results
validated the successful circularization of circSlc8a1 plasmid that we
constructed.
Molecular Therapy Vol. 31 No 6 June 2023 1693
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Figure 4. Transgenic expression of circSlc8a1 improved heart function against transverse aortic constriction-induced pressure overload

(A) The circSlc8a1 plasmids were transfected into HL-1 cells followed by RT-qPCR. circSlc8a1 was amplified by divergent and convergent primers in cDNA, and by

convergent primers only in gDNA. (B) The circSlc8a1 plasmids were transfected into human HEK293T cells. The RNAs from vector or circSlc8a1-transfected cells were

treated with RNase R or RNase A followed by reverse transcription. The expression of circSlc8a1was validated by usingmouse-specific primers against circSlc8a1. n = 4. (C)

Representative images of circSlc8a1 expression by using random or oligo(dT) primers for reverse transcription. The circSlc8a1 plasmids were transfected into human

HEK293T cells. The RNAs from vector or circSlc8a1-transfected cells were reverse transcribed using random or oligo(dT) primers. The expression of circSlc8a1was validated

by usingmouse-specific primers against circSlc8a1. n = 6. (D) The back-splice junction of the ectopicmouse circSlc8a1 construct was confirmed by Sanger sequencing. The

circSlc8a1 expression construct was used to generate transgenic mice. (E) The levels of circSlc8a1 were significantly decreased in the mouse heart tissues at 8–12 weeks

(legend continued on next page)
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We then conducted transverse aortic constriction (TAC) surgery in
the mice to induce pressure overload (PO) and the subsequent cardiac
hypertrophy and heart failure. The expression of circSlc8a1 in the
wild-type mice was increased at 2 weeks post-TAC surgery while it
decreased significantly 8–12 weeks after TAC surgery in the heart
of TAC mice compared with the sham mice (Figure 4E), which sug-
gested that loss of circSlc8a1 could be associated with PO-induced
heart failure. Based on these results, we established a circSlc8a1-trans-
genic mouse line (Figure S4C). The circSlc8a1-transgenic mice and
their negative counterparts were then subjected to TAC surgery to
confirm the roles of circSlc8a1 in vivo. While TAC surgery signifi-
cantly decreased circSlc8a1 levels in the heart, transgenic expression
of circSlc8a1 was able to maintain circSlc8a1 levels as high as those
similar to negative sham mice (Figure 4F). Upon 12 weeks PO
induced by TAC, the circSlc8a1-transgenic mice showed significantly
less cardiac hypertrophy and fibrosis along with higher levels of
circSlc8a1 in the heart compared with the litter-matched negative
controls (Figures 4G, S4D, and S4E). In addition, the levels of hyper-
trophy markers (ANP and BNP) and fibrosis markers (collagen-I and
collagen-III) were significantly lower in the hearts of the circSlc8a1-
transgenic mice compared with the negative controls upon PO
(Figures S5A and S5B).

Echocardiography analysis showed that TAC surgery remarkably
increased the left ventricular chamber size that was prevented by
transgenic expression of circSlc8a1 (Figure 4H). In cardiac functional
measurements, TAC surgery significantly impaired the heart function
of the negative mice, while the heart function of the circSlc8a1-trans-
genic mice was maintained at similar levels to the negative mice in the
sham group (Figures 4I, J, and S5C–S5F). These results demonstrated
the protective effects of circSlc8a1 during heart injury and indicated
the importance of circSlc8a1 in maintaining physiological heart
function.

The cA-circSlc8a1 induces cardiac hypertrophy and hepatic

steatosis via sequestering cardiac circSlc8a1

To further validate that the phenotypic changes in cA-circSlc8a1-
transgenic mice were through its specific effects on sequestering
circSlc8a1, we generated a double transgenic mouse line by ectopically
expressing both circSlc8a1 and cA-circSlc8a1 (Figures S6A–S6C). In
the heart of double transgenic mice, the levels of circSlc8a1 were
maintained at similar levels to the negative mice, which were verified
by both gene-specific RT-qPCR and RNA pull-down assay
(Figures 5A and 5B), while the Slc8a1mRNAwas not affected in these
mice (Figure S6D). Regarding the phenotypes, we found that the body
weight increase in the cA-circSlc8a1-transgenic mice was effectively
after transverse aortic constriction (TAC) surgery. n = 6; *p < 0.05, **p < 0.01. (F) The lev

hearts of circSlc8a1(+)-transgenicmice 12weeks post TAC surgery, while the levels of ci

the same time point after TAC surgery. n = 15; **p < 0.01. (G) Representative photograp

and cardiac hypertrophy were induced by TAC surgery in the circSlc8a1 negative (circN

overexpressing circSlc8a1. (H) The representative echocardiography of circSlc8a1-tran

TAC prevented the impairment of the heart function that was validated by (I) left ventricu

**p < 0.01.
reversed by re-introducing circSlc8a1 into the mice to generate double
transgenic mice (Figure 5C). In addition, cardiac hypertrophy in the
cA-circSlc8a1-transgenic mice was not observed in the hearts of dou-
ble transgenic mice (Figures 5D and S6E). Meanwhile, hepatic steato-
sis that was observed in the cA-circSlc8a1-transgenic mice was not
seen in the double transgenic mice (Figures 5E and S6F).

To further verify the specific blocking of circSlc8a1 by cA-circSlc8a1,
we examined the levels of free circSlc8a1 by introducing different
amounts of cA-circSlc8a1 into the HL-1 cells. Our results demon-
strated that the levels of circSlc8a1 were gradually decreased with
transfection of elevated amounts of cA-circSlc8a1 plasmids, detected
by both circRNA-specific RT-qPCR (Figure 5F) and the RNA pull-
down assay (Figure 5G). In addition, to exclude the possibility that
the uncircularized linear cA-circSlc8a1 precursor after transfection
could also bind to and block circSlc8a1, we designed a construct
with an intronic mutation which only generated linear cA-circSlc8a1
precursor but not the circular form of cA-circSlc8a1. Our results
showed that the linear cA-circSlc8a1 precursor could not decrease
the levels of unbound circSlc8a1, which indicated that only circular-
ized cA-circSlc8a1 could bind with circSlc8a1 and block its function
(Figures 5H and 5I). Taken together, these results demonstrated
that the effects of cA-circSlc8a1 on cardiac hypertrophy and hepatic
steatosis were exerted by blocking the physiological functions of
circSlc8a1.

Interaction of circSlc8a1with mitochondria-associated proteins

To further investigate the mechanism of the protective effects of
circSlc8a1, we identified the proteins that bind with circSlc8a1 using
a circSlc8a1 probe to precipitate the circSlc8a1-binding proteins fol-
lowed by mass spectrometry analysis. The list showed that 36% of
the total precipitated proteins were mitochondrial proteins, and
85% of these mitochondrial proteins were among the top 20
circSlc8a1-binding proteins based on the abundance in the heart tis-
sues of the circSlc8a1-transgenic mice (Figure 6A; Table S1). To
further confirm the results from the mass spectrometry analysis, we
examined the subcellular localization of circSlc8a1 in the heart tissues
of the circSlc8a1-transgenic mice and in HL-1 cells transfected with
circSlc8a1. The results showed that circSlc8a1 levels were significantly
higher in the mitochondria of the heart tissues of the circSlc8a1-trans-
genic mice (Figure 6B) and in the circSlc8a1-transfected HL-1 cells
(Figure 6C) compared with the cytoplasm content lacking mitochon-
dria. The purity of the mitochondria was confirmed by detecting the
expression of GAPDH in the cytosol and mitochondrially encoded
Atp8 (MT-ATP8) in the mitochondria (Figures 6D and 6E). We
also found co-localization of circSlc8a1 with the mitochondrial
els of circSlc8a1 were retained at the similar levels as those in the sham group in the

rcSlc8a1 in the litter-matched negativemice (circNeg) were significantly decreased at

hs of Masson trichrome, Sirius red, and WGA staining showed that cardiac fibrosis

eg) mice. Such fibrosis and hypertrophy could be prevented in the transgenic mice

sgenic mice subjected to TAC surgery. (I and J) The circSlc8a1(+) mice subjected to

lar ejection fraction (LVEF) and (J) left ventricular fractional shortening (LVFS). n = 10;
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Figure 5. The rescue of phenotypic changes in circSlc8a1 and cA-circSlc8a1 double transgenic mice

(A) The levels of unbound circSlc8a1 were detected by gene-specific RT-qPCR in circSlc8a1(+), cA-circSlc8a1(+), double transgenic mice, and the litter-matched negative

mice. n = 10; **p < 0.01. (B) The levels of unbound circSlc8a1 were detected by RNA pull-down assay with circSlc8a1 probes in circSlc8a1(+), cA-circSlc8a1(+), double

transgenic mice, and the litter-matched negative mice. n = 10; **p < 0.01. (C) The body weight difference in circSlc8a1(+), cA-circSlc8a1(+), double transgenic mice

compared with the average of the litter-matched negative mice. n = 10; **p < 0.01. (D) Representative photographs of the whole hearts and WGA staining showed that

cardiac hypertrophy was not induced in the double transgenicmice compared with the cA-circSlc8a1(+)-transgenicmice. n = 10. (E) Representative photographs of H&E and

Oil Red O staining showed that hepatic steatosis was not induced in the double transgenic mice comparedwith the cA-circSlc8a1(+)-transgenic mice. n = 10. (F) The levels of

unbound circSlc8a1 were detected by gene-specific RT-qPCR after 0.25, 0.5, 1, 2, or 3 mg cA-circSlc8a1 plasmids per 1� 106 cells or the vectors were transfected. n = 6;

(legend continued on next page)
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marker (VDAC) in the HL-1 cells (Figure 6F) and the heart tissues of
the cA-circSlc8a1-transgenic mice (Figure 6G) using fluorescence in
situ hybridization (FISH) and IHF staining, which suggested that
circSlc8a1 was translocated into the mitochondria to exert its
function.

We further confirmed that circSlc8a1 could bind with the proteins of
ATP synthase subunit B (ATPB), cytochrome c oxidase (COX5B),
NADH dehydrogenase iron sulfur protein 2 (NDUFS2), and mito-
chondria import receptor subunit TOMM22 in the heart tissues of
the circSlc8a1-transgenic mice (Figures 7A and S7A) or the cA-
circSlc8a1-transgenic mice (Figures 7B and S7B). Such binding was
also validated in the cells transfected with circSlc8a1 and cA-circSlc8a1
plasmids (Figures 7C and S7C). In accordance, the interactions be-
tween circSlc8a1 and the mitochondrial proteins, ATPB, COX5B,
NDUFS2, and TOMM22, were also validated using the antibodies
against these proteins to precipitate circSlc8a1 in the transgenic heart
tissues expressing circSlc8a1 (Figure 7D) and cA-circSlc8a1 (Fig-
ure 7E), and the HL-1 cells transfected with circSlc8a1 and cA-
circSlc8a1 plasmids (Figure 7F). We also found that mitochondrial
translocation of ATPB, COX5B, and NDUFS2 was facilitated by
circSlc8a1 and inhibited by cA-circSlc8a1 using western immunoblot-
ting (Figures 7G–7I and S7D–S7F). In addition, the in situ hybridiza-
tion and immunofluorescence staining results also showed that the
mitochondrial translocation of these proteins was significantly sup-
pressed in the heart tissues of cA-circSlc8a1-transgenic mice
compared with their negative litter (Figure S8). This indicated that
circSlc8a1 might be involved in the protein translocation to mito-
chondria via the translocase TOMM22 on the outer mitochondrial
membrane. Since these mitochondrial proteins are associated with
ATP generation in the mitochondria, we measured the ATP contents
in the heart tissues of the circSlc8a1-transgenic mice and the
circSlc8a1-transfected HL-1 cells. We observed a significant increase
in ATP contents in the tissues and cells overexpressing circSlc8a1,
which were reduced in the heart of cA-circSlc8a1-transgenic mice
and cA-circSlc8a1-transfected cells (Figure 7J). These results sug-
gested that circSlc8a1 played its cardioprotective roles by promoting
the protein translocation into the mitochondria and facilitating
ATP production, which are essential to maintain heart function
(Figure 7K).

DISCUSSION
Differential expression of circRNAs has been linked to different stages
of myocardial development.19 Dysregulation of circRNAs can lead to
cardiovascular diseases, and may represent potential targets for
therapeutics.20,21 Usually, downregulated circRNAs could be
compensated by ectopic delivery using nanoparticles or adeno-asso-
ciated viruses.22,23 However, knockdown of the upregulated circRNAs
**p < 0.01 versus vector. (G) The levels of unbound circSlc8a1were detected by the RNA

plasmids per 1 � 106 cells or the vectors were transfected. n = 6; **p < 0.01 versus ve

plasmids and the cA-circSlc8a1 plasmids with mutated introns (lin-cA-circSlc). The level

versus vector. (I) The unbound circSlc8a1 levels were detected by the RNA pull-down as

plasmids with mutated introns (lin-cA-circSlc). n = 6; **p < 0.01 versus vector.
may also have off-target effects impacting the parental linear mRNA.
To date, several approaches have attempted to silence circRNAs
without removing the linear counterparts for in vivo functional
studies. 5,14,15,24 In this study, we established a simple and effective
method to knockdown cardiac circRNA in vivo, which may further
be applied to circRNA functional studies and gene therapy in cardio-
vascular diseases.

Several antisense-based therapeutic methods for linear RNAs have
been thoroughly investigated in preclinical studies and have been
applied clinically.25,26 The circRNAs possess unique structural con-
formations distinct from the linear RNA cognates,27 therefore, we en-
gineered circularized antisense RNA to only silence circRNA. The
most beneficial aspect of using circular antisense RNA is that it could
possibly be used for knocking down individual circRNA depending
on its own sequence or structure. By forming a complementary circle
against its sense counterpart, circular antisense RNA is specific for the
target circRNA of interest and does not interfere with the linear
mRNA cognate. In the present study, we used the circular antisense
RNA of circSlc8a1, named cA-circSlc8a1, as an example to demon-
strate the effects of circular antisense RNA on sequestering its sense
circRNA. The circularized antisense RNA cA-circSlc8a1 is comple-
mentary to circSlc8a1 based on the oligonucleotide sequence, which
suggests that cA-circSlc8a1 and circSlc8a1 may form a double-
stranded RNA circle, at least partially. While the secondary structure
might be a complex, the significant high affinity between cA-
circSlc8a1 and circSlc8a1 was confirmed by the computational dock-
ing method. Notably, our results demonstrated that cA-circSlc8a1
sequestered circSlc8a1 without affecting the full-length linear Slc8a1
mRNA cognate and its corresponding SLC8A1 protein in cardiomyo-
cytes or heart tissues. One possible explanation could be that the
unique circularized structure of cA-circSlc8a1 rendered it less possible
to bind to and sequester the linear Slc8a1 mRNA.27 We then estab-
lished a transgenic animal model with circSlc8a1 specifically silenced
in the heart with cA-circSlc8a1 driven by a heart promoter. By using
cA-circSlc8a1, circSlc8a1 functions in the heart were blocked. The car-
diac-specific expression of cA-circSlc8a1 in mice caused dramatic
phenotypic changes, including significant increase in the body weight,
hepatic steatosis, and impaired heart functions. Such phenotype
changes provided evidence to demonstrate that circular antisense
RNA could effectively sequester the function of the targeting
circRNA. With this approach, we successfully established a mouse
model for studying cardiac hepatopathy and demonstrated the essen-
tial roles of circSlc8a1 in maintaining heart function. Consistent with
this conclusion, another transgenic mouse model with overexpression
of circSlc8a1 validated the protective effects of circSlc8a1 in a PO
model. Previous studies reported that the levels of circSlc8a1 were
increased in the TAC or ischemia-reperfusion mouse models.28,29
pull-down assay with circSlc8a1 probes after 0.25, 0.5, 1, 2, or 3 mg cA-circSlc8a1

ctor. (H) The unbound circSlc8a1 levels after transfection of vector, cA-circSlc8a1

s of unbound circSlc8a1were detected by gene-specific RT-qPCR. n = 6; **p < 0.01

say after transfection with the vector, cA-circSlc8a1 plasmids and the cA-circSlc8a1
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Figure 6. circSlc8a1 protected the heart function via binding to mitochondrial proteins

(A) Mass spectrophotometry analysis showed that 36% of the total proteins (types) precipitated by the circSlc8a1 probe were mitochondrial proteins. (B) Subcellular

localization of circSlc8a1 in the cytosol (excluding mitochondria), mitochondria, and nuclei in the mouse heart tissues. n = 6; **p < 0.01 versus circNeg. (C) Subcellular

localization of circSlc8a1 in the cytosol (excludingmitochondria), mitochondria, and nuclei in HL-1 cells. n = 4; **p < 0.01 versus vector. (D) The purity of mitochondrial fraction

in the mouse heart tissue was validated by examining GAPDH and the mitochondrially encoded ATP8 (MT-ATP8). n = 5. (E) The purity of mitochondrial fraction in the HL-1

cells was validated by examining GAPDH and the mitochondriallly encoded ATP8 (MT-ATP8). n = 5. (F) Representative photographs of the co-localization of circSlc8a1 and

the mitochondrial marker (VDAC) in HL-1 cells. (G) Representative photographs of the co-localization of circSlc8a1 and the mitochondrial marker (VDAC) in negative and cA-

circSlc8a1(+) mouse heart tissue.
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In those studies, the levels of circSlc8a1 were measured at 1 day or
3 weeks post-TAC. Our study showed that the levels of circSlc8a1
at 2 weeks post-TAC were increased in the heart of TAC mice
1698 Molecular Therapy Vol. 31 No 6 June 2023
compared with the sham mice while they were reduced significantly
8–12 weeks post-TAC. Our results are consistent with the study
from Lim et al., which showed that the endogenous levels of circSlc8a1
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Figure 7. Interaction of circSlc8a1 and the mitochondrial proteins

(A–C) Mitochondrial proteins ATPB, COX5B, NDUFS2, and TOMM22 were pulled down by circSlc8a1 probe in the heart tissues of circSlc8a1 (A) and cA-circSlc8a1

(B) transgenic mice, and in HL-1 cells transfected with circSlc8a1 or cA-circSlc8a1 plasmids (C) followed by western blotting. n = 3–4. (D and E) Antibodies against ATPB,

COX5B, NDUFS2, and TOMM22 were used to precipitate circSlc8a1 from the heart tissues of circSlc8a1 (D) and cA-circSlc8a1 (E) transgenic mice. The immune-

precipitated circSlc8a1 was measured by qPCR. n = 6–9; **p < 0.01 versus negative mice. (F) circSlc8a1 was immune-precipitated by ATPB, COX5B, NDUFS2, and

(legend continued on next page)
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were decreased along with the impairment of the cardiac function in
the hearts of TACmice at 5 weeks post-TAC compared with the sham
mice.30 Taking the evidence together, we consider that circSlc8a1
expression may increase at the early stage of PO to compensate for
the acute impairment of ejection. However, cardiac fibrosis and heart
failure occurred after long-term PO (8–12 weeks post-TAC), and
ectopic expression of circSlc8a1 could retain cirSlc8a1 at physiological
levels, which helped to protect heart function. Our study showed the
strong dynamic effects of circSlc8a1 during the progression of cardiac
hypertrophy, cardiac remodeling, fibrosis, and heart failure.

Cardiac hepatopathy is associated with an increase of hepatic venous
pressure and a decrease of portal vein inflow.31 Over time, liver
hypoperfusion and hepatic congestion lead to the development of
thrombosis and an accumulation of deoxygenated blood in the liver
resulting in hepatic steatosis and fibrosis.32 Simonetto et al. developed
a murine model of congestive hepatopathy by partial ligation of the
inferior vena cava.33 However, the congestive hepatopathy in this
model was not directly derived from heart malfunction. In addition,
previous studies have also shown that the heart plays important roles
in systemic metabolic homeostasis. Deletion of MED13 protein or
cardiac-specific miRNA, miR-208a, in the heart, led to body weight
elevation and lipid accumulation in the liver.34,35 Our study showed
that genetic silencing of circSlc8a1 by cA-circSlc8a1 generated a model
of heart failure leading to congestive hepatopathy. Knockdown of the
cardiac circSlc8a1 by its circularized antisense RNA led to an impaired
heart function, a dramatic lipid accumulation in the liver and devel-
opment of hepatic fibrosis/cirrhosis at the late stage. While providing
a simple mouse model for defining the circRNA function, the present
proof-of-conception study may also open a novel route for gene
therapy targeting circRNA. Currently, two other circular antisense
circRNAs designed with the same concept as cA-circSlc8a1 are being
employed for investigating circRNA functions in the heart based on
their specific functions in the heart by sequestering their correspond-
ing structures/functions in our laboratory. In our previous report,
nanoparticle-conjugated plasmids were effectively delivered to the
cardiac tissues and expressed well to produce circRNAs.22 In the
future, delivery of circularized anti-sense RNA has the potential to
be used in gene therapy for the treatment of circRNA-related
disorders.

Mechanistically, a large proportion of circSlc8a1-binding proteins
were identified as mitochondrial proteins in mass spectrometry anal-
ysis, such as ATP synthase, cytochrome c oxidase, NADH dehydroge-
TOMM22 antibodies in HL-1 cells transfected with circSlc8a1 or cA-circSlc8a1 plasmids

H) Mitochondrial proteins were isolated from the heart tissue of circSlc8a1 (G) and cA-cir

NDUFS2 proteins increased in the circSlc8a1-transgenic mice (G) but decreased in the

The outer mitochondrial membrane protein TOMM22 was not affected by circSlc8a1 e

from HL-1 cells transfected with circSlc8a1 or cA-circSlc8a1 plasmids. The mitochondria

transfected cells but decreased in the cA-circSlc8a1-transfected cells compared with th

and b-actin antibodies. n = 3–4. (J) ATP levels were significantly increased by circSlc8a1 o

mice (left) and HL-1 cells (right). n = 4; **p < 0.01. (K) A model depicting the proposed m

into the mitochondria.
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nase, and outer mitochondrial membrane protein TOMM22. Co-lo-
calized expression of circSlc8a1 with mitochondrial markers in
transfected cells and transgenic mice indicated that circSlc8a1 might
be translocated into the mitochondria after synthesis. Most of the
mitochondrial proteins are encoded by nuclear genes and synthesized
on cytosolic polysomes followed by translocation into the mitochon-
dria via a protein sorting system.36 These pre-proteins contain a
consensus pre-sequence with mitochondrial targeting signal to be
recognized by the mitochondrial import receptors TOMM20
and TOMM22 on the outer mitochondrial membrane.37,38 Since
circSlc8a1 bound to a variety of mitochondrial proteins, we postulated
that circSlc8a1 might be able to recognize and bind with the mito-
chondrial targeting sequence of these nuclear-encoded mitochondrial
proteins after the precursor proteins are synthesized in the cytosol.
Meanwhile, circSlc8a1 can also bind to TOMM22 on the outer mem-
brane of mitochondria, which may facilitate these circSlc8a1-binding
pre-proteins to interact with the outer membrane translocator
complex and increase the import of these pre-proteins into the
mitochondria (Figure 7K). By regulating these ATP generation-
related enzymes, circSlc8a1 played an essential role in maintaining
heart function. However, the binding sites and the detailed transport
mechanism need further investigation. In the previous studies of the
circRNAs located in the mitochondria, the circRNAs were either
generated by the mitochondrial genome39 or co-localized with the
mitochondrial proteins.40,41 It is of great significance to identify
how the nuclear genome-derived circRNAs were translocated into
the mitochondria in the future studies.

In summary, we established a circRNA knockdown mouse model by
using circular antisense RNA. It is a simple and more scalable method
with broad general applicability to suppress the existential circRNAs
in vivo. Sequestering circSlc8a1 by its circular antisense RNA leads to
malfunction of the heart, and subsequent cardiogenic hepatopathy.
This in vivo circRNA knockdownmodel provides an effective strategy
for circRNA functional studies and a potential approach for circRNA-
related gene therapy.

MATERIALS AND METHODS
circRNA sequencing

The circRNA sequencing was conducted with the RNAs from the
heart tissues obtained from 13mice. The RNA samples were subjected
to RNase R (ThemoFisher Scientific) treatment to degrade linear
RNAs and depletion of rRNA. The remaining circRNAs were frag-
mented followed by RT using random primers. The circRNAs
followed by qPCR to detect the circSlc8a1. n = 6–9; **p < 0.01 versus vector. (G and

cSlc8a1 (H) transgenic mice. The mitochondrial translocation of ATPB, COX5B, and

cA-circSlc8a1-transgenic mice (H) compared with their counterpart negative litters.

xpression. n = 3–4. (I) The mitochondrial and the cytosolic proteins were separated

l translocation of ATPB, COX5B, and NDUFS2 proteins increased in the circSlc8a1-

e vector controls. The purity of mitochondria and cytosol was confirmed by TOMM22

verexpression and decreased by cA-circSlc8a1 in the heart tissues of the transgenic

echanism of circSlc8a1 facilitating the translocation of pre-proteins from the cytosol
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sequencing and analysis was performed by Novogene using Hi-
Seq2500 System. The cDNA library was generated by the Novogene
and then subjected to sequencing. Each circRNA was recorded by
at least two reads spanning a head-to-tail splice junction in each
sample.

Construct generation and primer design

The expression constructs of cA-circSlc8a1 and circSlc8a1 were
generated according to the sequences shown in the supplemental in-
formation. The vector contains a Bluescript backbone, with one CMV
promoter driving green fluorescent protein expression, and another
CMV promoter driving the circRNA-forming fragments. For gener-
ating the cardiac-specific cA-circSlc8a1-transgenic mice, a heart pro-
moter of mouse a-myosin heavy chain promoter cassette was inserted
into cA-circSlc8a1 construct according to the previous report.42 For
the vector control, circSlc8a1 insert sequence was replaced with a
non-related random sequence. The constructs of pre-circSlc8a1 and
pre-cA-circSlc8a1 were generated in which the intronic sequences
for circularization signal were mutated. Thus, pre-circSlc8a1 and
pre-cA-circSlc8a1 would express their linear transcripts without
circularization. The sequences for all the constructs and primers
used are listed in the supplemental information.

Computational docking of cA-circSlc8a1 with the circular and

linear Slc8a1

To determine the secondary structures with lowest free energy, MFE
algorithm implemented in Mfold (version 2.3) was used.43 Mfold, a
dynamic programming algorithm, uses energy minimization to
model the ensemble of possible structures by identifying optimal
folding of a nucleic acid sequence within a specified energy increment.
The secondary structure with a lower theoretical value of free energy
was selected as a model structure for 3D structure prediction. The
output file containing primary sequence and an associated secondary
structure (Dot-Bracket Notation) was then submitted to 3dRNAWeb
Server to generate the 3D structure.44 3dRNA is an automated
method of building RNA 3D structures from sequences and second-
ary structures by using the smallest secondary elements. Docked
models were generated using a bimolecular docking server
PatchDock. The main physicochemical measure that relates to
binding affinity is the buried surface area (BSA). BSA = (ASA anti-
sense-circular RNA + ASA sense-circular RNA/linear mRNA) –

ASA complex. Visualization was performed by using PyMOL.

Animal models

All animal experiments were conducted in accordance with the rele-
vant guidelines and regulations approved by the Animal Care Com-
mittee of Sunnybrook Research Institute. The cA-circSlc8a1 and
circSlc8a1-transgenic mice were generated by pronuclear microinjec-
tion of DNA fragments containing either cA-circSlc8a1 with the heart
promoter or circSlc8a1 into C57BL/6J, performed by the Toronto
Centre for Phenogenomics. The sequences of cardiac-specific pro-
moter (the promoter of mouse alpha myosin heavy chain gene) are
shown in Figure S1E. The sequences of cA-circSlc8a1 and circSlc8a1
constructs for generating transgenic mice are listed in the supple-
mental information. All transgenic mice were ear tagged and geno-
typed after weaning. The genotyping primer sequences are listed in
the Table S2.

PO-induced cardiac hypertrophy was performed by the modified
TAC in mice as previously described.45,46 Successful banding was
confirmed with visual confirmation of differential carotid pulpability.
Success in generating PO model was confirmed by measuring the ca-
rotid artery flow velocities by Doppler. Only mice with a right carotid/
left carotid flow ratio within a certain range (>5) were included for
further experiments. The sham mice underwent surgery at the same
time points with anesthesia and the rest of the operation, except the
aortic banding.
Cell culture and transfection

The immortalized mouse cardiomyocyte cell line, HL-1 cells, were
cultured in Claycomb medium supplemented with 10% FBS,
100 U/mL penicillin and streptomycin, 2 mM L-glutamine and
0.1 mM norepinephrine. The HEK293 cells were cultured in
DMEM supplemented with 10% FBS and 100 U/mL penicillin and
streptomycin. The cells were transfected with the mixture of plasmid
and transfection reagent Polyjet (SignaGen Laboratories) for 5–12 h
and collected for further examination 24–48 h after transfection.
Cardiac function assessment

Mice were anesthetized with 2% isoflurane inhalation to undergo
transthoracic echocardiography. Transthoracic echocardiography
was performed and analyzed in a blinded manner, using a Vevo
2100 high-resolution imaging system equipped with a 40-MHz trans-
ducer to measure LVEDD, LVESD, LVEF, LVFS, and dp/dt. A 1.4-Fr
high-fidelity pressure catheter (SPR-671, Millar Instruments, Hous-
ton, TX) was inserted into the LV via the right carotid artery to
evaluate left ventricular pressure (LVSP) and dp/dt using PowerLab
system (AD Instruments) as described.47
Histological staining

After harvesting, the hearts were cut into two halves. The lower halves
were fixed with 10% buffered formalin and embedded in paraffin,
sectioned into 5 mm sections. Masson’s trichrome staining and Sirius
red staining were performed to evaluate cardiac fibrosis. Masson’s
trichrome stain kit (American Master Tech) was used for Masson’s
trichrome staining according to the manufacturer’s instructions. In
brief, the paraffin sections were deparaffinized and hydrated with
xylene and absolute alcohol followed by rinsing with running tap wa-
ter. The sections were then immersed into preheated Bouin’s Fluid at
56�C for 1 h followed by rinsing with running tap water until the tis-
sues were colorless. Then, the sections were immersed in working
Weigert’s hematoxylin for 5 min, in Biebrich scarlet-acid fuchsin
for 15 min, in phosphomolybdic/phosphotungstic acid for 15 min,
in Aniline blue stain for 10 min, and then in 1% acetic acid for
5 min. The slides were rinsed with running tap water between each
step. After dehydration, the slides were mounted with permanent
mounting media.
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The Sirius red staining was performed according to the protocol
described in the previous report.48 The mouse heart sections were
de-waxed and hydrated, followed by staining with Weigert’s haema-
toxylin for 8 min. The sections were washed with running tap water,
stained in 0.1% Picrosirius red for 1 h, and then washed in 0.1% acetic
acid. After dehydration, the slides were mounted with permanent
mounting media.

WGA staining was conducted to visualize the cross-section area of
cardiomyocytes for evaluating cardiac hypertrophy. Alexa Fluor 555
conjugated WGA (5 mg/mL) was applied to the tissue slides and incu-
bated at room temperature for 10 min followed by washing twice with
HBSS according to the manufacturer’s instructions (ThermoFisher
Scientific). Then, the slides were mounted with fluorescence
mounting medium (Dako).

For ORO staining, the livers were fixed with 10% buffered formalin
followed by immersion in 30% sucrose before embedded inOCT com-
pound. Cryopreserved tissues were sectioned into 10 mm sections. The
tissue slides were stained with ORO working solution (0.7%, w/v) fol-
lowed by washing out the excess stain. The slides were mounted with
aqueous mounting media, Glycerol Gelatin (Sigma).

The fibrosis area, cross-section area and lipid droplets area were
quantified using ImageJ software.

RT-PCR and RNase treatment

Total RNAs were extracted from cells and tissues using TriRNA isola-
tion kit (Geneaid) or TRIzol (ThermoFisher Scientific). Total RNAs
were subjected to RNase R treatment to remove linear RNAs or
directly used for RT to synthesize single-stranded cDNA. RNase
treatment was conducted as described previously.49,50 In brief, 1 mg
RNase R (Epicentre) or RNase A (QIAGEN) was added in themixture
and incubated at 37�C for 15 min prior to RT. RNA (1 mg) was sub-
jected to RT and quantitative PCR (qPCR) using LunaScript Super-
Mix and LunaqPCR master mix (New England Biolabs). The small
nuclear RNA U6 or GAPDH were used as internal controls to calcu-
late the relative levels of the RNAs of interest. For examining the copy
number of circSlc8a1, cDNA was prepared as described above fol-
lowed by droplet digital PCR (Bio-Rad) conducted at Genomics
Core Facility, Sunnybrook Research Institute. For gene-specific RT
using reverse primer specific for circSlc8a1, 1 mg RNA was reverse
transcribed using iScript select cDNA synthesis kit (Bio-Rad) with
reverse primer specific for circSlc8a1 (50-gtacaataagacttccaactgc-30).
The sequences of primers are listed in the supplemental information.

RNA pull-down assay

The RNA pull-down assay was performed using a biotin-labeled
circRNA probe as described before.49,51 In brief, the tissues or cells
were lysed in co-IP buffer (20 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 0.1 mM EDTA, 0.5% NP40 and protease inhibitor cocktail)
and incubated with biotinylated DNA probes against circSlc8a1 at
room temperature for 2 h. Streptavidin C1 magnetic beads (50 mL)
from Invitrogen were added to each of the probe-containing reaction,
1702 Molecular Therapy Vol. 31 No 6 June 2023
and further incubated at room temperature for another 1 h. The beads
were collected and washed extensively with co-IP buffer for five times.
The circRNA circSlc8a1 pulled down by the probe was analyzed by
RT-PCR. The proteins that bound to circSlc8a1 and pulled down by
the probe were analyzed by western blotting or mass spectrometry.
The biotin-oligomers for RNA pull-down of mouse circSlc8a1 were
synthesized by Eurofins Genomics.

Subcellular fractionation

The subcellular fractions of the heart tissues or the cells were isolated
as described.52 In brief, cultured cells or heart tissues were harvested
and resuspended in 500 mL fractionation buffer (250 mM sucrose,
20 mM HEPES [pH 7.4], 10 mM KCl, 2 mM MgCl2, 1 mM EDTA,
1 mM EGTA, and protease inhibitor cocktail). Then, the cells were
homogenized by 10 passages through a 25-G needle using a 1 mL sy-
ringe and incubated on ice for 30 min. The heart tissues were homog-
enized in fractionation buffer using a Dounce homogenizer on ice.
The nuclear pellet was collected by centrifugation at 720 � g for
5 min. The supernatant was centrifuged again at 10,000 � g for
15 min. The pellet containing mitochondria was collected followed
by further wash with fractionation buffer. The supernatant containing
the cytosolic fraction was concentrated and purified with Millipore
centrifugal filter units. The purity of the mitochondria was confirmed
by detecting the expression of GAPDH or b-ACTIN in the cytosol
and mitochondrially encoded ATP8 (MT-ATP8) in mitochondria.

FISH and immunofluorescent staining

In the FISH, cy5-labeled DNA oligo probes against circSlc8a1 were
generated by fluorescence PCR labeling kit (Biolynx). The labeled
probes were heated at 95�C for 2 min and chilled on ice immediately
to prevent reannealing. A scramble sequence was labeled in the same
way and used as a negative control. Thefixed samples were dehydrated
by washing for approximately 1 min each in 70%, 95%, and 100%
ethanol. The dehydrated samples were air-dried and pretreated with
hybridization solution in 55�C for 30 min. The pre-hybridized slides
were incubated with 50 nM fluorescence-labeled DNA probes in hy-
bridization buffer at 55�C for 2 h followed by serial washes with saline
sodium citrate buffers. After the samples were blocked with TBS con-
taining 10%goat serum for 30min, immunofluorescence stainingwith
mitochondrial marker, VDAC antibody (Abcam) was performed with
incubation at 4�C overnight followed by Alex Fluor 647 anti-rabbit
antibody (ThermoFisher Scientific). F-actin was stained with Alexa
Fluor 488 phalloidin (ThermoFisher Scientific) for 2 h at room tem-
perature. DAPI was stained with NucBlue Fixed Cell ReadyProbes Re-
agent (ThermoFisher Scientific). Then, the slides were mounted with
fluorescence mounting medium (Dako).

Western blotting

The protein expression levels were determined by western blotting as
previously described.53 In brief, proteins were isolated from tissues or
cells using RIPA buffer. Proteins in the lysates were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The sepa-
rated proteins were transferred onto a nitrocellulose membrane in 1�
Tris/glycine buffer containing 20% methanol at 80 V and 4�C for 2 h.
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The membranes were blocked in TBST buffer containing 5% (w/v)
non-fat dry milk powder for 1 h followed by incubation with primary
antibodies at 4�C overnight. The membranes were then washed and
incubated with secondary antibodies at room temperature for 2 h. Af-
ter washing, the bound antibodies were visualized with an ECL detec-
tion kit (Millipore). The monoclonal antibodies against SLC8A1 and
ATPB were from Abcam. The antibodies against COX5B, NDUFS2,
and TOMM22 were from ABclonal. The same membranes were re-
probed with rabbit anti-b-ACTIN monoclonal antibody (Protein-
tech) to confirm equal loading of proteins for each sample.

ATP assay

The ATP levels in the heart tissues or cultured cells were measured by
ATP assay kit from Abcam according to the manufacturer’s instruc-
tions. In brief, the cultured cells were resuspended and homogenized
in ATP assay buffer followed by centrifugation at 13,000 � g at 4�C
for 5 min. The supernatant was collected and deproteinized by using
1 M perchloric acid (PCA). The heart tissues were homogenized in
ice-cold PCA with a Dounce homogenizer and kept on ice for
30–45 min. After centrifuging at 13,000 � g for 2 min at 4�C, the su-
pernatant was neutralized to pH 6.5–8 with KOH. Then, the superna-
tant, which was collected after another centrifugation, and the ATP
standard were applied for fluorometric assay with the ATP probe,
ATP converter and Developer Mix that was provided in the assay kit.

Mass spectrometry analysis

The mouse heart tissues were lysed in the co-IP buffer and applied for
RNA pull-down assay with circSlc8a1 probe following the methods
described above. The streptavidin magnetic beads were collected
and washed extensively with the co-IP buffer followed by washing
with PBS. The streptavidin magnetic beads were sent to SPARC Mo-
lecular Analysis Centre (The Hospital for Sick Children, Toronto) for
elution, digestion and mass spectrometry analysis.

Statistical analysis

All experiments were performed in triplicates or more. The numerical
data were subjected to Student’s t test with non-parametric two-tailed
unpaired Mann-Whitney test for two groups or one-way ANOVA for
three or more groups using GraphPad Prism. The levels of signifi-
cance were set at *p < 0.05 and **p < 0.01.
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