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Loss of Super-Enhancer-Regulated circRNA
Nfix Induces Cardiac Regeneration After
Myocardial Infarction in Adult Mice

BACKGROUND: circRNAs (circular RNAs) are emerging as powerful
regulators of cardiac development and disease, but their roles in cardiac
regeneration are still unknown. This study used superenhancers to
distinguish key circRNAs in the regulation of cardiac regeneration and
explored the mechanisms underlying circRNA functions.

METHODS: We used integrated bioinformatics analysis of RNA
sequencing data and superenhancer catalogs to identify superenhancer-
associated circRNAs. Quantitative polymerase chain reactions and in

situ hybridization were performed to determine the circRNA expression
patterns in hearts. Gain- and loss-of-function assays were conducted to
detect the role of circRNAs in cardiomyocyte proliferation and cardiac
repair after myocardial infarction. Chromatin immunoprecipitation
(ChIP) and electrophoretic mobility shift assays were used to determine
the binding of Meis1 (Meis homeobox 1) on circNfix-associated
superenhancers. RNA pulldown and luciferase reporter assays were used
to study circRNA interactions with proteins and miRNAs (micro RNAS).

RESULTS: We identified a circRNA, Nfix circRNA (circNfix), that was
regulated by a superenhancer and overexpressed in the adult heart in
humans, rats, and mice. The transcription factor Meis1 bound to the
superenhancer at the circNfix locus, and increased its expression. In vitro and
in vivo, cardiomyocyte proliferation was increased by knockdown of circNfix,
whereas it was inhibited by circNfix overexpression. Moreover, circNfix

downregulation promoted cardiomyocyte proliferation and angiogenesis and

inhibited cardiomyocyte apoptosis after myocardial infarction, attenuating
cardiac dysfunction and improving the prognosis. Mechanistically, circNfix
reinforced the interaction of Ybx1 (Y-box binding protein 1) with Nedd4l (an
E3 ubiquitin ligase), and induced Ybx1 degradation through ubiquitination,
repressing cyclin A2 and cyclin B1 expression. In addition, circNfix acted as

a sponge for miR-214 to promote Gsk3f (glycogen synthase kinase 3 3)
expression and repress [3-catenin activity.

CONCLUSIONS: Loss of superenhancer-regulated circNfix promotes
cardiac regenerative repair and functional recovery after myocardial
infarction by suppressing Ybx1 ubiquitin-dependent degradation and
increasing miR-214 activity and thus may be a promising strategy for
improving the prognosis after MI.
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Clinical Perspective
What Is New?

e Silencing circRNA (circular RNA) Nfix promotes
cardiomyocyte proliferation and angiogenesis by
suppressing Ybx1 (Y-box binding protein 1) ubiqui-
tin-dependent degradation and rescuing miR-214.

e Superenhancers mark abundant, tissue-specific,
and developmental stage-specific circRNAs.

e circNfix-associated superenhancer regulates circ-
Nfix expression by recruiting transcriptional factor
Meis1 (Meis homeobox 1).

What Are the Clinical Implications?

¢ The findings that circRNA Nfix negatively regulates
cardiac regeneration provides a novel therapeutic
target to improve the prognosis after myocardial
infarction.

¢ Understanding the role of superenhancers on con-
trolling mouse cardiac regeneration may uncover
the epigenetic modifications restricting the regen-
erative ability of adult human heart, enabling the
development of potential therapeutic avenues.

ctivation of cardiomyocyte proliferation in situ
Ais a promising approach for replacing lost car-

diomyocytes after injury or disease, such as
myocardial infarction (MI) and heart failure.” ncRNAs
(noncoding RNAs) play vital roles in cell-cycle regu-
lation, and incorporating them is a powerful strat-
egy for promoting cardiomyocyte proliferation.?3
circRNAs (circular RNAs) are a novel class of ncRNAs
that are circularized by joining the 3" end of the RNA
to the 5" end.* The circular structure maintains their
stability and strengthens their miRNA (microRNA)/
protein-binding capacity.>® Thus, circRNAs may be
more effective than noncircular RNAs in regulating
the cardiac gene regulator network and inducing
cardiomyocyte proliferation. Moreover, emerging evi-
dence indicates that circRNAs may play fundamental
roles in the regulation of cardiac regeneration.” Cer-
tain kinds of circRNAs have been found to control the
regulation of cell proliferation, differentiation, devel-
opment, and even tissue regeneration.® circRNAs also
participate in biological processes and pathological
conditions of the cardiovascular system, including
the development of cardiomyopathy, cardiomyocyte
hypertrophy, senescence, and apoptosis.®'" In addi-
tion, high-throughput RNA sequencing has recently
revealed circRNAs that are frequently differentially ex-
pressed between neonatal and adult heart, and these
deregulated circRNAs are likely involved in heart re-
generation.'? Therefore, targeting circRNAs might be
an attractive strategy for promoting a cardiac regen-
erative response because of their important roles in
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cell proliferation and cardiomyocyte function. How-
ever, the role of circRNAs in cardiac regeneration has
not been previously investigated.

Identification and validation of the key circRNA
function in the acquisition of regenerative capability
is also critical for seeking possible therapeutic targets.
Recently, circRNAs that are differentially expressed be-
tween neonatal and adult hearts have been uncovered
by RNA sequencing,' but further recognizing the sub-
groups essential for cardiac regeneration from a fairly
large number of candidates is difficult. Superenhanc-
ers are large clusters of active enhancers that are en-
riched for the binding of key master transcription fac-
tors.” These clusters of enhancers are developmental
and cell-type specific and act as causal mechanisms of
cell differentiation, specification, and development by
controlling cell-identity genes or ncRNA expression.''
Because superenhancers are frequently identified near
genes or ncRNAs that are important for controlling
cell identity and differentiation, such superenhancers
may be used to quickly identify key nodes regulating
cell differentiation and development.’*'®7 Impor-
tantly, superenhancer-associated ncRNAs have been
found to drive cardiogenesis and cardiomyocyte dif-
ferentiation,'®'® both of which are key links during
cardiomyocyte proliferation. Here, we postulated that
superenhancers are likely to mark circRNAs that control
cardiomyocyte differentiation and development, there-
by helping to identify key circRNAs regulating cardiac
regeneration.

In line with this hypothesis, we first performed a
comprehensive analysis of the relationship between
superenhancers and circRNA networks in hearts. We
further identified circRNA Nfix (circNfix) as a cardiomyo-
cyte-enriched circRNA that was regulated by the bind-
ing of Meis1 (Meis homeobox 1) to its associated su-
perenhancer in the adult heart. Of crucial importance,
downregulation of circNfix promoted adult cardiomyo-
cyte proliferation and cardiac regeneration by rescuing
Ybx1 (Y-box binding protein 1) and miR-214 (microR-
NA-214), significantly decreasing the fibrotic area and
promoting functional recovery after M.

METHODS

The data, methods and materials related to this study are
available to other researchers on reasonable request.

Animal Model Establishment

C57BL/6 mice and SD rats were purchased from Guangdong
Medical Laboratory Animal Center. The Cas9 knock-in mouse
model was obtained from Shanghai Model Organisms Center,
Inc. Mouse Ml was performed as described.?° All animal exper-
iments were approved by the Animal Research Committee of
Southern Medical University and performed in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.
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Cardiomyocyte Isolation and Culture
Neonatal cardiomyocytes were isolated from 1 day-old (P1)
and 7-day-old (P7) C57BL/6 mice or P1 SD rats, and adult
cardiomyocytes were isolated from =8 week-old adult mouse
as previously described.?

RNA Quantification

Total RNA from cell or tissue lysates was isolated using TRIzol
reagent (R6830-01E.Z.N.A, OMEGA). Quantitative reverse tran-
scription—polymerase chain reaction (QRT-PCR) was performed
by using SYBR Green PCR Master Mix (Takara, Dalian, China)
in a LightCycler 480 System (Roche, Germany). The primers are
listed in Table I'in the online-only Data Supplement .

Immunohistochemical and

Immunofluorescent Analysis

After collection, hearts were fixed with 10% formalin or
embedded in optimum cutting temperature embedding
medium (Sakura) as appropriate. Immunohistochemical and

immunofluorescent analyses were performed as previously
described.?!

Statistical Analysis
Results were analyzed with SPSS 18.0 software. All data are
presented as the mean+SD. Unless mentioned otherwise,
after normality testing using the Shapiro-Wilk test, Student
t test (2-group comparison) or 1-way/2-way repeated-mea-
surements ANOVA, followed by Bonferroni post hoc testing
(multi-group comparison), were used to examine the differ-
ence as appropriate. The survival rate was determined using
the Kaplan-Meier method. The difference between survival
curves was determined using the log-rank (Mantel-Cox) test.
A value of P<0.05 was considered statistically significant.
More detailed materials and methods used in this study are
provided in the Methods in the online-only Data Supplement.

RESULTS

Superenhancers Mark Abundant, Tissue-
Specific, and Developmental Stage-
Specific circRNAs

Using an enhancer catalog generated in 23 human tis-
sues, defined by the presence of H3K27ac (acetylation
of histone H3 lysine 27) marks, we assigned enhancers
to the most proximal promoters of circRNAs. A variety of
circRNAs were spatially associated with superenhancers
and typical enhancers (TEs), which were named super-
enhancer-associated circRNAs (SE-circRNAs) and typical
enhancer—associated circRNAs (TE-circRNAs), respec-
tively. We characterized SE-circRNAs in diverse human
tissues, including heart, lung, brain, colon and gastric
tissue. SE-circRNAs showed higher expression levels
than TE-circRNAs or other circRNAs in these tissues (Fig-
ure IA in the online-only Data Supplement). Moreover,
SE-circRNAs were more likely to be tissue-type specific
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than TE-circRNAs (Figure IB and IC in the online-only
Data Supplement), and tissue-specific superenhancers
are likely to be associated with tissue-specific circRNAs
(Figure ID in the online-only Data Supplement).

We next investigated the role of SE-circRNAs and
their conservation at different stages of development.
The catalog of H3K27Ac superenhancers in 4 mouse
organs covering the embryonic and adult stages re-
vealed widespread changes in superenhancer distribu-
tion across different developmental stages (Figure IE in
the online-only Data Supplement). A gene ontology
analysis of proximal genes around embryonic-specific
superenhancers in the heart showed that they are relat-
ed to biological processes characteristic of cardiogen-
esis and angiogenesis, whereas adult-specific superen-
hancers are linked to the downregulation of signaling
pathways essential for cardiogenesis (Figure IF in the
online-only Data Supplement). These results suggested
that superenhancers might be critical drivers or inhibi-
tors of cardiac regeneration.

CircNfix is a Cardiac SE-circRNA That is
Enriched in Adult Cardiomyocytes

A previous study identified circRNAs that are differen-
tially expressed between adult and neonatal (P1) rat
hearts.’ Using this transcriptomic data set, we filtered
circRNAs for those that are conserved among humans,
rats, and mice (Figure IIA in the online-only Data Sup-
plement). We mapped these murine orthologs to stage-
specific heart superenhancers to identify SE-circRNAs
(Figures IA and IIA in the online-only Data Supplement).
circRNA_Nfix (circNfix) and circRNA_SIc8a1 (circSlc8al)
were found to be the predominant SE-circRNAs that
are differentially expressed in neonatal and adult hearts
(Figure 1A). circNfix was more enriched in cardiomyo-
cytes than was circSlc8al (Figure 1B). Moreover, Nfix
MRNA expression levels tended to be decreased in adult
mouse hearts and cardiomyocytes compared with neo-
natal mouse hearts and cardiomyocytes, respectively
(Figure llIA in the online-only Data Supplement). The
inverse trend for circular and linear transcript expres-
sion might indicate an important biological function of
circRNA.22 Next, we focused on circNfix for detailed ex-
pression profiling and functional characterization.
Divergent primers amplified circNfix in ¢cDNA but
not in genomic DNA, indicating that this RNA species
is circular in form (Figure 1C). The results of the Sanger
sequencing analysis of PCR products were in accor-
dance with the circNfix sequence shown in circBase (a
database for circRNAs) where the circRNA ID numbers
were hsa_circ_0005660 and mmu_circ_0001704.
The circNfix nucleotide sequence is strongly con-
served, with >95% homology among humans, rats,
and mice (Figure 1C; Figure IVA and IVB in the online-
only Data Supplement). We then demonstrated that

June 18/25,2019 2859

(=)
=
=
=
>
=
=
m
(7]
m
=
)
()
=




=
S
<
<<
Ll
7]
Ll
=
—
=
=
=
=
S

Huang et al

Loss of circRNA Nfix Induces Cardiac Regeneration

Fetal

L
I adult I adult
[Ineonatalffetal [Ineonatal
05 & 04
0.4 *
* o 034 *
$ 03 §
g 3 02
5 02 %
01
0.1+
¥ # #
0.0 00
& "y 5
¢ & &
‘\o& 5 g\.{b o(bgé‘z' & ]

o W@
-

Rel. expression (% total)

PO-D7

A circNfix I.‘ ® fetal SE-circRNA B ol c hsa-circNfix mmu-circNfix rno-circNfix mmu-Gapdh
[6] (ewmsesens gk L MG PO PP P O P
20 S ’/’ T 4+
Z ; e 2
' e =
% s S 34«
s 5
= ’ ’ 73 —
£1.07 K E @ &
B £t circSic8a1 3
P o 14
& ot i
o, [7}
Dok = o TITF T IT FIIT S FIT T
-4l T T T T & & 8%0‘?-06 -ey‘&‘\?' ‘:9‘{’ ‘\?‘\v%gdg &‘\0\\ K ‘;‘?
0.0 1.0 2.0 3.0 4.0 &
neonatal heart (RPM) .
D E - EEE RNase- 1.5- -8~ circNfix
circNfix Skb ’ B RNase+ ’ 8- NixmRNA
Nfix —
8 g *
1 | [ Ll B ®
T | LI | b g g ey I .
e a =%
. TR, > *
f____ T, 8 A
mouse g @ 0.54
human | w e
rat I N . .
3
0 cireNfix  Nfix mRNA Oh 8h 16h  24h
H | J
154 4 i 4+
c g *
5 2 ®
2 8 3 o
£ 1.0+ & g
x 24 &
% s =
051 S £
o G 14 <
3 4 3
74 L (4
0~ o
& ¢ & b @ o S & P
Mouse
Infarted zone(MI)

BN nuclear
B cytoplasm

1.0

0.8

0.6

04

0.2

0.0

o
o\i"‘\ 9‘\'\‘?‘ o
\

Border zone(MI)

while light

Figure 1. circNfix is a conserved cardiac-circRNA.

A, Superenhancer-associated circRNAs that are differentially expressed in adult and neonatal (PO) rat hearts. circRNA expression is expressed in RPM (reads per mil-
lion mapped reads). Dashed lines indicate the interval of the +1.5-fold change; n=3. B, circNfix and circSlc8a1 expression in isolated P7 mouse and rat cardiomyo-
cytes (CMs) versus that in cardiac fibroblasts (CFs). n=6; *P<0.05 versus circSlc8a1. C, Divergent primers amplify circNfix in cDNA but not genomic DNA (gDNA);
divergent and convergent primers are indicated by the direction of the arrow. D, The mouse genomic loci of circNfix in Nfix genes. The expression of circNfix was
validated by reverse transcription—-polymerase chain reaction (RT-PCR) followed by Sanger sequencing. Its conserved analogs in humans and rats, (Continued)
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circNfix had greater stability than the linear transcript
(Figure 1E and 1F).

QRT-PCR assays showed that circNfix was expressed
in several tissues in adult mice and was enriched in
the heart (Figure 1G). Moreover, we detected circNfix
expression in several cardiac cell types isolated from
adult mouse hearts. CircNfix was highly expressed in
cardiomyocytes compared with other cardiac cell types
(Figure 1H). Importantly, circNfix expression was signifi-
cantly increased in cardiomyocytes during heart devel-
opment (Figure 1L through 1M). Furthermore, Ml in PO
mice, which induces robust cardiomyocyte proliferation
at day 7 after MI, was associated with significant down-
regulation of circNfix in the border zone (Figure 1K,
1M; Figure VA in the online-only Data Supplement).
By contrast, circNfix expression was modestly increased
following MI at P56, a time point at which cardiomyo-
cytes have a limited proliferation capacity (Figure 1K,
1M; Figure VA in the online-only Data Supplement). In
addition, circNfix was observed to be located mainly in
the cytoplasm of P7 cardiomyocytes (Figure 1N, 10).

Loss of circNfix Promotes Cardiomyocyte
Proliferation in Vitro

We used siRNAs (small interfering RNAs) targeting back-
splicing of circNfix to specifically knock down circNfix
expression in vitro (Figures IlIA through IIID, Table Il in
the online-only Data Supplement). Notably, knockdown
of circNfix significantly increased the percentage of P7
cardiomyocytes expressing cell-cycle activity markers
(Figure 2A through 2D; Figure VIA in the online-only
Data Supplement). The time-lapse imaging of P7 car-
diomyocytes labeled with the fluorescent mitochondrial
dye tetramethylrhodamine ethyl ester showed that
P7 cardiomyocytes in the si-circNfix group underwent
cell division, whereas no cardiomyocyte in the control
group was observed to go through cell division (Fig-
ure 2E; Movie | and Movie Il in the online-only Data
Supplement). Moreover, we investigated the effects of
circNfix overexpression on PO cardiomyocyte prolifera-
tion. Overexpression of circNfix was found to reduce
the ratio of PO cardiomyocytes expressing proliferation
markers (Figure 2F through 2H). We observed that si-
lencing circNfix had no effect on P7 cardiomyocyte pro-
liferation (Figure IlIB through IIIE in the online-only Data
Supplement).

Loss of circRNA Nfix Induces Cardiac Regeneration

Moreover, we observed more rounded cells, with dis-
organization and a reduced number of sarcomere struc-
tures in P7 cardiomyocytes when circNfix was knocked
down (Figure VIB in the online-only Data Supplement).
This observation was in accordance with an increase in
dedifferentiation markers' expression (Figure 2I). Flow
cytometry assays further revealed that more P7 cardio-
myocytes were accumulated at the synthesis and gap
2/mitotic phases of the cell cycle. (Figure 2J). In addi-
tion, the number of apoptotic cardiomyocytes after
H,O, treatment was significantly reduced by circNfix
silencing, whereas circNfix overexpression increased the
number, suggesting that circNfix expression might be
associated with cardiomyocyte survival (Figure VIIA and
VIIB in the online-only Data Supplement).

Loss of circNfix Promotes Adult
Cardiomyocyte Proliferation in Vivo

To assess the in vivo effect of circNfix downregulation,
we delivered AAV9-shRNA (adeno-associated virus-9
short hairpin RNA; circNfix) to adult mice and detected
the proliferation of cardiomyocytes. The transfection
efficiency of AAV9-shcircNfix-GFP (green fluorescent
protein) was =80% by GFP and cardiomyocyte marker
costaining, and circNfix expression was significantly re-
duced (Figure VIIIA through VIIF in the online-only Data
Supplement). We also demonstrated the specificity of
AAV9-mediated circNfix knockdown for cardiomyocytes
(Figure IXA through IXF in the online-only Data Supple-
ment). In addition, knockdown of circNfix was observed
to markedly elevate the ratio of proliferative cardiomyo-
cytes and increase the total cardiomyocyte number (Fig-
ure llIA through IlID, Figure XA in the online-only Data
Supplement). Moreover, QRT-PCR assays showed that
circNfix downregulation significantly increased the ex-
pression of the dedifferentiation markers in vivo (Figure
XIA in the online-only Data Supplement). Western blot-
ting and immunofluorescence analysis further confirmed
that circNfix knockdown increased RUNX1 (runt-related
transcription factor 1) expression in adult hearts (Fig-
ure 3E; Figure XIB in the online-only Data Supplement).
Additionally, circNfix downregulation resulted in transient
sarcomere disassembly and reduction in vivo (Figure XIC
in the online-only Data Supplement). Disrupted cardio-
myocyte adhesion, suggested by the disordered arrange-
ment of cardiomyocytes and enlarged intracellular space,

Figure 1 Continued. as well as the per base conservation score, were also depicted. E, The abundances of circNfix and Nfix mRNA in PO CMs treated with RNase
R, which were normalized to the amount measured in the mock treatment. n=6; *P<0.05 versus RNase- treatment. F, The amount of circNfix and Nfix mRNA

in PO CMs treated with actinomycin D at the indicated time points. n=4; *P<0.05 versus Nfix mRNA at each time point. G, Quantitative RT-PCR (QRT-PCR) for
the abundance of circNfix in multiple adult mouse tissues. n=4; *P<0.05 versus heart. H, QRT-PCR assays for detecting circNfix expression in several cardiac cell
types isolated from adult mice hearts. n=4; *P<0.05 versus CM. I, Gene expression of circNfix in hearts from E14.5, PO, P7, and P56 mice. n=6; *P<0.05 versus
E14.5, #P<0.05 versus PO. J, Gene expression of circNfix in CMs isolated from PO, P7, and P56 mice. n=6; *P<0.05 versus PO. K through M, Detection of circNfix
expression in human, rat and mouse heart sections by in situ hybridization (K) and the corresponding quantitative analysis (L through M). n=2 for adult human
hearts, n=6 for other groups; *P<0.05 versus neonatal or fetal sample, #P<0.05 versus sham group. N, QRT-PCR for the abundance of circNfix and Nfix mRNA

in either the cytoplasm or nucleus of P7 CMs. O, RNA fluorescense in situ hybridization for circNfix in P7 CMs; bar=50 pm. CF indicates cardiac fibroblast; DAPI,

4’,6-diamidino-2-phenylindole; and EC, endothelial cell.
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further confirmed the transient dedifferentiation of adult
cardiomyocytes (Figure XID in the online-only Data Sup-
plement). All the above results indicated that loss of circ-
Nfix was able to induce cardiomyocyte dedifferentiation
and proliferation followed by redifferentiation.

Moreover, we isolated cardiomyocytes from adult
mouse hearts injected with AAV9-shcircNfix or AAV9-
shNC. Ex vivo studies showed that total cardiomyocyte
number and the percentages of pH3* (phosphorylated
histone H3 positive), Ki67* (marker of proliferation Ki-67
positive), and mononuclear cardiomyocytes were signifi-
cantly higher in the AAV9-shcircNfix group than in the
AAV9-shNC group (Figure 3K, 3L; Figure XIIA in the on-
line-only Data Supplement). The expression of dedifferen-
tiation markers was also significantly higher in the AAV9-
shcircNfix group than in the AAV9-shNC group (Figure
XIIA through XIIE in the online-only Data Supplement).
We also found that circNfix loss resulted in transient sar-
comere disassembly and reduction in isolated adult car-
diomyocytes (Figure XIIB through XIIE in the online-only
Data Supplement). Additionally, downregulation of circ-
Nfix had no effect on cardiac fibroblast proliferation (Fig-
ure XIIIA in the online-only Data Supplement).

CRISPR/Cas9 technology was used to knock out circ-
Nfix within cardiomyocytes both in vitro and in vivo. We
successfully constructed a circNfix knockdown cell line
using HL-1, a mouse cardiomyocyte cell line, with the
CRISPR/Cas9 method as previously described?* (Figure
XIVA and XIVB,; Table Ill in the online-only Data Supple-
ment). Deletion of circNfix was observed to increase the
proliferation of HL-1 cardiomyocytes (Figure XIVC and
XIVD in the online-only Data Supplement). Moreover,
we successfully decreased circNfix expression in vivo us-
ing CRISPR/Cas9 knock-in mice, inducing a significant
increase in cardiomyocyte proliferation in these circNfix-
deficient mice (Figure XVA through XVK, Table lll in the
online-only Data Supplement).

Loss of circNfix Promotes Adult Cardiac
Regeneration After Mi

Next we studied whether knockdown of circNfix could
elevate myocardial repair and preserve cardiac function

Loss of circRNA Nfix Induces Cardiac Regeneration

after MI. Knockdown of circNfix was performed in an
MI model by injection of AAV9-shcircNfix or AAV9-
shNC in the peri-infarcted area. As expected, knock-
down of circNfix markedly increased the ratio of pro-
liferative cardiomyocytes in the infarct border zone at
14 days post-MlI (Figure 3F through 3H; Figures XB and
XVIA in the online-only Data Supplement).

We observed a 2.4-fold decrease in apoptotic car-
diomyocytes in the AAV9-shcircNfix group at 7 days
post-MI compared with the control group (Figure 3I).
We found circNfix knockdown increased IB4- (isolec-
tin B4 negative), CD31- (cluster of differentiation 31
negative), and vWF (von Willebrand Factor)-stained
vessel density in the infarcted or border area (Fig-
ure 3l; Figure XVIIA through XVIID, and XVIIF in the
online-only Data Supplement). We also observed a
markedly increased proliferative rate of cardiac en-
dothelial cells after circNfix knockdown in vivo, using
cTnT (cardiac troponin)/CD31/Ki67 triple-staining on
heart sections (Figure XVIIE and XVIIG in the online-
only Data Supplement). Immunofluorescence analy-
sis of a-SMA (a-smooth muscle actin) and CD31 re-
vealed that arteriolar density was significantly greater
in the AAV9-shcircNfix group than in the AAV9-shNC
group (Figure XVIIIA and XVIIB in the online-only
Data Supplement). These results suggested increased
angiogenesis during circNfix knockdown, inducing
cardiac regenerative processes.

We further explored the effect of circNfix silencing
on functional recovery after Ml. Echocardiography re-
vealed that ejection fraction and fractional shortening
of cardiac functions were significantly preserved in the
AAV9-shcircNfix groups compared with the control
group (Figure 4A through 4C). Positron emission to-
mography—computed tomography, TTC (triphenyltetra-
zolium chloride) staining, and Masson trichrome stain-
ing revealed that the infarcted area and cardiac fibrosis
were significantly reduced in the AAV9-shcircNfix group
compared with the control group (Figure 4D through
4G). These responses are associated with a significant
increase in survival rate after Ml in the circNfix knock-
down group compared with that in the control group
(Figure 4H).

Figure 2 Continued. immunofluorescence staining in P7 CMs transfected with si-circNfix or si-NC and quantification of Aurora B-positive CMs (413 CMs from 8 mice
in the si-circNfix group and 321 CMs from 7 mice in the si-NC group). n=6; *P<0.05 versus si-NC group. Bar=50 pm. E, Quantification and representative images from
a 24h time-lapse movie of P7 CMs transfected with si-circNfix. The 3rd panel presents immunofluorescence (IF) staining for cTnT in the 24h cells. n=473 CMs from

10 mice in the si-circNfix group and n=450 CMs from 10 mice in the si-NC group; *P<0.05 versus si-NC group. Arrow indicates CMs undergoing cell division; bar=50
um. F, Ki67 immunofluorescence staining in PO CMs transfected with adenovirus -circNfix (OE) or adenovirus-vector (vector) and quantification of Ki67-positive CMs
(408 CMs from 10 mice in the OE group and 317 CMs from 10 mice in the vector group); Ki67-positive CMs are indicated by arrows. *P<0.05 versus vector group;
bar=50 pm. G, EdU staining in PO CMs transfected with adenovirus-circNfix or adenovirus-vector and quantification of EdU-positive CMs (428 CMs from 9 mice in the
OE group and 331 CMs from 9 mice in the vector group). EdU-positive CMs are indicated by arrows. *P<0.05 versus vector group; bar=50 pm. H, PH3 immunofluo-
rescence staining in PO CMs transfected with adenovirus-circNfix or adenovirus-vector and quantification of pH3-positive CMs (361 CMs from 8 mice in the OE group
and 297 CMs from 8 mice in the vector group). PH3-positive CMs are indicated by arrows. *P<0.05 versus vector group; bar=50 pm. I, P7 CM dedifferentiation analy-
sis by immunofluorescence staining for Nkx2.5 (359 CMs from 8 mice in the si-circNfix group and 294 CMs from 7 mice in the si-NC group), a-SMA (a-smooth muscle
actin; 289 CMs from 7 mice in the si-circNfix group and 245 CMs from 7 mice in the si-NC group), RUNX1 (runt-related transcription factor 1; 367 CMs from 8 mice
in the si-circNfix group and 341 CMs from 8 mice in the si-NC group), and DAB2 (285 CMs from 7 mice in the si-circNfix group and 248 CMs from 7 mice in the si-NC
group). Dedifferentiated CMs are indicated by arrows. *P<0.05 versus si-NC group; bar=50 um. J, Flow cytometry analysis of P7 CMs transfected with si-circNfix or
si-NC. *P<0.05 versus si-NC group, n=10"4 cTnT* cells. DAB2 indicates DAB adaptor protein 2; DAPI, 4’,6-diamidino-2-phenylindole; and Nkx2.5, NK2 homeobox 5.
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Figure 3. circNfix downregulation promoted adult cardiomyocyte (CM) proliferation.

A, Ki67 immunofluorescence staining in adult mouse hearts 14 days after transfection with AAV9-shRNA-circNfix (adeno-associated virus-9 short-hairpin RNA,;
shcireNfix) and AAV9-shRNA-NC (shNC) and quantification of Ki67-positive CMs (3051 CMs from 6 mice in the shcircNfix group and 2864 CMs from 6 mice in the
shNC group). Ki67-positive CMs are indicated by arrows. *P<0.05 versus shNC group; bar=25 pm. B, PH3 immunofluorescence staining in adult mouse hearts 14
days after transfection with AAV9-shcircNfix and AAV9-shNC and quantification of pH3-positive CMs (2919 CMs from 6 mice in the shcircNfix (Continued)
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Overexpression of circNfix Inhibits
Neonatal Cardiomyocyte Proliferation in
Vivo

To determine whether forced circNfix overexpres-
sion impairs neonatal cardiomyocyte proliferation
and cardiac regeneration, we injected adenovirus-
expressing circNfix or control vector into P1 mouse
hearts. We observed a high transfection efficiency
and specificity of adenovirus -circNfix for cardiomyo-
cytes (Figures XIXA through XIXE and XXA through
XXI in the online-only Data Supplement). Further-
more, circNfix overexpression significantly reduced
the proportion of proliferative cardiomyocytes and
the total cardiomyocyte number (Figure 5A through
51). In addition, the percentage of TUNEL* cardio-
myocytes in the infarct border zone was significantly
higher in mice overexpressing circNfix than in the
control mice (Figure 5F). IB4, a-SMA, and CD31 im-
munostaining showed that circNfix overexpression
inhibited angiogenesis after P1 mouse MI (Figure 5G
and 5H; Figure XXIA in the online-only Data Supple-
ment). Accordingly, echocardiographic ejection frac-
tion at 7 days after Ml was significantly lowered in
the adenovirus -circNfix group compared with the
control group (Figure 5L and 5M). Histological analy-
sis showed a significant increase in the infarct size
in circNfix-overexpressing mice compared with that
in the control mice (Figure 5J and 5K). Collectively,
these findings demonstrated that repression of car-
diomyocyte proliferation by circNfix overexpression
could impair cardiac regenerative repair in a neona-
tal mouse model.

We also assessed the effect of circNfix on the regu-
lation of cardiomyocyte hypertrophy. Neither circNfix
silencing nor circNfix overexpression was found to sig-
nificantly alter cardiomyocyte size in vivo or cardiomyo-
cyte volume ex vivo (Figure XXIIA through XXIID in the
online-only Data Supplement).

Loss of circRNA Nfix Induces Cardiac Regeneration

Meis1 Controls circNfix Expression by
Binding to the Superenhancer at the Nfix
Locus

The cardiac superenhancer at the Nfix locus is present in
human and mouse hearts (Figure 6A and 6B). We vali-
dated that this superenhancer region is enriched in oth-
er superenhancer marks, including H3K4me1 (mono-
methylation of histone H3 at lysine 4), H3K27me3
(trymethylization of histone H3 at lysine 27), P300, and
DNase hypersensitive site, using ChIP-sequence (ChIP-
seq) data (Figure 6A and 6B). Consistent with the in-
crease in circNfix expression in adult hearts, active his-
tone marks at the Nfix locus were markedly increased,
whereas inactive histone marks were reduced in adult
hearts (Figure 6A and 6B). We also found that the su-
perenhancer from which circNfix is derived is uniquely
active in adult heart tissue compared with other tissues
(Figure XXIIIA and XXIIIB in the online-only Data Sup-
plement). Importantly, the enhancer H3K27ac histone
marks were also noticeably increased in adult cardio-
myocytes compared with embryonic cardiomyocytes
(Figure 6B). Superenhancers often recruit transcription
factors to fulfill their enhancer activity. We therefore
used ChlIP-seq to map the genome-wide occupancy of
Meis1, a transcription factor controlling the cell-cycle
arrest of adult cardiomyocytes, inside the circNfix-asso-
ciated superenhancer. The ChIP-seq profile of Meis1 re-
vealed a prominent peak that overlapped with circNfix-
SE (Figure 6B). Moreover, a Meis1 motif was observed
in the circNfix-associated superenhancer sequence,
which is highly conserved among species (Figure 6B).
Chromosome 3C assays showed chromatin looping be-
tween the circNfix promoter and superenhancer, fully
supporting the superenhancer as a regulatory element
for circNfix (Figure 6C; Figure XXIIIC and Table IV in the
online-only Data Supplement). We next cloned individ-
ual constituent enhancers (E1, E2, E3, E4) of circNfix-
SE into enhancer-reporter vectors and measured their

Figure 3 Continued. group and 2458 CMs from 6 mice in the shNC group). pH3-positive CMs are indicated by arrows. *P<0.05 versus shNC group; bar=25 pm.
C, Aurora B immunofluorescence staining in adult mouse hearts 14 days after transfection with AAV9-shcircNfix and AAV9-shNC and quantification of Aurora
B-positive CMs (2084 CMs from 6 mice in the shcircNfix group and 1954 CMs from 6 mice in the shNC group). aurora B-positive CMs are indicated by arrows.
*P<0.05 versus shNC group; bar=25 pm. D, The labeling strategy used to identify cardiomyocyte nuclei and the number of cardiomyocytes per sample. Cardio-
myocyte nuclei were labeled with antibodies against PCM-1 (red), and the cardiomyocyte cell borders were labeled with antibodies against WGA (green). n=5
mice; *P<0.05 versus shNC group; bar=25 pm. E, Immunofluorescence analysis of RUNX1 (runt-related transcription factor 1) in the shcircNfix and shNC groups
14 days after virus infections (3156 CMs from 6 mice in the shcircNfix group and 3082 CMs from 6 mice in the shNC group). RUNX1-positive CMs are indicated by
arrows. *P<0.05 versus shNC group; bar=25 pm. F, Ki67 immunofluorescence staining in the shcircNfix and shNC groups 14 days post-myocardial infarction (MI)
and quantification of Ki67-positive CMs (3024 CMs from 6 mice in the shcircNfix group and 2947 CMs from 6 mice in the shNC group). Ki67-positive CMs are
indicated by arrows. *P<0.05 versus shNC group; bar=25 um. G, PH3 immunofluorescence staining in the shcircNfix and shNC groups 14 days after Ml) and quan-
tification of pH3-positive CMs (2896 CMs from 6 mice in the shcircNfix group and 2843 CMs from 6 mice in the shNC group). pH3-positive CMs are indicated by
arrows. Bar=25 pm. H, Aurora B immunofluorescence staining in the shcircNfix and shNC groups 14 days after Ml and quantification of Aurora B-positive CMs
(2684 CMs from 6 mice in the shcircNfix group and 2597 CMs from 6 mice in the shNC group). aurora B-positive CMs are indicated by arrows. *P<0.05 versus
shNC group; bar=25 pm. I, TUNEL immunofluorescence staining in the shcircNfix and shNC groups 7 days post- Ml and quantification of TUNEL-positive CMs
(2231 CMs from 6 mice in the shcircNfix group and 2195 CMs from 6 mice in the shNC group). TUNEL-positive CMs are indicated by arrows. *P<0.05 versus shNC
group; bar=25 um. J, IB4 staining in the shcircNfix and shNC groups 7 days post-MI and quantification of IB4-positive capillaries. IB4 (isolectin B4)-positive capillar-
ies are indicated by arrows. n=6 mice; *P<0.05 versus shNC group; bar=25 pm. K, PH3 immunofluorescence staining in adult CMs isolated from the shcircNfix and
shNC groups 14 days after virus infection and quantification of pH3-positive CMs (221 CMs from 6 mice in the shcircNfix group and 198 CMs from 6 mice in the
shNC group). *P<0.05 versus shNC group; bar=25 pm. L, Ki67 immunofluorescence staining in adult CMs isolated from the shcircNfix and shNC groups 14 days
after virus infection and quantification of Ki67-positive CMs (218 CMs from 6 mice in the shcircNfix group and 216 CMs from 6 mice in the shNC group). *P<0.05
versus shNC group; Barbar=25 pm. DAPI indicates 4,6-diamidino-2-phenylindole.
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Figure 4. Downregulation of circNfix induces cardiac regeneration after myocardial infarction (Ml).

A, Cardiac function analyzed by echocardiography pre-Ml and 1, 14, and 28 days post-MI. Time stamps, 33 ms, x axis; bar=1 mm, y axis. B and C, Quantita-

tive analysis of ejection fraction (EF) and fractional shortening (FS). n=10 per group; *P<0.05 versus shNC, #P<0.05 versus sham at each time point. D, Positron
emission tomography—computed tomography of sham, shcircNfix-transfected, and shNC-transfected mouse hearts 28 days post-MI. n=4 per group; *P<0.05
versus shNC, #P<0.05 versus sham. E, Triphenyltetrazolium chloride staining of mouse ventricular cross-sections at 14 and 28 days post-Ml, *P<0.05 versus shNC,
#P<0.05 versus sham; n=5 per group. F, Representative images of Masson trichrome-stained heart section at 14 and 28 days post-MI. Serial sectioning was
performed at 500 pm intervals; Barbar=1 mm. G, Quantitative analysis of the fibrotic areas in heart sections, *P<0.05 versus shNC, #P<0.05 versus sham; n=8 per
group. H, Kaplan-Meier survival curves in the shcircNfix and shNC groups post-MI (n=30 mice per group).
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Figure 5. circNfix overexpression inhibits neonatal cardiac regeneration post—-myocardial infarction (Ml).

A, Ki67 immunofluorescence staining in PO neonatal mouse hearts 4 days after transfection with adenovirus-circNfix (OE) and adenovirus-vector (vector) and quantifica-
tion of Ki67-positive cardiomyocytes (CMs; 2015 CMs from 6 mice in the OE group and 2149 CMs from 6 mice in the vector group). Ki67-positive CMs are indicated by
arrows. *P<0.05; bar=25 pm. B, PH3 immunofluorescence staining in the OE and vector groups and quantification of pH3-positive CMs (2919 CMs from 6 mice in the

OE group and 2458 CMs from 6 mice in the vector group). pH3-positive CMs are indicated by arrows. *P<0.05; bar=25 um. C, Ki67 immunofluorescence (Continued)
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activities by using a luciferase reporter system. E2 was
shown to be strongly active in cardiomyocytes (Fig-
ure 6D). Using luciferase, electrophoretic mobility shift
assay and ChIP—quantitative PCR assays, we confirmed
that Meis1 bound to E2 in P7 cardiomyocytes (Fig-
ure 6F and 6G). Moreover, Meis1 silencing significantly
reduced circNfix expression, although it increased Nfix
mRNA abundance (Figure 6H and 6l). We further ob-
served that Meis1 silencing increased the percentage of
P7 cardiomyocytes exhibiting proliferation kinetics in-
dexes, and these effects could be abrogated by circNfix
overexpression (Figure 6J).

We used CRISPR-Cas9 knock-in mice to generate
loss-of-function mutations in the Meis1 gene as previ-
ously described (Figure XXIVA through XXIVD, Table Il
in the online-only Data Supplement).’®?* These Meis
mutations significantly decreased circNfix expression
and increased cardiomyocyte proliferation in vivo, which
could be reversed by AAV9-mediated circNfix overex-
pression (Figure XXVA through XXVG in the online-only
Data Supplement). We also demonstrated that circNfix
knockdown could reverse the inhibitory effect of Meis1
on cardiomyocyte proliferation (Figure XXVIA through
XXVIF in the online-only Data Supplement). Addition-
ally, we failed to observe any synergistic effect between
Meis1 and circNfix knockdown (Figures XXVA through
XXVG, and XXVIIA through XXVIID in the online-only
Data Supplement). The above results indicated that
circNfix expression is tightly regulated by the interac-
tion between Meis1 and circNfix_SE.

circNfix Promotes Ybx1 Degradation via
Ubiquitination-Proteasome Pathways

To better explore the function of circNfix in cardiomyo-
cytes, we performed RNA pulldown assays of circNfix
using biotinylated probes targeting the circNfix back-
spliced sequence (Figure 7A; Figure XXVIIIA in the on-
line-only Data Supplement), and the precipitates were
subjected to mass spectrometry analysis. Several RNA-
binding proteins were identified by mass spectrometry
analysis, and the most abundant among them was
Ybx1 (Table V in the online-only Data Supplement).

Loss of circRNA Nfix Induces Cardiac Regeneration

Bioinformatics analysis revealed that Ybx1 and circNfix
are likely to interact (Figure XXVIIIB in the online-only
Data Supplement), and several Ybx1 motifs were ob-
served in the circNfix sequence (Figure XXVIIC in the
online-only Data Supplement). We then confirmed the
interaction between circNfix and Ybx1 using RNA pull-
down followed by Western blotting and radioimmune
precipitation (Figure 7A and 7B).

We next investigated the molecular consequence
of the interaction between circNfix and Ybx1. CircNfix
knockdown significantly decreased Ybx1 protein ex-
pression in cardiomyocytes, which could be attenuated
by proteasome inhibitor MG132 (Figure 7C and 7D,;
Figure XXVIIE in the online-only Data Supplement).
Ybx1 mRNA expression levels were not altered when
circNfix was overexpressed (Figure 7E). Moreover, circ-
Nfix inhibited nuclear translocation of Ybx1 in PO car-
diomyocytes (Figure 7F and 7G).

Nuclear Ybx1 has been reported to bind to the
promoters of Ccna2 (cyclin A2) and Ccnb1 (cyclin B1)
and activate their transcription.?> We also found that
Ybx1 knockdown could markedly decrease Ccna2
and Ccnb1 expression, which could abrogate circNfix
knockdown-induced overexpression (Figure 7G). Sub-
sequent ChIP—quantitative PCR assay confirmed the
interactions of Ybx1 with the promoters of Ccna2 and
Ccnb1 (Figure 71). Moreover, Ybx1 overexpression sig-
nificantly increased cardiomyocyte proliferation (Figure
XXVIID in the online-only Data Supplement), whereas
Ybx1 silencing could block circNfix knockdown-induced
cardiomyocyte proliferation (Figure 8N; Figure XXIXA
through XXIXC in the online-only Data Supplement).

Furthermore, circNfix knockdown and overexpres-
sion could reduce and increase the ubiquitination of
Ybx1 in cardiomyocytes, respectively (Figure 7J). More-
over, Nedd4l, an E3 ubiquitin ligase that interacts with
its substrates for ubiquitination, was also among the
proteins identified by mass spectrometry analysis fol-
lowing circNfix RNA pulldown (Table VI in the online-
only Data Supplement). Notably, a protein docking pro-
gram predicted that Ybx1 and Nedd4l were likely to
interact (Figure XXVIIIF in the online-only Data Supple-
ment), and coimmunoprecipitation assays confirmed

Figure 5 Continued. staining in the OE and vector groups 7 days post-MI and quantification of Ki67-positive CMs (2015 CMs from 6 mice in the OE group and
2149 CMs from 6 mice in the Vector group). Ki67-positive CMs are indicated by arrows. *P<0.05; bar=25 um. D, PH3 immunofluorescence staining in the OE and
vector groups 7 days post-MI and quantification of pH3-positive CMs (2896 CMs from 6 mice in the OE group and 2843 CMs from 6 mice in the vector group).
pH3-positive CMs are indicated by arrows. *P<0.05; bar=25 pm. E, Aurora B immunofluorescence staining in the OE and vector groups 7 days post-MI and quantifi-
cation of Aurora B-positive CMs (2684 CMs from 6 mice in the OE group and 2597 CMs from 6 mice in the vector group). *P<0.05; bar=25 pm. F, TUNEL immuno-
fluorescence staining in the OE and vector groups 7 days post-MI and quantification of TUNEL-positive CMs (2231 CMs from 6 mice in the OE group and 2195 CMs
from 6 mice in the vector group). TUNEL-positive CMs are indicated by arrows. *P<0.05; bar=25 pm. G, IB4 staining in the OE and vector groups 7 days after Ml and
quantification of IB4-positive capillaries, IB4-positive capillaries are indicated by arrows. n=6; *P<0.05; bar=25 um. H, a-SMA (a-smooth muscle actin) staining in
the OE and vector groups 7 days post-MI and quantification of a-SMA-positive capillaries, a-SMA-positive capillaries are indicated by arrows. n=6; *P<0.05; bar=25
um. I, The labeling strategy used to identify cardiomyocyte nuclei and the number of cardiomyocytes in the OE and vector groups 7 days post-adenovirus transfec-
tion. Cardiomyocyte nuclei were labeled with antibodies against PCM-1 (red), and the cardiomyocyte cell borders were labeled with antibodies against WGA.n=6;
*P<0.05; bar=25 pm. J and K, Masson staining of mouse ventricular cross-sections in the OE and vector groups 7 days post-MI and quantitative analyses of infarct
size (n=6 mice per group). *P<0.05; bar=1 mm. L, Cardiac function analyzed by echocardiography for the sham, OE, and vector groups 7 days post-Ml (time stamps,
33 ms, x axis; bar=1 mm, y axis). M, Quantitative analysis of ejection fraction (EF) in the OE and vector groups 7 days post-MI. n=7 per group; *P<0.05 versus OE,
#P<0.05 versus sham. DAPI indicates 4’,6-diamidino-2-phenylindole; PCM-1, pericentriolar material 1; and WGA, wheat germ agglutinin.
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the interaction between Ybx1 and Nedd4l (Figure 7)).
Next, we observed the association of circNfix with
Nedd4l by using RNA pulldown and radioimmune pre-
cipitation assays (Figure 7A and 7B). The altered ex-
pression of circNfix did not affect Nedd4l expression
(Figure XXVIIIG in the online-only Data Supplement)
but significantly affected the interaction of Ybx1 with
Nedd4l (Figure 7J). We further confirmed that silencing
of Nedd4l increased Ybx1 protein stability by decreas-
ing ubiquitination, which could abrogate the effect of
circNfix overexpression (Figure 7K and 7L). Collectively,
these results indicated that the inhibitory effect of circ-
Nfix on cardiomyocyte proliferation may be achieved by
enhancing Ybx1 ubiquitin-dependent degradation.

circNfix Acts as a Sponge for miR-214 in
Cardiomyocytes

We then explored whether circNfix functions as a miR-
NA sponge to regulate gene expression. Bioinformatics
prediction analysis using the Segal Laboratory program
showed that several miRNAs may interact with circNfix.
Among them, miR-214/761 has the most binding sites
on circNfix, reaching 3 conserved binding sites (Fig-
ure 8A; Figure XXXA in the online-only Data Supple-
ment). QRT-PCR assays showed that miR-214 had much
higher expression levels in the myocardium than miR-
761 had (Figure 8B). CircNfix downregulation signifi-
cantly increased miR-214 gene expression levels (Fig-
ure 8B). The results of luciferase, RNA pulldown, and
RNA fluorescense in situ hybridization assays confirmed
the binding of miR-214 on circNfix (Figure 8C through
8E).

Next, we explored the effects of miR-214 mimic
transfection on several candidates that have been as-
sociated with cardiac regeneration (Figure XXXB in the
online-only Data Supplement). QRT-PCR revealed that
the miR-214 mimic significantly decreased Gsk3f (gly-
cogen synthase kinase 3 ) expression (Figure XXXB
in the online-only Data Supplement). Furthermore,
the binding site of miR-214 in the 3'UTR of Gsk3p is
highly conserved across species (Figure XXXC in the
online-only Data Supplement), suggesting Gsk3f as a
common target gene of miR-214. Consistently, RNA
fluorescense in situ hybridization experiments in car-
diomyocytes showed overlap between miR-214 and
Gsk3p 3’UTR (Figure 8F). The 3’UTR of the Gsk3f gene
was also cloned into a luciferase vector and transfected

Loss of circRNA Nfix Induces Cardiac Regeneration

into cardiomyocytes. Transfection with miR-214 mimic
significantly reduced luciferase activity, although muta-
tion of the miR-214 binding site eliminated this reduc-
tion (Figure 8G; Figure XXXC in the online-only Data
Supplement). In addition, circNfix overexpression in-
creased luciferase activity, which could by abrogated
by miR-214 mimic transfection (Figure 8G). Similarly,
Gsk3p expression was significantly decreased in hearts
transfected with AAV9-shcircNfix compared with that
in hearts transfected with AAV9-shNC (Figure 8H).
Gsk3p expression was significantly reduced by miR-214
mimics but increased by miR-214 inhibitors (Figure 8I).
A miR-214 inhibitor abolished the repressive effect of
circNfix downregulation on Gsk3p (Figure 8J). Gsk3p is
known to regulate cardiomyocyte proliferation via de-
grading B-catenin.?® Consistently, we also found that 8-
catenin expression was significantly reduced in cardio-
myocytes transfected with siRNA-circNfix (Figure 8K).
In addition, we did not find an obvious interaction
between Ybx1 and miR-214 (Figure XXXD and XXXE
in the online-only Data Supplement). Moreover, Meis
knockdown significantly repressed Gsk3f expression
(Figure 8L), which was reversed by circNfix interference
(Figure 8M), suggesting that the Meis1-circNfix-miR-
214-Gsk3p regulatory axis is active in cardiomyocytes.
Then, we investigated whether such a regulatory axis
was involved in regulating cardiomyocyte proliferation.
As expected, the miR-214 mimics significantly increased
the percentage of proliferating cardiomyocytes (Figure
XXXF in the online-only Data Supplement). Addition-
ally, miR-214 inhibition counteracted the effect of circ-
Nfix downregulation on cardiomyocyte proliferation,
which was reversed by Gsk3p knockdown (Figure 8N,;
Figure XXIXA through XXIXC in the online-only Data
Supplement). Furthermore, the inhibitory effect of los-
ing either Ybx1 or miR-214 is similar to the loss of both,
abolishing circNfix-induced cardiomyocyte proliferation
(Figure 8N; Figure XXIXA through XXIXC in the online-
only Data Supplement). Our results demonstrated that
circNfix requires both Ybx1 and miR-214 to regulate
cardiomyocyte proliferation.

Considering the important role of Gsk3f on angio-
genesis, we also detected VEGF (vascular endothelial
growth factor) secretion via ELISA after altering this reg-
ulatory axis. Inhibiting miR-214 was found to abolish the
facilitating effect of circNfix knockdown on VEGF secre-
tion, which could be restored by Gsk3p downregula-
tion (Figure XXXIA in the online-only Data Supplement).

Figure 6 Continued. interaction frequency was normalized to the closest Mbo1 digestion site. The x axis shows the primers used whose locations are presented
in Figure IXC in the online-only Data Supplement. D, Luciferase assay of the pGL3-promoter reporter vector constructed with 4 constituent enhancers (E1, E2, E3,
and E4). n=5; *P<0.05 versus pGL3-p, #P<0.05 versus E2. E, The luciferase activities of wild-type E2 and mutated E2 were measured in P7 CMs on Meis1 silencing.
The mutated Meis1 binding sites are presented in Figure 6B. n=5; *P<0.05 versus si-NC. F, Electrophoretic mobility shift assay result for nuclear proteins extracted
from P7 CMs after incubation with individual DIG-ddUTP-labeled oligonucleotide probes of the Meis1 binding site in circNfix-SE. G, ChIP-quantitative PCR assay
showing amplification of the Meis1 binding site in circNfix-SE using an antibody against Meis1. n=4; *P<0.05 versus IgG. H, Quantitative reverse transcription—
polymerase chain reaction for circNfix and Nfix mRNA in P7 CMs on Meis1 knockdown. n=5; *P<0.05 versus si-NC. I, RNA fluorescense in situ hybridization for
circNfix in P7 CMs on Meis1 knockdown; bar=50 um. J, EdU staining in P7 CMs after Meis1 and circNfix interference. n=6; *P<0.05 versus si-NC, #P<0.05 versus

si-Meis1; bar=50 um.
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Figure 7. circNfix binds to Ybx1 (Y-box binding protein 1) and promotes its degradation.

A, Protein immunoprecipitated by the probe against circNfix and the control. The numbers indicate the region of the gel excised for mass spectrum determination.
Bottom, Ybx1 and Nedd4l (an E3 ubiquitin ligase) protein were detected by Western blotting. Biotin: biotinylated probe targeting the circNfix back-spliced site; Unbio-
tin: unbiotinylated probe. B, RNA binding protein immunoprecipitation experiments were performed using Ybx1, Nedd4l, or negative IgG antibody. The purified RNA
was used for quantitative reverse transcription—polymerase chain reaction (QRT-PCR) assays. n=5; P<0.05 versus IgG. C and D, Ybx1 protein levels in PO cardiomyocytes
transfected with adenovirus-circNfix (circNfix) or adenovirus-empty vector (vector). n=5; *P<0.05 versus vector. E, Ybx1 mRNA expression level in PO cardiomyocytes
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To clarify the link between circNfix, Gsk3[, and angio-
genesis, we performed rescue experiments in adult and
neonatal mice after MI. Coinjection of AAV9-Gsk3f
and AAV9-shcircNfix substantially abolished the angio-
genic effects of circNfix downregulation in adult mice
after MI (Figure XXXIB through XXXID in the online-
only Data Supplement). Moreover, the Gsk3f inhibitor
SB216763 was used to perform rescue experiments in
neonatal mice after Ml as previously described.?” Inter-
estingly, SB216763 treatments significantly restored the
IB4+ capillary density in the peri-infarcted zone of circ-
Nfix-overexpressing mice (Figure XXXIE in the online-
only Data Supplement). These results indicated Gsk3f
as the main downstream effector mediating the func-
tion of circNfix in angiogenesis.

DISCUSSION

In the current study, we identified a cardiomyocyte-
specific circRNA, circNfix, whose expression level is con-
trolled by the interaction of its proximal superenhancer
and Meis1. Downregulation of circNfix promotes cardi-
ac regenerative repair and functional recovery after Ml.
Mechanistically, circNfix blocks cardiomyocyte prolifera-
tion by promoting Ybx1 ubiquitination degradation and
acting as a miR-214 sponge.

In this study, we demonstrated that circRNAs are
involved in cardiac regeneration, as superenhancer-
associated circNfix negatively regulates cardiomyocyte
proliferation both in vitro and in vivo by affecting the
cardiomyocyte cell-cycle reentry and dedifferentiation
processes. We further revealed that circNfix downregu-
lation induced 2% to 4% cardiomyocyte proliferation
in the peri-infarcted myocardium, which was sufficient
to facilitate functional recovery after MI.232628 Along
with cardiomyocyte proliferation, circNfix downregula-
tion promoted angiogenesis and inhibited cardiomyo-
cyte apoptosis, which are also essential for cardiac re-
pair and improvement of cardiac function after MI.?°
These circNfix-induced beneficial effects decreased the
fibrotic scar area by nearly 60% and restored cardiac
function to almost normal levels after MI, indicating
a potent therapeutic effect of attenuating postinfarc-
tion cardiac remodeling and subsequent heart failure.
Recently, studies have indicated that ncRNAs, includ-
ing miRNAs and IncRNAs (long noncoding RNAs), have
important roles in regulating cardiomyocyte prolifera-
tion and cardiac regeneration.>?® However, the use of

Loss of circRNA Nfix Induces Cardiac Regeneration

these ncRNAs are limited by rapid degradation,* poor
conservatism®' and uncertain effects on humans.> By
contrast, we discovered that circNfix has structural ro-
bustness and a highly conservative nature. More impor-
tantly, circNfix expression in adult human myocardium
was remarkably higher than that in fetal human myo-
cardium. These characteristics suggest circNfix might
overcome the stated ncRNA limitations and have clini-
cal translational value. Notably, circNfix is clearly en-
riched in cardiomyocytes under basal conditions. Tar-
geting circNfix might be less likely to have a significant
negative effect on other organs and thus represents a
promising strategy for improving prognosis after MI.

In this study, we proposed and confirmed a novel
concept in which superenhancers could be used to
identify key circRNAs during cardiac regeneration by
marking the cell-identity subgroups. During the cardiac
development process, the embryonic and adult stages
of mouse hearts are quite different regarding cardio-
genic potency.®® We compared their differences in the
superenhancer catalog and found that most of their
superenhancers are developmental specific, indicating
the important role of superenhancers in cardiogenic
potency. Similarly, we revealed that superenhancer-as-
sociated circRNAs have unique characteristics, including
higher expression levels and developmental stage and
tissue specificity, which are linked to regulators essen-
tial for cell differentiation and development. Based on
these findings, we conducted an integrated analysis of
superenhancer-associated circRNAs and their expres-
sion profiles in embryonic and adult hearts and further
filtered out adult cardiomyocyte-specific circNfix. Func-
tional assays confirmed that circNfix downregulation
was required and sufficient for cardiac regeneration.
Moreover, we observed that circNfix-associated super-
enhancers regulated circNfix expression by recruiting
Meis1, a key transcription factor controlling cardiomyo-
cyte cell-cycle arrest. Our results are similar to previ-
ous studies showing that superenhancers are involved
in causal mechanisms underlying the induction of cell
differentiation and proliferation by recruiting master
transcription factors.” Collectively, superenhancer-as-
sociated circRNAs might be the key regulators of car-
diac regeneration because of their specific expression
profiles and causal functions in inducing cell differen-
tiation and proliferation. The identification of ncRNAs
with these features from traditional genome-wide
profile analyses is time and labor intensive, and, more
importantly, susceptible to false-positive discovery.?* By

Figure 7 Continued. with and without circNfix overexpression. Bar=50 pm. G, Fractionation assays showed that circNfix overexpression promoted cytoplasmic
translocation of Ybx1 and increased Ybx1 degradation in the cytoplasm. n=5; *P<0.05 versus vector. H, Cyclin A2 and cyclin B1 protein levels after circNfix and
Ybx1 interference. n=6, *P<0.05 versus si-NC. I, Chromatin immunoprecipitation quantitative PCR assay showing amplification of the Ybx1 binding site in cyclin
A2 and cyclin B1 promoters using an antibody against Ybx1. n=4; *P<0.05 versus IgG. J, Cell lysates were immunoprecipitated with antibody against Ybx1 and
analyzed by immunoblotting with ubiquitin (Ub)-specific antibody, anti-Ybx1 antibody, or anti-Nedd4l antibody. Bottom, Input from cell lysates. K and L, Ybx1
protein expression level in cardiomyocytes that overexpressed circNfix and were treated with MG132 (20 ng/mL), si-Nedd4l or control treatment or the indicated
periods of time after 20 pg/ml cycloheximide treatment. *P<0.05 circNfix+MG132 versus circNfix, #P<0.05 circNfix+si-Nedd4l versus circNfix, &P<0.05 vector
versus circNfix at each time point; n=4. DAPI indicates 4’,6-diamidino-2-phenylindole; and DMSO, dimethyl sulfoxide.
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Figure 8. Interaction of circNfix and miR-214.
A, The predicted binding of miR-214 and miR-761 on circNfix. B, Expression of miR-214 and miR-761 after knockdown of circNfix in adult mouse hearts. n=5;
*P<0.05 versus shNC. C, Luciferase activity of cardiomyocytes transfected with luciferase-circNfix-wt or luciferase-circNfix-mut. n=5; *P<0.05 versus Mimic-NC.
The mutated sequences are shown in Figure XIA in the online-only Data Supplement. D, Coprecipitation of circNfix and miR-214 by RNA pulldown assay. Input
group (10% of samples were loaded); targeting the circNfix back-spliced site with a biotinylated probe (Biotin) or an unbiotinylated probe (Unbiotin) (100% of
samples were loaded). n=5; *P<0.05. E, Colocalization of miR-124 and circNfix was observed by RNA fluorescense in situ hybridization in (Continued)
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Figure 8 Continued. PO cardiomyocytes; bar=50 um. F, Colocalization of miR-124 and Gsk3f (glycogen synthase kinase 3 ) 3'UTR was observed by RNA
flurescense in situ hybridization in PO cardiomyocytes; bar=50 pm. G, Luciferase activity of cardiomyocytes transfected with luciferase-Gsk3f 3 UTR-wt or
luciferase-Gsk3B 3" UTR-mut. n=5; *P<0.05 versus Mimic-NC. The mutated sequences are shown in Figure XIC in the online-only Data Supplement. H, Western
blotting and quantitative analyses of Gsk3f protein levels in hearts infected with AAV9 (adeno-associated virus-9)-shcircNfix and AAV9-shNC, n=4 mice per group,
*P<0.05 versus AAV9-shNC. I, Gsk3p (glycogen synthase kinase 3 f3) protein level after inhibition and overexpression of miR-214. n=6; *P<0.05 versus mimic-NC
or inhibitor NC. J, GSK3 protein level after circNfix and miR-214 interference (anta-214) in cardiomyocytes. n=5; *P<0.05 versus si-NC+anta-NC group, #P<0.05
versus si-NC+anta-214 group. K, B-Catenin expression in cardiomyocytes transfected with siRNA (small interfering RNAs)-circNfix (si-circNfix) or sSIRNA-NC (si-NC).
*P<0.05; n=6. L, Meis1 (Meis homeobox 1) and Gsk3f expression in cardiomyocytes transfected with siRNA-Meis1 (si-Meis1) or si-NC. n=5; *P<0.05 versus si-NC.
M, GSK3p protein level after Meis1 and circNfix interference in cardiomyocytes. n=6; *P<0.05 versus si-NC+vector group; #P<0.05 versus si-NC+circNfix group. N,
Immunostaining for pH3 and Aurora B in P7 cardiomyocytes after circNfix, Ybx1, miR-214, and Gsk3p interference. White arrows indicate pH3-positive or Aurora-
positive cardiomyocytes. The results of statistical analysis are shown in Figure XXIXC in the online-only Data Supplement. O, lllustration of how circNfix regulates
cardiac regeneration by binding to Ybx1 (Y-box binding protein 1) and miR-214. Nedd4l indicates an E3 ubiquitin ligase; TSS, transcription start site; and Vegf,

vascular endothelial growth factor.

contrast, integrated analysis of superenhancers and
their associated circRNA expression profiles might serve
as a powerful filter to quickly identify the key regula-
tors in heart regeneration processes according to RNA
expression and genetic alteration.

In this study, we investigated the mechanisms
through which circNfix blocks cardiomyocyte prolifera-
tion and found that they are related to Ybx1. circRNAs
often interact with RNA-binding proteins to fulfill their
biological functions. The RNA pulldown, radioimmune
precipitation, and fluorescense in situ hybridization

2874 June 18/25,2019

assays confirmed that circNfix interacts with Ybx1. As
an important transcription factor associated with cell
proliferation, Ybx1 is involved in embryogenesis,*> mus-
cle regeneration,® oncogenic cell transformation,*” and
cardiomyocyte differentiation/dedifferentiation.?3° In
the current study, Ybx1 induced cardiomyocyte prolif-
eration by increasing cyclin A and cyclin B1 transcrip-
tion, suggesting Ybx1 as an essential regulator of car-
diac regeneration. Moreover, our studies showed that
the interaction between circNfix and Ybx1 prevented
nuclear translocation of Ybx1, causing cytoplasmic
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retention and degradation. The E3 ubiquitin ligases
have been demonstrated to induce polyubiquitination
and proteasomal degradation of Ybx1.40 Nedd4l is a
member of the E3 ubiquitin ligases that are required for
heart development.*" Our study revealed that Ybx1 is a
substrate for E3 ubiquitin ligase Nedd4l in the presence
of circNfix. The formation of the circNfix/Ybx1/Nedd4l
ternary complex arrests Ybx1 in the cytoplasm and
promotes Ybx1 degradation through ubiquitination-
proteasome pathways. Although the exact molecular
mechanism for the associations among circNfix, Ybx1,
and Nedd4l remains to be clarified, we speculate that
the interaction of Ybx1 with circNfix might change the
conformation of Ybx1 and thus exposes its concealed
ubiquitination sites to Nedd4l.

To understand the critical role of circNfix in cardiac
regeneration, we further explored another mechanism
by which circNfix exerts its functions. Bioinformatic tools
predicted that circNfix contains 3 binding sites for miR-
214, which has been demonstrated to be essential for
cardiomyocyte proliferation.> In the current study, we
found that miR-214 was involved in circNfix knockdown,
promoting cardiomyocyte proliferation by inhibiting
Gsk3p expression. Moreover, our study revealed that the
circNfix/miR-214/Gsk3p pathway regulates VEGF release
from cardiomyocytes. We also observed that circNfix
downregulation significantly promoted angiogenesis
after MI. Previous studies have indicated an association
between miR-214 and Gsk3p and their important roles
in endothelial cell angiogenesis.*** Thus, the circNfix/
miR-214/Gsk3p pathway might play an important role in
regulating angiogenesis after MI. Compared with other
ceRNAs (competing endogenous RNAs) shown to sponge
miR-214, circNfix might be more efficient in modulating
miR-214 activity attributable to its abundance, stability,
and the numbers of miR-214 binding sites. These mecha-
nistic studies further confirmed that circNfix is a crucial
regulator of cardiac regeneration by regulating cardio-
myocyte proliferation and angiogenesis.

Our study has certain limitations. First, although the
effect of circNfix on Ybx1 and miR-214 functions are
rather evident, more detailed experiments in vivo might
help to further verify their roles. Second, we used CRIS-
PR-Cas9 knock-in mice to generate Meis1-deficient and
circNfix-deficient mice. Although Meis1 and circNfix were
not completely removed, our results from these deficient
mice are quite reliable to determine the function of Meis1
and circNfix. Confirming our findings in complementary
conventional genetic models would be interesting.

CONCLUSIONS

The cardiac-specific circRNA Nfix, which is regulated by
an superenhancer, inhibits cardiomyocyte proliferation
by promoting Ybx1 ubiquitin-dependent degradation
and repressing miR-214 activity. Loss of circNfix induced

Circulation. 2019;139:2857-2876. DOI: 10.1161/CIRCULATIONAHA.118.038361
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cardiac regeneration and angiogenesis and inhibited
cardiomyocyte apoptosis after MI, which significantly
restored cardiac function and improved the prognosis.
Therefore, the newly discovered circNfix might be a po-
tent therapeutic target for restoring cardiac function
and preventing heart failure after M.
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