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The immature phenotype of embryonic stem cell-derived cardi-
omyocytes (ESC-CMs) limits their application. However, the
molecular mechanisms of cardiomyocyte maturation remain
largely unexplored. This study found that overexpression of
long noncoding RNA (IncRNA)-Cmarr, which was highly ex-
pressed in cardiomyocytes, promoted the maturation change
and physiological maturation of mouse ESC-CMs (mESC-
CMs). Moreover, transplantation of cardiac patch overexpress-
ing Cmarr exhibited better retention of mESC-CMs, reduced
infarct area by enhancing vascular density in the host heart,
and improved cardiac function in mice after myocardial infarc-
tion. Mechanism studies identified that Cmarr acted as a
competitive endogenous RNA to impede the repression of
miR-540-3p on Dtna expression and promoted the binding
of the dystrophin-glycoprotein complex (DGC) and yes-associ-
ated protein (YAP), which in turn reduced the proportion of
nuclear YAP and the expression of YAP target genes. There-
fore, this study revealed the function and mechanism of Cmarr
in promoting cardiomyocyte maturation and provided a
IncRNA that can be used as a functional factor in the construc-
tion of cardiac patches for the treatment of myocardial
infarction.

INTRODUCTION

Unlimited differentiation potential of pluripotent stem cells (PSCs)
into cardiomyocytes in vitro provides the possibility of developing
cell transplantation therapies for injured hearts."” However, PSC-
derived cardiomyocytes (PSC-CMs) have a fetal-like phenotype
including molecular, structural, and functional properties, which is
one of the hurdles that should be overcome for better application of
PSC-CMs.>* Nowadays, researchers have shown that the mature car-
diomyocytes generated from PSCs formed better grafts in infarcted
rat hearts, suggesting that the maturation status of transplanted
PSC-CMs might affect the cardiac function recovery of infarcted

hearts.” Accumulating evidence revealed the maturation drivers
were valuable to the development of PSC-CM therapies. Transplanta-
tion of PSC-CMs overexpressing Igf2 significantly improved cardiac
function in mice after myocardial infarction (MI).® Similarly, overex-
pression of N-cadherin in the transplanted cardiomyocytes also pro-
moted the functional integration and augmented the heart function of
MI mice.” It follows that pursuing the molecular mechanisms of PSC-
CM maturation is of great importance.

Long noncoding RNAs (IncRNAs) are a group of RNAs that are
longer than 200 nucleotides and have no coding potential.” Recently,
several studies have shown that IncRNAs played a vital role not only
in cardiac development and function but also in the differentiation of
embryonic stem cells (ESCs) into cardiomyocytes. IncRNAs Fendrr
and Upperhand were indispensable for heart development.”'® Mhrt
and H19 protected the heart from pathological remodeling.'""
IncRNA Bvht and lincRNA-1405 regulated the differentiation of
ESCs to cardiomyocytes."”'* In addition, Touma et al., reported that
mutual regulation of IncRNA-PPP1R1B and TCAP might drive car-
diomyocyte maturation.'* These studies raise our curiosity about how
heart-rich IncRNAs regulate cardiomyocyte maturation.

The dystrophin-glycoprotein complex (DGC) is formed by dystro-
phin associating with dystrobrevin and various glycoproteins and
plays a critical role in mature cardiomyocytes. DGC functions in
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stabilizing the sarcolemma, linking the actin cytoskeleton to the extra-
cellular matrix, and transporting force to the extracellular matrix,> "7
suggesting that the formation of DGC contributes to the maturation
of cardiomyocytes. Recent studies have shown that the crosstalk be-
tween DGC and the Hippo signaling pathway controls the switch be-
tween proliferation and maturation in cardiomyocytes. Activation of
the Hippo signaling pathway could phosphorylate its core effector
yes-associated protein (YAP), which reduced the nuclear distribution
of YAP and the expression level of its downstream cell cycle-related
genes.'”'® The assembly of DGC could interact with YAP in the cyto-
plasm and promote cardiomyocyte maturation.'” However, the mo-
lecular mechanisms for the assembly and regulation of DGC during
cardiomyocyte maturation remain unclear.

Here, our study showed that a heart-rich IncRNA, Cmarr, upregu-
lated during cardiac development, facilitated the maturation transi-
tion of mESC-CMs in vitro and in the engineered cardiac patch,
which was beneficial to the cardiac function recovery of MI heart.
Further studies indicated that Cmarr specifically interacted with
miR-540-3p, impeding the repression of Dtna (a key component of
DGC) expression by miR-540-3p, and thus served as a regulator of
the DGC-YAP complex and cardiomyocyte maturation.

RESULTS

Cmarr promotes the maturation change of mESC-CMs
Maturation of cardiomyocytes is achieved gradually during heart
development. To address the potential molecules associated with car-
diomyocyte maturation, we collected the hearts at different stages
(Embryonic day 10.5 (E10.5), E14.5, E17.5, neonatal, and adult)
and performed RNA sequencing (RNA-seq) to investigate the whole
heart transcriptome at distinct stages. QPCR assay verified that the
B-isoform to o-isoform transition of the myosin heavy chain
(B-MHC to a-MHC) occurred with the development of heart (Fig-
ure S1A). Similarly, the expression of the mature gene Kcnj2 gradually
increased, whereas the expression of the fetal gene Tgf significantly
decreased at the indicated stages of heart development (Figure S1B).
Gene set enrichment analysis (GSEA) further confirmed that the
expression of cell cycle-related genes was negatively correlated with
heart development (Figure S1C). Subsequently, we found that 65
IncRNAs were persistently upregulated during heart development
(Figure 1A). Cardiomyocytes maintained their proliferative potential
within 1 week after birth and rapidly reached maturation character-
istics. We focused on the 26 candidate IncRNAs that were highly ex-

pressed in the adult heart and significantly upregulated during the
fetal-to-adult transition (Figure 1B). Then, we analyzed the IncRNA
profiles in cardiomyocytes (GSE41538) and fibroblasts
(GSE103870)**”" and identified that 68 IncRNAs were highly ex-
pressed in cardiomyocytes (Figure S2A). We cross-analyzed these
68 cardiomyocyte-expressed IncRNAs and the 26 candidate IncRNAs
and found only one IncRNA (Xloc_010735, AK084656),”*** termed
cardiomyocyte maturation-related RNA (Cmarr), was highly ex-
pressed in cardiomyocytes and potentially associated with cardiac
maturation (Figures S2B and S2C). qPCR assay confirmed that Cmarr
was highly expressed in the heart tissue and significantly upregulated
during heart development (Figures 1C and 1D). Rapid amplification
of cDNA ends (RACE) assay showed that the length of Cmarr was 870
nt, which consisted of two exons (Figure 1E). Coding potential anal-
ysis** showed that Cmarr had a low coding probability, similar to Xist
(Figure S2D). We further performed the polysome profile assay fol-
lowed by qPCR and found that polysome were highly enriched on
the Gapdh mRNA, whereas there was no polysome enriched on the
Cmarr, indicating that Cmarr was indeed a noncoding transcript
(Figure S2E). Cmarr was also upregulated in the mESC-CMs,
neonatal cardiomyocytes, and adult cardiomyocytes along with the
increased maturity as indicated by a decreased ratio of Ki67-positive
cardiomyocytes and increased expression levels of maturation genes
(a/B-MHC and Kcnj2) (Figures 1F and 1G). These results suggested
that Cmarr may be associated with cardiomyocyte maturation.

Then, Cmarr was overexpressed in the mESC-CMs (Cmarr OE) (Fig-
ure 1H), and the results showed that overexpression of Cmarr reduced
the ratio of Ki67" mESC-CMs and increased the cell area and perim-
eter of mESC-CMs (Figures 11and 1J), as well as a significant increase
in the ratio of a./B-MHC and expression levels of cardiac maturation
markers (a-MHC, Kcnj2, and Gjal) (Figure 1K). Similarly, the gap
junction protein CX-43 obviously appeared on the cytomembrane
of the mESC-CMs after overexpressing Cmarr (Figure 1L). To further
explore whether knockdown of Cmarr could blunt the maturation
process of mESC-CMs, we cultured the mESC-CMs on the Matri-
gel-coated plate with or without shCmarr virus and the results showed
that knockdown of Cmarr resulted in decreased expression levels of
cardiomyocyte maturation markers (a-MHC, Kcnj2, and Gjal) and
calcium handling genes (Ryr2, Atp2a2, and Slc8al) (Figures S3A-
S3C), as well as an increased proportion of Ki67" mESC-CMs (Fig-
ure S3D). Together, these results indicated that Cmarr is critical for
promoting the maturation changes of mESC-CMs.

Figure 1. Cmarr promotes the maturation change of mESC-CMs

(A and B) Heatmap showing the expression landscape of 65 upregulated INcRNAs (A) and the selected 26 IncRNAs (B) in mouse embryonic heart (E10.5, E14.5, and E17.5),
neonatal heart, and adult heart. (C and D) gPCR assay for the relative expression of Cmarr in adult tissues (heart, muscle, thymus, testis, liver, lung, spleen, kidney, and
intestinum tenue) (C) and developing heart (E10.5, E14.5, E17.5, neonatal, and adult) of mouse (D). (E) RACE assay for identifying Cmarr transcript in adult heart of mouse. (F)
Ki67 immunostaining (red) in the mESCs (MESC-CMs [D10]), neonatal heart, and adult heart. Cardiomyocytes and cell nuclei were stained with a-ACTININ (green) and
Hoechst 33342 (HO.33342, blue), respectively. Scale bar: 25 um. (G) gPCR assay for the ratio of o/B-MHC and the expression levels of Kcnj2 and Cmarr in mESC-CMs and
neonatal and adult hearts. (H) gqPCR assay to verify the overexpression efficiency of Cmarr in mESC-CMs (Cmarr OE). (I) Ki67 immunostaining and statistics of Ki67™* car-
diomyocytes in Ctrland Cmarr OE groups. Scale bar: 25 um. (J) Quantification of cell area and cell perimeter after Cmarr overexpression. Scale bar: 25 um. (K) gPCR assay for
the ratio of a/B-MHC (left) and the expression levels of maturation-related genes (z-MHC, Kcnj2, and Gja1) after Cmarr overexpression. (L) Representative immunostaining
images of CX-43 in Ctrl and Cmarr OE mESC-CMs. Scale bar: 25 um. Data are presented as the mean + SEM (n = 3). The statistical significance is performed according to
Student’s t-tests (unpaired two-tailed). *p < 0.05, **p < 0.01, and **p < 0.001 versus Ctrl.
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Overexpression of Cmarr promotes the physiological

maturation of mESC-CMs

To determine whether the maturation of structure and gene expres-
sion was accompanied by changes in physiological phenotype, we first
measured the action potentials (APs) of mESC-CMs after overexpres-
sion of Cmarr by whole-cell patch clamp experiment (Figure 2A). The
results showed that the Cmarr OE mESC-CMs exhibited a more nega-
tive resting membrane potential and prolonged AP duration at 90% of
the repolarization (APD 90) compared with control (Ctrl) mESC-
CMs (Figures 2B and 2C), indicating that overexpression of Cmarr
improved the electrophysiology properties of mESC-CMs. We then
investigated the calcium handling capacity of mESC-CMs after over-
expression of Cmarr. Our findings showed that the transient ampli-
tude, maximum upstroke velocity, and maximum decay velocity of
the Cmarr OE mESC-CMs were higher than those of Ctrl mESC-
CM:s as detected by the fluorescent Ca** dye Cal-520 acetoxymethyl
ester assay (Figures 2D-2G). Similarly, compared with the Ctrl cells,
the expression levels of calcium handling-related genes (Ryr2,
Atp2a2, and Slc8al) were upregulated in the Cmarr OE cells (Fig-
ure 2H). Next, we detected the mitochondrial content by immuno-
staining of the mitochondrial marker Tom20, and the results showed
that the number of mitochondria was increased in the mESC-CMs af-
ter overexpression of Cmarr (Figure 2I). We further measured the ox-
ygen consumption rate (OCR) of mESC-CMs to exogenous fatty acids
(palmitate) after overexpression of Cmarr and found that Cmarr OE
mESC-CMs exhibited a higher basal and maximal OCR in response to
exogenous palmitate (Figures 2] and 2K), indicating that overexpres-
sion of Cmarr enhanced mitochondrial maturation of mESC-CMs.
These data demonstrated that overexpression of Cmarr improves
the physiological characteristics of mESC-CMs.

Cmarr induces maturation of transplanted mESC-CMs in
extracellular matrix patch and improves the cardiac function of
MI mice

Previous literature has shown that Ti2C-cryogel treatment or overex-
pression of N-cadherin promotes functional maturation of PSC-
derived cardiomyocytes, which have a conductive effect on enhancing
the reparative potency of cardiomyocytes after transplantation into
infarcted hearts,””” suggesting that promoting the maturation prop-
erties of PSC-CM:s will be beneficial for the treatment of MI. Consid-
ering the effect of Cmarr in promoting mESC-CM maturation
in vitro, we further investigated the therapeutic efficacy of Cmarr-
overexpressed mESC-CMs in treating MI. Since the low retention
and poor survival of PSC-CM grafts via direct intramyocardial injec-
tion or intravascular infusion, a cardiac patch formed by decellular-
ized cardiac extracellular matrix (ECM) could achieve effective cell
delivery.”>”” The mESC-CMs were seeded onto the piece of ECM
at a density of 1 x 10* cells/mm?® to construct the cardiac patches
(Figures 3A and 3B), and infected with Fuw-puro and Fuw-Cmarr
lentivirus, respectively. After cultured for 1 week in vitro, the ratio
of a/B-MHC and the expression levels of Kcnj2 and Gjal were upre-
gulated in the Cmarr-overexpressed cardiac patch (Cmarr patch)
(Figures 3C and 3D). Next, we examined whether the Cmarr patch
played a therapeutic role in mice after MI. A total of 44 mice were
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used for MI surgery and 41 mice survived after surgery (survival
rate of almost 93%). The echocardiography analysis was employed
for the survival mice and there was no significant difference in heart
function between MI, MI + Ctrl patch, and MI + Cmarr patch groups
at day 3 after MI (Figure 3E). MI mice with an ejection fraction lower
than 40% (MI, eight mice; MI + Ctrl patch, eight mice; and MI +
Cmarr patch; eight mice) and sham mice (eight mice) were used for
further analysis. Two weeks after transplantation, echocardiography
was performed to evaluate the recovery of cardiac function, and our
results showed a significant increase in left-ventricular ejection frac-
tion (LVEF) and fraction shortening in the Cmarr patch group (Fig-
ure 3F). In addition, histological analysis showed that the average
infarct size of the Cmarr patch group was smaller than that of the
MI and Ctrl patch groups (Figure 3G). These results indicated that
the cardiac patches generated by Cmarr-overexpressed mESC-CMs
could effectively reduce the infarct area and restore the cardiac func-
tion of MI hearts.

Consistently, we found that the Cmarr patch exhibited better reten-
tion of transplanted mESC-CMs and the ratio of apoptotic cells
(TUNEL") was significantly decreased in the Cmarr patch group
(Figures 3H and 3I). Previous studies have shown that transplantation
of cardiac patches with PSC-CMs promotes angiogenesis in the
border zone of infarction.”””* We then investigated the effect of trans-
plantation of cardiac patch overexpressing Cmarr on angiogenesis in
mice after MI by von Willebrand Factor (vWF) and a.-smooth muscle
actin (o-SMA) immunostaining, and the results showed that the
vascular density was increased in the Cmarr patch group (Figure 3]).
Besides, the results of H&E staining showed that the cardiac patch was
closely adhered and structurally integrated to the host myocardium
and no significant insulating tissue was found in the junction 2 weeks
after transplantation, indicating that the transplanted cells in the car-
diac patch might be coupled to the host myocardium and achieve
function recovery of the MI hearts (Figure S4A). In addition, there
was only negligible CD3™ T cell infiltration in the transplanted patch,
suggesting that transplanted cells were immunologically compatible
with the host tissues (Figure S4B). Together, our findings suggested
that overexpression of Cmarr may contribute to the survival of trans-
planted mESC-CMs in cardiac patches and the angiogenesis in the
host hearts, ultimately exhibiting better therapeutic outcomes.

Cmarr counteracts miR-540-3p to regulate cardiomyocyte
maturation

The mechanism of IncRNA action is largely determined by its loca-
tion in the cell. Cmarr was primarily distributed in the cytoplasm
of cardiomyocytes (Figure 4A), which indicated a possible function
by competing with microRNAs (miRNAs). By aligning the sequence
of Cmarr with the miRNA library,zg we revealed that 25 miRNAs
potentially interacted with Cmarr (Figure S5A). Cross-analysis of
these candidate miRNAs and miRNAs differentially expressed during
heart development (Figures S5B-S5D),”” we identified two miRNAs
(miR-540-3p and miR-541-5p), both of which were downregulated
during heart development and might interact with Cmarr (Figure 4B).
The luciferase reporter assay showed that only miR-540-3p mimics
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Figure 2. Overexpression of Cmarr promotes the physiological maturation of mESC-CMs

(A) Representative action potential recordings in Ctrl and Cmarr OE mESC-CMs. (B and C) Statistics of resting membrane potentials (RMPs) (B) and action potential duration
t0 90% (APDOO) (C) in the Ctrl and Cmarr OE mESC-CMs. n = 9 for each group. (D) Representative images of Ca?* imaging analysis in Ctrl and Cmarr OE mESC-CMs. (E-G)
Statistics of calcium transient amplitudes (E), upstroke velocities (F), and decay velocities (G) in Ctrl and Cmarr OE mESC-CMs. n = 15 for each group. (H) gPCR assay for the
relative expression levels of calcium handling-related genes (Ryr2, Atp2a2, and Sic8a1) after Cmarr overexpression. () Tom20 immunostaining (left) and statistics for relative
fluorescence intensity (right) in Ctrl and Cmarr OE mESC-CMs. Scale bar: 25 um. (J) Oxygen consumption rate (OCR) of Ctrl (left) and Cmarr OE (right) mESC-CMs after
addition of exogenous palmitate. (K) Statistics of basal and maximum OCR in response to exogenous fatty acids (FAs). n = 4 for each group. The statistical significance
is performed according to Student’s t-tests (unpaired two-tailed). *p < 0.05, **p < 0.01, and ***p < 0.001 versus Ctrl.
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significantly reduced the activity of Cmarr luciferase reporter (Fig-
ure 4C). Correspondingly, we found the negligible effect of miR-
540-3p on the luciferase activity of Cmarr mut (mutated in miR-
540-3p target site) (Figures 4D and 4E). Further, RNA pull-down
assay with MS2-binding protein (MS2 bp), which specifically binds
to RNA containing MS2 sequences (MS2bs), showed that miR-540-
3p was enriched by MS2bs-Cmarr RNA, but not MS2bs-Cmarr
mut RNA (Figure 4F), indicating that Cmarr could interact with
miR-540-3p. Our results also showed that inhibition of miR-540-3p
significantly reduced the ratio of Ki67" cells (Figure S6A) and
increased the cell area and perimeter of mESC-CMs (Figure S6B).
Furthermore, inhibition of miR-540-3p also increased the expression
levels of cardiomyocyte maturation markers and the distribution of
CX-43 on the cytomembrane (Figures S6C and S6D), indicating
that inhibition of miR-540-3p mimicked the overexpression of Cmarr
and promoted the maturation changes of mESC-CMs. Further, our
results showed that overexpression of Cmarr mut failed to promote
the maturation of mESC-CMs (Figures 4G-4M). Together, these re-
sults indicated that Cmarr promotes cardiomyocyte maturation by
competing with miR-540-3p.

miR-540-3p directly represses Dtna expression and impedes the
DGC-YAP interaction

miRNAs generally play their roles by binding to the 3’ UTR of target
mRNAs and downregulating their expression. To further explore the
underlying mechanism of Cmarr/miR-540-3p on mESC-CM matura-
tion, we focused on pursuing the downstream targets of miR-540-3p.
Target screening analysis using miRWalk2.0 hinted that 1,257 genes
might be the targets of miR-540-3p. Cross-analysis between the pre-
dicted targets and genes positively correlated with heart development
revealed that 18 genes might be the potential targets of miR-540-3p
during heart development (Figures 5A and 5B). We then identified
Dtna, which encoded an intracellular component of DGC,"” as a po-
tential target of miR-540-3p (Figure 5C). As expected, our results
showed that miR-540-3p mimics significantly reduced the activity
of the Dtna 3’ UTR luciferase reporter, but not the Dtna 3" UTR
mut (mutation in miR-540-3p binding site) luciferase reporter
(Figures 5D and 5E). Similarly, the expression level of DTNA was
negatively regulated by miR-540-3p (Figure 5F). In cardiomyocytes,
the DGC binds to YAP and impedes its transfer from the cytoplasm
to the nucleus, thus facilitating the maturation transition of cardio-
myocytes.'””'” We found that knockdown of Dtna weakened the
interaction of the DGC component with YAP and increased the per-

centage of nuclear YAP (Figures 5G-5]). Further, we detected the
expression of downstream target genes of YAP, and our findings
showed that knockdown of Dtna upregulated the expression levels
of YAP target genes (Figure 5K). These results demonstrated that
Dtna is the target of miR-540-3p and is required for the formation
of the DGC-YAP complex.

Dtna is a functional target of Cmarr/miR-540-3p interaction

To confirm whether Cmarr impeded the inhibition of Dtna expres-
sion by miR-540-3p, we introduced Cmarr lentiviruses into miR-
540-3p-overexpressed mESC-CMs (Figure S7A). We found that
overexpression of Cmarr increased the expression level of DTNA in
the miR-540-3p-overexpressed mESC-CMs, suggesting that Cmarr
indirectly increased the expression of DTNA through endogenous
competition with miR-540-3p (Figure S7B). Next, to confirm that
the interaction between Cmarr and miR-540-3p regulated mESC-
CM maturation by affecting the expression of Dtna and the
translocation of YAP, we detected the expression of Dtna and the
cell distribution of YAP in Cmarr OE and Cmarr mut OE mESC-
CMs, respectively. Our results showed that overexpression of Cmarr
significantly increased the expression level of DTNA (Figure 6A), and
decreased the percentage of nuclear YAP (Figure 6B). However, over-
expression of Cmarr mut, which relieved its interaction with miR-
540-3p, did not affect the expression of DTNA and the distribution
of YAP (Figures 6A and 6B). To further validate that Cmarr/miR-
540-3p targeted Dtna to regulate the maturation of mESC-CMs, we
infected Cmarr OE cells with shDtna lentiviruses (Cmarr_shDtna)
(Figure 6C). Our results showed that knockdown of Dtna significantly
rescued the reduction of nuclear YAP and YAP target gene expression
(Figures 6D and 6E) and impeded the promotion effect of mESC-CM
maturation by Cmarr overexpression (Figures 6F-6K). Besides, the
expression of DTNA was positively correlated with the maturation
of human ESC (hESC)-CMs (1 year versus 20 days) and heart (adult
versus fetal) (GSE62913) (Figures S8A and S8B),”’ suggesting that
DTNA might also be involved in the maturation process of human
cardiomyocytes. Together, these results demonstrated that Dtna is a
functional target of Cmarr/miR-540-3p interaction in the process of
mESC-CM maturation.

DISCUSSION

PSC-CMs can be generated in vitro in high yield and purity,” but the
PSC-CMs remain immature, thus limiting their potential applications
in cardiac disease modeling, drug discovery, and cell therapy.*”

Figure 3. Cmarr induces the maturation of transplanted mESC-CMs in extracellular matrix patch and improves the cardiac function of Ml mice

(A) Schematic illustration of the cardiac patch. (B) Representative image of a decellularized mouse heart. (C and D) gPCR assay for the expression level of Cmarr (C), the ratio
of a/B-MHC, and the expression levels of Kcnj2 and Gja1 (D) in Ctrl and Cmarr patch. n = 3 for each group. (E and F) Echocardiography analysis of ejection fraction and
fraction shortening in sham (n = 8), Ml (n = 8), Ml + Ctrl patch (n = 8), and MI + Cmarr patch (n = 8) at 3 days (E) and 2 weeks (F) post-MI. (G) Representative images of Masson
staining of dissected hearts (left) and the quantification of infarct size (right) in each group 2 weeks post-MI. Scale bar: 500 pm. (H) Immunostaining of GFP (green), CTNT (red),
and Hoechst 33342 (blue) in the heart 2 weeks post-MI. The white dashed line represents the interface between the patch and myocardium. Scale bar: 25 um. (I) TUNEL
assay for apoptotic cells in the cardiac patch 2 weeks post-MI. Statistics of TUNEL™ cells are shown (right). n = 8 for each group. The white dashed line represents the inter-
face between the patch and myocardium. Scale bar: 100 pm. (J) Immunostaining of WVF and a-SMA in the border zone of infarcted hearts 2 weeks after transplantation and
vascular density was measured by calculating the number of VWF* structures in each group. n = 8 for each group. Scale bar: 100 um. The statistical significance is performed
according to one-way analysis of variance (ANOVA) followed by Tukey’s post hoc. *p < 0.05, **p < 0.01, and ***p < 0.001 versus MI. *p < 0.05, #p < 0.01, and *#p < 0.001

versus Ml + Ctrl patch.
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Although multiple approaches, such as mechanical stress, electrical
stimulation, substrate stiffness changes, and endothelial cell
coculture,™ can induce PSC-CM:s to a more mature phenotype, matu-
ration remains hampered due to the complicated regulatory networks
and unidentified factors in cardiomyocyte maturation.”* IncRNAs act
as epigenetic regulators with higher specificity than coding genes and
are participants in diverse biological processes such as myocardial dif-
ferentiation and cardiac diseases.””'' ' Recently, the expression pro-
files of several IncRNAs have been uncovered during the postnatal
period of heart development,'* but the roles and mechanisms of
IncRNAs in cardiomyocyte maturation remain largely unknown. In
this study, we decoded the IncRNA profiles of embryonic, neonatal,
and adult hearts and identified that IncRNA Cmarr, which was highly
expressed in the heart, promoted the maturation transition, and the
physiological phenotype change of mESC-CMs served as a molecular
driver of mESC-CM maturation.

IncRNAs can execute their functions through diverse modes, espe-
cially by functioning as competitive endogenous RNAs (ceRNAs) of
specific miRNAs. Cytoplasm-distributed IncRNAs fine-tune their tar-
geted miRNAs as intrinsic regulators to modulate biological function.
IncRNA-ROR, which acts as a ceRNA of miR-145, affects the differ-
entiation potential of ESCs.”> HBLI interacts with miR-1 to regulate
cardiomyocyte differentiation.”® IncRNA CHRF can regulate cardiac
hypertrophy by targeting miR-489.>” Currently, a few miRNAs,
including Let-7 and miR-200c, have been reported to modulate cardi-
omyocyte maturation,”"® but there is no evidence about the mutual
interaction of miRNA and intrinsic IncRNA in cardiac maturation.
Our results showed that inhibition of miR-540-3p facilitated the
maturation changes of mESC-CMs and that Cmarr interacted with
miR-540-3p as a ceRNA and antagonized its effect on downstream
genes during cardiomyocyte maturation. These findings revealed an
interaction model between IncRNA and miRNA during cardiomyo-
cyte maturation and developed the understanding of the mechanisms
involved in cardiomyocyte maturation.

The DGC consists of a core subcomplex (dystrophin-dystroglycan),
an intracellular subcomplex (dystrobrevin-syntrophin), and a trans-
membrane subcomplex (sarcoglycan-sarcospan) that connects the
ECM to the intracellular cytoskeleton and transmits the extracellular

signal to regulate the maturation of cardiomyocytes.””*’ Deletion of
DGC components dystrophin or sarcoglycan impairs mechanical
stress transmission, increases sarcolemma permeability, and leads
to cardiomyopathy.”*'"** Deficiency of the intracellular component
syntrophin blocks extracellular signal transduction and structural
maturation of cardiomyocytes.” Downregulation or mutation of
a-dystrobrevin (coded by the gene Dtna) is also associated with car-
diomyopathy and congenital heart defects.*>*>** Besides, deficiency
of the dystrophin or sarcoglycan of the DGC complex significantly
leads to mitochondrial dysfunction and metabolic impairment, pre-
sented by decreased mitochondrial oxidative phosphorylation,
enhanced reactive oxygen species (ROS) generation, and disorganized
mitochondrial network.*> Recent studies have shown that the ECM
component agrin impairs the assembly of DGC, decreases the expres-
sion of mitochondrial marker Tom20, and reduces the maturation of
cardiomyocytes.'” Our study showed that Dtna was the downstream
target of the Cmarr/miR-540-3p axis and knockdown of Dtna
impaired the integrity of DGC, which uncovered a precise mechanism
for the regulation of Dtna in cardiomyocyte maturation. Cytoplasmic
YAP is reported to facilitate the formation of DGC."” Activation of
Hippo signaling also promotes the formation of DGC-YAP complex
in the cytoplasm of cardiomyocytes and facilitates the transition from
proliferation to maturation,'”'” whereas nuclear YAP cooperates
with HIF-1a to impair the transition of glycolysis to oxidative phos-
phorylation and metabolic maturation in neonatal rat cardiomyo-
cytes.*>*” We also found that knockdown of Dtna impeded the
DGC-YAP assembly, increased the YAP nuclear localization, and
decreased the Tom20 expression, thus reducing the maturation of
mESC-CMs. Together, our study complements the mechanisms of
Dtna expression and the DGC-YAP formation by Cmarr/miR-540-
3p in cardiomyocyte maturation.

Transplantation of PSC-CMs with higher maturation has been shown
to improve cardiac function in MI hearts. Overexpression of Igf2 in
PSC-CMs promotes the structural maturation of PSC-CMs through
suppressing Igf1R/INSR signaling, and transplantation of PSC-CMs
overexpressing Igf2 significantly improves the heart function in
mice after ML° Similarly, transplantation of PSC-CMs with high
N-cadherin expression level exhibit higher maturation and better
retention, ultimately improving the heart function of MI mice.”

Figure 4. Cmarr counteracts miR-540-3p to regulate cardiomyocyte maturation

(A) gPCR assay for the distribution of Cmarr in the cytoplasm and nucleus of MESC-CMs. Xist and Gapdh were used as the nucleus and cytoplasm control (Ctrl), respectively.
(B) Venn diagram showing predicted Cmarr-binding miRNAs during heart development (up) and heatmap showing the expression pattern of miR-540-3p and miR-541-5p
during heart development (down). (C) Luciferase reporter assay for pGL3-Cmarr reporter activity after cotransfection with Ctrl mimics, miR-540-3p mimics, or miR-541-5p
mimics. The luciferase signal was normalized to the Renilla signal. (D) Targeting sequences of miR-540-3p in Cmarr and the mutant sequences in Cmarr mut. (E) Luciferase
reporter assay for pGL3-Cmarr mut (mutation of miR-540-3p target site) reporter activity after cotransfection with Ctrl mimics or miR-540-3p mimics. (F) MS2bp-YFP RNA
pull-down assay for the enrichment of miR-540-3p in MS2bs-Luci, MS2bs-Cmarr, or MS2bs-Cmarr mut. (G and H) Quantification of Ki67* cell ratio (G), and cell area and
perimeter (H) after overexpression of Cmarr or Cmarr mut. () gPCR assay for the expression levels of maturation-related genes («-MHC, Kenj2, and Gja1) after overexpression
of Cmarr or Cmarr mut. (J) Representative immunostaining images of CX-43 in Ctrl, Cmarr OE, and Cmarr mut OE mESC-CMs. Scale bar: 25 um. (K) Statistics of calcium
transient amplitudes in Ctrl, Cmarr OE, and Cmarr mut OE mESC-CMs, n = 9 for each group. (L) gPCR assay for the relative expression levels of calcium handling-related
genes (Ryr2, Atp2a2, and Slc8a1) in Ctrl, Cmarr OE, and Cmarr mut OE mESC-CMs. (M) Tom20 immunostaining (left) and statistics for relative fluorescence intensity (right).
Scale bar: 25 um. Data are presented as the mean + SEM. The statistical significance is performed according to Student’s t-tests (unpaired two-tailed) (Figures 4C and 4E) or
one-way ANOVA followed by Tukey’s post hoc (Figures 4F—4l and 4K-4M). *p < 0.05, **p < 0.01, and ***p < 0.001 versus Ctrl. p < 0.05, #p < 0.01, and *#p < 0.001 versus
Cmarr OE.
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Figure 5. miR-540-3p directly represses Dtna expression and impedes the DGC-YAP interaction

(A) Venn diagram showing the miR-540-3p target genes upregulated during heart development. (B) Heatmap showing the expression landscape of overlapping genes during
heart development. (C) gPCR assay for the expression level of Dtna during heart development. (D) Targeting sequences of miR-540-3p in Dtna 3’ UTR and the mutant
sequences in Dtna 3’ UTR mut. (E) Luciferase reporter assay for the activity of pGL3-Dtna 3’ UTR and pGL3-Dtna 3’ UTR mut (mutation of miR-540-3p target site) reporters
after cotransfection with Ctrl or miR-540-3p mimics. (F) Western blot assay for the expression of DTNA after transfection with miR-540-3p mimics (left) or miR-540-3p inhibitor
(miR-540-3p inhi) (right). Ctrl mimics and Ctrl inhibitor (Ctrl inhi) were used as the corresponding Ctrl, and GAPDH was used as a loading Ctrl. (G) Western blot assay for the
expression of DTNA in Ctrl (Plko_ctrl) and Dtna knockdown (Plko_shDtna) mESC-CMs. (H) Co-IP assay for the interaction of SYNTROPHIN-DYSTROPHIN (left) and SYN-
TROPHIN-YAP (right) after Dtna knockdown. () Representative immunostaining images of YAP after Dtna knockdown. Scale bar: 25 pm. (J) The protein level of YAP was
derived from nuclear and cytoplasmic extraction of Plko_ctrl and Plko_shDtna mESC-CMs, respectively. H3 and TUBULIN were used as the nuclear and cytoplasmic Ctrl,
respectively. (K) gPCR assay for the expression levels of YAP target genes in Plko_ctrl and Plko_shDtna mESC-CMs. Data are presented as the mean + SEM (n = 3). The
statistical significance is performed according to Student’s t-tests (unpaired two-tailed). *p < 0.05, **p < 0.01, and ***p < 0.001 versus Plko_ctrl.

However, several studies point out that adult mature cardiomyocytes  survival and functional performance to a better balance for the treat-
fail to survive after transplantation due to their poor proliferative ca-  ment of MI. Cardiac patch acts as a promising method for the treat-
pacity,">*” implying that exogenous cardiomyocytes should tune the ~ ment of MI that could promote the maturation of PSC-CMs and
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improve the survival rate of transplanted cardiomyocytes in the hearts
after MIL>>?72%°%! Previous studies have shown that culturing in
Ti,C-8-cryogel promotes the structural and functional maturation
of PSC-CMs. Transplantation of Ti,C-8-cryogel cardiac patch ex-
hibits a higher survival rate of transplanted cardiomyocytes, signifi-
cantly decreases the infarct area, and improves the cardiac function
of MI hearts,” linking the maturation of transplanted PSC-CMs to
the repair efficacy of cardiac patch in the treatment of MI. Our study
showed that Cmarr promoted the maturation of mESC-CMs in the
cardiac patch, and transplantation of cardiac patch overexpressing
Cmarr exhibited better retention and lower apoptosis ratio of trans-
planted mESC-CMs, and significantly promoted the vascularization
in the border zone of infarction, reduced infarct size, and improved
cardiac function of MI hearts, suggesting that combination of cardi-
omyocyte maturation drivers with engineered cardiac patch could
provide a method for cellular therapy of MI.

In summary, our study indicated that heart-rich Cmarr competed
with miR-540-3p and impeded the inhibition of Dtna expression by
miR-540-3p, which facilitated the formation of the DGC-YAP com-
plex, thereby facilitating the maturation transition of mESC-CMs.
Furthermore, our study demonstrated that transplantation of cardiac
patch overexpressing Cmarr significantly reduced the infarct area and
improved the function of MI heart. Thus, our study elucidated the
function and mechanism of Cmarr in promoting cardiomyocyte
maturation, developed our understanding of epigenetic regulation
in cardiomyocyte maturation, and provided a functional IncRNA
for the construction of an engineered cardiac patch for the treatment
of MIL.

MATERIALS AND METHODS

Experimental animals

C57BL/6 male mice (6-8 weeks old) were purchased from Shanghai
Laboratory Animal Center (SLAC), Shanghai. Related animal exper-
iments were carried out and approved by the Institutional Animal
Care and Use Committee of Tongji University (TJLAC-020-122).

Plasmids

Sequences of Cmarr and mutant Cmarr were cloned into the Fuw len-
tiviral vector (Fuw-Cmarr and Fuw-Cmarr mut, respectively). cDNA
of puromycin was also cloned into the Fuw lentiviral vector, which

Molecular Therapy: Nucleic Acids

was used as a negative Ctrl. The shRNA targeting Dtna or Cmarr
was cloned into the plko lentiviral vector, and the plko vector with
scramble RNA was used as a negative Ctrl. The T2A-puromycin
donor was cloned into the pLB vector (TIANGEN). The sgRNA tar-
geting the end of the Slc8al gene was cloned into the pX330 vector
(Addgene).

For the luciferase reporter assay, sequences of Cmarr, Cmarr mutant
(Cmarr mut), Dtna 3’ UTR, and Dtna 3’ UTR mutant (Dtna 3’ UTR
mut) were cloned into the pGL3 vector (Promega). For the miRNA
pull-down assay, sequences of Renilla, Cmarr, and Cmarr mutant
were cloned into the pMS2 vector. All primers are listed in Table S1.

Generation of Slc8a1-T2A-Puro mESCs

The small guide RNA (sgRNA) targeting the end of gene Slc8al was
designed from http://crispr.mit.edu/. This sgRNA was inserted into
the pX330 vector. T2A-puromycin-resistant gene was inserted
into the pLB vector (TTANGEN). 5 pg of pX330-sgRNA and 10 pg
of the donor were mixed with the P3 primary cell solution (Lonza
V4XP-3-32). These plasmids were synchronously electroplated into
wild-type 46C mESCs using the CG-104 program of the 4D Nucleo-
fector system according to the manufacturer’s instructions. Primers
are listed in Table SI.

Cell culture

mESCs (wild-type 46C and Slc8al-T2A-Puro 46C) were cultured in
mESC medium (DMEM [Invitrogen], 15% FBS [Invitrogen], 2 mM
nonessential amino acids [Invitrogen], 2 mM L-GlutaMax [Invitro-
gen], 1 mM sodium pyruvate [Invitrogen], 0.1 mM B-mercaptoetha-
nol [Sigma], and 1 x leukemia inhibitory factor (LIF) [Millipore]) on
the feeder layer. 293FT and NIH3T3 cells were cultured in DMEM
supplemented with 10% FBS and 2 mM nonessential amino acids.
mESC-CMs were cultured in cardiac myocyte medium (ScienCell)
supplemented with 5% FBS, 1x cardiac myocyte growth supplement
(CMGS), and 1x penicillin/streptomycin (PS) solution.

Cardiomyocyte differentiation

Cardiomyocyte differentiation was performed as previously
described." Briefly, mESCs were maintained on the feeder layer in
serum-free medium (SFM) for two passages (DMEM/Neurobasal
[v/v = 1:1], 0.5 x N2 supplement [GIBCO], 0.5 x B27 supplement

Figure 6. Dtna is a functional target of Cmarr/miR-540-3p interaction

(A) Western blot assay for the expression of DTNA in Ctrl, Cmarr OE, and Cmarr mut OE mESC-CMs (n = 4). (B) The protein level of YAP was derived from nuclear and
cytoplasmic extraction of Ctrl, Cmarr OE, and Cmarr mut OE mESC-CMs. H3 and TUBULIN were used as the nuclear and cytoplasmic Ctrl, respectively. (C) Expression levels
of DTNA in Ctrl (Ctrl_plko), Cmarr overexpressed (Cmarr OE_plko), and Cmarr overexpressed with Dtna interference (Cmarr OE_shDtna) mESCs (n = 4). (D) The protein level
of YAP derived from nuclear and cytoplasmic extraction of Ctrl_plko, Cmarr OE_plko, and Cmarr OE_shDtna mESC-CMs, respectively. (E) gqPCR assay for the expression
levels of YAP target genes in Ctrl_plko, Cmarr OE_plko, and Cmarr OE_shDtna mESC-CMs. (F and G) Quantification of Ki67* cell ratio (F), cell area and perimeter (G) in
Ctrl_plko, Cmarr OE_plko, and Cmarr OE_shDtna mESC-CMs. (H) gPCR assay for the expression levels of maturation-related genes (a-MHC, Kcnj2, and Gja1) in Ctrl_plko,
Cmarr OE_plko, and Cmarr OE_shDtna mESC-CMs. (l) Representative immunostaining images of CX-43 in Ctrl_plko, Cmarr OE_plko, and Cmarr OE_shDtna mESC-CMs.
Scale bar: 25 um. (J) gPCR assay for the relative expression levels of calcium handling-related genes in Ctrl_plko, Cmarr OE_plko, and Cmarr OE_shDtna mESC-CMs. (K)
Tom?20 immunostaining (left) and statistics for relative fluorescence intensity (right). Scale bar: 25 um. Data are presented as the mean + SEM from at least three independent
experiments. The statistical significance was performed according to one-way ANOVA followed by Tukey’s post hoc. *p < 0.05, **p < 0.01, and ***p < 0.001 versus Ctrl_plko.

#p < 0.05, #p < 0.01, and **p < 0.001 versus Cmarr OE_plko.
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[GIBCO], 2 mM L-GlutaMax, and 1.5 x 107*M monothioglycerol
with 10 ng/mL hBMP4 [R&D] and 1 x LIF). Then, mESCs were
dissociated and suspended in the cardiomyocyte differentiation me-
dium (DMEM/DMEM-F12 (v/v = 1:1), 1 x N2 supplement,
1 x B27 supplement, 2 mM L-GlutaMax, and 4.5 X 10~* M mono-
thioglycerol) with 25 ng/mL L-ascorbic acid and cultured for 2 days
at a density of 5 x 10* cells/mL in 6-cm Petri dishes. Embryoid bodies
(EBs) were subsequently dissociated and resuspended in the cardio-
myocyte differentiation medium containing 0.2 ng/mL hBMP4,
5 ng/mL hActivin A, 5 ng/mL vascular endothelial growth factor
(VEGEF), and 25 ng/mL L-ascorbic acid for 40 h at a density of
5 x 10* cells/mL. The reconstituted EBs were dissociated and
attached to 12-well plates (pre-coated with gelatin) in the Stem Cell
Pro-34 medium supplemented with 5 ng/mL VEGF, 10 ng/mL basic
fibroblast growth factor (bFGF), 25 ng/mL fibroblast growth factor 10
(FGF10), and 25 ng/mL L-ascorbic acid at a density of 2.5 x 10° cells/
well. Contracted cardiomyocytes were observed after another 3 days
of culture. Puromycin (1 ng/mL) was added on day 7 of cardiomyo-
cyte differentiation to eliminate non-cardiomyocytes, and mESC-
CMs were dissociated for further studies.

Cytoplasmic and nuclear fractionation

Cytoplasmic and nuclear RNA was isolated as previously described.”
mESC-CMs were dissociated, washed twice with ice-cold PBS, and
centrifuged. The cell pellets were incubated in 200 pL of lysis buffer
A (10 mM Tris [pH 8.0], 140 mM NaCl, 1.5 mM MgCl,, 0.5% Non-
idet P-40) on ice for 5 min. Then, the cell lysate was centrifuged
(1,000 x g for 3 min) at 4°C. The supernatant containing the cyto-
plasmic fraction was added to 1 mL of RNAiso Plus (TaKaRa) to
extract cytoplasmic RNA. The nuclear pellets were washed twice
with 200 pL of lysis buffer A and once with lysis buffer A containing
1% Tween-40 and 0.5% deoxycholic acid. Finally, 1 mL of RNAiso
Plus was added to the nuclear pellets to extract nuclear RNA.

Dual-luciferase assay

Dual-luciferase assay was performed as previously described.” Dtna
3’ UTR, Dtna 3’ UTR mutant, Cmarr, and Cmarr mutant sequences
were cloned into the pGL3 reporter vector (Promega), respectively.
NIH3TS3 cells grown in 24-well plates (3 x 10* cells/well) were trans-
fected with 200 ng of pGL3 reporter, 10 ng of Renilla luciferase vector
(pRL-Tk, Promega), and 50 nM mimics (Ctrl, miR-540-3p, or miR-
541-5p) using X-treme GENE HP DNA Transfection Reagent
(Roche). Cells were lysed 48 h later with the lysis buffer. Firefly and
Renilla luciferase activities were detected by the M5 plate reader
(SpectraMax). The firefly signal was normalized to the Renilla signal.
Ctrl mimics were used as a negative Ctrl.

Co-immunoprecipitation

Co-immunoprecipitation (co-IP) assay was performed as previously
described.! Briefly, protein A + G beads were incubated with 3 pg
of anti-syntrophin antibody overnight at 4°C. Next day, mESC-
CMs (5 million) grown in a 10-cm dish were dissociated and lysed
with 400 pL of lysis buffer on ice for 30 min (lysis I [40 mM Tris,
pH 7.4; 450 mM NaCl; 1% Triton X-100; 20% glycerol; and 1 mM

EDTA]J; lysis II [40 mM Tris, pH 7.4; 10 mM NaCl; 1% Triton
X-100; 20% glycerol] (v/v) = 1:2). The cell lysate was sonicated and
incubated with anti-syntrophin-coated beads for 6 h at 4°C. After dis-
carding the supernatant, the complex was washed five times with
400 pL of lysis buffer, then 50 puL of 1x SDS buffer was added to
the complex and heated at 95°C for 10 min.

Immunostaining

Immunostaining assay was performed as previously described.”””
mESC-CMs cultured on a 12-mm coverslip were fixed with 4% para-
formaldehyde for 15 min at 4°C. For the immunostaining of CX-43,
cells were first fixed with ice-cold methyl alcohol at —20°C for 15 min,
followed by 4% paraformaldehyde for 15 min at 4°C. Next, the cells
were washed three times with PBS and blocked with PBS supple-
mented with 10% donkey serum and 0.1% Triton X-100 for 1 h at
room temperature. Then, the cells were incubated with the corre-
sponding antibodies overnight at 4°C. Next day, the cells were
incubated with fluorescent secondary antibodies and Hoechst 33342
(nuclear staining) for 1 h at room temperature. Immunostaining
images were captured by a Nikon ECLIPSE Ti-S microscope. Cell
area, cell perimeter, and fluorescence intensity were quantified using
Image] software (https://imagej.nih.gov/ij/). The antibodies are listed
in Table S2.

MS2bp-YFP RNA pull-down assay

RNA pull-down assay was performed as previously described.*®
Briefly, 2 million 293FT cells grown in a 6-cm dish were transfected
with 3 pug of MS2bp-YFP fusion plasmid, 500 nM miR-540-3p
mimics, and 3 pg of MS2bs-Cmarr or MS2bs-Cmarr mut plasmid us-
ing X-treme GENE HP DNA Transfection Reagent (Roche). The cells
were lysed 48 h later with the RNA immunoprecipitation (RIP) buffer
(100 mM KCl, 5 mM MgCl,, 10 mM HEPES [pH = 7.0], 0.5% NP-40,
and 1 mM dithiothreitol). Anti-GFP (Abcam) (able to recognize
MS2bp-YFP fusion protein) was used to immunoprecipitate the
RNA-protein complex. The complex was treated with RNAiso Plus
(TaKaRa) to purify miRNA.

Ca?* imaging analysis

The contractile mESC-CMs were incubated with Tyrode’s solution
containing Cal-520 and 0.02% Pluronic F-127 (AAT Bioquest) for
20 min at 37°C. The cells were washed with warm medium. The spon-
taneous Ca”* transients were recorded with a Leica confocal micro-
scope in line-scan (X-T) mode. Ca®" images were analyzed using
MATLAB software (MathWorks).?®

ECM construction of mouse heart

To prepare the cardiac ECM, the decellularization of the mouse heart
was performed as previously described.””””** Briefly, the heart
(derived from 8-week-old male mice) was frozen at —80°C for
30 min and perfused with deionized water for about 30 min until it
became white and hypertrophied. Then, the white heart was perfused
with 1% SDS solution and 1% Triton solution until it became
completely translucent. Finally, the decellularized heart was washed
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with PBS (with PS solution, 100 U/mL) for 2 h. The decellularized
heart was soaked in PBS solution and placed at 4°C.

Generation of cardiac patch

The generation of the cardiac patch was performed as previously
described.””** Briefly, the ECM was cut into pieces and placed into
the 12-well plate with the endocardial side up. Then the mESC-
CMs were seeded onto the ECM at a density of 1 x 10* cells/mm?®
After 1 week of culture, the cardiac patch was transplanted to the

top of the MI zone through a fibrin-based method.

The MI mice construction and echocardiography analysis

The construction of the MI model was performed as previously
described.”” The adult mice were anesthetized with 2% isoflurane
and a small incision was made in the left chest. The third intercostal
space was exposed and a small hole was created. The middle of the rib
was pushed and the hemostatic clamp was simultaneously held
slightly open to cause the heart to pop out. Then, the left main de-
scending coronary artery (LCA) was sutured and ligated with a 7-0
silk suture. Next, the heart was placed back into the chest, and the
skin cut was sutured and ligated with 5-0 silk suture immediately.
The mice used in our study were intraperitoneally injected with cyclo-
sporine A (Selleck, 2286, 5 mg/kg/d) for seven consecutive days from
the day before to the sixth day of MI to inhibit immune rejection.
Echocardiography analysis of these mice was performed 14 days after
transplantation (Visual Sonics Vevo 2100 system equipped with a
40-MHz 550 s probe).

Histology and immunostaining of heart slides

The mouse heart was fixed with 4% paraformaldehyde solution at 4°C
for 24 h and dehydrated with a sucrose gradient. The heart below the
ligation site to the apex were sectioned at a thickness of 8 pm and
sampled at 500-um intervals for the Masson trichrome (Yeasen)
staining.

For immunofluorescence staining, the slides were blocked in PBS sup-
plemented with 10% donkey serum and 0.1% Triton X-100 for 1 h at
room temperature. Then, the slides were incubated with the corre-
sponding antibodies overnight at 4°C. Next day, the slides were incu-
bated with fluorescent secondary antibodies and Hoechst 33342
(nuclear staining) for 1 h at room temperature. TUNEL staining
was performed by a one-step TUNEL Apoptosis Assay Kit (Beyotime,
C1088) according to the manufacturer’s instructions. Three views
were randomly selected from each slide to quantify the number
of VWF or TUNEL-positive cells. Infarct size was quantified as
the average of five sections through the following formula:
infarct size = [infarct perimeter (infarct epicardium + infarct
endocardium) x
epicardium + left ventricle endocardium).

100]/left ventricle perimeter (left ventricle

Recording of APs

The APs of mESC-CMs were performed as previously describe
Briefly, mESC-CMs were attached to the coverslip at a density of
3 x 10* cells/cm®. The next day, a coverslip was put into the recording
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chamber filled with warm Tyrode’s solution. The APs were recorded
by the EPC-10 amplifier (Heka Electronics) in current-clamp mode.
The internal solution was 0.1 mM NaGTP, 1 mM MgCl,, 1 mM
EGTA, 5 mM MgATP, 5 mM Na,-phosphocreatine, 10 mM
HEPES, 20 mM KCl, and 110 mM K-aspartate (pH = 7.3, adjusted
with KOH). Data were analyzed by CAPA software.

Mitochondrial function analysis

The Seahorse XF96 extracellular flux analyzer combined with
Seahorse XF Palmitate-BSA fatty acid B-oxidation (FAO) substrate
kit (Agilent) was used to assess the mitochondrial oxidation capacity
of mESC-CMs in response to exogenous fatty acid (palmitate).”**
Briefly, mESC-CMs were seeded onto Seahorse plates at a density
of 3 x 10° cells/well for 3 days. BSA Ctrl (33 uM) or palmitate:
BSA (200:33 pM) was provided to mESC-CMs to measure baseline
OCR followed by sequential automatic injection of 10 M oligomycin
(Sigma-Aldrich), 2 uM carbonyl cyanide p-(trifluoromethoxy) phe-
nylhydrazone (FCCP) (Sigma- Aldrich), and 10 pM antimycin A
(Sigma-Aldrich) to analyze the OCR. The OCR was normalized to
the number of cells. The basal/maximal change of the OCR due to
exogenous fatty acids was defined as basal/maximal palmitate-BSA
rate minus basal/maximal BSA rate.

gRT-PCR

Total RNA was extracted using RNAiso Plus (TaKaRa). Reverse tran-
scription of 500 ng of total RNA was performed using a PrimeScript
RT reagent kit (TaKaRa). gPCR was performed on the Mx3000 in-
strument (Agilent) using the SYBR Kit (Bio-Rad). Gene expression
was normalized to Gapdh mRNA.>* qPCR primers are listed in
Table S3.

Western blot

Cells were dissociated, washed twice with ice-cold PBS, and lysed in
RIPA buffer. The total protein concentration was detected by a
BCA kit (Thermo). Equal amounts of cell lysates were loaded onto
the SDS-PAGE and transferred to a polyvinylidene fluoride (PVDEF)
membrane. Blots were blocked in 3% BSA (Ameresco) and then
probed with the following primary antibodies: anti-DTNA (Abcam,
1:2,000), anti-H3 (Cell Signaling Technology, 1:2,000), anti-
TUBULIN (Cell Signaling Technology, 1:2,000), anti-YAP (Cell
Signaling Technology, 1:2,000), anti-o.-SYNTROPHIN (Santa-Cruz
1:1,000), anti-DYSPROTHIN (1:1,000), and anti-GAPDH (Bioworld,
1:2,000). GAPDH was used as a loading Ctrl. The grayscale analysis of
protein bands was performed with Image] software." The antibodies
are listed in Table S4.

Polysome profile analysis

Polysome profile analysis was performed as previously described.”®
Briefly, cells were treated with 100 pg/mL cyclohexanone (CHX)
(Selleck, S7418) for 10 min at 37°C. Then the cells were lysed with
1 mL of polysome extraction buffer (20 mM Tris-HCl, 100 mM
KCl, 5 mM MgCl,, 0.5% NP-40, 100 ug/mL CHX, 1x protease inhib-
itor, and RNase inhibitor) on ice for 10 min and centrifuged at
13,000 rpm for 10 min. The supernatant was transferred to the top
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of a 13.2-mL centrifuge tube (Beckman Coulter, 331372) containing a
10%-50% sucrose gradient solution. Then the solution was centri-
fuged at 39,000 rpm for 90 min at 4°C. The solution was collected
into 12 tubes and RNA was extracted from each tube. Enrichment
of polysomes on the Gapdh mRNA or Cmarr was analyzed by
qRT-PCR.

RNA-seq analysis

Paired-end RNA-seq was performed for developing mouse hearts
(E10.5, E14.5, E17.5, neonatal, and adult). RNA-seq reads of develop-
ment hearts were aligned to the mm9 UCSC reference gene GTF us-
ing TopHat2 with the default parameters. Transcript assembly and
differential expression analysis with the mm9 UCSC reference gene
GTF and the reference genome GSE52313 were performed through
Cufflinks2 and Cuffdiff2 with the default parameters, respectively.
For IncRNA analysis, transcripts were filtered for a minimum length
of 200 bp, and the protein coding potential was evaluated using the
Coding-Non-Coding Index (CNCI). Upregulated noncoding RNAs
were sorted by the changes in fragments per kilobase per million map-
ped reads (FPKM) during heart development (E14.5 > E10.5,
E17.5 > E14.5, Neonatal > E17.5, adult > neonatal, adult/
E10.5 > 10, and neonatal/E17.5 > 1.5) (Tables S5 and S6). Upregulated
genes were sorted by the changes in FPKM during heart development
(E14.5 > E10.5, E17.5 > E14.5, neonatal > E17.5, adult > neonatal,
adult/E10.5 > 10) (Table S7). For miRNA analysis, miRNA
sequencing (miRNA-seq) data were analyzed using CAP-miRSeq.”’
Up- and downregulated miRNAs were sorted by changes in mature
miRNA expression (read counts) during heart development (upregu-
lated miRNAs: adult/E10.5 > 1.5, adult/E14.5 > 1.5, adult/E17.5 > 1.5,
neonatal/E10.5 > 1.5, neonatal/14.5 > 1.5 [Table S8]. downregulated
miRNAs: adult/E10.5 < 1.5, adult/E14.5 < 1.5, adult/E17.5 < 1.5,
neonatal/E10.5 < 1.5, neonatal/14.5 < 1.5 [Table S9]).

Statistical analysis

Data in this study are presented as the mean + SEM (at least three
independent experiments). Statistical significance was performed ac-
cording to Student’s t-tests (unpaired two-tailed) for two groups and
according to one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc for more than two groups (GraphPad Prism
software): */# indicates p < 0.05, **/## indicates p < 0.01,
and ***/### indicates p < 0.001.
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