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The underlying mechanisms of ventricular remodeling after myocardial
infarction (MI) remain largely unknown. In this study, we performed an
integrative analysis of spatial transcriptomics and single-nucleus RNA
sequencing (snRNA-seq) inamurine Ml model and found that mechanical
stress-response genes are expressed at the border zone and play a critical
roleinleft ventricular remodeling after MI. An integrative analysis of SnRNA-
seq and spatial transcriptome of the heart tissue after Mlidentified the
unique cluster that appeared at the border zone in an early stage, highly
expressing mechano-sensing genes, such as Csrp3. AAV9-mediated gene
silencing and overexpression of Csrp3 demonstrated that upregulation

of Csrp3plays critical roles in preventing cardiac remodeling after Ml by
regulation of genes associated with mechano-sensing. Overall, our study
not only provides aninsight into spatiotemporal molecular changes after Ml
but also highlights that the mechano-sensing genes at the border zone act as
adaptive regulators of left ventricular remodeling.

Despite decades of intensive research and therapeutic developments,
ischemic heart disease remains aleading cause of death worldwide.
Myocardialinfarction (MI) causes various cardiac complications, such
as arrhythmia, valvular disease and heart failure, and heart failure is
becoming a more serious problem in many countries'. Ml induces
changes in left ventricular (LV) size, shape and function that are con-
sidered tobeLVremodeling processes and known to initiate the devel-
opment of heart failure’™*. Therefore, it is paramount to clarify the

molecular mechanisms underlying LV remodeling after Ml to inhibit
the development of heart failure and improve the prognosis of patients
with MI*®, However, because cellular and molecular behaviors change
spatially and temporally after Ml, it is difficult to precisely understand
the molecular mechanisms associated with LV remodeling.

The infarcted heart is usually roughly divided into three zones:
aninfarct zone (1Z), an ischemic border zone (BZ, defined as the sec-
tors adjacent to the 1Z) and a remote zone (RZ)*'°. It was reported

'Department of Cardiovascular Medicine, Graduate School of Medicine, University of Tokyo, Tokyo, Japan. 2Genome Science Division, Research Center
for Advanced Science and Technologies, University of Tokyo, Tokyo, Japan. *These authors contributed equally: Shintaro Yamada, Toshiyuki Ko, Satoshi

Hatsuse, Seitaro Nomura.

e-mail: senomura-cib@umin.ac.jp; haburata-tky@umin.ac.jp; komuro-tky@umin.ac.jp

Nature Cardiovascular Research | Volume 1| November 2022 | 1072-1083

1072


http://www.nature.com/natcardiovascres
https://doi.org/10.1038/s44161-022-00140-7
http://orcid.org/0000-0002-3240-358X
http://orcid.org/0000-0002-0363-7563
http://orcid.org/0000-0002-0529-6619
http://orcid.org/0000-0001-5634-9170
http://orcid.org/0000-0003-4818-3347
http://orcid.org/0000-0003-0438-1544
http://orcid.org/0000-0002-0714-7182
http://crossmark.crossref.org/dialog/?doi=10.1038/s44161-022-00140-7&domain=pdf
mailto:senomura-cib@umin.ac.jp
mailto:haburata-tky@umin.ac.jp
mailto:komuro-tky@umin.ac.jp

Article

https://doi.org/10.1038/s44161-022-00140-7

1z . BZ

LAD BZ
ligation

\% =2

8 wksold Day1 Day7 Day14
C57BL/6NJcl mice

A4

Spatial transcriptome analysis
using cryo-sections of hearts

100% -

(-9

Single-nucleus RNA-seq using
. isolated cardiomyocytes from hearts
(cut separately as |Z+BZ vs RZ) 1

Cardiomyocyte clusters

Cluster

®o

75% -

Cluster

Tnni3

Cluster 0

Myhé marker gene

50% -

25% -

Expression level

Mybpc3

Ppargcia

Cluster 1

Atplat marker gene

Kcnj3

0% -

Sham -
1Z+BZ -
RZ -
1Z+BZ -
RZ -
1Z+BZ -
RZ -

Xirp2

Cluster 2

Ankrd1 marker gene

o WO MO PO WO WO HO WO O

Day 1 |
Day7|
Day14|

G0:0007507 heart development

Csrp3

Cluster

G0:0008016 regulation of heart contraction

G0:0007517 muscle organ development

G0:0032970 regulation of actin filament-based process
G0:0070848 response to growth factor
| G0:0035994 response to muscle stretch
GO:0003300 cardiac muscle hypertrophy
G0:0034599 cellular response to oxidative stress

G0:0009725 response to hormone

G0:0019216 regulation of lipid metabolic process
G0:0002026 regulation of the force of muscle contraction
G0:0046320 regulation of fatty acid oxidation

G0:1903115 regulation of actin filament-based movement
G0:0070542 response to fatty acid

\ \

I

GO:0051147 regulation of muscle cell differentiation

GO:0001666 response to hypoxia

G0:0016052 carbohydrate catabolic process
: GO:0045765 regulation of angiogenesis

GO0:0098609 cell—cell adhesion

GO0:0045787 positive regulation of cell cycle

G0:0051017 actin filament bundle assembly
GO:0010935 regulation of macrophage cytokine production

GO:0070661 leukocyte proliferation

BN S 0 8
24 & &  Ce—
¥
—log,,(P value)

Fig.1|snRNA-seq identifies spatiotemporally distinct cell clusters after MI.
a, Experimental scheme of single-nucleus and spatial transcriptomic analysis
after MI. snRNA-seq was performed onsham,n=2;1Z+BZonpMldayl,n=2;RZ
onpMldayl,n=2;1Z+BZonpMlday7,n=2;RZinpMlday7,n=2;1Z+BZon pMI
day 14, n=2;and RZ on pMl day 14, n = 2. Spatial transcriptome was performed on
sham,n=1;pMlday1, n=3; pMlday7,n =3;and pMl day 14, n = 3.b, UMAP plot of
cardiomyocyte subsets from snRNA-seq. All cardiomyocytes were classified into
three clusters (Clusters 0-2). Each nucleus (dot) was colored by clusters. Total

cardiomyocytes, n = 6,813; sham, n=417;1Z+BZ on pMlday1,n=1,070;RZ on
pMlday1,n=521;1Z+BZonpMlday7,n=894;RZonpMlday7,n=1,281;1Z+BZ
onpMlday14,n=1,594;and RZ on pMI day 14, n=1,036. ¢, Bar plot showing the
distribution of clusters at each timepoint and region. d, Violin plot showing gene
expression levels of representative DEGs in each cluster. e, Heat map showing
the results of GO enrichment analysis for each cluster. Enrichment P values were
generated by Metascape using cumulative hypergeometric distributions. LAD,
left anterior descending.
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that distinct cell type of hypo-contractile myocardium seen in the BZ
would extend toinvolve contiguous normal myocardium during post-
infarction remodeling and ultimately induce infarction expansion®.
The BZ also remodels electrophysiologically and can represent the
origin of ventricular arrhythmia®. There are transcriptional dif-
ferences between myocardium proximal and distal to the 179>,
Cardiomyocytes in the BZ undergo a profound transcriptional and
epigenetic reprogramming, switching from a MEF2-responsive to an
AP-1-responsive gene program'’. Expression of some long non-coding
RNAs (IncRNAs) was upregulated in the BZ compared to the RZ and
might be involved in maladaptive remodeling, cardiac function and
possibly cardiac regeneration'?. These previous studies have tried
to clarify transcriptomic changes in each region after MI, but they
examined gene expression profiles using mRNA isolated from bulk
samples, and, thus, it was difficult to dissect the molecular mechanisms
underlying LV remodeling at the single-cell level. On the other hand,
singe-cell RNA sequencing (scCRNA-seq) analyses of Ml have revealed
dynamic transcriptomic changes at the single-cell level after Ml in
cardiomyocytes*', cardiac fibroblasts™® and endothelial cells'*. In
these studies, however, in spite of the importance of spatial informa-
tion after MI, they did not include precise spatial information. In the
present study, we identified and characterized the distinct transcrip-
tional properties associated with each region of infarcted hearts using
integrative analysis of single-nucleus RNA sequencing (snRNA-seq)
and spatial transcriptomics. We unveiled a molecular adaptation of
cardiomyocytes in the BZ characterized by transcriptional activation
of mechano-sensing genes, including Csrp3 (also knownas MLP (muscle
LIM protein)).

Results

snRNA-seq reveals the spatiotemporally distinct clusters

We generated amurine Mlmodel by ligating the left anterior descending
artery. We separately isolated cardiomyocytes from the IZ + BZ (area
including thelZ and 2 mm of its lateral margin) and the RZ (area other
than1Z +BZ) and performed time-dependent snRNA-seq after MI. Fur-
thermore, we performed a spatial transcriptomic analysis of the same
time course (Fig. 1a and Supplementary Table 1). We analyzed 12,787
nucleiof cardiac cells (sham, n=2;1Z+BZ on post-MI(pMl)day1,n=2;
RZonpMldayl,n=2;1Z+BZonpMlday7,n=2;RZonpMlday7,n=2;
1Z+BZonpMlday14,n=2;and RZon pMlday14,n=2)and 6,813 nuclei
of a cardiomyocyte subpopulation exhibiting high Tnnt2 expression
(Extended DataFig.1a,b). Clustering analysis classified cardiomyocytes
intothree cardiomyocyte clusters (Fig. 1b and Supplementary Table 2).
Cluster O and Cluster 1wererelatively similar, both occupying the major
components of the cardiomyocyte populations in the sham hearts
and the pMI day 14 hearts (Fig. 1c,d and Extended Data Fig. 1h). Gene
Ontology (GO) enrichment analysis showed that genes associated
with lipid metabolic process, such as Ppargciaand Atplal, were more
highly expressed in Cluster 1 than in Cluster O, whereas genes associ-
ated with muscle cell differentiation, such as Mybpc3, Myhé6 and Tnni3,
were more highly expressed in Cluster O than in Cluster 1 (Fig. 1d,e).
Because most cardiomyocytes in the sham hearts belong to either
Cluster O or Cluster 1, cardiomyocytes from Cluster O and Cluster 1
were thought to be cardiomyocytes under normal conditions, whereas

the cardiomyocytes from Cluster 2 were distinct from those belonging
to Cluster O and Cluster 1 (Fig. 1c). GO enrichment analysis showed
that highly expressed genes in Cluster 2, such as Actal, Csrp3, Ankrd1,
Filncand Xirp2, wererelated to actin filament assembly, angiogenesis,
cell-cell adhesion and response to muscle stretch (Fig. 1e). Cluster 2
cardiomyocytes were more prevalentinthelZ + BZ of the acute phase
than in the RZ of the chronic phase (Fig. 1c). Most cardiomyocytes
withinthe IZ + BZ on pMI day 1 belonged to Cluster 2.

To evaluate the justification of the clustering, we also performed
unsupervised clustering for each condition, suchasshamand pMIday1,
separately and comparedits result with those of the previous clustering
forall conditions. The nuclear clusters from clustering analyses of each
condition corresponded tothose of the previous clustering (Extended
Data Fig. 1c-g). For example, cardiomyocytes from the sham hearts
were classified into two clusters, whereas cardiomyocytes from the
pMlIday1hearts were classified into three clusters, which corresponded
to the result from the clustering of all conditions. Numerous cardio-
myocytes fromthelZ + BZ on pMI day 1 were allocated to a distinctive
clusterasinthe previous clustering (Extended DataFig.1d,e). Inaddi-
tion, cluster distributions in each sample were very similar between
samples of the same conditions (Extended Data Fig. 1h).

Taken together, the characteristic population associated with
response to muscle stretch appeared on pMI day 1 mainly within the
1Z+BZ,decreased gradually intheIZ+BZ and sharplyinthe RZ on pMI
day 7 and disappeared in both zones by pMl day 14.

Spatial transcriptome uncovers spatiotemporal features

To know the specific positional information of the cardiomyocyte
clusters identified in our snRNA-seq analysis, we performed spatial
transcriptome analysis. A mean of 1,679 spots (920-3,154 spots) from
ten murine hearts (sham, n=1; pMlday 1, n=3; pMlday 7,n=3; and
pMl day 14, n = 3) were sequenced, and a median of 4,668 genes per
spot (3,134-6,199) were detected. Figure 2a shows hematoxylin and
eosin (H&E) staining of the hearts at each timepoint after Ml surgery
and illustrates the region clusters, which were revealed by clustering
analysis of spatial transcriptomic data (Fig. 2b and Supplementary
Tables 3 and 4). Although the I1Z sizes were slightly different among
mice, the characteristics of each cluster’s distribution were similarand
reproducible (Extended Data Fig. 2a,b). We also performed differen-
tially expressed gene (DEG) analyses and GO enrichment analyses for
each cluster (Fig. 2c,d). Spot regions of Cluster Green, characteristic for
genesinvolved inthe mitochondrial functional pathway (for example,
Atp2a2 and Cox7al), occupied most of the sham hearts and the RZ of
the infarcted hearts (Fig. 2a-e and Extended Data Fig. 2a-c). Cluster
Blue, characterized by expressions of collagens and extracellular matrix
genes (forexample, Colal and Postn), was specifically localized within
thelZ +BZ (Fig.2a-e and Extended DataFig. 2a-c). Spot regions of Clus-
ter Red were mainly seen within the BZ of the infarcted hearts (Fig. 2a
and Extended Data Fig. 2a,b). Among DEGs of Cluster Red, genes such
as Csrp3, AnkrdI and Nppb (Fig. 2c), which were shared with those of
Cluster 2 from the snRNA-seq analysis and were characterized by the
function associated withthe response to muscle stretch, were uniquely
localized within the BZ of the infarcted hearts during the acute phase of
MI (Fig. 2e). Spatially restricted expression patterns of these genes in

Fig. 2| Spatial transcriptome analysis identifies spatiotemporally regulated
cell clusters after MI. a, Representative images of H&E staining of heart cross-
sections at each timepoint after Ml surgery (above). Clusters found in Fig. 2b.
were overlaid on the H&E images above (below). The areas surrounded by dotted
lines indicate the IZ (sham, n =1; pMlday 1, n = 3; pMlday 7, n = 3; and pMI day 14,
n=3).Scalebar,1 mm.b, UMAP of all gene expression spots on the tissue from
each timepoint. All spots (dots) were classified into seven clusters (named by
the color of dots). ¢, Gene expression plot according to average log, fold change
(avg_log,FC) values in each cluster. Each dot represents a single gene. Names of
genes characteristically upregulated and downregulated in each cluster were

printed. Red indicates DEGs (avg_log,FC > 0.25 and adjusted Pvalue (p_val_

adj) < 0.05). Black indicates the other genes. d, Heat map showing the results of
GO enrichment analysis for each cluster. Enrichment P values were generated
by Metascape using cumulative hypergeometric distributions. e, Visualization
of the expression level of representative genes in Clusters Green (Cox7al), Red
(Csrp3, Ankrd1), Gray (Nppa, Myh?), Blue (Collal) and Turquoise (Ccl6) at each
timepoint. The areas surrounded by dotted lines indicate the IZ. f, Spatial heat
maps showing the proportion score of cardiomyocyte Cluster 2. The areas
surrounded by dotted linesindicate the IZ.
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cardiomyocytes were validated by RNA in situ hybridization (Extended
DataFigs.3-5). Cluster Gray appeared between Clusters Blue and Red
and had characters commonto bothclusters, includinga high expres-

sionof Csrp3 (Fig.

2a-c,eand Extended DataFig. 2b,c). Subsequently, we

predicted the cell types composing each spot region by deconvolution
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analysis (Fig. 2fand Extended Data Fig. 6). The proportion score of the
fibroblast cluster increased at the 1Z from pMI day 7, whereas that of
the immune cell cluster clearly increased at the IZ on pMIday 1. The
proportionscore of cardiomyocyte Cluster 2 was significantly highin
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Fig.3| WGCNA of spatial transcriptomics reveals mechano-sensing genes
asadistinct key factor expressed in the BZ after MI. a, Heat map showing the
results of GO enrichment analysis for each module. Enrichment Pvalues were
generated by Metascape using cumulative hypergeometric distributions.

b, Representative visualization of the module expression level of a characteristic
gene module (M3) found by WGCNA at each timepoint. The areas surrounded

by dotted linesindicate an1Z. ¢, Gene network of highly correlated genes in M3.
Node size represents signed eigengene-based connectivity of agenein amodule.
d, Masson’s trichrome staining of the heart cross-sections on day 1 after MI

0.05

Density of Csrp3 mRNA
(average no. of spots/um? cell area)

(above). Representative images of expression of Csrp3 by in situ hybridization
and merged images co-stained with DAPI (nucleus) and WGA (cell membrane) in
two BZs (BZ1and BZ2), RZ and IZ on pMI day 1 (below). The area surrounded by
the dotted line indicates the IZ. Scale bar, 30 pum. e, Quantification of Csrp3 mRNA
molecules per cell. Nineteenimages in the BZ, nineimages in theRZand ten
images in the IZ were used to quantify the average number of Csrp3 mRNA spots
per cell. Dataare shown as mean + s.d. Pvalues determined by a one-way ANOVA
with Bonferroni’s multiple comparison test are described in the figure.

proportionscore at the BZ on pMI day 7 and pMI day 14. This suggests
that cardiomyocytesin Cluster 2 were mainly derived from the BZin the
acute phase of MI. To identify the role of the BZ in LV remodeling after
MI, we focused onthese BZ transcriptomes in the subsequent analysis.

Weighted gene co-expression network analysis clarifies
mechano-sensing gene expressionin the BZ

To clarify the spatiotemporally specific transcriptional network and
find key factorsinthe BZ, we performed weighted gene co-expression
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network analysis (WGCNA) on the spatial transcriptomic data. WGCNA
identified 12 gene modules, which were associated with clustersidenti-
fied in Fig. 2 (Extended Data Fig. 7a and Supplementary Tables 5 and
6). Expressions of eachgene module were regulated spatially and tem-
porally (Extended Data Fig. 7b). Expressions of Module 1(M1) and M5
genes, which encode collagen and extracellular matrix proteins (for
example, Collal, Vim and FbinI), were selectively upregulated in the
1Z on pMl day 7 and pMI day 14 (Fig. 3a and Extended Data Fig. 7b).
The deconvolution analysis suggests that these genes were mainly
transcribed from fibroblasts (Extended Data Fig. 6). The M2 and M10
genes, which are associated with cellular respiration, fatty acid beta-
oxidationand oxidative phosphorylation (for example, Atp5al, Cox7al
and Ndufa5), were widely expressed in the sham hearts and the RZ of
the infarcted hearts (Extended Data Fig. 7b) and were thought to be
derived from cardiomyocytesin Cluster O or Cluster 1in the snRNA-seq
data (Extended DataFig. 6). By contrast, the M3 genes were specifically
expressed within the BZ of the pMI day 1 hearts (Fig. 3b). Most of the
spots that highly expressed the M3 genes belonged to either Cluster Red
or Cluster Gray on pMI day 1 (Extended Data Fig. 7a), and these genes
were predicted tobe transcribed mainly from Cluster 2 inthe snRNA-seq
data (Extended Data Fig. 6). The M3 co-expression network revealed
mechano-sensing genes, such as Csrp3, Ankrdl and Finc, as central
genes (Fig.3c), and response tomuscle stretchisa GO term unique and
specific for M3 (Fig. 3a). The dominant expression profiles of M3 genes
inthe BZ on pMI day1were validated using single-molecule RNA insitu
hybridization (Fig. 3d,e and Extended Data Figs. 3-5). Because Csrp3
is a well-known mechano-sensing gene and is located at the center of
the BZ transcriptome (M3), we focused on the function of Csrp3at the
BZ anditsrolein LV remodeling after MI.

Csrp3 expressionin BZ cardiomyocytes prevents LV
remodeling

Among many organs, the Csrp3 expressionis predominantin the heart,
specifically in cardiomyocytes (Extended Data Fig. 1b and Extended
Data Fig. 8a). To clarify the roles of Csrp3 and its upregulation within
the BZ of the pMI day 1 heart, we overexpressed Csrp3 and short hair-
pin RNA (shRNA) against Csrp3 using AAV9 vectors (Extended Data
Fig. 8b). A previous report™ as well as our preliminary experiment
(Extended Data Fig. 8c) showed that a gene delivered by AAV9 vector
was highly expressed 2 weeks after viral injection. Because Csrp3is
highly expressedin the acute phase of MI, we injected the vectorsinto
mice through their tail veins 2 weeks before Ml surgery and performed
transthoracic echocardiography to analyze their cardiac function
(Fig.4a). Transduction of the shRNA significantly reduced expression
of Csrp3in the heart, whereas overexpression of Csrp3 significantly
increased its expression (Extended Data Fig. 8d). The local elevation
of Csrp3 expression within the BZ was also repressed on pMI day 1
(Fig. 4d) by the injection of shCsrp3-AAV9. Compared to controls,
the AAV9-shCsrp3-injected mice showed enlarged left ventricles
and reduced LV contraction after MI, whereas Csrp3 overexpression
tended to alleviate the disease phenotype (Fig. 4b,c). Although there
was no statistical significance in survival rates between controls and

Csrp3-overexpressed mice, the AAV9-shCsrp3-injected mice showed
poorer outcomes than the control mice (Extended Data Fig. 8e).

We also performed spatial transcriptomic analyses of both the
Csrp3knockdown and the Csrp3-overexpressed hearts and performed
another WGCNA (Extended Data Fig. 9a,b and Supplementary Table
7). Among the eight modules obtained (Modules A-H), Module C cor-
responded to M3 (Extended DataFig. 9c), whichis the distinct module
seeninthe BZonpMlday1(Fig.3a-c).Inthe BZ of the pMIday1hearts,
expression of Module C genes, including Ankrd1 and Des, was upregu-
lated both in the control and Csrp3-overexpressed hearts, whereas
expression of Module C was not upregulated in the Csrp3 knock-
down heart (Fig. 4d). Module C was characterized by genes involved
in response to muscle stretch and was composed of various genes
expressed around the Z-disc (Fig. 4d,e). Furthermore, we performed
single-cardiomyocyte RNA-seq of theZ + BZ cardiomyocytes from the
hearts of wild-type (WT) mice and Csrp3 knockdown mice on pMiday1
to evaluate the expression changes of genes associated with Z-disc after
MI(WT, n=2; Csrp3knockdown, n =2). We separated cardiomyocytes
into two groups according to the Csrp3 expression levels: Csrp3-high
cardiomyocytes and Csrp3-low cardiomyocytes. Z-disc-associated
genes, suchas Ankrdl, Finc and Des, were downregulated in the Csrp3-
low cardiomyocytes (Extended Data Fig.10a). GO enrichment analysis
showed that genes whose expression was highly correlated with the
Csrp3 expression were related to muscle structure development and
Z-disc (Extended Data Fig. 10b). In addition, Module C genes, which
were observed within the BZ on pMI day 1, were highly expressed in
the Csrp3-high cardiomyocytes (Extended Data Fig.10c). Thus, Csrp3
expressionis associated withthe expression of other mechano-sensing-
associated and Z-disc-associated genes.

Discussion

A spatial transcriptome technology is a powerful tool to deepen the
understandings of spatial pathophysiology in various tissues. Because
Mlis caused by occlusion of a coronary artery, the distance from the
occlusionsite significantly affects the response of each region. There-
fore, aspatial perspective isimportant to clarify the pathophysiological
processes after MI. In the present study, we comprehensively investi-
gated the spatiotemporal gene expression profiles of the heart after MI
andidentified several gene programs that were precisely regulatedin
aspatiotemporal manner. We revealed that transcriptional responses
of mechano-sensing genes at the BZ are crucial to prevent LV remod-
eling after MI.

Previous studies examined the expression of RNA or proteins using
myocardial tissues around the BZ dissected frominfarcted hearts and
reported that expression of genes associated with angiogenesis, inflam-
mation, apoptoticresponse and B-type natriuretic peptide was highly
upregulated within the BZ'>*° %, These analyses were performed using
bulk RNA-seq or scRNA-seq with the ambiguous spatial localization of
the BZ without precise spatial information. Some studies have recently
tried to clarify the spatial pathophysiology using the healthy and dis-
eased hearts. Inaprevious study, we spatially quantified gene expres-
sion of the murine heart after pressure overload at the single-cell level

Fig. 4| Csrp3 expressed in cardiomyocytes in the BZ adaptively limits adverse
LV remodeling after MI. a, Experimental design for testing the effect of AAV9-
shCsrp3and AAV9-Csrp3vectors. b, Representative histological sections through
multiple levels of the heart (base toward the apex) with Picrosirius Red/Fast
Green dye staining showing the scar tissue in pink and the healthy myocardiumin
green. Control, AAV9-shCsrp3-injected and AAV9-Csrp3-injected hearts on pMI
day 14 are shown. Scale bar,1 mm. ¢, Echocardiographic assessment of the heart
of control and AAV9-shCsrp3-injected mice after Ml surgery. Data are shown as
mean =s.d. Control, n=12;shCsrp3,n=5; and Csrp3OE, n=5.*P < 0.05 (control
versus shCsrp3), **P < 0.01 (control versus shCsrp3), ***P < 0.005 (control versus
shCsrp3),***P < 0.001 (control versus shCsrp3), "P < 0.01 (control versus Csrp3
OE), P < 0.005 (control versus Csrp3 OE) and """P < 0.001 (control versus Csrp3
OE); significance was determined using a two-way ANOVA with Bonferroni’s

multiple comparison test. d, Representative images of H&E staining of whole
heart, module expression level of Module C and gene expressions of Csrp3, Ankrd1
and Des at each timepoint after Ml surgery with or without AAV9-shCsrp3 or AAV9-
Csrp3.The areas surrounded by dotted lines indicate the 1Z (sham, n =1; pMI day
1,n=3;pMlday14, n=3; AAV9-shCsrp3on pMilday1,n =1; AAV9-shCsrp3on pMI
day14,n=1;AAV9-Csrp3on pMlday1,n=1;and AAV9-Csrp3on pMlday 14, n =1).
Scale bar,1 mm. e, Heat map showing the results of GO analysis with biological
process and cellular component enriched in Module C. Enrichment P values were
generated by Metascape using cumulative hypergeometric distributions. FS,
fractional shortening; IVS, interventricular septum; OE, overexpression; LVDs,
left ventricular end-systolic dimension; LVDd, left ventricular end-diastolic
dimension; LVPW, left ventricular posterior wall. W, weeks.
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usinginsitu RNA hybridization and identified spatially heterogenous
Myh7 expression among cardiomyocytes under pressure overload.
Mohenska et al.” provided comprehensive spatial transcriptomics
data of healthy adult murine hearts using micro-dissected 18 sections
of heart regions. Their study unveiled specific genes in each section,
but the resolution was much lower thansingle-celllevel. Lacrazet al."*
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around the BZ; however, the width was not narrow enough to analyze
the function of each cell type in each region, and 48 slices were also
not enough to evaluate the entire area, including the IZ and the RZ.
Asp et al.”® combined scRNA-seq, spatial transcriptomics and in situ
sequencing to generate a three-dimensional gene expression atlas of
the developing human heart. Their study profiled spatiotemporal gene
expression patterns and analyzed roles of diverse cell types in human
cardiogenesis. Kuppe et al. performed integrative analysis of SCRNA-
seq, SCATAC-seq and spatial transcriptomics using both healthy and
infarcted human heart tissues (preprint at https://www.biorxiv.org/
content/10.1101/2020.12.08.411686v1.full).

As mentioned above, some studies regarding spatial transcrip-
tome of heart development or heart diseases have been reported. How-
ever, none of them has clarified the precise molecular mechanisms of
heartdisease because of somelimitations, including low resolutionand
narrow analysis range. We performed a spatiotemporal transcriptome
analysis with highresolution in entire cross-sections of time-dependent
diseased hearts. Inthis study, we combined spatial transcriptomics and
snRNA-seq to obtain spatiotemporal expression profiles after Ml at
the single-cell level and identified mechano-sensing genes, including
Csrp3, to be expressed in the BZ at an early phase after Ml as an adap-
tive regulator of LV remodeling. Because there is no study to serially
perform scRNA-seq/snRNA-seq and spatial transcriptome analysis
over time after MI, our integrative datasets provide a publicly available
resource to further deepen understanding of the pathogenesis of MI.
Besides, compared to spatial transcriptome analysis using the sec-
tions from limited areas of the human heart, our study provides the
spatial transcriptome landscape of the whole murine heart. Although
we focused, in the present study, on the transcriptional signature in
the BZ during the acute phase after MI, our dataset would be a valu-
able resource that could be applied to a variety of future studies for
elucidating the pathogenesis of MI.

Our spatial transcriptomic analysis clearly revealed that expres-
sion of mechano-sensing genes, including Csrp3, was upregulated in
the acute phase after Mlin the BZ. Expression of Csrp3was reported
to be upregulated in cardiomyocytes by mechanical stretch? as well
as in the heart by pressure overload®?. A recent study using echo-
cardiography for a porcine Ml model showed that the end-diastolic
mean wallstress of the BZisincreased from acute phase of Ml and that
myocardial stiffness of this region also reaches the plateau by 14 days
after MI’°, suggesting that cardiomyocytes activate the expression
of Csrp3 in response to mechanical stresses caused by MI. CSRP3
is known to be located in the Z-disc and acts as a stretch sensor by
interacting with various proteins, such as titin-cap (Tcap)*, Ankrd1*,
PKCa*, calcineurin®and a-actinin®**, Our results demonstrated that
the downregulation of Csrp3 aggravates cardiac dysfunction after Ml,
whereas the upregulation of Csrp3 ameliorates it. In addition, Csrp3
knockdowninduced downregulation of other mechano-sensing genes
especially localized near the Z-disc within the BZ of the acute phase
after MI (Fig. 4d,e and Extended Data Fig. 10). The mutations of vari-
ous genes encodingthe proteins around the Z-disc, suchas ANKRD1,
DES, FLNC and CSRP3, are known to cause abnormal responses to
mechanical stress, resultingin heart failure. These results and obser-
vations suggest the possibility that upregulation of Csrp3 expression
incardiomyocytes at the BZ prevents cardiac remodeling after Ml and
isinvolved inupregulation of other mechano-sensing genes. Consid-
ering that CSRP3 is significantly downregulated in chronic human
heart failure**”, CSRP3 could be a therapeutic target for chronic heart
failure as well as for ML

In summary, we performed an integrative analysis of SnRNA-seq
and spatial transcriptome using Ml hearts obtained in a time-serial
manner. We revealed that gene expression was precisely regulated in
a spatiotemporal manner after Ml and that mechano-sensing genes
upregulatedinthe BZ during the acute phase after Ml play a preventive
role against post-MI LV remodeling.

Methods

Animal models

All animal experiments were approved by the University of Tokyo
Ethics Committee for Animal Experiments and strictly adhered to the
guidelines for animal experiments of the University of Tokyo (approval
no. P14-106). All WT C57BL/6 male mice were purchased from CLEA
Japan. Mice were housed in cages with amaximum of six mice per cage
in a specific-pathogen-free, temperature-controlled vivarium under
a12-hour light/dark cycle with ad libitum access to food and water.
Ambient room temperature was regulated at 73 + 5 °F, and humidity
was controlled at 50 +10%.

Operation of MImodel and echocardiography

Ml was induced as previously described®. Nine- to 11-week-old male
mice were used for all experiments. Sample size was determined based
on the experimental results of our previous study®’. Mice were anes-
thetized by inhalation of 2% isoflurane. Ml was induced by ligation of
the left anterior descending artery. Mice that failed to develop Ml or
died within1 day after the operation were excluded from the analysis.
Transthoracic echocardiography was performed on conscious mice,
using a Vevo 2100 imaging system (FUJIFILM VisualSonics). To minimize
variationin the data, the cardiac function was assessed only when the
heart rate was 600-700 beats per minute. M-mode echocardiographic
images were obtained from a longitudinal view to measure the size
and function of the left ventricle. Significance was determined by a
two-way ANOVA with Bonferroni’s multiple comparison test using
GraphPad Prism 7.0e.

snRNA-seq of cardiomyocytes using murine heart

For snRNA-seq of cardiomyocytes, cardiomyocytes were isolated
using Langendorff perfusion from the left ventricle as previously
described”. Langendorff perfusion enzymatic dissociation was per-
formed with 35 ml of enzyme solution (type 2 collagenase 1 mg/ml
(Worthington Biochemical), protease type XIV 0.05 mg/ml (Sigma-
Aldrich), NaCl130 mM, KCI 5.4 mM, MgCl, 0.5 mM, NaH,PO, 0.33 mM,
D-glucose 22 mM and HEPES 25 mM pH 7.4) pre-heated to 37 °C, at
arate of 3 ml min™.. To neutralize enzymatic activity, FBS was added
to the solution to a final concentration of 0.2% (v/v). After perfusion
with digestion buffer, the left ventricle was dissected according to
sectional regions (I1Z + BZ versus RZ), and cardiomyocytes were sub-
sequently isolated. Cell suspensions were filtered through a 100-pum
nylon mesh cell strainer and centrifuged at 100g for 2 minutes, after
which the supernatant was discarded. To prevent hypercontraction,
the cardiomyocytes were resuspended in medium (NaCl130 mM, KCl
5.4 mM, MgCl, 0.5 mM, NaH,PO, 0.33 mM, D-glucose 22 mM, HEPES
25 mM, FBS 0.2% pH 7.4) containing a low concentration of calcium
(0.1 mM). Nuclei were isolated immediately after the collection of
cardiomyocytes using Minute Detergent-Free Single Nuclei Isolation
Kit (NI-024, Invent Biotechnologies) according to the manufacturer’s
instructions. Single-nucleus cDNA libraries were generated using 5,000
isolated nuclei and the Chromium 3’ v3 chemistry kit (10x Genomics)
according to the manufacturer’sinstructions.

snRNA-seq data analysis of Ml model mice

Raw FASTQ files were processed by sample with the Cell Ranger
software (version 6.1.1, 10x Genomics), against the mm10 reference
genome ‘refdata-gex-mm10-2020-A’ with ‘include-introns’ and ‘--force-
cells=5000’". Raw counts were used as input for the Seurat R package
(version 4.1.1). We removed the low-quality nuclei with fewer than
500 detected genes or with a high percentage of mitochondrial genes
(higher than 60%). After quality control, a total of 12,813 nuclei were
used for the downstream analysis. Next, mitochondrial RNA genes
were filtered out as well to exclude transcripts originating from outside
the nucleus and to avoid biases introduced by the isolation of nuclei.
We performed log-normalization using the NormalizeData function,
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10,000, and identified highly variable features of each dataset with
the FindVariableFeatures (nfeatures =2000) function. Then, we inte-
grated all datasets by using FindIntegrationAnchors and Integrated-
Data. After that, we performed a linear regression on all genes using
ScaleData. We used RunPCA for dimensional reduction and used Find-
Clusters for graph-based clustering. We performed uniform manifold
approximation and projection (UMAP) with RunUMAP. We detected
nuclei population with highly Tnnt2 expression as a cardiomyocyte
subset (Cluster 0). We performed ScaleData, RunPCA, FindClusters
and RunUMAP against the cardiomyocyte subset. DEGs were detected
by using FindMarkers (log,fc.threshold > 0.25 and p_val_adj < 0.05
(adjusted Pvalue based on Bonferroni’s correction)). Top DEGs were
presented according to the log, fold change of the average expression
(avg.log,FC). The top 150 marker genes of each cluster or all marker
genes if fewer than 150 were used for GO enrichment analysis. GO
enrichment analysis was performed using Metascape with GO bio-

logical processes*.

Spatial transcriptome analysis of mice

Frozen samples were embedded in OCT (TissueTek) and cryo-sectioned
at —14 °C (Leica, CM1860). Sections were placed on chilled Visium
Spatial Gene Expression Slides (2000233,10x Genomics) and adhered
by warming the back of the slide. Tissue sections were then fixed in
chilled methanol and stained according to the Visium Spatial Gene
Expression user guide (CG000239 Rev D, 10x Genomics). For gene
expressionsamples, tissue was permeabilized for 15 minutes, whichwas
selected asthe optimal time based on tissue optimization time course
experiments (CGO00238 Rev D, 10x Genomics). Bright-field histology
images of H&E staining were taken using a x10 objective on a BZ-X700
microscope (Keyence). Raw images were stitched together using BZ-X
analyzer software (Keyence) and exported as TIFF files.

Libraries were prepared according to the Visium Spatial Gene
Expressionuser guide (CG000239 Rev D,10x Genomics) and sequenced
onaNovaSeq 6000 System (Illumina) using aNovaSeq S4 Reagent Kit
(200 cycles, 20027466, lllumina), at a sequencing depth of approxi-
mately 250-400 million read pairs per sample. Sequencing was per-
formed using the following read protocol: read 1, 28 cycles; i7 index
read, ten cycles;i5indexread, ten cycles; and read 2, 91 cycles.

Spatial transcriptome data processing

Raw FASTQfiles and histology images were processed by sample using
the Space Ranger software (version 1.2.1, 10x Genomics), against the
Cell Ranger mm10 reference genome ‘refdata-gex-mm10-2020-A’.
Raw counts were used as input for the Seurat R package (version 4.1.1),
and log-normalization was implemented separately for each data-
set and integrated by using the FindIntegrationAnchors and Inte-
gratedData functions. Then, we performed a linear regression on all
genes using ScaleData. We used RunPCA for dimensional reduction
and FindClusters for graph-based clustering. We performed UMAP
with RunUMAP. DEGs were detected by using FindMarkers in Seurat
(log2fc.threshold > 0.25 and p_val_adj < 0.05 (adjusted P value based
on Bonferroni’s correction)). Top DEGs were presented according to
the log, fold change of the average expression (avg.log,FC). The top
100 marker genes of each cluster or all marker genes if fewer than100
were used for GO enrichment analysis. GO enrichment analysis was
performed using Multiple Gene Lists of Metascape with GO biological
processes*. Inthe analysis of cell type proportion in each spot, we used
the CARD (version1.0) R package*. As reference data, from snRNA-seq
analysis, we used three clusters of cardiomyocyte subcluster; cluster
lexpressing Ptprc asimmune cell; clusters 2 and 8 expressing Pecam1
as endothelial cell; clusters 3, 4 and 5 expressing Collal as fibroblast;
cluster 6 expressing Rgs5 as pericyte; and cluster 9 expressing Upk3b
as pericardial cell (Extended Data Fig. 1a,b). We deconvoluted the
spatial transcriptome data and calculated the proportion scores with
CARD _deconvolution.

WGCNA of WT mice

We performed analysis on sham (n=1), pMl day 1 (n=3), pMl day 7
(n=3) and pMI day 14 (n=3) WT mice. Counts per million (CPMs)
were used as input for the WGCNA analysis (version 1.69)*2. All genes
expressed at more than 1,600 spots (approximately 10% of all spots)
were used for analysis. The soft power threshold was analyzed with
the pickSoftThreshold function and was applied to construct asigned
network and calculate module eigengene expression using the block-
wiseModules function. Modules with fewer than15 genes were merged
to their closest larger neighboring module. To visualize the weighted
co-expression networks, Cytoscape (version 3.8.0)* with the ‘prefuse
force-directed layout’ was used. Signed eigengene-based connectivity
of ageneinamodule reflected the node size. GO enrichment analysis
of genes in each module was performed using Metascape with GO
biological processes*’. To compare among modules, the top100 genes
or all genes if fewer than 100 were applied into Multiple Gene Lists of
Metascape with GO biological process.

WGCNA of WT, knockdown and overexpressing mice

We performed analysis onsham (n=1), pMlday1(n=3) and pMl day 14
(n=3)WT mice; Csrp3knockdown mice at pMIday1(n =1) and pMIday
14 (n=1); and Csrp3-overexpressing mice of pMl day 1 (n=1) and pMI
day14 (n=1). CPMswere used asinput for the WGCNA analysis (version
1.69)*% All genes expressed at more than 1,600 spots (approximately
10% of all spots) were used for analysis. Statistically significant differ-
ences in allocated genes between groups were assessed with Fisher’s
exact test. GO enrichment analysis of genes in each module was per-
formed using Metascape with GO biological processes*’. To compare
among modules, the top 100 genes or all genes if fewer than 100 were
appliedinto Multiple Gene Lists of Metascape with GO biological pro-
cess and cellular components.

Single-cardiomyocyte RNA-seq analysis of WT and Csrp3
knockdown mice
We performed single-cardiomyocyte RNA-seq from the hearts of WT
and Csrp3knockdown mice on pMIday1(WT, n=2; Csrp3knockdown,
n=2).Cardiomyocytes wereisolated using Langendorff perfusion from
theleftventricle as previously described”. After perfusion of digestion
buffer, the left ventricle was dissected according to sectional regions
(IZ + BZ, and RZ), and cardiomyocytes were subsequently isolated.
1Z + BZ includes the infarct zone and 2mm of its lateral margin, and
RZisthe other area. Cell suspensions were filtered through a 100-um
nylon mesh cell strainer and centrifuged at 100g for 2 minutes, after
which the supernatant was discarded. To prevent hypercontraction,
the cardiomyocytes were resuspended in medium (NaCl130 mM, KCI
5.4 mM, MgCl, 0.5 mM, NaH,PO, 0.33 mM, D-glucose 22 mM, HEPES
25 mM, FBS 0.2% pH 7.4) containing a low concentration of calcium
(0.1mM). Rod-shaped live cardiomyocytes (viability of cardiomyocytes
was >80% for all timepoints) were collected immediately witha 0.2-2-pl
pipette (sample volume, 0.5 pl) and incubated in lysis buffer.
Single-cardiomyocyte cDNA libraries were generated using the
Smart-seq2 protocol*, and the efficiency of reverse transcription was
assessed by examining the cycle threshold (Ct) values of control genes
(Tnne2) from quantitative real-time polymerase chainreaction (QRT-PCR)
using a CFX96 Real-Time PCR Detection System (Bio-Rad), and the distri-
bution of cDNA fragment lengths was assessed using LabChip GX (Perki-
nElmer) and/or TapeStation 2200 (Agilent Technologies). The following
primer sets were used for QRT-PCR: Tnnt2mRNA forward: TCCTGGCAGA
GAGGAGGAAG; Tnnt2 mRNA reverse: TGCAGGTCGA ACTTCTCAGC. A
Ct value of 25 was set as the threshold. The sequencing libraries were
subjected to paired-end 150-bp RNA-seqon aNovaSeq 6000 (Illumina).

Single-cardiomyocyte RNA-seq data processing
Raw sequencing reads from single-cardiomyocyte RNA-seq libraries
were trimmed to remove adapter sequences and low-quality bases
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using fastp-0.21.0 (ref. **) with the parameters ‘--cut_tail --cut_tail_win-
dow_size 10 --cut_tail_mean_quality 30 --length_required100". The refer-
ence transcript data and the gene annotation file for the mouse were
downloaded from GENCODE (release 26, https://www.gencodegenes.
org/)*¢. The clean reads were aligned to the mouse genome (mm10)
using STAR (version 2.7.8a)". The reads aligned to the exon were
counted using featureCounts*®, Transcripts per million (TPM) nor-
malization was calculated with reads mapped to the nuclear genome.
We removed the low-quality cardiomyocytes with fewer than 4,000
detected genes, which were used for the downstream analysis (WT,
125 cardiomyocytes; shCsrp3, 129 cardiomyocytes). We separated
cardiomyocytes into two groups according to the Csrp3 expression
levels: Csrp3-high cardiomyocytes (log,(TPM +1) >12) and Csrp3-low
cardiomyocytes (log,(TPM +1) <12). Gene expression correlation with
Csrp3 expression was calculated using Pearson correlation. The top
100 highly correlated genes sorted by Pearson correlation coefficient
were analyzed for GO enrichment analysis using Metascape with GO
biological processes and cellular components.

AAV9-shCsrp3and AAV9-Csrp3infection

The AAV vectors were prepared by VectorBuilder (https://
en.vectorbuilder.com) according to established procedures®. Inbrief,
AAV vectors of serotypes 2 and 9 were generated in HEK293T cells,
using triple-plasmid co-transfection for packaging. Viral stocks were
obtained by CsCl, gradient centrifugation. Titration of AAV viral parti-
cleswas performed usingreal-time PCR quantification of the number
of viral genomes, measured as cytomegalovirus (CMV) copy number.
The viral preparations had a titer between 1 x 10 and 5 x 10 genome
copies (GC) per milliliter. Viruses were administered in100-pl saline via
tail veininjections. A3 x 10" GC dose of AAV9-eGFPor 3 x 10" GC doses
of AAV9-shCsrp3 or AAV9-Csrp3 were administered to the uninjured
mice 2 weeks before Ml surgery.

RNA insitu hybridization

For RNA fluorescence in situ hybridization, the RNAscope system
(Advanced Cell Diagnostics) was used with a probe against murine Csrp3,
Rcanl, Cryab, Nppb, Ankrdl and Tnnt2mRNA as previously described™.
Frozen sections (10 um) were fixed in PBS containing 4% paraformalde-
hyde for 5 minutes at19-22 °C, dehydrated by serialimmersionin 50%,
70% and 100% ethanol for 5 minutes at room temperature and treated
with protease for 30 minutes atroom temperature. The probe was then
hybridized for 2 hours at 40 °C, followed by RNAscope amplification.
Samples were co-stained with DAPI to detect nuclei and wheat germ
agglutinin (WGA) to detect cellmembrane. Images were obtained using
%20 or x63 objective on an LSM880 confocal microscope (Carl Zeiss).
For image analysis, the HALO FISH-IF version 2.0 (Indica Labs) was
applied to x63 images to automatically detect mRNA spots and WGA sig-
nalasthe cellborder. To quantify the density of Csrp3mRNA molecules
per cell, we measured the number of mRNA spots within each cardio-
myocyte surrounded by WGA staining. Significance was determined
by aone-way ANOVA with Bonferroni’s multiple comparison test using
GraphPad Prism7.0e. Using the remained tissue section of the hearts, we
also performed Masson’s trichrome staining as previously described*.
AlIRNA in situ hybridizations were independently repeated two times
to confirm that the similar results were obtained.

Tissue histology

For histological analysis, mice were anesthetized by isoflurane inha-
lation and sacrificed by cervical dislocation. The chest was opened,
and the heart was flushed with cold PBS via cardiac apical insertion
of a 25-gauge needle. The right atrium was cut to allow drainage of
blood from the heart, and the mice were briefly perfused with cold
fixative (4% paraformaldehyde in PBS) through the apex of the heart.
Tissues were excised, flushed with fixative, incubated in fixative for
12 hoursat 4 °Cwithgentle rotation and finallyembedded in paraffin.

Paraffin-embedded heart tissues were sectioned into 4-um sslices using
anSM2010 R Sliding Microtome (Leica Biosystems), and sections were
stained using Picrosirius Red/Fast Green dyes. Bright-field histology
images were taken using a x10 objective on a BZ-X700 microscope
(Keyence). All Picrosirius Red/Fast Green stainings were independently
repeated three times to confirm that the similar results were obtained.

qRT-PCR analysis
For qRT-PCR of Csrp3, multiple organs, such as heart, lung, liver, kidney,
spleen, brain, intestine and skeletal muscle, were collected from mice
after systemic perfusion with cold PBS. Total RNA was isolated from
thesetissues using TRIzol reagent (15596026, Thermo Fisher Scientific).
After its purity was confirmed using the 260/280-nm absorbance (>1.8),
single-stranded cDNA was synthesized using the High-Capacity cDNA
Reverse TranscriptionKit (4374966, Thermo Fisher Scientific) from1pg
of RNA, following the manufacturer’sinstructions. mRNA expression was
evaluated by qRT-PCR using a CFX96 Real-Time PCR Detection System,
and the relative expression levels of the target genes were normalized
to the expression of an internal control gene, using the comparative
Ct method. The result is shown as a bar graph, which was made using
GraphPad Prism 7.0e. The following primer sets were used for qRT-PCR:

Rps18 mRNA forward, CTTAGAGGGACAAGTGGCG

RpsiI8 mRNA reverse, ACGCTGAGCCAGTCAGTGTA

Csrp3 mRNA forward, TGAGAAGGTCATGGGAGGTG

Csrp3mRNAreverse, CTTGCTGTGTAAGCCCTCCA

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The sequencing and alignment metrics of snRNA-seq and Visium are
provided as Extended Data tables. Single-cardiomyocyte, scCRNA-seq
and spatial transcriptomic data have been deposited in GSE176092
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE176092).

Code availability
Scripts for processing the transcriptome data are available on GitHub
(https://github.com/firstheart123/spatiotemporal_heart).
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Single-nucleus RNA-seq of the hearts after myocardial
infarction. a, UMAP plot of all nuclei from single-nucleus RNA-seq of the hearts
after myocardial infarction (sham,n=2;1Z + BZon pMlday1,n=2;RZ on pMI
dayl,n=2;1Z+BZonpMlday7,n=2;RZinpMlday7,n=2;1Z+BZ on pMiday
14,n=2;RZ on pMl day 14, n = 2). All nuclei were classified into twelve clusters
(cluster 0-11). Each nucleus (dot) was colored by clusters. Cardiomyocytes
belong to cluster 0 and cluster 1. Total nuclei, n =12787; sham, n = 595;1Z + BZ on
pMlday1,n=2474;RZonpMlday1,n=682;1Z+BZonpMlday7,n=3004;RZon
pMlday 7,n=1793;1Z + BZ on pMl day 14, n = 2895; RZ on pMl day 14, n =1344.b,
Visualization of expression of known cell markers used for cell-type annotation
on UMAP plot. Tnnt2, cardiomyocyte; Ptprc,immune cell; RgsS, pericyte,

and smooth muscle cell; Pecam1, endothelial cell; Col3al, fibroblast; Upk3b,
epicardial cell. ¢, UMAP plot based on analysis of cardiomyocytes in the pMI day 1

(IZ +BZonpMldayl,n=2;RZonpMIdayl, n=2)condition. Cardiomyocytes on
pMIday1were classified into three clusters (cluster 0-2). Each nucleus (dot) was
colored by clusters.1Z + BZon pMlday1,n=1070; RZon pMlday1,n=521.d, Bar
plot showing the distribution of pMI day 1 clusters at each time point and region.
e, Heatmap showing the significance of cell identity overlap between clusters

of cardiomyocytes and clusters of pMI day 1 cardiomyocytes analyzed. The
tableis colored following the Jaccard index. f, UMAP plot based on the analysis
of cardiomyocytes in the sham (n = 2) condition. Cardiomyocytes in the sham
condition were classified into two clusters (clusters 0-1). Each nucleus (dot) was
colored by clusters (n = 417). g, Heatmap showing the significance of cell identity
overlap between clusters including all cardiomyocytes and clusters of sham
cardiomyocytes. The table is colored following the Jaccard index. h, Bar plot
showing the distribution of clusters of each sample.
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20x

Extended Data Fig. 3 | Insitu hybridization of Csrp3and Rcanl. a-c,
Representative images of Csrp3and Rcanl expression on pMI day 1usingin situ
hybridizationinBZ (a), RZ (b), 1Z (c). Tissues in the area enclosed by the dashed
line on 20x images are enlarged and shown on 63x images. Images show co-
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Csrp3 expression

s

- s
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staining with DAPI (nucleus) and WGA (cell membrane). Scale bar, 100 pm (20x)

and 30 um (63x). Spatial gene expression of corresponding genes at each time
pointis shownin the bottomright corner.
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Extended DataFig. 4 | Insitu hybridization of Cryab and Nppb. a-c,
Representative images of Cryab and Nppb expression on pMI day 1 using in situ
hybridizationinBZ (a), RZ (b), 1Z (c). Tissues in the area enclosed by the dashed
line on 20x images are enlarged and shown on 63x images. Images show co-
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staining with DAPI (nucleus) and WGA (cell membrane). Scale bar, 100 pm (20x)
and 30 um (63x). Spatial gene expression of corresponding genes at each time
pointis shownin the bottom right corner.
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Extended DataFig. 5| Insitu hybridization of Ankrd]1. a-c, Representative enlarged and shown on 63x images. Images show co-staining with DAPI (nucleus)
images of Ankrd1 expression on pMIday 1using in situ hybridizationin BZ (a), and WGA (cell membrane). Scale bar, 100 pm (20x) and 30 pm (63x). Spatial gene
RZ (b),1Z (c). Tissues in the area enclosed by the dashed line on 20x images are expression of AnkrdI at each time point is shown in the bottom right corner.
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Extended Data Fig. 7| Weighted correlation network analysis of spatial tables showing the results of GO enrichment analysis (right) of each gene module
transcriptomics of the hearts after MI. a, Expression heatmaps showing mean (M1-12, except for M3) obtained following WGCNA at each time point (Sham,
expression levels of each gene module (M1-M12) sorted by clusters foundin n=1;pMlday1,n=3;pMlday7 n=3;pMlday14, n=3). Enrichment p values were
Fig. 2b. Horizontal axis is colored by Clusters (1st row) and time points after M1 generated by Metascape using cumulative hypergeometric distributions.

(2nd row). b, Representative visualizations of module expression level (left) and

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Article https://doi.org/10.1038/s44161-022-00140-7

a Expression of Csrp3in each organ
1.5-

1.0+

0.5+

0.0-
IR IR BRI P 4
2 W™ . 3 (NPT R )
& O PR A\ P\ C)
WAV R 9\6@ R

Relative expression
(normalized by 18S)

6“‘0\0\
b shRNA No Target Seq Match Regions Match % SDR Match % Intrinsic Score Adjusted Score
#1 GAGTCAGAGATCTACTGTAAG CDS 100 100 10.8 7.56
#2 TGGCCTGCAGTTCCAACAATC CDS 100 100 10.8 7.56
#3 CACGATGTGGAAAGTCGGTAT CDS 100 100 4.05 5.67
#4 GGAGCTCTACTGCAAAGTTTG CDS 100 100 10.8 8.64
#5 TGGGATGGGAGAGACAATAAA 3UTR 100 100 15 10.5
chr7 (qB4) 7943 B2 (B4 7qC EEHOZIEREEN 7qE1 3
10 kb | | mm10
48,830,000] 4Ia,aas,unol 48,840,000 4|8,B45,DDU| shRNA#1
#5 #4 #3 #2 #1
Chr.7: 48830398 - 48848051 ‘ ‘ ‘ ‘ ‘
Corpa e e e el fe ] CTCAGTCTCTAGATGAC?
Csrp3 et }
C 1w 2w 3W d
Csrp3 expressions

in spatial transcriptome
AAV9-eGFP

Injected heart

2 weeks after AAV9-
eGFP injection
(x20)

Expression level

e 5 ¥ % %
g - Control s 9o 0 a
< = Contro — = ™
g ° £ 2 "C'>J
g =+ shCsrp3 = € 3 -

o]

a s - Csp30E 8 &8 % S
c e ]
8 p=0.0045 O
()
o

0 T T 1

0 10 20 30

Days after MI
Extended Data Fig. 8 | See next page for caption.

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Article https://doi.org/10.1038/s44161-022-00140-7

Extended Data Fig. 8 | Analysis of Csrp3 knockdown and overexpression repeated two times to confirm that the similar expression level of Egfp were
mice. a, mRNA expression levels of Csrp3in various mouse organs were assessed observed. d, Relative Csrp3 expression levels in the hearts of each group (control,
using real-time qPCR (n =3 ateach organ). Data are shown asmean +SD. b, AAV9-shCsrp3,and AAV9-Csrp3). e, Survival curves comparing Control (n =13),
Design of shCsrp3knockdown vector. Each shRNA was designed using ‘The RNAi AAV9-shCsrp3injected mice (n=5),and AAV9-Csrp3injected mice (n =5) after
consortium database’ (by Broad Institute) and #1 was chosen in this study. c, Ml surgery. P = 0.0045; statistical analysis was performed using the Gehan-
Images of Egfp expression within heart sections collected 1 week, 2 weeks, and Breslow-Wilcoxon test.

3 weeks after injection of AAV9-Egfp. This experiments were independently
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Extended Data Fig. 9 | Spatial transcriptome analysis including Csrp3
knockdown and overexpression mice. a, Representative visualizations of
module expression levels and tables showing the results of GO biological process
enrichment analysis of each gene module (Module A-H, except for Module C)
obtained following WGCNA including Csrp3 knockdown and overexpressing
mice at each time point (sham, n=1; pMlday 1, n=3; pMIday 14, n = 3; pMI day
1with AAV9-shCsrp3, n =1; pMl day 14 with AAV9-shCsrp3, n = 1; pMI day 1 with
AAV9-Csrp3,n =1;and pMl day 14 with AAV9-Csrp3, n =1). Enrichment p values
were generated by Metascape using cumulative hypergeometric distributions.

b, Heatmap showing the results of gene ontology enrichment analysis for each
cluster. Enrichment p values were generated by Metascape using cumulative
hypergeometric distributions. ¢, Heatmap showing the significance of gene
overlaps between modules following WGCNA analysis of sham, n =1; pMI day
1,n=3;pMlIday7,n=3;and pMlday 14, n = 3,and modules by WGCNA of sham,
n=1;pMlday1,n=3;pMlday14,n=3; pMlday 1with AAV9-shCsrp3,n=1; pMI
day 14 with AAV9-shCsrp3, n =1; pMl day 1with AAV9-Csrp3, n = 1;and pMl day 14
with AAV9-Csrp3, n =1. The table is colored by -logl0(P-value), obtained using the
Fisher’s exact test.

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-022-00140-7

Csrp3 expression level

Q

, 4. Module| immmmim m
- __d& 7T

N ..n-m.+
Lk

Finc |

” “”“'H.‘

‘Ilh II| Illr

ny
o

(S

o

Expression Level
o (o)

I .
A
18 Mi'

>
w

(o]

o

Expression Level

o

I
i b nh

”l"'"i' WI. I

@}

i "' .;n )

hl 1'|'ﬂ' i

ik ul

B o
1l Irlllll “II i

Ankrd1

o

Expression Level
(o)

—
[

—_
n

o ©

Expression Level

>
-

—
N

Y
“II, |I||II |I| | | |

I* lll IIIIIIFII IIIHIII Irl' -!l III‘I
ul

[oed

il

o

Expression Level

WT

[ Csrp3ow cells
B Csrp3hion cells

shCsrp3

IH F JII il IIIIII II III| IIIIIIII Illl'llll

b

GO term of the top100 genes

Irlll-ll INIEEINmnm -il am
I

i

IIII

Mouse type
Bgn
Sparc
Col3a1
Il Mgp
Col1a2
Apoe
Fb/n1
Igfbp7
Ltbp4
Mfqp4
I |Rpip1
Rpl13
Eef1at
Rpl37
Rps12
| Rps8
Rpl41
Rpsa
Rp138

|

it

FhI 1

| Fe

h
S100a9

,III N l‘ “l'l 1 IT 'II rlActb

. . Ti 177
highly correlated with Csrp3 | Tmem168
GO BP term p-value Genes Csrp3 expression level Mouse type
translation 1.5E-22 Eif1, Rpl29, Rps14 [ .
protein folding 6.8E-8 Hspa8, Cct8, Clu High (log, (TPM + 1) > 12) wT
muscle cell development  2.5E-7 Xirp2, Cryab, Tnnc1 . Low (log, (TPM + 1) < 12) shCsmp3
GO CC term p-value Genes )
ribosome 1.6E-28 Npm1, Rpl29, Rps14 low . high
| band 8.9E-11 Actc1, Cryab, Hsbp1 gene expression
Z disc 1.3E-8 Ximp2, Cryab, Myl12a

Extended Data Fig.10 | See next page for caption.

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Article https://doi.org/10.1038/s44161-022-00140-7

Extended Data Fig. 10 | single-cardiomyocyte RNA-seq of wild-type (WT) and of GO enrichment analysis of the top 100 genes whose expression is highly

Csrp3knockdown mice. a, VInPlot showing Csrp3 gene expressions, and the correlated with Csrp3 expression. GO, gene ontology; BP, biological process; CC,
representative genes associated with Z-disc from single-cardiomyocyte RNA-seq cellular component. Enrichment p values were generated by Metascape using
onpMIday1of WT and Csrp3knockdown (shCsrp3) mice (WT, n=2;shCsrp3, cumulative hypergeometric distributions. ¢, Heatmap showing the expression
n=2).Plots aredivided into WT/shCsrp3 and Csrp3-high/low cardiomyocytes. levels of the representative genes from each module. Cells are sorted by Csrp3

Expression levels were calculated by log, (TPM +1). b, Tables showing the results expression levels and grouped by mouse types.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O 0 XX OOOS
X

NN

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Microscope: BZ-X700 microscope (Keyence). Echocardiography: Vevo 2100 imaging system (Visualsonics, Inc.). gPCR: CFX96 Real-Time PCR
Detection System (Bio-Rad). DNA electrophoresis: LabChip GX (Perkin Elmer), TapeStation 2200 (Agilent Technologies). Western blot: LAS
4000 analyser (GE Healthcare).

Data analysis Single-cell, single-nucleus and spatial RNA-seq analysis: R (v4.1.2), fastp (v0.21.0), STAR (v2.7.8), featureCounts (v2.0.2), Seurat (v4.1.1),
WGCNA (v1.6.9), Cytoscape (v3.8.0), Cell Ranger (v6.1.1), Space Ranger (v1.2.1), CARD (v1.0), Metascape (http://metascape.org/gp/
index.html). Imaging analysis: BZ Analyzer software (v1.1.1.8, Keyence). Statistical analysis: GraphPad Prism 7.0e

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The sequencing and alignment metrics of single-nucleus RNA-seq and Visium are provided as supplementary tables. Single-cardiomyocyte, single-cell RNA
sequencing, and spatial transcriptomic data have been deposited in  GSE176092 (https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE176092).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size estimates (39). Sample size was determined based on the experimental results
that we obtained from preliminary experiments and published papers. In vivo studies, we used standard sample sizes reported in the
literature previously in mouse studies. The numbers of performed experiments were indicated in each figure legend.

Data exclusions  Before starting in vivo experiments, we have established the criteria that mice that failed to develop Ml or died within one week after the
operation were excluded from the analysis.

Replication Major experiments were performed with an appropriate sample size to obtain statistical significance. To keep the number of animals used in
experiments as low as possible, animal experiments related with AAV9 injection were performed with limited sample size. To make sure that
the experiments could be reproduced, more than one person was often involved in major experiments (e.g. operation of mice, injection of
AAV9, echocardiographic analysis, RNA-seq analysis, and RNA in situ hybridization).

The numbers of replication are follows. snRNA-seq, n = 2; spatial transcriptome, n = 3; RNA in situ hybridization, n = 2.

Randomization  In vivo experiments, mice were randomly allocated to each group.

Blinding Operation and echocardiographic analysis, snRNA-seq and spatial trascriptome analyses of mice were obtained by independent operators
who were blinded to condition of mice.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Mice were housed in a specific pathogen-free facility with a 12-h light/12-h dark cycle. Ambient room temperature was regulated at
735 °F and humidity was controlled at 50+10 %. C57BL/6 were purchased from CLEA JAPAN. Age of mice operated and used for
experiments were 9-11 week old male mice.

Wild animals The study did not involve wild animals.

Field-collected samples  The study did not involve field collected samples.

Ethics oversight The University of Tokyo Ethics Committee for Animal Experiments

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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