©2021. Published by The Company of Biologists Ltd | Development (2021) 148, dev193219. doi:10.1242/dev.193219

e Company of
‘Blologlsts

STEM CELLS AND REGENERATION

RESEARCH ARTICLE

CcnZ2a is an injury-induced matricellular factor that promotes

cardiac regeneration in zebrafish

Debanjan Mukherjee'-*, Ganesh Wagh'2, Mayssa H. Mokalled®*, Zacharias Kontarakis*$, Amy L. Dickson3,
Amey Rayrikar'-2, Stefan Giinther®, Kenneth D. Poss?, Didier Y. R. Stainier* and Chinmoy Patra®1

ABSTRACT

The ability of zebrafish to heal their heart after injury makes them an
attractive model for investigating the mechanisms governing the
regenerative process. In this study, we show that the gene cellular
communication network factor 2a (ccn2a), previously known as ctgfa,
is induced in endocardial cells in the injured tissue and regulates CM
proliferation and repopulation of the damaged tissue. We find that,
whereas in wild-type animals, CMs track along the newly formed
blood vessels that revascularize the injured tissue, in ccn2a mutants
CM proliferation and repopulation are disrupted, despite apparently
unaffected revascularization. In addition, we find that ccn2a
overexpression enhances CM proliferation and improves the
resolution of transient collagen deposition. Through loss- and gain-
of-function as well as pharmacological approaches, we provide
evidence that Ccn2a is necessary for and promotes heart
regeneration by enhancing the expression of pro-regenerative
extracellular matrix genes, and by inhibiting the chemokine receptor
gene cxcr3.1 through a mechanism involving Tgf/pSmad3 signaling.
Thus, Ccn2a positively modulates the innate regenerative response
of the adult zebrafish heart.

KEY WORDS: Ccn2a, Ctgf, Heart regeneration, Zebrafish,
Extracellular matrix, TGFp

INTRODUCTION

Heart disease is the leading cause of death in industrialized nations
[https:/www.who.int/news-room/fact-sheets/detail/cardiovascular-
diseases-(cvds)]. Adult mammalian hearts fail to regenerate after
myocardial damage, typically leading to persistent scarring and
reduced heart function (Engel et al., 2006; Doppler et al., 2017). In
contrast, zebrafish can regenerate their injured myocardium through
cardiomyocyte (CM) proliferation (Poss et al., 2002) aided by a
specific immune response (Hui et al., 2017; Lai et al., 2017) and the
ability to clear transient collagen deposition (Poss et al., 2002;
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Gonzalez-Rosa et al., 2011) (Fig. 1A). Like zebrafish, neonatal mice
exhibit a robust capacity for heart regeneration for a few days after
birth (Porrello et al., 2011). A low level of CM proliferation can also
be detected in adult humans (Bergmann et al., 2009) and mice
(Senyo et al., 2013). Another study has provided evidence that, in
humans, a high level of CM cytokinesis can be detected in infants,
which was not visible after 20 years of age (Mollova et al., 2013).
Importantly, Mohamed et al. (2018) have reported that overexpression
of'a combination of cell cycle regulators can induce cell division in post-
mitotic human cardiomyocytes. These observations have led to the
recent hypothesis that adult mammals, including humans, which have a
limited heart regeneration capacity, could be induced to regenerate
cardiac tissue by identifying and activating regenerative genes.

Historically, the extracellular matrix (ECM) was thought to serve
as an inert scaffold, providing mechanical support to tissues.
However, work in recent decades suggests that the ECM plays vital
roles in regulating signaling cascades involved in organ
development (O’Shea et al., 1990; Fogerty et al., 1994; Linton
etal., 2007; Lietal., 2014), maintenance (Fang et al., 2010), disease
(Sasaki et al., 2001; Jacobetz et al., 2013; Saupe et al., 2013) and
regeneration (Gonzalez-Rosa et al., 2011; Wang et al., 2013; Bassat
et al.,, 2017; Wehner et al., 2017). To identify potential pro-
regenerative ECM genes, we screened various extracellular genes
that are induced in the zebrafish heart at 4 days post cryoinjury
(dpci). This small-scale candidate gene screen identified nine ECM
genes whose expression was significantly increased at 4 dpci
(Fig. 1B and Table S1). A few of these genes, including periostin a
(postna) have been reported to induce cardiac regeneration in
mammalian models (Kuhn et al., 2007; Ladage et al., 2013). Other
hits from our screen, such as osteopontin (sppl) and tenascin C
(tnc), have previously been reported to be expressed in dilated
cardiomyopathy patients (Satoh et al., 2005; Yokokawa et al.,
2016). Recently, Pfefferli and Jazwinska showed that cellular
communication network factor 2a (ccn2a) [previously known as
connective tissue growth factor a (ctgfa)] is expressed in injured
zebrafish cardiac tissue (Pfefferli and Jazwinska, 2017).

In our injury-induced ECM screen, the expression of both
paralogs of cellular communication network factor 2 (CCN2; ccn2a
and ccn2b) were increased in the regenerating heart, suggesting a
function during cardiac regeneration. Many studies suggest that, in
mammals, CCN2 expression is related to the progression of hepatic
(Tamatani et al., 1998), renal (Jaffa et al., 2008), skin (Mori et al.,
1999), lung (Ponticos et al., 2009) and cardiac (Dean et al., 2005;
Angelini et al., 2015) fibrosis. Recent reports indicate that CCN2
promotes ligament regeneration in rabbits (Zhang et al., 2017),
B-cell proliferation in mice (Riley et al., 2015) and spinal cord
regeneration in zebrafish (Mokalled et al., 2016). Gravning et al.
showed that transgenic overexpression of CCN2 in the permanent
coronary artery ligation mouse model partially protected the heart
from scarring and cardiac function deterioration, suggesting a
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Fig. 1. ccn2a is expressed by endocardial cells in injured zebrafish hearts. (A) Schematic depiction of the known processes involved in heart regeneration.
(B,C) gPCR-based small-scale screen to identify dynamically expressed extracellular matrix genes in 4 dpci adult zebrafish hearts (B), and qPCR analysis of
ccn2a expression during the early stages of heart regeneration (C) (n=3, each sample represents a pool of 6 hearts). Data are meanzs.d. Values are normalized to
the mean of the sham control. The statistical significance of differences was evaluated using a two-tailed Student’s t-test (GraphPad Prism). Mean Ct values are
provided in Table S4. (D,E) Representative images of ccn2a and ccn2b expression on sagittal sections of 7 dpci (D) and 7 dpa (E) adult zebrafish hearts.
Arrowheads and arrows indicate ccn2a- and ccn2b-expressing cells in the injured tissue, respectively. (F) BACccn2a:EGFP and kdr:HRAS-mCherry expression
in a sagittal section of a 4 dpci heart. Arrowheads indicate EGFP expression overlapping with mCherry positive-cells in the injured tissue. (G) BACccn2a:EGFP
expression and tropomyosin (magenta; marks CMs) immunostaining on a sagittal section of a 4 dpci heart. Arrowheads indicate EGFP-expressing cells. Dashed
lines indicate the wound border. dpci, days post cryoinjury; dpa, days post amputation.
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beneficial role for CCN2 after cardiac injury (Gravning et al., 2012).
In contrast, a recent report suggests that perturbation of CCN2 levels
by deletion or overexpression does not affect cardiac fibrosis or
remodeling in the adult mouse heart subjected to multiple acute
stresses (Accornero et al.,, 2015). Taken together, the reported
functions of CCN2 in organ/cardiac regeneration appear
contradictory. Here, we have sought to explore the role of Ccn2a
in heart regeneration in adult zebrafish.

We show that, upon cardiac injury in adult zebrafish, ccn2a
expression is induced in endocardial cells in the injured tissue. In
wild-type animals CMs track along new coronary vessels into the
wound, as previously shown (Marin-Juez et al., 2019). Upon loss of
cenla, there is a decrease in CM proliferation and diminished CM
tracking along the new coronary vessels, thereby disrupting cardiac
muscle regeneration. Consistent with this observation, ccn2a
overexpression enhances CM proliferation and expedites the
resolution of collagenous tissue. Molecular analysis shows that
Ccn2a regulates heart regeneration by positively regulating pSmad3
signaling and a subset of its downstream targets, including ECM
genes and the cxcr3.1 chemokine receptor gene. Thus, our study
finds that Ccn2a is necessary for heart regeneration in zebrafish, and
that it can accelerate this process by promoting CM proliferation and
repopulation of the injured tissue via the upregulation of pSmad3
signaling.

RESULTS

ccn2 expression is induced in the zebrafish heart upon
cardiac injury

We first analyzed mRNA levels of ECM genes using total RNA
isolated from sham or 4 dpci whole cardiac ventricles. The
expression levels of selected genes were normalized to ef/a. Our
gPCR-based screen found that, in adult zebrafish cardiac ventricles,
the mRNA levels of both paralogs of the CCN2 gene (ccn2a and
ccn2b) were upregulated upon cardiac injury (Fig. 1B), although the
mRNA levels of ccn2b were much lower compared with those of
cen2a (Fig. S1A). On a temporal scale, ccn2a expression in cardiac
ventricles was found to be upregulated starting at 2 dpci onwards
during the early stages of heart regeneration (Fig. 1C). Spatial RNA
expression analysis by in situ hybridization showed that ccn2a was
expressed in the primordial layer and cortical myocardium of the
uninjured adult cardiac ventricle. However, in situ hybridization
failed to detect ccn2b transcripts in the uninjured cardiac ventricle
(Fig. SIB).

We studied the spatiotemporal expression of ccn2a and ccn2b in
injured heart tissue in two cardiac regeneration models: the
cryoinjury model, where a large amount of transient collagen
accumulates in the injured tissue (Gonzalez-Rosa et al., 2011); and
the ventricular resection model, where limited amounts of transient
collagen deposits along the resection plane (Poss et al., 2002). Upon
cryoinjury, at 7 dpci, ccn2a transcripts were predominantly induced
in the injured tissue (Fig. 1D). The expression pattern of ccn2a in
the uninjured part of the ventricle (>200 pm away from the wound
edge) did not appear to be affected (Fig. S1C). Similarly, in the
amputation model, ccn2a transcripts were found predominantly in
the wound region from 3 to 14 days post-amputation (dpa) (Fig. 1E
and Fig. S1D). Corroborating the qPCR data, in both injury models,
cen2b was detected only in the border zone with relatively lower
expression than its paralog (Fig. 1D,E and Fig. S1E).

To further investigate the expression pattern of ccnZa, we
generated a TgBAC(ccn2a:EGFP) reporter line (BACccn2aPP’")
using a bacterial artificial chromosome (BAC), where EGFP was
placed at the start codon of ccn2a and was flanked by a ~53-kb

upstream regulatory genomic sequence and a ~110-kb downstream
genomic sequence (Fig. S2A,B). The EGFP expression pattern in
uninjured and injured 7gBAC(ccn2a:EGFP) hearts resembled the
endogenous ccn2a mRNA expression observed by in situ
hybridization (Fig. 1F,G and Fig. S2C,D). Relatively weak
TgBAC(ccn2a:EGFP) expression was observed along the
primordial layer and in a few cells in the cortical myocardium of
the uninjured heart (Fig. S2C). Interestingly, upon injury
TgBAC(ccn2a:EGFP)-positive cells were prominently detected in
the injured tissue (Fig. S2D). At 4 dpci, TgBAC(ccn2a:EGFP)-
expressing cells largely overlapped with kdrl* endocardial cells at the
injury site (Fig. 1F). However, at this stage, the CMs at the border
zone remained devoid of TgBAC(ccn2a:EGFP) expression (Fig. 1G).
Overall, ccn2a expression appears to be induced upon injury and is
observed mainly in endocardial cells in the injured cardiac tissue.

ccn2a is necessary for zebrafish heart regeneration after
cardiac injury

To explore the role of Ccn2a in heart regeneration, we employed a
loss-of-function ccn2a mutant allele (the ctgfa®s°? allele referred to
as ccn2a”) (Mokalled et al., 2016). ccn2a™~ animals develop into
viable adults with no visible structural abnormalities in the heart.
However, upon cryoinjury, ccn2a™~ and cen2a™" animals showed
impaired heart regeneration. We used a semi-quantitative method to
measure regeneration by scoring for the presence of the collagenous
scar in heart sections taken at 60 and 150 dpci. This analysis revealed
that, although ~60% of wild-type injured hearts show vigorous
regeneration at 60 dpci, all ccn2a™~ and ~50% of cen2a™~ injured
hearts displayed minimal regeneration at this stage, evident by the
presence of a large collagenous scar at the site of injury (Fig. 2A,C).
Interestingly, a persistent collagenous scar was observed in ~14%
cen2a™~ and 60% ccn2a™~ hearts, even at 150 dpci (Fig. 2B,D),
indicating that these phenotypes are not merely delays in regeneration
but are indicative of poor repair. Similarly, in the ventricular resection
model, ccn2a™~ animals showed a reduction in the efficiency of heart
regeneration at 30 dpa (Fig. 2E,F). As heterozygous animals also
showed poor heart regeneration, we measured expression levels of
cen2a transcripts in ccn2a®”*, cen2a™ and ccn2a™~ embryos at
48 hpf. Our qPCR analysis showed ~60% and 34% transcripts are
presentin ccn2a™~ and ccn2a™'~ animals, respectively, relative to the
wild-type embryos (Fig. 2G). Given the nature of the mutation, we
cannot formally rule out the possibility that the mutant allele gives
rise to a truncated protein. Nevertheless, more severe cardiac
phenotype in ccn2a™~ animals compared with ccn2a™- siblings
and the decrease in transcript level in the heterozygous and mutants
suggest that the phenotype is likely to be associated with loss of gene
function. Together, these results thus support a necessary role for
Ccn2a in heart regeneration.

Cardiomyocytes fail to track along new coronary vessels in
ccn2a mutants post-cardiac injury

Much remains to be learned about how CMs repopulate a cardiac
wound. An earlier study by Itou et al. used a photoconvertible
protein, Kaede, to reveal evidence for CM migration after resection
injury, and suggested that this process is required for heart
regeneration (Itou et al., 2012). Published evidence also indicates
that new coronary vessel formation starts as early as 15 h post
cryoinjury (hpci) (Marin-Juez et al., 2016) and is crucial for heart
regeneration (Harrison et al.,, 2015). As ccn2a transcripts are
detected during the early stages post-injury, we sought to investigate
the role of Ccn2a in coronary angiogenesis and CM colonization at
the site of injury. To explore the relationship between coronary
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Fig. 2. ccn2a mutant hearts exhibit increased scarring after injury. (A,B) Representative bright-field images of 12 ym sagittal paraffin sections of 60 dpci
(A) and 150 dpci (B) hearts stained with acid fuchsin-orange G (AFOG; muscle, yellowish red; fibrin, brick red; collagen, blue). Arrows and arrowheads
indicate the collagenous scar and atrioventricular valves, respectively. (C,D) Semi-quantitative analysis of scarring in ccn2a**, ccn2a*'~ and ccn2a~'~ hearts (n=9
each) at 60 dpci (C), and ccn2a**, ccn2a*~ and ccn2a~'~ hearts (n=7 each) at 150 dpci (D). Color-coded bar chart indicates the degree of regeneration: green,
complete; blue, moderate; red, very poor. Data indicate the percentage of total hearts represented by each score. The statistical significance of differences was
evaluated by a wound-recovery %2 test. Dot plots show highest area covered by collagenous scar on a tissue section from each heart. Data are meants.e.m.
(E) Sagittal sections of 30 dpa ventricles stained with AFOG. Example of a vigorously regenerating ccn2a** heart and a poorly regenerating ccn2a~'- heart
section. Arrow indicates the collagenous scar. (F) Semi-quantitative analysis of wound recovery in 25 ccn2a** and 30 ccn2a~/~ animals. Average of area covered
by collagen on three histological sections in each heart was considered for scar quantification. Color-coded bar chart indicates degree of regeneration: green,
complete; blue, moderate; red, very poor. Data indicate the percentage of total hearts represented by each score. The statistical significance of differences
was evaluated by a wound-recovery y? test. (G) qPCR analysis of ccn2a transcripts in 48 hpf embryos from three genotypes. Values are normalized to the
mean of the wild type. Data are meanzs.d. dpci, days post cryoinjury; dpa, days post amputation; hpf, hours post fertilization.

angiogenesis and CM infiltration into the wound, we used double-
transgenic [Tg(etv2:EGFP)/Tg(myl7:nucDsRed)] (Mably et al.,
2003; Proulx et al., 2010) reporter animals that expressed EGFP in
endothelial cells and DsRed in CM nuclei. In wild-type cryoinjured
hearts, even though new coronary vessels begin to sprout at ~15 hpci
(Marin-Juez et al., 2016), we did not observe myl7:nucDsRed” CMs
in the injured tissue of whole-mount heart at this stage (Fig. S3A).
Interestingly, at 7 dpci, myl7:nucDsRed" CMs were visible in the
damaged tissue of wild-type hearts with the majority of these cells
(~88%) aligned with the new coronary vessels (Marin-Juez et al.,
2019), suggesting that CMs track along the new coronary vessels
(Fig. 3A,B). In contrast, in ccn2a™" animals, even though coronary
angiogenesis after injury appears unaffected, CM repopulation of the
cardiac wound was impaired, as evaluated using both whole-mount
imaging (Fig. 3A,C and Fig. S3B) and histology (Fig. S3C,D). CM
infiltration was also impaired in ccn2a™~ animals (Fig. S3B). These
data suggest that Ccn2a is required for CM infiltration into the cardiac
wound during regeneration.

In the cryoinjury model, dead tissue persists at the site of injury
and is eventually replaced by new tissue. Therefore, it was essential
to determine that the appearance of CMs in the injured tissue is due
to CMs infiltration into the wound and not because of the
proliferation of residual viable CMs. To address this, we
examined the process of regeneration using the ventricular
resection model, in which heart regeneration occurs through
repopulation of the apical wound with CMs (Poss et al., 2002).
Our analysis, using whole-mount confocal imaging, showed that
new coronary vessels covered the entire apical wound at 4 dpa in
wild-type and ccn2a™~ hearts (Fig. S4A). However, the apical
wound remained devoid of myl7:nucDsRed” CMs at this stage in
both genotypes (Fig. S4A,B). Corroborating the cryoinjury model,
at 7 dpa, myl7:nucDsRed” CMs were visible in the apical wound of
wild-type hearts (Fig. 3D,E), as previously shown (Lepilina et al.,
2006), and most of these cells were positioned along the new
coronary vessels (Fig. 3D,E), suggesting that coronary angiogenesis
precedes the appearance of CMs in the injured tissue and that these
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Fig. 3. Cardiomyocyte tracking along new coronary vessels into injured tissue fails in ccn2a mutants. (A) Maximum intensity projections of confocal
images of freshly isolated whole-mount heart evaluated for coronary angiogenesis and CM tracking along the new coronary vessels into the injured tissue. DsRed
expression marks CM nuclei (magenta); EGFP expression marks coronary vessels (yellow). Arrowheads and arrows indicate CMs along and distant from new
coronary vessels in the injured tissue, respectively. Dotted lines indicate the injury border. (B) Analysis of the percentage of the total infiltrated CMs observed
along and distant from coronary vessels in the injured tissue quantified in wild-type whole-mount hearts (n=4). The total number of infiltrated CMs in the injured
tissue of each sample was considered as 100%. (C) A comparison of the total infiltrated CMs in wild-type and ccn2a mutant whole-mount hearts at 7 dpci (n=4).
The average for wild type was considered to be 100%. Data are meanzs.d. (D) Representative maximum intensity projections of confocal images of whole-mount
heart freshly isolated at 7 dpa. DsRed marks CM nuclei; EGFP marks coronary vessels. Arrowheads and arrows indicate CMs residing along and distant from,
respectively, new coronary vessels in the wound. Dotted lines indicate the wound border. (E) Analysis of the percentage of the total infiltrated CMs seen along and
distant from coronary vessels in the injured tissue quantified in whole-mount wild-type hearts (n=4). Total number of CMs in the injured tissue of each sample was
considered to be 100%. (F) A comparison of the total number of CMs in the injured tissue of wild-type and ccn2a mutant whole-mount hearts at 7 dpa. The average
for wild type (n=4) was considered to be 100%. Data are meanzts.d. The statistical significance of differences was evaluated by a two-tailed Student’s t-test
(GraphPad Prism). Thickness of maximum intensity projections: 30 to 40 um.

cells track along the new coronary vessels. Moreover, similar to the
cryoinjury model, CM infiltration into the injured tissue was
impaired in ccn2a™~ hearts (Fig. 3D-F and Fig. S5A,B). Taken
together, our data suggest that CMs track along new coronary
vessels into damaged tissue and that Ccn2a is required for these
events but not for coronary angiogenesis during heart regeneration.

ccn2a is required for CM proliferation in injured hearts

One of the factors affecting regeneration in injured ccn2a™" hearts
could be inefficient CM proliferation. We therefore performed a
5-ethynyl-2’-deoxyuridine (EdU) incorporation assay with the
cryoinjury model to quantify CM proliferation indices. EdU
incorporation by CM nuclei (myl7:nucDsRed”) was estimated in
whole-mount hearts and sagittal sections. Whole-mount
assessments revealed ~75%, 90% and 60% reductions in CM

proliferation in ccn2a™" hearts relative to wild-type hearts at 4, 7
and 12 dpci, respectively (Fig. 4A,B and Fig. S6). Although CM
proliferation was not affected in 4 dci ccn2a™~ hearts, an ~65%
reduction in CM proliferation was detected in ccn2a™~ hearts
relative to wild-type hearts at 7 and 12 dpci (Fig. 4A,B and Fig. S6).
Proliferation of non-CMs in 7 dpci hearts remains indistinguishable
among the three genotypes (Fig. 4C). As laser scanning confocal
microscopy can detect signals from a maximum tissue depth of
~20 pum, the whole-mount data thus represents CM proliferation of
the cortical myocardium. To determine overall CM cell cycle entry,
we analyzed EdU incorporation in sagittal sections of the ventricle
at 7 dpci and found an ~90% reduction in the border zone of
ccn2a™" hearts relative to wild type (Fig. 4C,D). Both ccn2a*/~ and
ccn2a™'~ animals displayed abnormal heart regeneration. However,
the impairment in heart regeneration capacity was more prominent
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in ccn2a™~ animals than in ccn2a™~ siblings, suggesting that the
influence of Ccn2a on heart regeneration is dependent on the
amount of Ccn2a. To further test the effects of Ccn2a on CM
proliferation, we carried out Ccn2a gain-of-function experiments
using hsp70:ctgfa-FL-2a-EGFP (hereafter hsp70:ctgfa) transgenic
fish (Mokalled et al., 2016), which express Ccn2a ubiquitously
upon heat-shock. Upon cryoinjury, the fish were subjected to daily
heat shocks from 1 to 6 dpci and then assessed for CM proliferation
(Fig. 5A). EdU incorporation assay revealed a ~45% increase in
CM proliferation in the ccn2a-overexpressing fish compared with
controls (Fig. 5B,C). Continued overexpression of Ccn2a for 1
month diminished scarring in ccn2a-overexpressing fish relative to

04 * single-plane optical sections are shown
4 dpci in the middle and right columns.
0.001 Arrowheads indicate EdU*/DsRed*
30q 0.007 cells. Dotted lines mark the injury border.
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* e DAPI* nuclei to the total number DAPI*

nuclei in the injured tissue. The mean
wild-type control value was set to 100%.
(D) Maximum intensity projections of
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12 dpci confocal images of a 10 ym ventricular
sagittal cryosection stained for EQU
150 0.31 (yellow) and with DAPI (white; marks all
068 nuclei). DsRed marks CM nuclei;

arrowheads indicate EdJU*/DsRed* cells.
Dotted lines indicate the injury border.
(E) The percentage of proliferating CMs
50 in the border zone (up to 100 ym away
from the injury border) was quantified in
ccn2a** and ccn2a™'~ hearts at 7 dpci
(n=6). At least two sections from each
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differences was evaluated using
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(GraphPad Prism).

controls (Fig. 5A,D-F). These results indicate that overexpression of
Ccn2a enhances CM proliferation and heart regeneration.

By contrast, when we analyzed the effect of ccn2a loss of
function on CM proliferation in the ventricular resection model, no
significant difference in CM proliferation was detected between
wild-type and mutants (Fig. S7). Taken together, these results
suggest that, although Ccn2a is a positive regulator of CM
infiltration independent of the type of injury, its effect on CM
proliferation depends on the type of injury. Nonetheless, the fact
that mutant animals display defects in heart muscle regeneration in
both injury models indicates the importance of this gene in
regeneration.
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Ccn2a regulates ECM gene expression in injured hearts

To identify the underlying molecular mechanisms involving Ccn2a
in heart regeneration, we used the cardiac cryoinjury model, as it
produced a more severe defect in ccn2a mutants. Comparative
transcriptomic analysis was performed at 4 dpci to identify
potentially affected downstream signaling cascades in injured
ccn2a™ hearts. Unexpectedly, only seven genes were found to
be differentially expressed in ccn2a™~ hearts compared with wild
type (Fig. 6A and Table S2). The expression of these genes was
analyzed by qPCR. In line with the RNA-Seq data, the qPCR data
showed that the expression levels of the chemokine receptor gene
cxcer3. 1 were increased by ~50%; those of coll0al, an unannotated
gene (si:rp71-36al.2), ctrbl, fl13ala.l and grnl were decreased by
~50 to 70% in mutant hearts at 4 dpci (Fig. 6B). As collagens and
fibronectins are known to be important regulators of heart
regeneration (Wang et al., 2013) and our transcriptome analysis
showed that coll0ala and fibronectin type Il domain containing 4a
gene expression levels were altered in injured ccn2a™" hearts, we
analyzed the expression of other collagen and fibronectin genes. A
decrease in expression of finla, fnlb, collala, col2ala, collOala
and coll5alb was observed in ccn2a™" hearts relative to wild type

¥
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expressing ectopic Ccn2a), stained for EdU (yellow; marks
proliferating cells) and stained with DAPI (white; marks all nuclei).
Arrowheads indicate EdU*DsRed* cells. (C) CM proliferation
quantified in wild-type and ccn2a-overexpressing (hsp70:ctgfa)
hearts at 7 dpci (n=8 each). At least two sagittal sections of each
heart were analyzed for quantification. (D) Representative bright-field
images of 12 uym sagittal paraffin sections of 30 dpci wild-type and
hsp70:ctgfa hearts stained with AFOG (muscle, yellowish red; fibrin,
brick red; collagen, blue). (E) Semi-quantitative analysis of scarring
in wild-type and ccn2a-overexpressing (hsp70:ctgfa) hearts at

30 dpci (n=7 each). The histological section with the largest area
covered by collagen in each heart was considered for scar
quantification. Color-coded bar chart indicates degree of
regeneration: green, complete; blue, moderate; red, very poor. Data
indicate the percentage of total hearts represented by each score
and the statistical significance of differences was evaluated by a
wound-recovery x? test. (F) Dot plot shows highest area covered by
collagenous scar on a tissue section from each heart. Data are
meanzs.e.m. in C,F.

:

0.02

(Fig. 6C), whereas the expression of other collagens, i.e. coll la2 or
colllala, remained unchanged (Fig. 6C).

Corroborating the RNA expression data, protein localization of
fibronectin and Col2ala was also affected in injured ccnla™~
ventricles (Fig. 6D-H). In wild-type hearts, fibronectin accumulated
in the damaged cardiac tissue and bulbus arteriosus (BA) (Fig. 6D).
In ccn2a™'~ hearts, fibronectin expression was substantially reduced
in the injured ventricle, with BA-localized expression unaffected
(Fig. 6D,E,G). Similarly, Col2ala expression was also reduced in
the damaged ccn2a™'~ cardiac tissue (Fig. 6F,H).

To further test whether these target genes are regulated by Ccn2a,
we examined their expression levels upon ectopic expression of
cen2a during cardiac regeneration. Heat-shock treatments (Fig. 61)
resulted in an approximately two-fold increase in ccn2a expression
in hsp70:ctgfa hearts relative to wild-type hearts (Fig. 6J).
Supporting the loss-of-function data, expression of genes such as

fnla, fnlb, collala, col2ala and collOala were significantly

increased upon overexpression of ccn2a in wild-type injured hearts
(Fig. 6J). Moreover, cxcr3.1, the expression of which was increased
in injured ccn2a~'~ hearts, decreased upon ccn2a overexpression in
wild-type injured hearts (Fig. 6J).
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Fig. 6. Ccn2a regulates secreted protein gene expression in injured heart. (A) Heat map with color key showing changes in gene expression between ccn2a
mutant (Mut) and wild-type (WT) hearts at 4 dpci based on RNA-sequencing analysis. (B) gPCR analysis to validate the RNA sequencing data (A) at 4 dpci
(n=3, each sample is a pool of 6 hearts). (C) Quantification of fibronectin and collagen gene expression at 4 dpci (n=3, each sample is a pool of 6 hearts).

(D) Sagittal cryosections of 7 dpci heart immunostained for fibronectin (yellow) and stained for F-actin (phalloidin; marks all cells). Arrows and asterisks indicate
fibronectin localization in the ventricle and bulbus arteriosus, respectively. (E) Fibronectin and MF20 immunohistochemical staining of ventricular sagittal
cryosection of 7 dpci heart. Arrowheads indicate fibronectin localization in the injured tissue. (F) Col2a1a and MF20 immunohistochemical staining of a ventricular
sagittal cryosection of 7 dpci heart. Arrowheads indicate Col2a1a localization in the injured tissue. Dotted lines mark the injury border. (G,H) Quantification of the
percent relative fluorescence intensity of fibronectin (G) and Col2a1a (H) in wild-type and ccn2a~'~ heart sections (n=4). The heart section from each heart showing
the highest fluorescence intensity for fibronectin or Col2a1a was considered for analysis, and the mean of the wild-type control value was set to 100%. (I) Schematic
of the experimental protocol used to measure gene expression post-cryoinjury in wild-type and hsp70:ctgfa transgenic animals. After cryoinjury, animals were
subjected to daily 1 h heat shocks for 3 days. RNA was isolated 24 h after the last heat shock. (J) Quantitative analysis of the expression of fib1a, fib1b, col1a1a,
col2ata, col10, col15a1b and cxcr3.1 in injured wild-type and ccn2a overexpressing (hsp70:ctgfa) hearts at 4 dpci (n=3, each sample represents a pool of six hearts).
Data are meants.d. Values in B,C and J are normalized to the mean of the control. The statistical significance of differences was evaluated using a two-tailed
Student’s t-test (GraphPad Prism). The thickness of each maximum projection is 10-12 um. Mean Ct values for this figure are provided in Table S4.

During heart regeneration, fibronectin is predominantly reduced in injured ccn2a~'" hearts, and Ccn2a is necessary for CM

synthesized by epicardial cells, which migrate to cover the wound infiltration into the wound, we examined whether epicardial cell
after injury (Wang et al., 2013). Because fibronectin expression is  migration is also Ccn2a dependent. We performed immunostaining
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on sagittal ventricular sections for Cavl, an epicardial marker (Cao
et al., 2016). However, no evidence of epicardial migration defects
was observed in ccn2a™'~ (Fig. S8). Taken together, our experiments
suggest that Ccn2a negatively regulates the chemokine receptor gene
cxer3.1 and positively regulates the expression of the ECM genes
fula, fulb, collala, col2ala, collOala and coll5alb without
affecting collla2 or colllala expression, or epicardial cell
migration into the injured cardiac tissue.

Ccn2a positively regulates nuclear pSmad3 localization in
injured hearts

Next, we sought to understand how Ccn2a regulates ECM or
cxcr3.1 chemokine receptor gene expression in damaged heart
muscle. It has been described that CCN2 regulates TGFB1-induced
expression of fibronectin in Graves’ orbital fibroblasts (Tsai et al.,
2018). Another in vitro study reported a direct role for TGFpB
signaling in the regulation of fibronectin and collagen expression
(Ignotz and Massague, 1986), which we find are also regulated by
Ccn2a in regenerating hearts. Thus, we investigated whether Cen2a
modulates TgfP signaling in injured cardiac tissue by analyzing the
levels of phosphorylated nuclear-translocated Smad3, a transducer
of the TgfP signal. Histological analysis showed that, in injured
tissue, pSmad3-positive CM, endocardial cells and other cell nuclei
are reduced by ~69%, 71% and 62%, respectively, in ccn2a™~
hearts relative to wild-type hearts (Fig. 7A,B). Moreover, statistical
analysis indicated a trend toward a decreasing number of nuclear
pSmad3-positive cells in injured ccn2a heterozygous hearts
compared with wild-type controls (Fig. 7C). Corroborating the
histological data, expression of serpinel and mixll, which are
reported to be direct Smad3 target genes (Mizutani etal., 2011; Xi etal.,
2011; Zhang et al., 2011), was decreased by ~50% in ccn2a™" hearts
relative to wild-type hearts at 4 dpci (Fig. 7D). Supporting the loss-of-
function data, the nuclear pSmad3 level was significantly increased and
expression of serpinel and mixll, was increased by ~8- and 1.6-fold,
respectively, upon ccn2a overexpression at 4 dpci (Fig. 7E-G),
suggesting that Ccn2a regulates TgfB/pSmad3 signaling cascade in
injured heart tissue. Next, we investigated whether Ccn2a-mediated
activation of nuclear pSmad3 localization acts through the TgfP/
pSmad3 pathway. We found that pharmacological inhibition of TgfB
signaling cascade suppresses the Ccn2a gain-of-function-mediated
activation of pSmad3 nuclear localization (Fig. 7H-J), consistent with a
mechanism in which Ccn2a positively regulates nuclear pSmad3
localization through the TgfB/pSmad3 signaling cascade.

To test the level of Tgff ligands, we performed
immunohistochemistry to detect TgfB1, one of the known ligands
of this pathway. The data revealed a ~60% reduction in TgfBl
expression in ccn2a™’~ hearts relative to wild type (Fig. 8A,B),
suggesting that Ccn2a positively regulates the level of TgfBl. To
understand whether Cc2a regulates TgfB ligand expression at the
transcriptional level, we performed qPCR analysis and found that
Ccn2a does not regulate the expression of #gfb1, tgfb2 and tgfb3, as
their transcript levels remain indistinguishable between ccn2a™™*
and ccn2a™~ hearts (Fig. S9A). Their expression was also
indistinguishable between injured wild-type and ccnla-
overexpressing hearts (Fig. S9B). This result suggests Ccn2a
regulates TgfB/pSmad3 signaling likely by modulating stability or
bioavailability of Tgfp ligand in regenerating heart.

Ccn2a regulates ECM gene expression and CM infiltration
through Tgfg/pSmad3 signaling in injured hearts

Our results implicated Ccn2a in mediating the downregulation of
funla, fulb, collala, col2ala, collOala and coll5alb, and

upregulation of cxcr3.1. To test whether this regulation is
dependent on the TgfB pathway, we used the pharmacological
inhibitor SB431542 to disrupt Tgfp signaling from 1 to 4 dpci
(Fig. 8C). We found a significant decrease in expression of finla,
fnlb, collala, col2ala, collOala and coll5alb (Fig. 8D).
Additionally, cxcr3.1 expression increased approximately fourfold
upon inhibition of the TgfB pathway, as also observed in ccn2a™'~
animals (Fig. 8D). However, the expression of coll lala or collla2,
genes that were unaltered in ccn2a™~ injured hearts, was decreased
upon TgfP signaling inhibition (Fig. 8E).

Next, we explored whether global pharmacological perturbation
of TgfP signaling had an impact on the TgfB-mediated functions in
other tissues. We analyzed the expression of collala, colllal,
coll5alb, fulb and funlb in non-cardiac tissues upon
pharmacological inhibition of TgfB pathway by SB431542.
Decreased expression of colllal and collala was observed in
the healthy vertebral tissue and eyes, respectively, upon inhibition
of the Tgfp pathway (Fig. S10). However, the expression of other
collagen and fibronectin genes remained unaltered in these tissues.
Moreover, in the brain, inhibition of TgfB pathway had no detectable
effect on the expression of these genes (Fig. S10). Taken together,
these results indicate that pharmacological inhibition of the TgfB
pathway has context-specific targets.

TgfP signaling is essential for CM proliferation during zebrafish
heart regeneration (Chablais and Jazwinska, 2012). To investigate
whether the deficiency in CM repopulation of the injured heart
tissue in ccn2a™'~ animals was due to the suppression of the TgfB
pathway, we assessed the effects of pharmacological TgfB inhibition
(Fig. 8F). SB431542-mediated inhibition of the TgfB pathway from
1 to 7 dpci resulted in diminished CM repopulation of the injured
tissue at 7 dpci (Fig. 8G,H). The observation that nuclear pSmad3
levels were reduced in injured ccn2a mutant hearts, and increased
upon transgenic ectopic overexpression of Ccn2a in injured hearts,
suggests that TgfB/pSmad3 signaling is likely to function
downstream of Ccn2a.

DISCUSSION

Based on our findings, we propose the following model. Upon
injury, Ccn2a is synthesized and secreted into the ECM from
endocardial cells of the wound. Here, it functions to modulate Tg{p/
pSmad3 signaling to promote CM proliferation and infiltration, and
expression of pro-regenerative ECM genes. The regulation of TgfB
signaling by Ccn2a could be either direct, through interaction with
the TgfB ligands, or indirect, by influencing the mechanical
properties of the ECM (Fig. 8I).

It is interesting to note that the role of Ccn2a in CM proliferation
is mode-of-injury dependent. One of the crucial differences between
the cryoinjury and resection models is the amount of fibrotic tissue
produced. After cryoinjury, massive transient collagen appears in
place of the dead tissue mass (Gonzalez-Rosa et al., 2011); in
contrast, in resection-injured hearts, a smaller amount of collagen
localizes mostly superficially on the cut surface of the ventricle
(Poss et al., 2002). Thus, the influence of Ccn2a on CM
proliferation may be dependent on the amount or composition of
collagen. This finding also points to the possibility that although
both cardiac injury models are well established and many cellular
and molecular responses are shared, fine-tuning of the signaling
cascades involved in these heart regeneration models may differ.
Further exploration of these differences would be helpful to gain
insights into the mode of repair.

Genetic analysis indicated that Ccn2a positively regulates nuclear
pSmad3 localization and ECM genes such as fibronectin and

9

DEVELOPMENT


http://jcs.biologists.org/lookup/doi/10.1242/dev193219.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/dev193219.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/dev193219.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/dev193219.supplemental
http://jcs.biologists.org/lookup/doi/10.1242/dev193219.supplemental

STEM CELLS AND REGENERATION Development (2021) 148, dev193219. doi:10.1242/dev.193219

myl7: /pSmad3 E myl7: /
etv2:EGFP/DAPI pSmad3/DAPI

%
©
Qq
S
S
‘©
Q
©
<

4 dpci ccn2a*
hsp70:ctgfa_4 dpci

38 C s © N o, 0.001 G © mm Control
B = “|o0002 0001 00006 @ cms - F % s | 2o 22w hsp70:ctgfa
E |y O Ecs £ - 2
E 8 % -I- % Non-CMs g ° ‘g’_:“’ - T 2°
3 non-ECs £ © - w £ S : o
> 3 63« kel
3 2 g2 2
— o o
:) 8 o © -E 8 g = ; <«
) &° B 24 - 5 0.005
£ 8 T o
@ & ° 82 o °
° & -
a5 A A [0] RSy 910' A
22 302 Gl © S 0 o
g o ad o
H Cryoinjury hsp70:ctgfa + SB431542 J

(0 hpci)

v

Heat shock @ 37°C
for 1hinevery 24 h
(1 to 3 dpci)

v

Treated with DMSO
or 15uM SB431542
(1-4 dpci)

2
°
=
2

200
iy

150

50

pSmad3+ cells/um? (%)
100
oo
=

After 24 h of last heat shock

___________ 00O d

= B

ptis S n

S

o ®

Immunostaining SS
on heart tissue § 2
sections for ';‘
pSmad3 at 4 dpci <

Fig. 7. Ccn2a levels positively modulate nuclear pSmad3 localization in injured hearts. (A) Maximum intensity projections of confocal images of sagittal
cryosections of 4 dpci hearts expressing DsRed in CM nuclei (magenta) and EGFP in endocardial/endothelial cells (cyan), immunostained for pSmad3 (yellow)
and stained with DAPI (white; marks all nuclei). Yellow and white arrowheads indicate DsRed*/pSmad3* and EGFP*/pSmad3™ cells, respectively. White arrows
indicate cells that are DAPI*/pSmad3™* but DsRed~ and EGFP~. Dotted lines indicate the wound edge. (B) Percentage of Tgfp activity quantified in ccn2a** and
ccn2a~'~ hearts (n=4). The graph represents the ratio of nuclear DsRed*/pSmad3* CMs to the total number of nuclear DsRed* CMs in the border zone (CMs); the
ratio of EGFP*/pSmad3* cells to the total number of EGFP* endocardial/endothelial cells in the injured tissue (ECs); and the ratio of pSmad3*/DAPI* cells to the
total number of EGFP~ and DsRed™ cells per unit area in the injured tissue (non-CMs and non-ECs). The mean wild-type control value was set to 100%.
Quantifications were performed on two sagittal sections from each heart. (C) Percentage of Tgfp activity quantified in ccn2a**, ccn2a*'~ and ccn2a~'~ hearts at 4
dpci (n=3). The graph represents the ratio of pSmad3*/DAPI* nuclei to the total number DAPI* nuclei in the injured tissue. The mean wild-type control value was
set to 100%. Quantifications were performed on two sagittal sections from each heart. (D) gPCR analysis of serpine1 and mix/1 expression at 4 dpci (n=3, each
sample is a pool of six hearts). (E) Maximum intensity projection of confocal images of sagittal cryosection through 4 dpci wild-type and ccn2a-overexpressing
(hsp70:ctgfa) heart expressing DsRed in CM nuclei (magenta), immunostained for pSmad3 (yellow) and stained with DAPI (white; marks all nuclei). Arrowheads
indicate pSmad3*/DAPI* cells. Dotted lines indicate the wound edge. (F) Nuclear pSmad3* cells in the injured tissue quantified in wild-type and ccn2a-
overexpressing (hsp70:ctgfa) heart (n=5 each). Two sagittal heart sections from each heart were considered for quantification. The mean wild-type control value
was set to 100%. (G) gPCR analysis of serpine1 and mixI/1 expression at 4 dpci (n=3, each sample is a pool of four hearts). (H) Schematic of the experimental
procedures used in | and J. () Maximum intensity projection of optical sections of sagittal cryosections through 4 dpci wild-type heart and DMSO or SB431542
treated ccn2a-overexpressing (hsp70:ctgfa) heart, immunostained for pSmad3 (magenta) and with MF20 (cyan), and stained with DAPI (white; marks all nuclei).
Arrowheads indicate pSmad3*/DAPI* cells. Dotted lines indicate the wound edge. (J) Percentage of Tgff activity quantified in wild-type, and in DMSO or
SB431542-treated ccn2a-overexpressing hearts at 4 dpci (n=4). The graph represents the ratio of pSmad3*/DAPI* nuclei to the total number DAPI* nuclei in the
injured tissue. The mean wild-type control value was set to 100%. Quantifications were performed on two sagittal sections from each heart. Data are meants.d. A
two-tailed Student’s t-test was used to evaluate the statistical significance of the differences (GraphPad Prism). Thickness of the each maximum projection is 10-
12 ym. Mean Ct values are provided in Table S4.
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Fig. 8. Decreased Tgfp1 expression is observed in injured ccn2a mutant heart and Tgfg/pSmad3 inhibition recapitulates the genetic regulation by
ccn2a in injured heart. (A) Maximum intensity projection of confocal images of 10 um sagittal cryosection of wild-type and ccn2a~/~ heart at 4 dpci, expressing
DsRed in CM nuclei (magenta), immunostained for Tgff1 (cyan) and stained for F-actin (yellow; marks all cells). Arrowheads indicate Tgf31 expression. Dotted
lines mark the injury edge. (B) Percentage of relative fluorescence intensity of Tgfp1 (n=4 each). The heart section from each heart showing the highest
fluorescence intensity for Tgfp1 was considered for quantification, and the mean of the wild-type control value was set to 100%. (C) Schematic of the experimental
procedures used in D,E. (D,E) gPCR-based quantification of gene expression from DMSO- or SB431542 (TGF type | receptor inhibitor)-treated animals at 4 dpci
(n=3, each sample is a pool of six hearts). The mean value of the DMSO-treated control for each gene was set to 1. (F) Schematic of the experimental procedures
used in G,H. (G) Maximum intensity projections of confocal images of 7 dpci whole-mount heart expressing DsRed in CM nuclei and EGFP in endothelial/
endocardial cells. Arrowheads indicate infiltrated CMs in the injured tissue. Dotted lines indicate the injury edge. (H) Analysis of infiltrated CMs in injured cardiac
tissue quantified four DMSO-treated and four SB431542-treated wild-type animals from two independent experiments. The mean of the DMSO-treated control
value was set to 100%. Data are meanzs.d. (I) Model of the regulatory role of Ccn2a in heart regeneration. CM, cardiomyocyte; ECM, extracellular matrix. The
statistical significance of differences was evaluated by a two-tailed Student’s t-test (GraphPad Prism). Mean Ct values are provided in Table S4.

11

DEVELOPMENT


http://jcs.biologists.org/lookup/doi/10.1242/dev193219.supplemental

STEM CELLS AND REGENERATION

Development (2021) 148, dev193219. doi:10.1242/dev.193219

collagen gene expression, and negatively regulates chemokine
receptor cxcr3.1 expression, during heart regeneration. It is known
that some collagens and fibronectin are downstream targets of the
TGFB/pSMAD3 pathway (Ignotz and Massague, 1986), and CCN2
regulates TGFB1-induced expression of fibronectin in vitro (Tsai
et al., 2018). Chemical inhibition of TgfB pathway in wild-type
animals shows that, although all the regulated genes in injured
ccn2a mutant hearts are pSmad3 targets, some of the pSmad3 target
ECM genes uch as collla2 and colllala are not regulated by
Ccn2a in injured hearts. This indicates that, in regenerating cardiac
tissue, Ccen2a does not work through global activation of pSmad3
signaling. Heterogeneity in molecular signaling and behavior exists
even within the same cell type, due to them being present in
different microenvironments (desJardins-Park et al., 2018; Rognoni
and Watt, 2018). Thus, regulation of TgfB/pSmad3 targets by Ccn2a
may be dependent on the microenvironment of the target cells in the
damaged cardiac tissue.

All TGFB ligands are synthesized as inactive precursor molecules
containing a propeptide region and secreted into the ECM as a large
latent complex. Physical interactions between the latent TGF and
ECM molecules are essential for the transformation into an active
form of TGFp ligand (Dabovic et al., 2002; Yoshinaga et al., 2008;
Shi et al., 2011). Another study using human fibroblasts suggested
that CCN2 regulates TGFp-induced phosphorylation of Smadl
through the integrin o, 3 receptor (Nakerakanti et al., 2011). Our
finding that Ccn2a positively regulates TgfB1 localization in injured
cardiac tissue without apparent effects on expression of its mRNA
suggests a role for Ccn2a in regulating the processing or stability of
TgfBl. Abreu et al. (2002) reported that CCN2 can enhance TGFB1
binding to its receptor and signaling in vitro. In addition to the direct
interaction of ECM molecules with latent TGFp, the mechanical
state of the ECM also regulates TGF activity (Wipff et al., 2007;
Giacomini et al., 2012; Henderson et al., 2013). These pieces of
evidence suggest that a plausible mechanism underlying the
regulation of TgfBl processing or stability in injured zebrafish
hearts could involve either a physical interaction of Ccn2a with
latent TgfP or other complex mechanical properties of the wound,
but these possibilities need to be further elucidated.

The immune response plays a crucial role in regeneration (Hui
et al., 2017; Lai et al., 2017). In mammals, immune cells express
CXCR3 and preferentially help in the migration of immune cells
into inflamed tissue (Torraca et al., 2015). In teleosts, including
zebrafish, there are two paralogs: cxcr3.1 and cxcr3.2. Although the
expression of cxcr3.1 and cxcr3.2 in relation to infection or
inflammation in zebrafish has not been determined, in other teleosts,
such as ayu (Plecoglossus altivelis), cxcr3.1- and cxcr3.2-positive
macrophages exhibit M1 and M2 polarization, respectively, upon
bacterial infection (Lu et al., 2017). M1 macrophages are pro-
inflammatory; in contrast, M2 macrophages are associated with
anti-inflammatory states (Liu et al., 2014). In c¢cn2a mutants and
animals treated with chemical inhibitors of TgfP signaling, cxcr3.1
expression was increased in injured heart without affecting the
expression of its paralog cxcr3.2 (data not shown), indicating that
Ccn2a likely suppresses inflammatory signals by inhibiting M1
polarization of macrophages through pSmad3 signaling. In the
future, it will be interesting to explore the functional role of cxcr3.1
in heart regeneration or fibrosis.

Taken together, our study highlights the importance of Ccn2a
function in heart regeneration and shows that secreted signaling cues
in early injury sites play an important role in determining the extent
of scarring; specifically, whether a transient collagen can be
efficiently replaced with functional tissue. Thus, it would be worth

exploring whether targeted manipulation of ECM production can
serve as a strategy to induce mammalian heart regeneration and
improve cardiac function.

MATERIALS AND METHODS

Zebrafish maintenance

Wild-type AB and transgenic 7g(=5. Imyl7:nDsRed2)f2 (Mably et al., 2003)
[hereafter Tg(myl7:nucDsRed)], TgBAC(etv2:EGFP)cil (Proulx et al.,
2010) [hereafter Tg(etv2:EGFP)], Tg(kdrl:HRAS-mCherry)*5°® (Chi et al.,
2008) and Tg(hsp70:ctgfa-FL-2a-EGFP) (Mokalled et al., 2016) zebrafish
were maintained in a state-of-the-art zebrafish aquarium as described
previously (Kimmel et al., 1995). Four- to 10-month-old male and female
animals of ~2.5 to 3 cm in length were used.

Ethics statement

For zebrafish maintenance and experimentation, the guidelines
recommended by the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA), Government of
India, were followed. The Institute Animal Ethics Committee (IAEC)
approved the animal care procedures and protocols used in this study.

qPCR and gene expression analysis

For qPCR analysis, total RNA was isolated from sham, cryoinjured cardiac
ventricles and non-cardiac tissues (eyes, brain and vertebral tissue) at desired
time points using an RNeasy Micro kit (Qiagen) according to the
manufacturer’s instructions. In brief, five hearts were pooled per
biological replicate, and 1 pg of total RNA was reverse transcribed into
c¢DNA with a SuperScriptIIl cDNA synthesis kit (Invitrogen). For ccna
transcript stability analysis, total RNA was isolated from 48 hpf ccn2a™”,
cen2a™ ™ and ccn2a™'~ embryos using Trizol reagent (Invitrogen) according
to the manufacturer’s instructions. Forty embryos were pooled per
biological replicate, and 2 pug of total RNA was reverse transcribed into
cDNA with MMLYV reverse transcriptase (Invitrogen). The prepared cDNA
was used to perform qPCR with a PCR Max Real-time PCR detection
system (Cole Parmer). The primer sequences used in this study are provided
in Table S3. mRNA expression levels relative to efl/a or rpll3 expression
levels were calculated using the ACt method. Mean Ct values are listed in
Table S4.

In situ hybridization

For RNA probe synthesis, a partial cDNA template of ccn2a or ccn2b was
amplified from an embryonic ¢cDNA library using primers shown in
Table S1 and cloned into a pGEMT easy vector. Digoxigenin (DIG)-labeled
ccn2a and cen2b riboprobes were synthesized using linearized vectors and
SP6 and T7 RNA polymerase, respectively.

For in situ hybridization on sections, tissue samples were processed for
wax sectioning and in situ hybridization was performed as previously
described (Lepilina et al., 2006). Briefly, 15 um zebrafish heart tissue
sections were rehydrated, permeabilized, washed in acid, blocked and
hybridized with a DIG-labeled riboprobe (500 ng/ml in hybridization
buffer) at 65°C overnight. Subsequently, the tissue sections were incubated
with an alkaline phosphatase-conjugated anti-DIG antibody (Roche).
Finally, after washing, the signal was detected with an NBT/BCIP
staining solution (Roche), and the sections were mounted in Kaiser’s
glycerol gelatin (Merck) for imaging.

Generation of a BAC recombineering-based

TgBAC(ccn2a:EGFP) line

Using the UCSC genome browser (Zv6 assembly, https:/genome-euro.
ucsc.edu), a BAC clone encompassing both the upstream and downstream
sequences around the ATG start site of ccn2a was identified. BAC clone
CH211-156124 (ID: 23907380), which covers ~53 kb of regulatory
sequences upstream from the start ATG and ~55 kb downstream from the
last exon of ccn2a, was purchased from the BACPAC Resources Center,
Children’s Hospital Oakland (https:/bacpacresources.org/). BAC
recombineering was performed as described previously (Bussmann and
Schulte-Merker, 2011). Briefly, in the first step, the BAC clone was
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transformed with the pRedET plasmid (Gene Bridges), which enabled
arabinose-inducible homologous recombination. In the next step, PCR-
amplified Tol2 arms in opposing directions flanking an ampicillin resistance
cassette were inserted into the BAC backbone. Finally, a combination of
EGFP and a kanamycin-resistance cassette was inserted at the start ATG of
ccn2a. The final BAC DNA was purified using a NucleoBond XTra BAC kit
(Machery Nagel), and correct insertion of the EGFP-kanamycin-resistance
cassette was verified by sequencing. In total, 10-15 pg of BAC DNA was co-
injected with 50 pg of Tol2 transposase mRNA into a one-cell wild-type
embryo. Founders were outcrossed, and two F1 animals were isolated and
maintained. Outcrossing of both GFP-positive F1 transgenic lines (and the
following generations) revealed segregation of GFP expression at
Mendelian ratios, suggesting that each line carried a single insertion. The
reporter line was named TgBAC(ccn2a:EGFP)PP’!.  Hemizygous
TgBAC(ccn2a:EGFP) animals were analyzed in this study.

Cryoinjury and heat-shock experiments

Cardiac ventricular cryoinjuries were made as described previously
(Gonzalez-Rosa and Mercader, 2012). In summary, animals were
anesthetized by immersion in 0.02% tricaine and immobilized into a
wet foam holder. The heart ventricle was exposed by making a small
thoracic incision and gently squeezing the abdomen. To injure the heart, a
0.4 mm diameter copper filament linked to a polypropylene insulation
tube was cooled by dipping in liquid nitrogen and placed on the
ventricular apex until thawing was observed (a few seconds). After the
operation, the fish were transferred to a tank with fresh system water and,
after recovery, the fish were placed in the aquarium. For heat-shock
experiments, wild-type (as control) and clutch mate Tg(hsp70:ctgfa:2a:
EGFP) fish received heat shock by incubation in preheated system water at
37°C for 1 h (maximum six fish per liter) in 24 h intervals for the desired
period.

Coronary growth and CM infiltration in a damaged tissue assay
Cryoinjured or amputated Tg(etv2:EGFP)::Tg(myl7:nucDsRed) animals
were kept in the aquarium until 4, 7 or 12 dpci or dpa. For whole-mount
analysis, freshly isolated hearts collected at the desired time points were
immediately embedded in 1% low-melting point agarose/1 xPBS containing
0.001% tricaine in a glass-bottomed dish. Confocal sections were imaged
with a Leica SP8 confocal microscope and processed to obtain maximal
intensity projections. DsRed” nuclei in the injured/scar tissue were
considered infiltrated CMs.

Sagittal cryosections (10 um) through Tg(myl7:nucDsRed)" hearts were
stained with Alexa-488-conjugated phalloidin and 4',6’-diamidino-2-
phenylindole (DAPI) to study CM infiltration into the damaged tissue in
histological sections. Confocal sections were imaged with a Leica SP8
confocal microscope and processed to obtain maximal intensity projection.

EdU incorporation assay

For EdU incorporation analysis, injured fish were anesthetized with 0.02%
tricaine, and 10 pl of 10 mM EdU (Click-iT EdU, Invitrogen) was injected
intraperitoneally into each fish at 24 h before heart isolation. Harvested
hearts were fixed in 4% PFA for 20 min at room temperature and processed
for whole-mount EdU labeling or cryosectioning. EdU labeling was
performed on the whole-mount hearts or cardiac tissue sections according to
the manufacturer’s instructions. For co-immunostaining with EdU
detection, immunostaining was performed before EAU staining. DAPI
(0.5 mg/ml water, Sigma) was used to detect DNA. For imaging, the whole-
mount stained hearts were embedded in 1% low-melting point agarose in a
glass-bottomed dish. Optical sections were captured using a Leica SP8
confocal microscope and quantified using LAS X software.

Histological and immunohistochemical analyses

Cardiac tissue was embedded in paraffin following standard protocols, and
sagittal sections of the heart were prepared using a microtome (Bright
Instruments). For histological analysis, acid fuchsin-orange G (AFOG)
staining was performed using an AFOG staining kit (BioGnost) following
the manufacturer’s instructions. The slides were mounted with Entellan
(Merck) and bright-field images were captured using a Leica stereoscope.

The degree of heart regeneration was analyzed based on the presence of
collagenous scar on the 60 dpci or 150 dpci heart tissue sections. For each
heart, the section showing the highest area covered by scar tissue was
considered for analysis. If the highest area covered by the collagenous scar
without any visible invading muscle on the tissue section was <2000 um?,
then that heart was considered as ‘vigorously regenerating’ and if the scar
area was >15,000 um?, then that heart was considered as ‘poorly
regenerating’ or having a persistent collagenous scar at that time point. To
group the hearts based on degree of regeneration, we considered complete
regeneration when highest scar area was <2000 um?, moderate regeneration
when highest scar area was in between 2000 and 15,000 pm?, and very poor
regeneration when highest scar area was >15,000 um?.

For immunohistochemical analysis, cardiac tissue was embedded in
tissue-freezing medium following standard protocols, and the heart was
sagittally sectioned (10 um, cryotome, Leica). Immunohistochemical
analysis was performed on the tissue sections as described previously
(Patra et al., 2017). Briefly, PBS-washed tissue sections were re-fixed,
permeabilized, blocked and incubated with primary antibodies [mouse
MF20, 1:40 (DSHB); rabbit anti-GFP, 1:400 (Novus Biologicals, NB600-
308); rabbit anti-TGFB1, 1:100 (Cloud-Clone, PAA124Mu01); rabbit anti-
tropomyosin, 1:50 (Cloud-Clone, PAD449Mu01); rabbit anti-pSMAD3,
1:200 (Abcam, ab52903); rabbit anti-fibronectin, 1:200 (Sigma, F3648);
and rabbit anti-Col2ala, 1:100 (Genetex, GTX127988)] overnight at 4°C
after blocking for 1h in a blocking solution [5% goat serum (MP
Biomedicals)/0.2% Tween 20/PBS]. Primary immune complexes were
detected by AlexaFluor488-, AlexaFluor 555- or AlexaFluor 647-
conjugated antibodies (1:400; Molecular Probes, A11034, A21428 and
A21244). DAPI (0.5 mg/ml water, Sigma) was used to detect DNA. Optical
sections were captured using a Leica SP8 or Zeiss LSM 710 confocal
microscope.

RNA-sequencing

RNA was isolated from 4 dpci wild-type and ccn2a mutant cardiac
ventricles (bulbus arteriosus and atrium were dissected out from each heart)
using a RNeasy micro Kit (Qiagen). Five cardiac ventricles were pooled per
biological replicate and two samples each from wild-type and ccn2a™'~
animals were analyzed. To avoid genomic DNA contamination, samples
were treated by on-column DNase digestion (DNase-Free DNase Set,
Qiagen) during isolation. Total RNA and library integrity were verified with
a LabChip Gx Touch 24 (Perkin Elmer) instrument. 2.2 pg of total RNA was
used as input for Truseq Stranded mRNA Library preparation following the
low sample protocol (Illumina). Sequencing was performed with the
NextSeq500 instrument (Illumina) using v2 chemistry, resulting in an
average of 23 M reads per library with 1x75 bp single end setup. The raw
reads were assessed for quality, adapter content and duplication rates with
FastQC. To trim reads after a quality drop below a mean of Q20 in a window
of 10 nucleotides, Reaper version 13-100 was employed (Davis et al., 2013).
Reads between 30 and 150 nucleotides were selected for further analyses.
Selected reads were aligned versus the Ensembl Zebrafish genome version
DanRerl0 (GRCz10.87) using STAR 24.0a with the parameter
‘—outFilterMismatchNoverLmax 0.1’ to increase the maximum ratio of
mismatches to mapped length to 10% (Dobin et al, 2013). The
FeatureCounts 1.4.5-p1 tool from the Subread package was used to count
the number of reads aligning to genes (Liao et al.,, 2014). Only reads
mapping at least partially inside exons were admitted and aggregated per
gene. Reads overlapping multiple genes or aligning to multiple regions were
excluded. Differentially expressed genes were identified using DESeq?2
version 1.62 (Love et al., 2014). Only genes with a minimum fold change of
+1.5 (log2+0.59), a maximum Benjamini-Hochberg corrected P-value of
0.05 and a minimum combined mean of five reads was deemed to be
significantly differentially expressed. The Ensemble annotation was
enriched with UniProt data (release 06.06.2014) based on Ensembl gene
identifiers.

Drug treatment

The TGF type I receptor inhibitor SB431542 (Sigma) was dissolved at a
stock concentration of 30mM in DMSO and used for treatment. Zebrafish
were treated with a 20 uM or 15 uM SB431542 solution in system water
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from 1 to 2 dpci and from 2 to q4 or 7 dpci, respectively. Control animals
were kept in system water containing 63 pl of DMSO/100 ml of system
water. During the experiment, all animals were maintained at a density of
four fish per 125 ml system water. At 4 or 7 dpci, animals were
anesthetized, and hearts were isolated and processed for total RNA
isolation and histology.

Microscopy and quantification

For whole-mount bright-field and confocal microscopy, hearts were
embedded in 1% low—melting-point agarose in PBS and imaged with a
Leica SP8 or M205FA (Leica). Immunostained slides were imaged using a
Leica SP8 confocal microscope. After imaging, the acquired confocal
z-stacks were processed, and cell counting was performed with
LASx(Leica) or ImagelJ/Fiji software. Quantification of CM proliferation
was performed in an area 100 um from the border zone. Bright-field images
were obtained with stereomicroscopes (M205FA, Leica; Stereodiscovery
V8, Zeiss). Quantifications of CM proliferation, appearance in the wound,
and pSmad3" cells were performed using LAS X software. Fluorescence
intensity analysis was performed using Imagel/Fiji software. For
fluorescence intensity measurement, images were converted to 8-bit and
the scale was ensured to be equal for all images. Mean intensity and area was
measured using the ROI manager tool in Imagel/Fiji software. Degree of
heart regeneration was considered based on the highest area covered by a
collagenous scar on the heart section in each heart and a semi-quantitative
scoring-based analysis was performed.

Statistical analysis

Statistical differences in qPCR expression, CM tracking along new coronary
vessels into the injured tissue, nuclear pSmad3 quantification, and
fibronectin, Col2ala and TgfBl immunofluorescent intensity were
analyzed using a two-tailed Student’s f-test. CM proliferation was
analyzed using Mann—Whitney nonparametric tests. For scar analysis,
statistical significance of differences was evaluated by a wound-recovery x>
test. In all analysis, changes were considered to be statistically significant
when P<0.05. Data were processed with the GraphPad Prism7 software.
Values are represented as means.d. or meants.e.m.
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