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Summary in English

Zebrafish have the ability to regenerate cardiac tissue after injury in contrast to mammals.
Cryoinjury of the heart triggers a regenerative program that includes inflammatory response, cell
proliferation and formation of a transient scar that eventually lead to complete tissue regeneration.
This thesis focused on understanding the molecular and mechanical properties governing zebrafish
heart regeneration. In particular, we studied the role of midkine-a (mdka) and caveolin-1 (cavl),
two genes that were upregulated in a microarray analysis of regenerating hearts performed in the
laboratory. Additionally, we studied the epigenetic regulation of mdka and tested in vivo different
mdka cis-regulatory elements with the goal to identify the minimum regulatory regions that drive
mdka expression in development and after injury.

Midkine-a (Mdka) is a neurite-growth factor that is involved in the formation of the media
floor plate in zebrafish. Here, we show that mdka expression was strongly induced after heart injury,
although it was not expressed in intact hearts. In injured hearts, the onset of mdka expression was
one-day post cryoinjury (dpci) in all the epicardial layer, whereas by 7dpci the expression became
restricted to the epicardial cells covering the injured area. To study the role of Mdka in heart
regeneration, we generated mdka-knock out (KO) zebrafish strains. In injured heart, mdka depletion
did not trigger upregulation of mdkb and ptn, the two other members of the midkine gene family,
which might compensate for the loss of Mdka. Analysis of 90dpci hearts showed that mdka deletion
resulted in impaired heart regeneration, with the injured area enriched in collagen deposition.
However, the proliferation ratio of cardiomyocytes (CM) and epicardial cells was not affected.
Analysis of extracellular matrix turnover, immune cells infiltration in the injured area and
revascularization of the regenerating tissue will clarify the reasons for the impaired cardiac
regeneration in mdka-KO hearts.

During development, mdka is expressed in neural tissues such us neural tube and brain, and
is not detected neither in developing hearts nor in adult intact hearts. However, mdka expression
was activated upon heart injury, having dynamic expression pattern. To investigate such a change
in the expression pattern, we used available ChIP-seq and ATAC-seq data to analyse the epigenetic
landscape of mdka. In mdka locus, there are three intronic enhancer sequences and two additional
enhancers located upstream of mdka. We tested these enhancers and the mdka promoter linked to
GFP reporter and studied their expression patterns in our transgenic lines. We found that the
promoter of mdka and the intronic enhancers were responsible for the spatio-temporal expression
pattern of mdka during development, in adult tissues and after injury of the heart and the fin.

Caveolin-1 (Cavl) is the structural protein of caveolae, small membrane invaginations that
are involved in signal transduction and mechanoprotection. Our expression analysis showed that
Cavl was expressed in the endocardium, endothelium and epicardium of intact adult heart. After
heart cryoinjury, Cavl was strongly expressed in epicardial cells covering the injury, and in the
endocardium invading the damaged tissue. We introduced mutations in cavi sequence that resulted

in loss of Cavl and caveolae. Analysis of the regeneration process revealed that the caveolae-
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Summary in English

depleted hearts regenerated normally, although cavi-KO hearts showed a transient defect on CM
proliferation. However, loss of Cavl and caveolae affected heart function, since the ejection
fraction and the heart rate were significantly decreased in intact hearts. Using atomic force
microscopy, we found that epicardial cells and cortical cardiomyocytes lacking caveolae were

stiffer than the control hearts explaining the decline of cardiac function.
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Summary in Spanish

El pez cebra, al contrario de los mamiferos, tiene la capacidad de regenerar el tejido cardiaco tras
sufrir un dafio. La criolesion cardiaca desencadena un programa de regeneracion tisular que incluye
una respuesta inflamatoria, la induccidén de proliferacion celular y la formacion de una cicatriz
transitoria que lleva a la regeneracion completa del tejido danado. El objetivo de esta tesis se centra
en el estudio de las propiedades moleculares y regenerativas del corazon del pez cebra. En concreto,
se ha estudiado el papel de los genes midkina-a (mdka) y caveolina-1 (cavl), ambos identificados
en corazones en regeneracion, a partir de un analisis de microarray de ADN llevado a cabo en
nuestro laboratorio. Ademas hemos estudiado la regulacion epigenética de mdka y para ello hemos
testado elementos reguladores en cis de mdka con el objetivo de identificar las secuencias
regulatorias minimas responsables de dirigir la expresion de mdka durante el desarrollo y tras dafio.

Midkine-a (Mdka) es un factor de crecimiento de neuritas, implicado en la formacion de la
placa basal medial en el pez cebra. En este trabajo mostramos el fuerte aumento de expresion de
mdka inducido por dafio cardiaco, a pesar de que no se expresa en corazones sanos. En corazones
dafados, el pico de expresion de mdka se observa un dia después de la criolesion (abreviado en
inglés como dpci) en toda la capa del epicardio, mientras que, a los 7dpci, su expresion se restringe
a las células de epicardio que envuelven el area dafiada. Para estudiar la funciéon de Mdka en la
regeneracion del corazon, generamos lineas mutantes deficientes en mdka (abreviado como mdka-
KO, siglas del término en inglés knock-out). En corazones dafiados, la eliminacion de mdka no
indujo la sobreexpresion de mdkb o ptn, los otros dos miembros de la familia génica midkine, como
mecanismo de compensacion a la pérdida de mdka. El analisis de corazones a los 90dpci desvelo
que la delecion de mdka condujo a un defecto en la regeneracion cardiaca y a un aumento en la
deposicion de colageno en el area danada. Sin embargo, la proliferacion de los cardiomiocitos (CM)
y de las células del epicardio no se vio afectada. Un analisis mas profundo del recambio de la matriz
extracelular, la infiltracion de células inmunes en el area lesionada y la revascularizacion del tejido
en regeneracion, aclararan las causas de la regeneracion cardiaca deficiente en los corazones mdka-
KO.

Durante el desarrollo, mdka se expresa en tejidos neurales, como el tubo neural y el cerebro,
pero no se detecta ni en el corazon en desarrollo ni en el corazon adulto. Sin embargo, la expresion
de mdka se induce tras dafio cardiaco, mostrando un patrén de expresion dinamico. Para investigar
este cambio en el patron de expresion, hemos utilizados los datos disponibles procedentes de
analisis de ChIP-seq y ATAC-seq para analizar el escenario epigenético de mdka. En el locus de
mdka, existen tres secuencias intronicas y dos secuencias localizadas upstream de mdka, de
actividad enhancer. Testamos estas secuencias unidas a un gen reportero GFP y/o al promotor de
Mdka y estudiamos el patron de expresion de GFP en nuestras lineas transgénicas. Encontramos
las secuencias enhancer responsables de la expresion espacio-temporal de mdka durante el

desarrollo, en tejido adulto y tras dafios en el corazén y en la aleta.
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Summary in Spanish

La Caveolina-1 (Cavl) es una proteina estructural de las caveolas, pequefias invaginaciones
de la membrana plasmatica celular, involucradas en la transduccion de sefiales y la
mecanoproteccion. Nuestro analisis de expresion mostré que Cavl se expresa en el endocardio,
endotelio y epicardio del corazén adulto. Después de la induccién de dafio cardiaco por criolesion,
se detecto una alta expresion de Cavl a los 7 dpci, en las células epicardicas que envolvian el area
de la lesion, asi como en las células endocardicas que invadian el tejido lesionado. Generamos
mutaciones en la secuencia de Cavl que condujeron a la pérdida de Cavl y de las caveolas. El
analisis del proceso de regeneracion desveld que los corazones deficientes en Cavl se regeneraron
de forma correcta, aunque detectamos un defecto transitorio en la proliferacion de los CM en los
cavl-KO corazones. Sin embargo, la pérdida de Cavl y de caveolas afecto a la funcion cardiaca ya
que confirmamos una disminucion significativa de la fraccion de eyeccion y de la frecuencia
cardiaca en los cavI-KO corazones sanos. Mediante el uso de microscopia de fuerza atomica,
encontramos que las células de epicardio y los CM corticales que carecian de caveolas, presentaban
una mayor rigidez que en los corazones control, lo que explicaba la disminucion de la funcion

cardiaca en estos cavi-KO.
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Introduction

Cardiac regeneration

The mammalian heart has limited regeneration capacity. Myocardial infarction (MI) results
in massive cell death of cardiomyocytes (CM) that are not replaced. This leads to formation of a
permanent fibrotic scar to protect the integrity of the myocardial wall (Souders et al., 2009). The
scar tissue is not resolved and without contractile abilities the heart increases cardiac output to
maintain function (St. John Sutton and Sharpe, 2000). Progressively, pathological cardiac
remodelling occurs, including ventricular hypertrophy and dilatation that eventually lead to heart
failure and increased mortality (Benjamin et al., 2019). Neonatal murine hearts have a small
regeneration capacity, where damaged myocardium is replaced by CM proliferation, that is lost in
adults (Porrello et al., 2011; Zogbi et al., 2014). Conversely, some lower vertebrates such as newt
(Bader and Oberpriller, 1978), axolotl (Vargas-Gonzalez et al., 2005) and zebrafish (Poss et al.,
2002) have the remarkable ability to regenerated cardiac tissue after injury. In particular, the
regeneration potential of zebrafish extends to many organs, such as brain (Kroehne et al., 2011),
retina (Vihtelic and Hyde, 2000), spinal cord (Becker et al., 1997) and fin (Johnson and Weston,

1995), making it a very suitable model for regeneration studies.

Zebrafish heart

The zebrafish heart develops from a linear heart tube after fusion of mesodermal progenitor
cells ten-hours post fertilization (hpf) (Yelon et al., 1999). By 24hpf, contraction and circulation
begin, followed by looping of the cardiac tube to form two chambers, the ventricle and the atrium
(Reischauer et al., 2014). Approximately three-days post fertilization (dpf), ventricular CM
delaminate and form trabeculae that remain in adults since myocardium does not undergo
compaction (Figure 1A) (Cherian et al., 2016). In parallel, proepicardial cells begins to cover the
heart (Peralta et al., 2013) and the atrioventricular and aortic valves are formed from endocardial
cushions (Pestel et al., 2016). The cortical myocardial wall is formed later (six-weeks post
fertilization) by trabecular CM migration (Gupta and Poss, 2012) and around three-months post
fertilization, coronary vasculature is established from sprouting and migration of endocardial-
derived endothelial cell (Harrison et al., 2015). The adult zebrafish heart is non-septated and is
characterized by a ‘spongy’ trabecular myocardium (Figure 1B, C) (Sedmera et al., 2000). Between
the cortical (outer) and the trabecular (inner) myocardium there is a junctional zone that contains
fibroblasts and the primordial CM (Lafontant et al., 2013; Pfefferli and Jazwinska, 2017). The
epicardium covers the cortical layer that abounds of coronary veins while the endocardium
separates the trabecular layer from the lumen. The ventricle is separated from the atrium with the
atrioventricular valve and from the bulbus arteriosus (outflow track) with the bulboventricular valve

(Hu et al., 2001).

33



Introduction

=== Fndocardium Myocardium === Epicardium AV canal === \/3lves === \/asculature

Cortical Trabecular v Primordial bulbus arteriosus Lumen

Figure 1. The zebrafish heart in embryos and adults

(A) Ventral view illustration of developing heart 3-5dpf. The three main cardiac cell layers
endocardium, myocardium and epicardium are colour-indicated. (B, C) Drawing of adult heart with
the ‘spongy’ trabecular, the flatten primordial and the outer cortical myocardium as well as the
endo-, epicardium and the coronary vasculature. (C) Magnification of the ventricular apex in B. V

= ventricle, A = atrium, ba = bulbus arteriosus, AV = atrioventricular.

Models of heart injury

Different types of injuries have been used to study heart regeneration, including ventricular
cryoinjury (cryocauterization), ventricular resection and genetic ablation of CM (Figure 2).
Cryoinjury of the ventricle with a copper probe embedded in liquid nitrogen results in significant
cell death and formation of a transient scar tissue, that regenerates within 90-days (Figure 2A)
(Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Schnabel et al., 2011). Ventricular resection was
the first model used, in which the cardiac apex is surgically removed, followed by the formation of
a fibrin clot and replacement of the lost tissue in 60-days (Figure 2B) (Poss et al., 2002). Genetic
cell ablation is another approach to induce injury. In this model, cells type-specific (CM or
epicardial cells) are depleted by genetic induction of cytotoxic agents (Figure 2C) (Wang et al.,
2011; Wang et al., 2015).

In all these models the heart fully regenerates the damaged tissue and recovers functionally.
Additionally, inflammatory response as well as epicardium, endocardium and CM activation occur
independently of the method (Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Poss et al., 2002;
Schnabel et al., 2011; Wang et al.,, 2011). However, there are some significant differences.
Cryoinjury results in tissue death and apoptosis in all cell types around the injured site, whereas in
the resection model, apoptosis is limited. However, the most important difference is the formation
of the fibrotic scar. In cryoinjury, the scar tissue is substantial, resembling the human MI infarction

(Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Schnabel et al., 2011). In contrast, fibrosis is
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minimum in the resection model (Poss et al., 2002). Additionally, evidence suggests that the
regeneration response between cryoinjury and resection differs, since the cardiac lymphatics are

activated upon cryoinjury, but not after resection (Vivien et al., 2019).

A Cryoinjury B Resection C Genetic ablation

== Ablated CMs

Figure 2. Models of zebrafish heart injury
(A) Cryoinjury leads to severe cell death and to a fibrotic scar. (C) Removal of the ventricular apex
by amputation is the resection approach. (C) Genetic ablation of CM results in scattered CM death

in the chambers.

Zebrafish heart regeneration

Injury of the zebrafish heart triggers a sequence of events including inflammatory response,
epicardium and endocardium activation as well as CM proliferation, and fine tuning of these
processes is necessary for proper regeneration.

Inflammation is detected hours after the injury and expression of cytokines props further
immune cells recruitment (Huang et al., 2013). Inhibition of inflammation leads to decreased cell
proliferation, impaired angiogenesis and thus incomplete regeneration (De Preux Charles et al.,
2016; Huang et al., 2013). Additionally, delayed immune response is associated with impaired
vascularization and resolution of the scar tissue (Lai et al., 2017), whereas long retention of
neutrophils in the wound promotes revascularization (Xu et al., 2019).

The epicardium is activated early after injury, proliferates and moves towards the damaged
area (Gonzalez-Rosa et al., 2011; Lepilina et al., 2006). WtIb" (an epicardial marker gene activated
upon injury) and fcf21" (a transcription factor gene and epicardial cell marker in zebrafish)
epicardial cells give rise to perivascular cells and myofibroblasts (Gonzalez-Rosa et al., 2012;
Kikuchi et al., 2011a). Migration of the epicardium depends on Hedgehog signalling and depletions
of epicardial cells reduces CM proliferation and arrests heart regeneration (Wang et al., 2015).

Furthermore, Fgf and Pdgf signalling induce epithelial to mesenchymal transition (EMT) and
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blockage of these pathways leads to reduced vascularization and impaired regeneration (Kim et al.,
2010; Lepilina et al., 2006). Similarly, deletion of Nrpl, a receptor for Pdgf and Fgf that is
expressed in the epicardium, affects angiogenesis and epicardial expansion (Lowe et al., 2019).
Moreover, a population of wtI/h" macrophages acquires a pro-regenerative profile and is involved
in macrophages migration and also in CM proliferation (Sanz-Morejon et al., 2019).

Epicardial cells are also a source of extracellular matrix (ECM) components such as
fibronectin, periostin and collagen XII (Gonzalez-Rosa et al., 2012; Marro et al., 2016; Sanz-
Morejon et al., 2019; Wang et al., 2013). Additionally, fibroblast from the epicardium produce
collagen and periostin (Sanchez-Iranzo et al., 2018a), while endocardium is also associated with
collagen (Miinch et al., 2017). Interestingly, ablation of collagen expressing cells affects CM
proliferation, while fibronectin-I mutants, or the overexpression of a dominant-negative fibronectin
fragment do not (Sanchez-Iranzo et al., 2018a; Wang et al., 2013). Additionally, TGFp pathway is
active during regeneration, since phospho-smad3, a downstream effector of TGFp, is detected in
endocardial, epicardial cells and CM (Chablais and Jazwinska, 2012), and chemical inhibition of
TGFp decreases ECM deposition and CM proliferation.

Retinoic acid (RA) pathway is also important for CM proliferation (Kikuchi et al., 2011b).
Aldhla2, an enzyme involved in RA synthesis, is expressed in epicardial but also in endocardial
cells, suggesting a role for the endocardium on heart regeneration. To that notion, balanced Notch
signalling is required for endocardial cell maturation and controlled inflammatory response (Miinch
et al., 2017). Additionally, Notch is involved in CM proliferation by supressing Wnt signalling in
the myocardium, but also by controlling the endocardial availability of Seprinl (Miinch et al., 2017;
Zhao et al., 2019).

Angiogenesis is necessary for proper regeneration and has to occur in parallel with the
establishment of the new tissue (Marin-Juez et al., 2016). Overexpression of a dominant-negative
form of Vegfa abolish vascularization, impairs CM proliferation and arrest regeneration (Marin-
Juez et al., 2016). Similarly, the heart of the cxcr4a mutant that lacks coronary vasculature is unable
to regenerate (Harrison et al., 2015).

Surviving CM in the injured heart switch on developmental markers, dedifferentiate and
proliferate to populate the injured area (Jopling et al., 2010; Kikuchi et al., 2010). Additionally,
both cortical and trabecular myocytes contributing to the newly formed myocardium (Kikuchi et
al., 2010; Sanchez-Iranzo et al., 2018b), while, the chemokine Cxcl12a from the epicardium and its
receptor Cxcrdb in the CM drive myocytes migration (Itou et al., 2012). Different molecules have
been described to affect CM proliferation. In addition to the aforementioned, inhibition of NF-«xB
(Karra et al., 2015) or Erbb/Nrgl pathways (Gemberling et al., 2015), as well as blockage of
Jak1/Stat3 (Fang et al., 2013) or Bmp signalling (Wu et al., 2016) impair CM proliferation and
regeneration. Interestingly, deletion of Dusp6, an ERK phosphatase, (Missinato et al., 2018), and
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Yap (Hippo pathway) (Flinn et al., 2019), enhance CM proliferation, similarly to vitamin D
treatment (Han et al., 2019).

The dynamic spatio-temporal orchestration of the regeneration programme implicates a
tight transcriptional regulation of the multitude of tissue-specific signals and transcription factors
involved, that can be achieved through chromatin and histone modifications (Rothbart and Strahl,
2014). For example, Brgl, a chromatin remodelling factor, increases the methylation of cdknlic
promoter, and thus represses its transcription resulting in the attenuation of CM proliferation (Xiao
et al., 2016). Furthermore, analysis of histone modifications reveals that the epigenetic landscape
changes dramatically upon injury (Goldman et al., 2017). For example, H3K27m3 (histone3,
lysine27 tri-methylation) is associated with genes suppression and is enriched in sarcomeric and
cytoskeletal genes in proliferative CM (Ben-Yair et al., 2019). Additionally, it is possible that
specific enhancers get activated only during regeneration, highlighting the importance of cis-

regulatory elements in regeneration (Kang et al., 2016).

Midkine

Midkine (Mdk) is a secreted neurite growth factor that was identified as a RA responsive
gene in embryonal carcinoma cells (Kadomatsu et al., 1988). Together with Pleiotrophin (Ptn),
comprises a family of secreted heparin-binding growth factors (Li et al., 1990). Mdk in the mouse
embryo is widely expressed in the brain and spinal cord, but its expression becomes restricted to
the kidneys by E16.5 (Fan et al., 2000; Kadomatsu et al., 1990). Detection in the developing heart
is moderate, with some weak expression in the valves (Mitsiadis et al., 1995).

Mdk plays multiple roles in neural cells, being required for neurite outgrowth, neuron
migration and survival (Michikawa et al., 1993; Muramatsu et al., 1993). However, it is also
involved in angiogenesis and leucocytes recruitment. In an artificial blood vessel model of HUVEC
and smooth muscle cell (SMC) co-culture, Mdk treatment induces interleukin 8 (I1-8) expression
in the SMC, that acts on HUVEC and increases their proliferation (Sumi et al., 2002). Likewise,
Mdk stimulates formation of tubular networks in a HUVEC matrigel assay (Takenaka et al., 2009).
Additionally, Mdk administration enhances angiogenesis in the chick chorioallantoic membrane
(CAM) assay, whereas in the Mdk knock-out (KO) mouse, angiogenesis is impaired after limb
injury (Weckbach et al., 2012). Furthermore, Mdk promotes the chemotaxis of macrophages and
neutrophils in vitro (Takada et al., 1997) and in vivo (Inoh et al., 2004). During acute inflammation,
endothelial Mdk assists neutrophils adhesion. In neutrophils, Mdk facilitates LFA1 (b2 integrin) to
acquire a high affinity confirmation for ICAM stable binding, and attachment to endothelial cells
(Weckbach et al., 2014).

Mdk-KO mice have no embryonic phenotype but present aberrant behaviour associated to
abnormal post-natal development of hippocampus (Nakamura et al., 1998). Moreover, Ptn is highly

upregulated in different organs including spinal cord, eye and heart, but not in the brain (Herradon
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et al., 2005). Mdk; Ptn double KO mice are an example of Mdk and Ptn functional redundancy, as
a-Tectorin (important for transmission of sound-induced movements in cochlea) is still expressed

in the Mdk-KO or Ptn-KO, but in the double KO, expression is lost (Zou et al., 2006).

Midkine in cardiovascular diseases and injury

Mdk expression in adult tissues becomes almost undetectable (Muramatsu et al., 1993) but
is upregulated in different types of cancer (Nakagawara et al., 1993) and in neurodegenerative
disease (Muramatsul et al., 2011). Furthermore, Mdk is induced after injury of different adult tissues
such as bone (Haffner-Luntzer et al., 2016), skeletal muscle (Ikutomo et al., 2014), renal (Sato et
al., 2001) and heart (Obama et al., 1998). Such disease-associated Mdk induction can be linked to
RA and HIF1a, two molecules expressed after disease or trauma [reviewed in (Das et al., 2014;
Semenza, 2000)]. That is because Mdk contains RA-responsive and HIF-response elements in the
promoter (Matsubara et al., 1994; Reynolds et al., 2004).

The function of Mdk after myocardial infarction has been studied in different animal
models including mouse (Horiba et al., 2006; Takenaka et al., 2009), rat (Fukui et al., 2008; Obama
et al., 1998; Sumida et al., 2010; Zhao et al., 2014) and pig (Ishiguro et al., 2011), and in all cases
Mdk is activated. Upon injury, Mdk expression is reported on CM and endothelial cells in both
chambers but other authors showed expression only in the CM of the peri-infarcted zone of rat
hearts (Fukui et al., 2008; Obama et al., 1998). Nevertheless, cardiac insult in the Mdk-KO mouse
leads to larger injury size with increased apoptosis in the periinfarct area and decreased heart
function (Horiba et al., 2006). Moreover, treatment of infarcted hearts with exogenous Mdk is
beneficial, since it reduces the size of the injured area (Fukui et al., 2008; Horiba et al., 20006),
inhibits apoptosis (Sumida et al., 2010; Takenaka et al., 2009; Zhao et al., 2014), and thus improves
cardiac function (Fukui et al., 2008; Takenaka et al., 2009; Zhao et al., 2014), and survival of the
animals (Takenaka et al., 2009). Similar results are reported also in porcine hearts after ligation of
the left anterior descending artery (LAD) injury and ischemia/reperfusion (I/R) with parallel Mdk
administration in the infarcted area (Ishiguro et al., 2011). Hence, Mdk administration prevents
cardiac remodelling, possibly through decreased collagen deposition and enhanced vascularization.
In injured rat hearts treated with Mdk, increased collagen is detected in the infarcted area and
reduced only in the non-infarcted area (Fukui et al., 2008). However, longer treatment results in
significant smaller collagen deposition, in both the infarcted and healthy areas of the heart (Sumida
et al., 2010; Takenaka et al., 2009). Moreover, Mdk administration improves angiogenesis in
cardiac tissue upon injury (Fukui et al., 2008; Sumida et al., 2010; Takenaka et al., 2009). This is
attributed to increased expression of Syndecans (-1, -3 and -4) and HIF1a as well as in activation
of the P13-kinase/Akt and ERK1/2 pathways that regulate expression of angiogenesis-related genes
(Sumida et al.,, 2010; Takenaka et al., 2009). Additionally, these phosphorylation cascades

contribute to CM survival, since Mdk administration in cultured myocytes with
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hypoxia/reoxygenation injury induces expression of the antiapoptotic factor Bel2 and ERK1/2
phosphorylation, decreasing cell death (Horiba et al., 2006).

Although Mdk has a beneficial effect after heart injury, it can also have adverse results.
Heart-specific Mdk overexpression results in increased fibrosis, and ERK1/2 and AKT
phosphorylation, that progressively leads to cardiac hypertrophy and dysfunction after transverse
aortic constriction (TAC - a model of pressure overload) (Netsu et al., 2014). Additionally, TAC
results in Mdk expression in the kidney and the lung that may contribute to the phenotype (Netsu
et al., 2014). Hence, secreted Midkine may be associated with cardio—renal interaction. On this
regard, nephrectomy increases Mdk concentration in the circulation, leading to EGFR
autophosphorylation, and to activation of ERK1/2 and AKT phosphorylation cascades, contributing
to cardiac dysfunction (Honda et al., 2016). Additionally, Mdk concentration in the plasma is
increased after multiple injuries in humans and pigs and affects post-trauma cardiac defects. Mdk
acts directly on CM, since Mdk treatment in culture human CM alters gene expression of calcium
handling molecules, and decreases the mitochondrial respiratory capacity of the cells (Lackner,
Weber et al., 2019). Furthermore, Mdk is involved in the progress of myocarditis (chronic
inflammatory cardiomyopathy). Mdk association with neutrophils adhesion leads to increases
cardiac inflammation, while inhibition of Mdk decreases neutrophils infiltration and reduces
cardiac fibrosis (Weckbach et al., 2019). Moreover, increased Mdk expression is detected in
neointima of mouse carotid after balloon injury (Horiba et al., 2000). In the Mdk-KO mouse,
neointima is repressed while administration of Mdk restores neointima progression. That is linked
to impaired infiltration of leukocytes since Mdk treatment in wild type mouse increases the
infiltration of macrophages and neutrophils. Similarly, suppression of Mdk represses neointima
thickening of the aorta (Hayashi et al., 2005) and of the vein grafts in rabbits (Banno et al., 2006).
On this regard, Mdk is upregulated in a mouse bleomycin-induced pulmonary fibrosis model (Misa
et al., 2017), and deletion of Mdk results in reduction of fibrosis, due to impaired lymphocyte
migration and decreased TNFo and TGFp expression.

Overall, Mdk has a protective effect against ventricular and vascular remodelling after
injury, through the activation of angiogenesis and leucocytes recruitment, although uncontrolled

availability of Mdk can have deleterious effects.

Midkine in zebrafish

In zebrafish, Midkine-a (Mdka) was identified after a screening for neural inducing factors
(Winkler et al., 2003). Mdka and its paralogue Midkine-b (Mdkb), are the product of the fish-
specific genome duplication, having complementary patterns of expression in neural tube during
early development (16hpf) (Winkler et al., 2003). Together with Ptn, they comprise a small protein
family of neurite outgrowth cytokines in zebrafish (Chang et al., 2004). The onset of mdka

expression is 8hpf in the paraxial mesoderm and the head, whereas later is expressed in the neural

39



Introduction

ectoderm of the spinal tube, in retina and the brain (Winkler et al., 2003). In adults, Mdka is still
detectable in the retina and the brain (Gramage et al., 2015; Schifer et al., 2005; Winkler et al.,
2003). In embryos, Mdka overexpression results in expansion of the media floor plate (MFP)
(Schiéfer et al., 2005), a structure in the ventral site of neural tube involved in neurons specification
and organization (Halpern et al., 1997), as well as in disturbed somite boundaries and retina
overgrowth (Luo et al., 2012; Winkler et al., 2003). Mdka loss-of-function (morphants) results in
reduced floor plate, decreased retina proliferation and microphthalmia (Luo et al., 2012; Schéfer et
al., 2005). Furthermore, mdka is expressed in adult retina in horizontal cells of the adult retina, and
it is induced after photolytic lesion in Muller glia and proliferating photoreceptor progenitors
(Calinescu et al., 2009a; Gramage et al., 2015). Reduction of mdka during retina regeneration leads

to decreased proliferation and reduced rod photoreceptors (Gramage et al., 2015).

Caveolae and Caveolin-1

The plasma membrane of cells consists of microdomains with different composition of
lipids and proteins that are important for signal transduction (Fielding and Fielding, 2004). In that
regard, small membrane invagination having omega (€2) shape and resembling intracellular ‘caves’
were first reported in electron microscopy studies of epithelial cells and were named caveolae from
the Latin word for caves (Figure 3A-D) (Palade, 1953; Yamada, 1955). Characterization of these
membrane domains was accelerated after the discovery of CAVEOLIN-1 (CAV1 or VPN21), an
integral membrane protein (Kurzchalia et al., 1992; Rothberg et al., 1992) that was proven to be
the main structural protein for caveolae. CAV1 overexpression in cells lacking caveolae induces
formation of caveolae-like structures, while reduction of CAV1 leads to caveolae depletion (Fra et
al., 1995; Koleske et al., 1995). Since then, the caveolae-related gene family has grown with the
identification of two more Caveolins, CAVEOLIN-2 (CAV2) and CAVEOLIN-3 (CAV3) (Scherer
et al., 1996; Way and Parton, 1995) and the Cavin protein family including CAVIN-1 (or PTRF),
CAVIN-2 (or SDPR), CAVIN-3 (or SRBC) and CAVIN-4 (or MURC) (Bastiani et al., 2009;
Hansen et al., 2009; Hill et al., 2008; Liu et al., 2008; McMahon et al., 2009). CAV1, CAV3 and
CAVINI1 are essential for caveolae formation, because genetic deletion leads to loss of caveolae
(Drab et al., 2001; Galbiati et al., 2001; Liu et al., 2008; Razani et al., 2001a; Zhao et al., 2002). In
contrast, CAV2, CAVIN-2, -3 and -4 are considered accessory proteins, since their loss does not

affect caveolae formation (Hansen et al., 2013; Ogata et al., 2014; Razani et al., 2002).

Caveolins expression, structure and caveolae assembly

Caveolae are abundant in different cell types while Caveolin’s distribution varies. CAV1
is strongly expressed in endothelia, epithelial cells and fibroblasts, and is more weakly expressed
in myocytes (Cohen et al., 2003; Mora et al., 1999; Patel et al., 2007; Robenek et al., 2008a; Scherer
et al., 1997). CAV2 has the same expression pattern than CAV 1, and the stability of CAV2 depends
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on CAV1 (Mora et al., 1999; Razani et al., 2001a). In contrast, CAV3 is specific of skeletal and
cardiac muscle cells (Tang et al., 1996) while CAVINI1 has been detected in a variety of cells,
including epithelial and endothelial cells, as well as in cardiomyocytes (CM) (Hansen et al., 2013).
Interestingly, CAVIN1 localizes also to the nucleus, and is involved in transcriptional regulation
(Bai et al., 2011; Hasegawa et al., 2000).

CAV1 structure and domain organization directly reflects caveolae assemble. Both N- and
C-terminus face the cytosol, with the middle part displaying a hairpin structure, inserted into the
lipid bilayer leading to membrane curvature (Figure 3E-F) [reviewed in (Parton et al., 2006)]. The
caveolin scaffolding domain (CSD) at N-terminus facilitates cholesterol recognition, protein
interaction, membrane binding and CAV1 oligomerization (Couet et al., 1997; Schlegel et al.,
1999), while the C-terminus is important for CAV1 oligomer interaction, intercellular trafficking
and membrane attachment, having three conserved cysteines that can be palmitoylated (Monier et
al., 1996; Ren, 2004; Schlegel and Lisanti, 2000; Song et al., 1997). CAVINI is also involved in
caveolae morphogenesis by forming oligomers that interact with CAV1 and covers the surface of

caveolae (Stoeber et al., 2016).

The role of caveolae and CAV1

Caveolae significance increased once studies revealed that signalling molecules and
receptor localize in these membrane microdomains. Caveolae are involved in various processes,
including cholesterol homoeostasis, signal transduction and mechanoprotection (Cheng et al., 2015;
Cohen et al., 2003; Kim et al., 2008a). For mechanoprotection, caveolae deliver the extra membrane
that cells need to buffer the impact of mechanical forces, through rapid disassemble and flattening
of caveolae (Gervasio et al., 2011; Sinha et al., 2011). Physiologically, caveolae protect mouse
cardiac endothelial cells from rupture due to increased cardiac output (Cheng et al., 2015), and in
zebrafish, caveolae protect from damage in skeletal muscles after vigorous motion (Lo et al., 2015),
and also preserve notochord integrity (Garcia et al., 2017; Lim et al., 2017). Additionally, caveolae
regulate signal transduction via CAVEOLIN-1 direct interaction with signalling molecules,
including endothelial nitric oxide synthase (eNOS) and TGFf signalling. In particular, CAV1
negatively regulate the nitric oxides (NO) availability by binding and blocking eNOS that reside in
caveolae (Garcia-Cardefia et al., 1996). Additionally, CAV1 interact directly with TGFpRI1,
blocking Smad complex nuclear translocation and thus inhibiting transcriptional activation (Razani

et al., 2001b).
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The role of CAV1 in the mammalian heart

Various Cavi-KO animal models have been generated having diverse cardiovascular
phenotypes. Deletion of Cavl in mouse results in adverse cardiac remodelling including right
ventricle dilatation and left ventricle hypertrophy secondary to pulmonary hypertension (Cohen
et al., 2003; Park et al., 2003; Zhao et al., 2002). These phenotypes are attributed to increased
fibrosis in the heart and to the endothelial loss of CAV1 that leads to eNOS hyperactivation.
(Cohen et al., 2003; Drab et al., 2001; Murata et al., 2007; Park et al., 2003). Endothelial-specific
expression of CAV1 in CavI-KO mice decreases pulmonary pressure, normalizes interstitial
fibrosis and rescues remodelling of the chambers (Murata et al., 2007). Additionally, Cavi-KO
mice present defects in heart function, including decreased systolic and diastolic function (Cohen
et al., 2003; Park et al., 2003; Wunderlich et al., 2006; Zhao et al., 2002) that are exacerbated after
myocardial infarction (Jasmin et al., 2011; Shivshankar et al., 2014). Cardiac insult also leads to
aberrant fibrosis thought increased Smad2/3 phosphorylation and M2 macrophages infiltration in
Cavi-KO mice (Miyasato et al., 2011; Shivshankar et al., 2014).

Caveolin-1 in zebrafish

In zebrafish, cavi expressed begins early in embryogenesis showing a broad expression
pattern, including the notochord, pharyngeal vasculature and heart (Fang et al., 2006). Morpholino
experiments revealed the importance of cav/ in lateral line neuromast and notochord formation
(Nixon et al., 2007). To date, all Caveolins and Cavins have been identified in zebrafish, except
Cavin-3 (Hill et al., 2008; Housley et al., 2016; Lo et al., 2015; Nixon et al., 2005) with the addition
of Cavy that initially was predicted in an evolutionary comparative study and was later identified
(Kirkham et al., 2008; Lim et al., 2017). A few zebrafish caveolae-related gene knock-out models
have been generated including cavinl, cavin4 and cavl (Cao et al., 2016; Garcia et al., 2017;
Housley et al., 2016; Lim et al., 2017). Interestingly, KO of cavini does not lead to loss of caveolae
but to a reduction in numbers and abnormal morphology (Lim et al., 2017; Liu et al., 2008),
whereas, in the cavl-KO zebrafish the caveolae status is not addressed (Cao et al., 2016).
Remarkably, deletion of the muscle-specific cavin4 results in increased caveolae number in skeletal
muscle cells (Housley et al., 2016). However, loss of Cavinlb results in traumas in the notochord
upon rapid movement of the larva, whereas cavin4b-KO embryos develop fibrosis in the skeletal
muscle and T-tubule abnormalities. Cardiac regeneration has been studied in the cavi-KO fish,
where ventricular amputation leads to increased fibrosis. Although, CAV1 negatively regulated
TGFp (Razani et al., 2001b), they did not find increase of TGFp signalling activity. Additionally,
they reported decreased CM proliferation and arrest of the regeneration 30-days post injury (Cao
et al., 2016).
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Midkine-a and Caveolin-1

In this thesis we have studied the roles of midkine-a (mdka) and caveolin-1 (cavl) in heart
regeneration, two genes that were found upregulated in a microarray analysis of regenerating hearts
performed in the laboratory (Gonzalez Rajal, 2012). Additionally, we have analysed the epigenetic
regulation of mdka and test in vivo cis-regulatory elements of mdka locus during development and
in regeneration.

Here, we have generated mdka-KO zebrafish strain to investigate of the role of Mdka during
heart regeneration. We show that loss of mdka arrests heart regeneration 90dpci, since the KO
hearts have a significant larger injury, characterized by extensive collagen deposition. Moreover,
we have studied the epigenetic regulation of mdka and tested in vivo cis-regulatory elements. We
have found that there are five enhancers in mdka locus, and that the three intronic enhancers with
the promoter of mdka are responsible for the dynamic expression of mdka during development, in
adult tissues and after heart and fin injury.

Furthermore, we have investigated the importance of Caveolin-1 and caveolae for the
maintenance of the mechanical properties of the cardiac tissue and in heart regeneration. To this
end, we have generated a series of cavi-KO using CRISPR/Cas9 gene editing and have used the
cryoinjury model to assess the role of Cavl in heart regeneration. This model results in the
formation of a transient scar tissue (Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Schnabel et
al., 2011) that resolves 90-day post cryoinjury (dpci). We have found that Cavl and caveolae
depletion do not affect heart regeneration but lead to a transient decrease in CM proliferation. Using
atomic force microscopy (AFM) we have detected a significant difference in cardiac elasticity.
Hearts lacking caveolae, were stiffer compared to control hearts a phenotype that was accompanied
by cardiac dysfunction, highlighting the role of caveolae in the maintenance of the mechanical

properties of the heart.
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Objectives

This doctoral thesis aims at understanding the molecular and mechanophysiological properties of
the control and regenerating zebrafish heart. For this purpose, we have generated knock-out
zebrafish strains using CRISPR/Cas9 genetic editing for midkine-a (mdka) and caveolin-1 (cavl),
two genes with different characteristics and properties that are upregulated upon heart injury.
Furthermore, we have studied and tested in vivo the epigenetic regulatory elements of mdka locus
due to the highly dynamic expression of this gene during development and regeneration. The main

objectives of this study are:

Investigate the role of mdka during heart regeneration

e Dissect and investigate the epigenetic landscape of mdka

e Identify the minimum cis-regulatory elements that drive mdka expression in development

and regeneration

e Study the role of cavl in regenerating hearts

e Study the impact of cavl loss in heart function
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Materials and Methods

Zebrafish husbandry and transgenic lines
Zebrafish were raised under standard conditions at 28°C as described in Kimmel ef al.,
1995. Experiments were performed with 1dpf to 6dpf embryos and with 6-weeks to 13-month-old

adults. All zebrafish strains used or generated during this thesis are summarized in table 1.

Table 1. Zebrafish strains used in this thesis

AB wild type (WT) wild type zebrafish
cavl™” this thesis caveolin-1 KO
cavla®” this thesis caveolin-la KO
Tg(FRT-Xla.Actcl:DsRed-

enh genomic region of mdka locus
GAB-FRT,LOXP- +2mdka

Tg(enh:GFP) this thesis upstream of the gata? promoter

-LOXP-gatal2a:EGFP- o .

driving the expression of GFP
5HS4)

Tg(FRT-Xla.Actcl:DsRed-

enha4 genomic region of mdka locus
GAB-FRT,LOXP- -4.8mdka

Tg(enha4.GFP) this thesis upstream of the gata2 promoter
-LOXP-gatal2a:EGFP- o )
driving the expression of GFP
5HS4)
enha5 genomic region of mdka locus
Tg(-2.5mdka-mdka:eGFP) | Tg(enha5:GFP) this thesis upstream of the mdka promoter

driving the expression of GFP
Tg(FRT-Xla.Actcl:DsRed-
GAB-FRT,LOXP-
+5.8mdka -LOXP-

Reg genomic region of mdka locus
Tg(Reg:GFP) this thesis upstream of the gata2 promoter
driving the expression of GFP

gata2a:EGFP-5HS4)
Tg(FRT-Xla.Actcl:DsRed-
GAB-FRT,LOXP-mdka- ] mdka promoter upstream of the gata?
Tg(mdka:GFP) this thesis ) )
LOXP-gata2a:EGFP- promoter drives GFP expression
5HS4)
Tg(enh- ) ) enh region upstream of the mdka
Tg(+2mdka-mdka:eGFP) this thesis } )
mdka:GFP) promoter drives GFP expression
mdka*” this thesis mdka KO
(Lawson and o i
o GFP expression in the endothelium
Tg(flila:GFP) Weinstein,

and in the endocardium
2002)
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(Covassinet | RFP expression in the endothelium

Tg(flila:Redex)

al., 2009) and in the endocardium

(Rohr et al., membrane bound GFP expressed in
Tg(myl7:mRFP) )

2008) cardiomyocytes

Ta(wtlb:GFP) (Perner et al., = GFP expression in the epicardium of
g(wtlb:
2007) the adult heart upon injury

Generation of the transgenic line

All mdka regulatory elements (mdka, enh, enha4, enh5 and Reg) were PCR amplified
(Table 2) and ligated to the pCR8 vector by TA cloning (Invitrogen). The resulting plasmids were
then inserted into the ZED (Bessa et al., 2009) or the pminiTol2 vectors by LR Clonase Il
recombination (Thermo Fisher Scientific). In the case of mdka-hne, the enh genomic region was
PCR amplified by primers with restriction enzyme (Notl and BmgBI) sites and was ligated in
reverse orientation into the pCR8-mdka plasmid 3prime of the mdka promoter and then to the
pminiTol2 vector by Gateway recombination. We wused the crispr.mit.edu tool
(https://zlab.bio/guide-design-resources) to design the guides for mdka and cavli, selecting the
guides with the less intronic off-targets. The oligos were annealed, phosphorylated and ligated
according to the published protocol (Ann, F et al., 2013) to the pX330-U6-Chimeric BB-CBh-
hSpCas9 vector (#42230 Addgene) (Cong et al., 2013) that was linearized by the Bbsl enzyme
(New England Biolabs). Primers with the T7 polymerase promoter-specific sequences were used
to PCR amplify the guide RNA (crRNA and tracrRNA). The MEGAshortscript T7 Transcription
Kit (Thermo Fisher Scientific) was used for guide RNA transcription that was purified by the
NucAway Spin Columns kit (Thermo Fisher Scientific).

Table 2. Primer list for plasmid generation

enh Fwd GCTTCATTCACTCTCTCTCTTTC

enh Rvs AAGCTACATTAAGCATTCTATGG
enha4 Fwd CTACAGAAATTATGAATCCCA
enha4 Rvs CCTCAACTTCAAATATCCCAA
enhaS Fwd TGTCGGCTTAATATCTGCT

enha$ Rvs CTTATTTATCAGGGATCACCAC

Reg Fwd GGGCCTCAGCGTTACTTTAAGG
Reg Rvs GGGGACGTGCTCTTTTCAATCATGC
mdka Fwd TTGTTTTTCGCGCAACATGAT

mdka Rvs TTTCCCCTCAGCAGTCCCATT
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enh BmgBI Fwd  GCGCGCCACGTCGCTTCATTCACTCTCTCTCTTTCC

enh NotI Rvs ATAAGAATGCGGCCGCAAGCTACATTAAGCATTC

mdka top CACCATAGAGCCACTCCGCACAGT

mdka bot AAACACTGTGCGGAGTGGCTCTAT

I 22gGGGTAATACGACTCACTATAGGGATAGAGCCACTCCGCA

cavl guide 2 top CACCGGCGAGTGAGCGTATTCCTG

cavl guide 2 bot AAACCAGGAATACGCTCACTCGCC

cavl guide 2 T7 ACGGGGTAATACGACTCACTATAGGCGAGTGAGCGTATTCC
cavl guide 1 top CACCGGTGGGCATCCCACTCGCCC

cavl guide 1 bot AAACGGGCGAGTGGGATGCCCACC

cavl guide 1 T7 TAATACGACTCACTATAGGTGGGCATCCCA

tracrRNA Rvs AAAAGCACCGACTCGGTGCCAC

Microinjection of DNA and RNA

The injection mix for the generation of the transgenic lines contained plasmid DNA and
transposases mRNA at final concentration of 25-50ng/ul and 200 ng/pl, respectively. The DNA
constructs and mRNAs were microinjected into the yoke ventrally to the cell of one-cell stage
zebrafish embryos using the Narishige IM 300 microinjector. All injected embryos were sorted and
selected by fluorescence expression 1dpf. For the CRISPR/Cas9 injections, the guide RNA (200
ng/pl) together with the Cas9 protein (0,5 uM, New England Biolabs) were injected to the blastodisc
of one-cell stage zebrafish embryos. The injected embryos were genotyped (Table3) 1dpf to

examine if they were carrying indels in the target locus and then the embryos were let to grow.

Table 3. Primers for genotyping the CRISPR/Cas9 lines

cavl Fwd GGCGAGCTTCACCACCTTC

cavl Rvs GCTCTTCACGCAAGGCACCA
cavla Fwd TGGTGCTTCATTTCTATCCG
cavla Rvs TAAATTTAAATTGAATACCCAAC
mdka Fwd TGTTATGTATGATTCTGCGAT
mdka Rvs ACAGAGGCACAAAACTACCAA

Fin amputation
The amputation of the caudal fin for DNA and protein extraction was performed as

described before (Akimenko et al., 1995). Briefly, the fish were anesthetized by 0,04% tricaine
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(Aldrich) and half of the caudal fin was amputated using a scalpel. The fish were let to recover in

fish water before returned to their tanks.

Cryoinjury of the adult heart

The fish were anesthetized by 0,04% tricaine and placed on a wet sponge with the ventral
site exposed under a stereoscope. Using microscissors and microforceps the cardiac cavity was
opened and the pericardium was removed. The ventricle of the heart was exposed and dried and
then was touched for 10 sec by a coper-made probe that was immersed in liquid nitrogen (Gonzalez-
Rosa and Mercader, 2012). The fish were immediately returned to water to recover and then were

moved to their tanks.

Bromodeoxyuridine (5-bromo-2'-deoxyuridine - BrdU) injection
Adult fish were anesthetized and placed on a wet sponge under a stereoscope. The BrdU
was diluted in Phosphate-Buffered Saline (PBS) to 2,5mg/ml and 30ul were injected

intraperitoneally. The fish then were transferred to their tanks.

Echocardiography

Analysis of the cardiac function by echocardiography in adult fish was performed as
described in (Gonzalez-Rosa et al., 2014). Briefly, the fish were anesthetized by 60mM tricaine and
3mM isoflurane in fish water and transferred to a sponge immersed in the same solution. The VEVO
2100 system (VisualSonics) that has a SOMHz ultrasound probe was used for the measurement. The
transductor was immersed in the medium dorsally to the cardiac cavity. After the procedure was
finished, the fish were immediately transferred to fresh water to recover. The procedure lasted

approximately 5 min per fish and the anaesthesia solution was refreshed every 4 fish.

Atomic force microscopy (AFM)

Adult zebrafish were sacrificed by 0,16% tricaine and the heart was dissected. The atrium
was removed and the ventricle was placed horizontally on top of a 3% agarose gel immersed in
PBS with 0,IM KCI. The AFM experiments were performed with a JPK Nanowizard III (JPK
Instruments) mounted on an inverted optical microscope (AXIO Observer D1, Carl Zeiss). We used
Plateau-CONT-SPL cantilevers (NANOSENSORSTM) with a nominal spring constant of 0,02-
0,77 N/m and a spherical tip shape (R = 30um). The actual spring constant of the cantilever was
determined using the thermal noise method as implemented in the AFM software. Force-distance
curves were acquired to determine the Young’s modulus of the cardiac apex. The tip-sample
distance was modulated by applying a triangular waveform with the tip velocity set at 10um/s. The
maximum force exerted on the apex of the heart during a single FDC was of 11nN. For each sample,

a complete sequence of 375 FDC was performed. These FDC were distributed in three different
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areas of 100 x 100 um? separated by approximately hundreds of microns (125 FDC were obtained
per zone), all along the cardiac apex. To determine the contact point, we used a ratio of variances
protocol. The Young’s modulus was obtained by fitting a section of the force-distance curve

(approach semi cycle of the whole FDC) with a Hertz model for spherical indenters.

Western blot (WB)

Protein expression analysis by WB was performed in hearts (pools of three or five hearts)
or embryos (pools of 20 or 50 embryos). All samples were lysed in lysis buffer (150mM NaCl,
25mM Tris pH7,5, 1,5mM MgCl2, 1% Triton X — 100, 10mM DTT, phosphatase and protease
inhibitors) or in Ripa buffer (25mM Tris pH7,5, 150mM NaCl, 0,5% NP40, 0,5% SDS and protease
and phosphatase inhibitors). Samples were sonicated (NESLAB RTE 7) and stored at -80°C upon
use. Before SDS-page electrophoresis, all samples were boiled for Smin and equal amount of
proteins (30mg) was loaded. Proteins were transferred to PVDF Immobilon-P (Millipore) at 4°C
and after the membrane was blocked with 5% milk in Tris-Buffered Saline (TBS)-Tween 0,1% for
1 h. The primary antibody was diluted in TBS-Tween 0,1% / 2% BSA and membranes were
incubated overnight (O/N) at 4°C (Table 5). Membranes were washed with TBS-Tween 0,1%
before incubation with the secondary antibody coupled to horseradish peroxidase (Dako
Cytomation). Finally, membranes were incubated with the Immobilon Western HRP substrate
(Millipore) for Imin and exposed to the film for 10sec, 30sec, 1min, Smin and 10min. The films
were developed by the KODAK Medical X-Ray Processor 102 processor. Alternatively, after the

ECL incubation, membranes were imaged with the Image Quant LAS 4000 mini machine.

Analysis of transcription factor binding sites
All mdka cis-regulatory elements were submitted for analysis in the Jaspar database
(jaspar.genereg.net). We selected the top-10 hits and their matrixes were reanalysed and refined by

the meme server (http://meme-suite.org/).

In silico modelling of the Cavl mutants

To analyse the putative membrane domain of the mutant forms Cav1 protein, all sequences
were submitted to several predictor servers: octopus (http://octopus.cbr.su.se/), topcons2
(http://topcons.net/) and TMHMM?2 (http://www.cbs.dtu.dk/). These methods are optimized for
predict transmembrane domains but they can find insertions too (TMHMM worse). The sequences
were also submitted to a local implementation of Rosetta software suite V3.8
(www.rosettacommons.org) (Barth et al., 2009) for ab-initio modeling using the mp framework of
the suite. The best model with minimal energy and correct folding (compatible with insertion or
deep embedded in membrane) was selected as final template for refinement using the relax tool

(Conway et al., 2014; Nivon et al., 2013) of Rosetta suite v3.8 (www.rosettacommons.org). The
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model with minimal energy was selected as final model. To better show the protein position and
orientation in the membrane, the model before was submitted to the PPM server
(http://opm.phar.umich.edu/). This server is specialized in predict and positioning membrane
proteins from 3D structures using a large structural database (membranome) and computational
methods. This server predicts an insertion or deep embedded membrane domain. For docking the
dimeric form of homo and heterodimers for Cav1 mutants, combinations of two monomers models
modelled before were positioned according to the dimeric interface for Cavl previously published
in bibliography using the pymol v1.8.9 program (Schrodinger, 2015) and each new dimeric model
was used as initial template. For each template, a span file with coordinates for the theoretical
membrane domain was computed using the mp span from pdb tool from the membrane
framework of Rosetta suite v3.8 (www.rosettacommons.org), the obtained results were manually
curated and modified as necessary. In each dimer, using the complexes templates and span-files
obtained before, a primary cycle of docking without positional restrictions using the mp dock
application (Alford et al., 2015) from the membrane framework of Rosetta suite v3.8
(www.rosettacommons.org) and structural clustering was made. For each case, the best model with
minimal E compatible with membrane topology and close to the theoretical dimer interface was
selected. A final cycle of relax for minimize E and clashes using the model before as template and
the full spanfile was made using a new cycle of docking with positional restrictions (dimer
interface) using the mp_dock application from the Rosetta suite v3.8 (www.rosettacommons.org)
(Alford et al., 2015). The lowest scoring refined model (lower E) with correct topology and
interface was selected in each case as final model. To better show the dimer position and orientation
in the membrane, the models before were submitted to the PPM server
(http://opm.phar.umich.edu/). This server is specialized in predict and positioning membrane
proteins from 3D structures using a large structural database (membranome) and computational

methods.

Riboprobe generation

Specific exonic regions that span between two exons were chosen for riboprobe generation
and were amplified by PCR with specific primes (Table4) using as template cDNA from hearts or
embryos. The PCR product was ligated to the pPGEM-T easy vector (Promega) and DH5a bacterial
cells were transfected with the resulting plasmids. Positive colonies were identified by colony-PCR
and grew O/N in LB medium. We used the Plasmid Maxi Kit (Quiagen) to isolate the plasmids that
were confirmed by sequencing. The plasmids were linearized by the appropriate enzyme and
riboprobes were transcribed by either T7 or Sp6 polymerase (2h at 37°C). The RNA probes were
purified by the [llustra AutoSeq G-50 Kit (GA healthcare) and stored at -80°C.
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Table 4. Primers for RNA probe
Name o Sequence
cavl Fwd  ATGACGATGTGGTGAAGGTG
cavl Rvs ACAGTATTCCTACAATGATAA
mCavl Fwd CAAGCATCTCAACGACGAC
mCavl Rvs  CCCTAAACAAATGGCCGTA
mdka Fwd CAAAGGAAAGAAAGGCAAGGGGAAAGGGAACTAAAGG
mdka Rvs GACTTTCCAATTGCTACTTTTATACCCCGCTAGTAAT
mdkb Fwd CCCAATAGCGGAGACTGT
mdkb Rvs ATCTTGCCAGTTTTCCTCT
ptn Fwd CAGGAATGAAGACTCGCACT
ptn Rvs GCTGCATAAATCAATGACCA

Tissues dissection and process

Adult fish were sacrificed by transfer to fish water containing 0,16% tricaine, sodium
heparin (1,000 Ul/ml, Laboratorios Farmacéuticos ROVI) and 0,1M KCI (Gonzalez-Rosa and
Mercader, 2012). Embryos were sacrificed in iced-water and tricaine. For in vivo imaging, fins or
embryos were fixed in 2% paraformaldehyde solution (PFA) and washed with PBS before analysis.
Hearts and brains were surgically removed and fixed overnight (O/N) with 4% PFA in PBS-0.1%
tween20 similar to the embryos and the fins. After fixation, tissues and embryos were washes in
PBS-0.1% tween20. For embedding in paraffin, a series of EtOH washes (50%, 70%, 80%, 90%,
95%, and twice in 100% EtOH) was followed to dehydrate the tissues before xylene washes that
followed by incubation in paraffin at 65°C. For gelatin-embed, tissues were washed in PBS-0.1%
tween20 after fixation and then were incubated with 15% sucrose at 4°C O/N. The samples were
then transferred to gelatin and let at 37°C until they completely submerged into the medium. Tissues
were orientated in gelatin that let solidify at 4°C before frizzed by isopentyl at -80°C. For whole-
mount ISH, embryos were washed with PBS-0.1% tween20 after O/N fixation, and then dehydrated
by MeOH washes (50% MeOH, 100% MeOH) and stored in 100% MeOH at -80°C.

Immunofluorescence (IF)

Sections of paraffin-embedded tissue were incubated in xylol for Smin (twice) followed by
two washes in 100% EtOH for Smin and subsequently washes in 90%, 70%, 50% and 30% EtOH
for 1min each. For antigen retrieval the sections were boiled for 15 min in 5 mM citrate buffer and
endogenous peroxidases were blocked with 3% H>O, in MQ for 30min. The tissues were
permeabilized with PBT — TX100 and washed with PBS before incubation with the blocking
solution (2% bovine serum albumin, 10% goat serum and 2 mM MgCl; in PBS) for at least 3h. For
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the antibodies that the signal was amplified by biotin-streptavidin, sections were additionally
blocked with the Biotin-Streptavidin blocking kit (Vector). The primary antibodies (Table5) were
diluted in blocking solution and sections were incubated O/N at 4°C. The following day, sections
were washed with PBS followed by incubation with the secondary antibody in blocking solution at
room temperature (RT) for 1h. For biotin-streptavidin signal amplification, a secondary biotin-
conjugated antibody was used followed by a fluorescent-conjugated streptavidin antibody. For
tyramide signal amplification (TSA), a secondary antibody coupled to horseradish peroxidase (1h
at RT, Dako Cytomation) was used followed by incubation with the substrate (TSA, Perkin Elmer).
Sections were washed in PBS before incubation with DAPI (Sigma-Aldrich) for 10 min. Finally,
sections were mounted in fluoromount (Southern Biotech). Similar procedure was followed for
sections of gelatin-embedded tissue. Sections were left for 15min at 37°C to dissolve the gelatin
and then they were washed with PBS before incubation with the blocking solution. The primary
antibody was diluted in blocking solution and let O/N at 4°C. Sections were washed with PBS
before incubation with the secondary antibody for 1h at RT and washed with PBS before incubation

with DAPI. Tyramide or biotin-streptavidin signal amplification was done as paraffin sections.

Table 5. List of antibodies

Caveolin-1 BD Transduction 17200 TSA 1/1000
Caveolin-1 Cell Signaling Technology 17200  TSA 1/1000
PTRF (Cavinl) Atlas antibodies 1/200 TSA 1/200
Caveolin-2 St John’s Laboratory 1/100 TSA -
Mdka (Calinescu et al., 2009b) 1/200 TSA 1/250
GFP Aves labs 1/100 | - -
GFP Clontech Living Colors 1/200 - -
MEF-2 Santa Cruz 1/100 = Biotin/Streptavidin | -
Tropomyosin DSHB 1/100 - -
MF-20 DSHB 120 - -
phosho-Smad3 = Abcam 17200 TSA -
Aldhla2 Gene Tex 17200 - -
alpha Tubulin  Thermo fisher - - 1/5000
BrdU BD Transduction 1730 - -
— Zebrafish International Resource o e )

Center (ZIRC)

Zebrafish International Resource
zns Center (ZIRC) 120 - )
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Zebrafish International Resource
Zn3 120 - -
Center (ZIRC)

Transmission electron microscopy (TEM)

Hearts were fixed in 1% glutaraldehyde/4% PFA in PBS overnight. Samples were post-
fixed in 1% osmium tetroxide for 60 min and dehydrated through a series of ethanol solutions (30%,
50%, 70%, 95%, 100%) and acetone. After the last dehydration step, samples were incubated in a
1:3, 1:1, 3:1 mixture of DURCUPAN resin and acetone and cured at 60°C for 48h. Ultrathin sections
(50-60 nm) were obtained using a diamond knife (Diatome) in a ultramicrotome (Leica Reichert
ultracut S) and collected in 200-mesh copper grids. The sections were counterstained with 2%
uranyl acetate in water from 20 min followed by a lead citrate solution (Reynolds, 1963). They
were examined with a JEOL JEM1010 electron microscope (Tokyo, Japan) equipped with an Orius
SC200 digital camera (Gatan Inc).

In situ hybridisation on sections (ISH)

Paraffin sections were washed twice with xylol and rehydrated by a series of EtOH washes
(2x100%, 90%, 70%, 50%, 30% 5 min each) followed by fixation with 4% PFA for 20 min. After
PBS washes the sections were digested with 10 pg/ml proteinase K for 15 min at 37°C water bath
and fixed again with 4% PFA for 5 min. After fixation they were incubated with 0,07N HCL
(15min) and with 0,25% acetic anhydride in 0,1M triethanolamine solution (10min). The sections
were then incubated at 65°C with hybridisation buffer (50% formamide, 5x saline-sodium citrate
(SSC) buffer, 0,1% Tween-20, 50ug/ml heparin, 5Smg/ml yeast RNA) for at least 3h and then the
riboprobe was added in the hybridization buffer and incubated O/N 65°C. The following day,
sections were washed with post-hybridization buffer I (50% formamide, 0,2x SSC pHS,5, 1% SDS)
and II (50% formamide, 0,5x SSC pHS,5, 5% SDS) for 2 x 30 min each at 65°C, that was followed
by washes in 100mM maleic acid (MABT). Next, the sections were incubated with blocking
solution (2% FBS, 1% blocking reagent — Roche, in 1x MABT) for 3h at RT. The slides then were
incubated with the anti-Digoxigenin antibody (Roche) coupled to alkaline phosphatase in blocking
solution O/N. The following day, the sections were washed for 3h in MAPT and then in AP buffer
(0,1IM NaCl, 0,05M MgCl,, 0,1M Tris-HCL pH9,5, 10% Tween-20 and 0,002M tetramisole
hydrochloride — Sigma Aldrich) 2 x 10 min; followed by incubation in BM-purple (Sigma Aldrich)
for the development of the signal. The reaction was stopped by PBS washes and the sections were
fixed in 4% PFA for 15 min followed by dehydration washes via EtOH series. After xylene washes
the sections were mounted with Entellan (Merk Millipore) and let dry at RT.
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Fluorescence ISH followed by IF

The ISH procedure is followed up to the MAPT washes in the second day. Subsequently,
the sections are incubated by the anti-Digoxigenin-POD (Sigma-Aldrich) in IM-blocking solution
O/N at 4°C. The sections washed in MAPT for 3h and are incubated by an antibody coupled to
horseradish peroxidase (1h at RT, Dako Cytomation). After PBS washes the primary antibody was
added to the slides for O/N incubation at 4°C. The following day, the sections are incubated with
the secondary antibody and DAPI similar to the IF protocol.

Whole mount in situ hybridisation (WM-ISH)

Embryos and fins were stored in 100% MeOH at -80°C were rehydrated by MeOH serial
washes (75%, 50%, 25% MeOH in PBS-Tween 0,1%) followed by PBS-Tween 0,1%. The samples
were then digested by proteinase K according to the type of tissue and the stage (fins 20pg/ml 20
min, embryos 10 pg/ml: 2dpf 15 min, 3dpf 20 min), washed in PBS-Tween 0,1% fixed in 4 % PFA
for 20 min. After washes with PBS the samples we incubated with the hybridization solution (50%
formamide, 5x SSC pH4,5, 1%SDS, 50ug/ml yeast RNA, 50ug/ml heparin) at 67°C. After 3h the
riboprobe was added to the samples with fresh hybridization solution for O/N incubation. The
samples were washed with saline sodium citrate with 0,1% Tween 20 (SSCt) as follows 3 x 20 min
50% 2mM SSCt / 50%Formamide, 2 x 20 min 2mM SSCt 2mM, 3 x 30 min 0,2mM SSCt. Next,
the sections were incubated with blocking solution (2% FBS, 1% blocking reagent — Roche, in
PBS) for 3h at RT and incubated with the anti-digoxigenin antibody coupled to alkaline phosphatase
in blocking solution O/N. The following day the samples were washed with PBS-Tween 0,1% for
3h that proceeded by AP buffer washes for 3 x 5 min. The BM-purple was added to the samples
until developing of the colour. The reaction was stopped by PBS washes and the samples were fixed
in 4% PFA O/N and subsequently PBS washes. The tissue or the embryos were mounted on gelatin

for imaging.

Histological Stains
Acid fuchsin orange G-staining (AFOG) is described elsewhere (Poss et al., 2002), and

Picro-Sirius red stain performed using standard procedures (Sigma).

RNA extraction and cDNA preparation

Embryos or hearts were homogenized in Trizol (Invitrogen) using the TissueLyser LT
Adapter (Biocompare). To isolate the RNA the Direct-zol RNA MiniPrep kit (Zymo Research) was
used and for the cDNA synthesis the SuperScript III First Strand (Invitrogen).
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Quantitative RT-PCR (qPCR)

Three to five biological replicas (pools of embryos or hearts) with three technical replicas
each sample were used for the expression analysis of genes with qPCR (Table 6). The power SYBR
Green Master Mix (Applied Biosystems) was used together with the ABI PRISM 7900HT FAST
Real-Time PCR System. All measurements were normalized to the elfa or rspm level of expression
for the adult heart and for the embryos to the elfa or 18s (McCurley and Callard, 2008). Depending
on the experiment, Brown-Forsythe and Welch ANOVA tests or two-tailed unpaired t tests were

used for statistical analysis.

Table 6. qPCR primer sequences

18s Fwd TCGCTAGTTGGCATCGTTTATG
18s Rvs CGGAGGTTCGAAGACGATCA (McCurley and Callard,
elfa Fwd CAGCTGATCGTTGGAGTCAA 2008)
elfa Rvs TGTATGCGCTGACTTCCTTG
cavl Fwd TGGGATGGGGGAATGGAAAC
cavl Rvs AACCCTTCACTTCTGCTCACA
cav2 Fwd GCGTTTATTGCAGGGATTGT
this thesis
cav2 Rvs GGATCACTGGCATCACCAC
cav3 Fwd CAACGAAGATGTCGTGAAGG
cav3 Rvs GAGACGGTGAAGGTGGTGTAA
cavinlb Fwd TCCTGACCACACCATCTACG
cavinlb Rvs ATGATCTTCCACCAGCACCA
(Lim et al., 2017)
cavy Fwd CCTCTGATCAATGGACGTGA
cavy Rvs AAAACCAGACCCTGGAAACC
mdka Fwd ACCGTCTCTGTGACCAAACC
(Gonzalez Rajal, 2012)
mdka Rvs CTTTCCCCTTGCCTTTCTTT
mdkb Fwd CAGCATCATATTCACAGCAA
mdkb Rvs AGAGCTATAGAGAACAAACTCC
this thesis
ptn Fwd AAGATGCAAGACTCTCAGAA
ptn Rvs GTTTCGCTCCTTCTTCTTTC

Microscopy and confocal imaging
Whole mount images of hearts, embryos and fins were taken with a Leica stereoscope

(MZFLIII) connected to an Olympus camera DP71. The Olympus BX51 fluorescent microscope
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with a Nikon DP71 camera was used for images of ISH or AFOG staining. IF sections were imaged

by the Leica SP8 or the Zeiss LSM 700 confocal microscopes.

Whole mount confocal imaging

Endogenous fluorescent of whole mount hearts was done as descripted elsewhere (Miinch
et al., 2017). Briefly, hearts were fixed O/N at 2% PFA and after PBS washes the tissues were
immersed in 3% agarose. The samples then were incubated in CUBIC I solution (Susaki et al.,
2014)at 37°C for one week. Agarose blocks containing the hearts were mounted to imaging petri
dish and approximately 700um of the injured ventricle was scanned by a 10x objective in the Leica
SP8 confocal microscope (z-stack step size 3pum). For whole mount embryos imaging, the embryos
were let in fish water with tricaine 0,16% on ice and then they were immersed in 3% agarose
horizontally (transverse) or on their lateral side (sagittal). Fins were fixed with 2% PFA washed in

PBS and placed on an imaging petri dish for analysis.

Image analysis

To analyse the proliferation ratio of the cardiomyocyte, MEF?2 positive nuclei were counted
in an area 100pum around the injured site using Fiji. BrdU - MEF2 positive cells were also counted
and the % proliferation index was expressed as MEF2 / BrdU-MEF?2 ratio. For the proliferative
state of the epicardial-derived cells, all GFP-DAPI positive and BrdU- GFP-DAPI cells were
counted and presented as above. For TGF-b signalling activation, all psmad3 positive
cardiomyocyte (100um of the injury) or GFP positive cells (inside the injured area) were counted
and related to the total number of the CM or GFP positive cells. For quantification of the
regeneration process, the inured area (fibrotic tissue and collagen) was measured using Fiji and
expressed as percentage of the total ventricular area. In the analysis performed on sectioned tissue,
at least three sections per samples were used for the measurements. The 3D analysis of the WM-
heart imaging was carried out by Fiji and IMARIS programmes. The volume of the GFP signal
inside the injured area (RFP negative) was also measured and presented in relation to the volume
of the injury. Electron microscopy images of the plasma membrane of coronary endothelial cell
were taken at 50,000x magnification. Uncoated membrane invaginations of 40-90 nm size and
cytosolic vehicles were counted (Lim et al., 2017) and expressed as density per um® of the
perinuclear area. Two endothelial cells per three sections of the same heart. The Fiji program was

used to calculate the perinuclear area and for caveolae identification.
Statistical analysis

Sample sizes, statistical test and P values are specified in the figure legends and performed

by the Graph-Prism software.
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Midkine-a in heart regeneration

Expression of mdka in regenerating heart

We found mdka highly upregulated upon cardiac injury (Gonzalez Rajal, 2012), so we
started by analysing mdka expression in cryoinjured hearts by in situ hybridization (ISH) (Figure
4A-D’, Sup. Figure 1). In control and 12-hours post cryoinjury (hpci) hearts mdka was not
expressed (Sup. Figure 1A-B’). The onset of mdka expression was one-day post cryoinjury (dpci)
in the epicardium, and by 3dpci was widely expressed in the epicardium (Figure 4A-B”). At 7dpci,
the expression became restricted to the multi-layered epicardium that has covered the site of the
injury (Figure C-C") while in a later regeneration time point, 14dpci, mdka was detected again in
the epicardium (Figure 4D-D’). Interestingly, mdka was detectable up to 130dpci in the epicardium,
in the area between the cortical and trabecular myocardium, as well as in the compact layer
resembling expression in vasculature (Sup. Figure 1C-C"). We confirmed mdka upregulation upon
injury by quantitative PCR (qPCR) where the highest was at 3dpci, with a small decrease but still
high expression at 7dpci (Figure 4E). To investigate further the epicardial localization of mdka, we
performed fluorescence ISH (FISH) in heart sections from the Tg(wtlb:GFP) line that expresses
GFP in wtIb" epicardial cells (Gonzéalez-Rosa et al., 2012) followed by immunostaining for GFP
and Aldhla2, an enzyme involved in synthesis of RA expressed in epicardial and endocardial cells
upon injury (Kikuchi et al., 2011b) (Figure 4F-G"""). Mdka had overlapping expression with GFP
(arrowheads) and in a broader extent with Aldhla2 (arrows). Overall, mdka was highly upregulated
upon injury and detected mainly in the activated epicardium, that by 7dpci, consists of a
heterogenous cell population including macrophages and fibroblasts (Gonzalez-Rosa et al 2012, K.

Kikuchi et al 2011, Kazu Kikuchi et al 2011, Sanchez-Iranzo et al 2018, Sanz-Morejon et al 2019).

Generation of mdka knock-out zebrafish

Mdka is not expressed in the heart neither during development nor in intact adult hearts,
and morpholino experiments do not cause a heart phenotype (Winkler et al., 2003). Additionally,
mdka is activated after injury of different organs including retina, neural tube, fin (Gonzalez Rajal,
2012; Gramage et al., 2015; King and Yin, 2016; Rabinowitz et al., 2017) and heart. We reasoned
that loss of mdka may have a significant effect in heart regeneration, since it is not expressed in
control adult hearts, but is highly upregulated after injury. Thus, we generated mdka knock-out
(KO) zebrafish by CRISPR/Cas9 technology (Figure 5). The mdka locus is composed of five exons,
and we chose to target the fourth exon, that corresponds to the N-terminal of the protein (Figure
5A). Gene editing efficiency was high and resulted in equal number of deletions or insertions
(Figure 5A). The majority of the predicted Mdka mutants had a premature stop codon, due to frame
shift of the open reading frame (ORF) (Figure 5B). To select the appropriate allele, we tested

embryos from
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Figure 4. mdka expression upon injury
(A-D’) ISH of mdka in cryoinjured hearts 1dpci (A-A"), 3dpci (B-B"), 7dpci (C-C") and 14dpci (D-

D’). Scale bars 100um. (E) qPCR analysis of mdka in regenerating hearts. Mean+S.D., Brown-
Forsythe and Welch ANOVA tests, ** P<0.01, *** P<(.001. (F-F""") FISH for mdka followed by
immunolabelling of 7dpci Tg(wtlb:GFP) hearts for GFP and Aldhla2. Arrowheads indicate mdka-

GFP overlap and arrows mdka-Aldhla2 overlap. Scale bar F 100pum, F'-F""" 10pm.

founder fish carrying different genetic mutation by whole-mount in situ hybridization (WM-ISH)

and we found that all examined embryos had a significant drop in mdka expression (Figure 5C). To

continue and narrow down the candidates, we performed western blot (WB) analysis to examine
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the protein expression (Figure 5D). Embryos harbouring homozygous genetic mutations lost
completely Mdka, in contrast to the heterozygous (HET) and wild-type (WT) zebrafish. Next, we
investigated if in the absence of mdka, midkine-b (mdkb) and pleiotrophin (ptn) were deregulated.
We tested this possibility by gPCR and WM-ISH (Figure 6). Mdkb did not change as detected by
qPCR and WM-ISH, that revealed strong mdkb expression. In contrast, ptn although by gPCR was
not detected any significant difference, by WM-ISH we observed a clear expression reduction in
the forebrain of all tested mutants (Figure 6B, arrowheads). Nevertheless, all embryos carrying
different mutant alleles presented no phenotype and were fertile. Overall, all examined genetic
mutations resulted in mdka knockout, since lost Mdka protein expression, and additionally they had
the same effect on mdkb and ptn. Hence, we selected G33/5X53, hereafter mdka™, for further
studies. First, we wanted to confirm that Mdka was lost also in adult heart, therefore, control or
cryoinjured hearts from WT, homozygous and heterozygous animals were analysed by WB (Figure
7A). Mdka was not detectable in control hearts from all three genotypes, whereas it was expressed
in 7dpci WT and heterozygous hearts. In contrast, Mdka was absent in hearts from homozygous
mutant animals. Immunofluorescences staining also confirmed that Mdka was lost (Figure 7B-C).
Furthermore, we examined mdka™ injured hearts for mdkb and ptn expression (Figure 7D-G). In
WT hearts, neither mdkb nor ptn were expressed upon injury, similarly to mdka” hearts. Thus, the

genes related to mdka were not upregulated in response to mdka deletion in adult hearts after injury.
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Figure 5. Generation of the mdka-KO zebrafish

(A) Drawing of mdka locus and DNA mutations introduced by CRISPR/Cas9. Red line = target
site. Red letters indicate insertions. (B) Mdka domain organization and predicted mutations in the
protein. Red letters denote novel amino acids (a.a.), red hyphen deletions. § = beta-strands and in
green the conserved hinge domain connecting N-, and C-terminus halves. (C) WM-ISH of two-
days post fertilization (dpf) embryos carrying different mutation. Scale bar 200pum. (D) WB analysis
for Mdka in WT, heterozygous and homozygous embryos. Tub = Tubulin, kDa = kilodalton.
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Figure 6. Analysis of mdkb and ptn in mdka mutant embryos
(A) mdkb or (B) ptn WM-ISH in 2dpf mdka mutant embryos. Scale bars, A 50um and B 200pm.
(C) gPCR of mdka, mdkb and ptn from selected mdka mutant embryos. t-test, ** P<0.01,

Mean=S.D.
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Figure 7. Expression analysis in mdka™ adults heart

(A) Mdka WB analysis in WT and mdka™, control or 7dpci hearts. Tubulin (Tub) served as loading
control. (B-C) Immunofluorescent staining of Mdka in 7dpci WT or mdka™ hearts. (D-G) ISH of
mdkb (D-E) and ptn (F-G) in 7dpci WT or mdka™ hearts. Scale bars 100pum.
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mdka-KO hearts fail to regenerate

We next examined if mdka inactivation affects heart regeneration. Therefore, we
cryoinjured hearts from WT, KO and HET animals and allowed them to regenerate for 90-days.
The hearts were harvested and processed for Acid Fuchsin Orange-G (AFOG) staining that labels
collagen, fibrin and healthy tissue (Figure 8). The analysis revealed that mdka-KO hearts had a
significant larger injury than the WT and HET siblings (Figure 8D). Additionally, the injured area

was characterized by increased collagen deposition in contrast to WT and HET (Figure 8E). These

observations indicate that mdka deletion impairs heart regeneration.

D 10-
= &
E & <
(] Q
2 %
> 44 =
3, 8
c
-— 2_ °\o
0 0—— T I
« '\' x\' « '\o x\o
2
Q NG §° Q@ 3 4@

& & ¢
Figure 8. Loss of Mdka leads to arrest of heart regeneration
(A-C) AFOG staining of 90dpci WT, mdka” and mdka*". Collagen in blue, fibrin in red, healthy
myocardium in brown. Scale bar 250um. (D) Quantification of the injury size as percentage of the
damaged tissue (collagen and fibrin) to the ventricular area. nwr = 14, nko= 15, nuer= 14. Ordinary
one-way anova. (E) Percentage of the collagen in the injury. nwr = nko= nger= 15. Ordinary one-

way anova.
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Cell proliferation analysis in mdka™ regenerating hearts

To analyse further the defect in heart regeneration of mdka” animals, we examined the
proliferation status of the different cell types involved. We started with the epicardial cell 7dpci, in
which mdka had a strong expression. For that, we used the Tg(wt1b:GFP) line and quantified the
proliferation rate of the epicardial cells labelled by GFP and Aldhla2 (Figure 9A-C). Interestingly,
the analysis showed that the proliferation of the epicardial cells was not affected by the loss of mdka
(Figure 9C). Next, we focused on the proliferation rate of cardiomyocytes (CM) adjacent to the
injury (Figure 9D-F). We labelled 7dpci hearts for BrdU and MEF2 and quantified the BrdU" CM
in relation to their total number. However, CM proliferation in the KO hearts was similar to the WT

(Figure 9F). Overall, loss of Mdka did not affect neither CM nor epicardial cells proliferation.
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Figure 9. Epicardial cell and CM proliferation in mdka” hearts

(A-B) Immunostaining of 7dpci WT (A) or mdka” (B) Tg(wtlb:GFP) hearts for BrdU, GFP and
Aldhla2. Scale bar 100um. (C) Quantification of the BrdU" epicardial cells. t-test, nwr = 10, nko=
11. (D-E) Staining of BrdU and MEF2 in 7dpci WT and mdka™ hearts. Scale bar 100um. (F)

Percentage of the BrdU'/MEF2" cardiomyocytes. t-test, nwr = 6, nko= 7.
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Analysis of mdka epigenetic regulation

The epigenetic landscape of mdka locus in development and heart regeneration

Mdka is a small cytokine that has a strong expression during development (Winkler et al., 2003)
and as we showed here, during heart regeneration. In embryos, mdka is expressed in neural tube
and in the brain, whereas in the adult heart is expressed only after injury, mainly in epicardial cell
marked by Wtlb and/or Aldhla2. To investigate such a dissimilar expression, we focused on the
epigenetic regulation of mdka, since cis-regulatory elements have been shown to regulate cell-
specific spatio-temporal expression (Bogdanovi¢ et al., 2012; Kang et al., 2016). Additionally, such
an analysis may identify the minimum genomic region that can recapitulate mdka endogenous
expression and can be used as a driver for transgenic lines. To address the transcriptional
orchestration of regulatory elements, we took advantage of available sequencing data from
chromatin immunoprecipitation (ChIP) from different zebrafish developmental stages and from
regenerating hearts 14-days post CM genetic ablation, as well as of sequencing data from assay for
transposase-accessible chromatin (ATAC) from embryonic endothelial cells (flila™ or flila)
(Bogdanovi¢ et al., 2012; Goldman et al., 2017; Quillien et al., 2017). We annotated these data to
the UCSC genome browser so that we could have a comprehensive view of the epigenetic marks
per locus (Figure 10). The H3K4me3 methylation marks (green) denote the transcriptional active
promoter, the H3K4mel (blue) regions with enhancer activity and the H3K27ac acetylation marks
(magenta) the transcriptional initiation (Figure 10A) (Dorighi et al., 2017; Wang et al., 2001; Zhang
et al., 2013). ChIP-seq data reveal that mdka promoter (mdka) is flanking the first exon, and in the
first long intron, H3K4mel and H3K27ac enriched regions uncover three active enhancers,
enhancerl, enhancer2 and enhancer3 (enhal, enha2 and enha3) refer to them as enh. Additionally,
5" of the gene there are two more enhancers, enhancer4 (enha4) and enhancer5 (enha5), that are
located 3 kilobases (kb) and 700 base pair (bp) upstream of the promoter, respectively. ATAC-seq
data from GFP" and GFP" cells from 24hpf Tg(flila: GFP) embryos match the ChIP-seq data, since
the detected open chromatin regions correspond to developmental methylation or acetylation marks
in the promoter and the enhancers. The intensity of the peaks differs between the GFP* and GFP
cells, for which, the GFP™ peaks score higher than the GFP", suggesting that mdka epigenetically is
induced in not endothelial cells during development. In the regenerating hearts, we were able to
map only the genomic coordinates of acetylation marks. In control hearts and 14dpi, the
epigenetically active regions are similar to the developmental ones. Interestingly, a region 3 of the
enh seems to be marked only during regeneration with a moderate activation during development.
That region appears to be a regeneration-related enhancer named Reg. Similar epigenetic
modifications were also observed 48hpf (Sup. Figure 2). We cloned the above regulatory regions
into the ZED plasmid (Bessa et al., 2009) that contains the gata? promoter upstream of GFP and

expresses RFP under the Xenopus Cardiac Actin promoter (X.Card.Actin) in all muscles for
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transgenesis control, or into plasmids containing different combinations of mdka regulatory
elements using the endogenous mdka promoter (Figure 10B). The plasmids were injected into one-
cells stage zebrafish embryos and the resulting transgenic animals were selected based on their GFP
and RFP expression (Figure 10C). Overall, different combinations of mdka regulatory elements
were tested, but we focused on the following transgenic animals: Tg(FRT-Xla.Actcl:DsRed-GAB-
FRT,LOXP-mdka-LOXP-gata2a:EGFP-5HS4) referred to as Tg(mdka:GFP), Tg(FRT-
Xla.Actcl:DsRed-GAB-FRT,LOXP- +2mdka -LOXP-gata2a:EGFP-5HS4) referred to as
Tg(enh:GFP), Tg(FRT-Xla.Actcl:DsRed-GAB-FRT,LOXP- -4.8mdka -LOXP-gata2a:EGFP-
5HS4) referred to as Tg(enha4:GFP), Tg(FRT-Xla.Actcl:DsRed-GAB-FRT,LOXP- +5.8mdka -
LOXP-gata2a:EGFP-5HS4) referred to as Tg(Reg:GFP), Te(+2mdka-mdka:eGFP) referred to as
Tg(enh-mdka:GFP), and Tg(-2.5mdka-mdka:eGFP) referred to as Tg(enha5:GFP). Embryos with
fluorescence expression were raised to adulthood, outcrossed to WT and the progeny embryos were

studied.
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Figure 10. mdka locus and epigenetic marks in development and heart regeneration

(A) Snapshot of the UCSC genome browser with tracks showing methylation (H3K4me3/1) and
acetylation (H3K27ac) marks from 24hpf embryos (peaks) and from control or 14dpi hearts (black
boxes); and peaks of ATAC-seq revealing the accessible genomic regions in GFP" and GFP" cells
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from 24hpf Tg(flila:GFP) embryos. mdka in red. The orange line in the GFP" track is the outline
of the GFP" peaks to illustrate the difference in intensity. All cloned regions in coloured boxes and
the corresponding genomic regions in the associated outlines. (B) Organization of all injected
plasmids with their names. X.Card.Actin = Xenopus cardiac actin promoter. ins = insulator. (C)

Pipeline of the selection procedure.

Analysis of Tg(mdka:GFP) and Tg(enh:GFP) transgenic lines

We started the analysis with the promoter of mdka that in embryos induced the expression
of GFP in a specific pattern (Figure 11). GFP was detected in the neural tube of the developing
larvae and to some extent in the brain (Figure 11A, B). We traced the GFP expression in the trunk
of the embryo from the lateral side to the anteroposterior axis (Figure 11C). GFP was detected in
the lateral line of the embryo (Figure 11D, arrowheads), a mechanosensor system comprising
neuromasts (hair cells, supporting and mantle cells) that detects motion of the environment in fish
[reviewed in (Dambly-Chaudiére et al., 2003)], and in neuromasts of the lateral line (Figure 11D,
asterisk). Towards the anteroposterior axis, we detected GFP in motor neurons bodies, and axons
expanding ventrally (Figure 11E, F brackets and arrowheads, respectively) (Zelenchuk and Brusés,
2011). A pattern that we have not observed by mdka WM-ISH. Finally, strong GFP expression was
also detected in the neural tube (Figure 11G-1, parentheses). We then focused on the adults, and
examined the expression after fin amputation and heart cryoinjury (Figure 12). Three-days post
amputation (dpa), mdka is expressed in the blastema - a tissue formed after injury containing
undifferentiated cells that is highly proliferative (Nechiporuk and Keating, 2002) - of the
regenerating fin (Gonzalez Rajal, 2012). However, GFP was not induced in the regenerating fin,
similarly to the WT negative control and in contrast to the Tg(flila:GFP) positive control (Figure
12A-C). Likewise, the Tg(mdka:GFP) 7dpci hearts did not expressed GFP as the Tg(wtib:GFP)
hearts (Figure 12D-G). Given that our initial interest was in heart regeneration and since the
Te(mdka:GFP) line did not expressed GFP upon injury, we examined our next transgenic line. For
the Tg(enh:GFP) line we used the intronic enhancers of mdka that were marked in the epigenetic
assays. The GFP expression in embryos was strong and similar to the Tg(mdka:GFP) in the neural
tube (Figure 13A, B brackets). However, Tg(enh:GFP) expressed GFP in the brain that
recapitulated the endogenous mdka expression when compared to WM-ISH (Figure 13C, D).
Additionally, mdka was expressed also in the pectoral fins, but GFP was weak in transgenic
embryos (Figure 13C, D arrowheads). Notably, we did not detect GFP expression in the lateral line
or in the neural axons. We further tested the Tg(enh:GFP) animals upon injury. However, GFP was
not detected neither in amputated fins (Figure 13E, F), nor in regenerating hearts (Figure 13G-H).
Overall, we found that mdka promoter or enh in combination with the gata2 promoter, were able to
drive GFP expression in embryos in a similar pattern to mdka endogenous expression. In contrast,

injured fins or hearts were characterized by the lack of GFP signal.
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Figure 11. Tg(mdka:GFP) expression in embryos

(A, B) Tg(mdka:GFP) 2dpf embryo expressing GFP under the promoter of mdka and RFP under
the Xenopus cardiac actin promoter. (C) Dorsal view illustration of a zebrafish embryo indicating
the relative position of the D-I images (D-I) Consecutive images of the embryo’s trunk from the
lateral side towards the neural tube (dashed boxes in B). (D-F) Arrowheads donate GFP expression
in the lateral line, asterisk in the neuromasts and brackets indicate the neural axons. (G-I)
Parentheses indicate the GFP expression in the neural tube and arrows in the bodies of motor

neurons. Scale bars, 500um in A, B and 100pm in D-1.
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Tg(flila:GFP) Tg(mdka:GFP)

D W Tg(wt1b:GFP)|S Tg(wt1b:GFP) Tg(mdka:GFP)

Figure 12. Tg(mdka:GFP) in adult tissues upon injury

(A-C) Amputated fins from WT (A), Tg(flila:GFP) (B) and Tg(mdka:GFP) (C) examined under a
fluorescence microscope. Dashed line = amputation plane. (D-G) 7dpci Tg(wtlb.GFP) and
Tg(mdka:GFP) hearts examined for GFP expression. Injured site = dashed area. V = ventricle, ba
= bulbous arteriosus. Scale bars, 100um in A-C, 200um in D-G.
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Figure 13. Tg(enh:GFP) expression in embryos and adults

Tg(enh:GFP)

g
s
P

(A, B) Tg(enh:GFP) embryos 2dpf expressing GFP in the neural tube (brackets) and in the brain.
(C, D) Dorsal view of mdka WM-ISH (C) and Tg(enh:GFP) (D) 2dpf embryos. Arrowheads donate
pectoral fins. (E, F) 5dpa caudal fin in WT (E) and Tg(enh:GFP) (F). Dashed line = amputation
plane. (G-H) 7dpci Tg(wt1b:GFP) or Tg(enh: GFP) hearts. Injury = marked area. Scale bars, 500um
in A, B, 100pm in C-F, 200um in G-H.
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The Tg(enh-mdka:GFP) reporter line

Given that Tg(mdka:GFP) showed GFP expression in the neural tube similar to
Tg(enh:GFP), but Tg(enh:GFP) had also stronger GFP expression in the brain and comparable to
mdka WM-ISH, we decided to combine the endogenous promoter of mdka with the intronic
enhancers into the Tg(enh-mdka: GFP) line. In embryos, GFP was detected as early as 15hpf (Sup.
Figure 3) and later it was expressed in the neural tube and in the brain, equal to the endogenous
expression of mdka with the exception of the pectoral fins (Figure 14A-D) (Video 1). To confirm
that GFP expression recapitulated the endogenous mdka expression, we performed fluorescence
ISH for mdka followed by immunolabelling for GFP (Figure 15). In the brain, mdka and GFP had
an overlapping pattern in the outer layer of the hindbrain, as they did in the neural tube (Figure
15A-B"""). However, the GFP domain was broader, likely due to the proliferation of GFP-
expressing cells. Therefore, we examined also 6dpf embryos, where mdka and GFP were co-
localizing in the neural tube (Figure 15C-C""). The GFP" cells anatomically resembled glia cells
(Kim et al., 2008b). To gain a neural-specific reference, we performed immunofluorescence in 6dpf
embryos for GFP and zns5 that marks the plasma membrane of the cranial ganglia (Trevarrow,
2008). We found GFP expressing cells surrounding inferior otic neuromasts of the anterior lateral
line labelled by zns5 (Figure 15D-E’, Video 2) (Raible and Kruse, 2000). This observation suggests
that these cells are mantle or supporting cells, but further analysis is required to clarify this question
(Pistocchi et al., 2009). Overall, Tg(enh-mdka:GFP) expressed GFP in a neural-specific manner
during development, recapitulating the endogenous mdka expression.

We continued the analysis by examining the 7g(enh-mdka:GFP) line upon injury (Figure
16). We started with fin amputation, and found that at 3dpa, GFP was detected in the blastema
(Figure 16A, C). When compared to mdka ISH in regenerating fin, GFP resembled mdka
endogenous expression (Figure 16B’, C). Additionally, GFP was expressed only after amputation
(Sup. Figure 4). Furthermore, we examined GFP expression in control and cryoinjured Tg(enh-
mdka:GFP) hearts (Figure 16D-G). Cryoinjured hearts expressed GFP in the site of the injury,
mimicking the restricted mdka expression in epicardial cells 7dpci. Moreover, we did not detect
GFP in control hearts, indicating that GFP expression was induced by the injury. We additionally
examined 14dpci hearts by immunofluorescence in which GFP was detected in the epicardial cells
surrounding the injured area (Figure 16H-I). Since, the Tg(enh-mdka:GFP) was inducing GFP
expression similar to mdka endogenous expression in development and after injury, we wondered
if that was the case for other adult tissues that express mdka. Therefore, we examined GFP
expression in the brain and found a well-defined GFP signal in the surface of the telencephalon
(Tel), habenula (Ha), commissura tectil (Ctec), tectum opticum (TeO), corpus cerebelli (CCe),
crista cerebellaris (CC) and medulla oblongata (MO) (Figure 17A, B) (Wullimann et al., 1996).
Additionally, strong signal was detected in the inferior lobus of the hypothalamus (Figure 17C, C").

Hence, we found that GFP expression recapitulated the endogenous mdka gene expression pattern
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(Winkler et al., 2003). We further analysed the expression by immunolabelling of Mdka and GFP
in brain sections, and we found that the GFP and Mdka overlapped in the outer layer of different
brain areas including the olfactory bulb (OB) and the inferior lobe of the hippopotamus (IL) (Figure
17D-D"", brackets). Interestingly, Mdka and GFP were co-localized in what appeared to be the
vasculature, however further analysis will clarify this finding (Figure 17D’-D""’", arrows).
Moreover, GFP was detected in the horizontal cells of the outer nuclear layer (ON) in adult retina
(Figure 17E-E"), an expression pattern that remains stable through ageing, since mdka had the same
expression in 3dpf retina (Figure 17F-F") and it is in agreement with published expression data
(Gramage et al., 2015). Taken together, our data show that the mdka promoter in combination with
the enh region are able to recapitulate mdka endogenous expression in developing embryos, in adult

tissues and in the heart and the fin after injury.

D mdka

Tg(enh-mdka:GFP)

Tg(enh-mdka:GFP) XeIoi

Figure 14. Tg(enh-mdka:GFP) expression in embryos

(A) Lateral view of 2dpf Tg(enh-mdka:GFP) embryo. (B) WM-ISH for mdka in 2dpf embryo. (A",
B’) Higher magnifications of the dashed areas in A and B. Dorsal view of Tg(enh-mdka:GFP) (C)
and mdka WM-ISH (D) 2dpf embryos. Scale bars, 200 pm in A, B,C and D, 50 pm in A" and B".
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A

Tg(enh-mdka:GFP) GFP
A 3z Em————

Figure 15. Expression analysis of 7g(enh-mdka:GFP) embryos by FISH/IF

(A-C"") Fluorescence ISH for mdka coupled by GFP immunostaining. (A) Lateral view of 2dpf
Tg(enh-mdka:GFP) embryo. (A’-A""") Higher magnification of the marked area of the hindbrain
in A. (B) Transverse section of 2dpf Tg(enh-mdka: GFP) trunk, showing the neural tube. (B"-B""")
Magnification of the dashed area in B. (C-C"") Image of the neural tube of 6dpf Tg(enh-mdka:GFP).
(D-E”) Whole-mount immunolabelling of GFP and zns5 in 6dpf Tg(enh-mdka: GFP) embryos. (D)
Magnification of the marked area in D. (E-E") Higher power of the marked area in D". Scale bars,

100pum in A, D, 50um in B and D", 25pum in C-C”’, 10um in A"-A""", B"-B""", E and E’
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Tg(enh-mdka:GFF) mdka
C 48
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Tg(enh-mdka:GFP) GFP

Figure 16. Analysis of adult
Tg(enh-mdka:GFP) upon
injury

Brightfield (A) and fluorescent
(B) images of 3dpa caudal fin.
(B") Higher magnification of the
selected area in B. (C) ISH of
mdka on 3dpa fin section.
Dashed lines indicate the
amputation plane. (D, E) Whole
mount images of control (not
injured) Tg(enh-mdka:GFP)
heart, brightfield (D) and
fluorescent (E). (F, G) Whole
mount images of 7dpci Tg(enh-
mdka:GFP) heart, brightfield (F)
and fluorescent (G). Dashed area
= injury. (H) GFP staining in
Tg(enh-mdka:GFP) 14dpci
heart. (I) Magnification of the
marked area in H. Scale bar,
200pm in D-G, 100um in the

rest.
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Tg(enh-mdka:GFP)

Tg(enh-mdka:GFP ) GFP

________

Tg(enh-mdka:
E

Adults retina

Figure 17. Examination of the GFP expression in Tg(enh-mdka:GFP) adult neural tissues
(A, B) Dorsal view of brain brightfield or fluorescent. Tel = telencephalon, Ha = habenula, Ctec =

commissura tectil, TeO = tectum opticum, CCe = corpus cerebelli, CC = crista cerebellaris, MO =
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medulla oblongata, (IL) = inferior lobe of the hippopotamus. (C) Ventral view of Tg(enh-
mdka:GFP) brain. Marked area indicates the lobus inferior (IL) of hypothalamus. (C")
Magnification of the selected area in C. (D) Immunostaining of Mdka and GFP in section of adult
brain. OB = olfactory bulb (OB). (D") Magnification of the dashed area in D. brackets indicate the
GFP-Mdka overlapping in the outer layer of the brain, and arrows in internal structures (E)
Brightfield view of Tg(enh-mdka:GFP) adult retina. (E”) Magnification of the GFP expression in
E. (F) Immunostaining of 3dpf retina section for Mdka. (F") Magnification of the marked area in E.
Scale bars, 500pm in A-C, 200pum in C*, 100um in D, 50pum in F, D’-D""" and 10pm in F".

Tg(Reg:GFP) analysis

Next, we analysed the transgenic fish carrying the Reg genomic region. One-day post
fertilization, GFP was expressed in cells of the outer layer of the brain (Figure 18A, B, Video 3).
This distinct expression became clearer in 36hpf embryos analysed by confocal microscopy and 3D
volume rendering, that revealed GFP expression also in the midline of the head (Figure 18C, arrow
in D, video 4, 5). The GFP" cells covering the roof of the hindbrain ventricle resembled epithelial
cell of the choroid plexus (CP) (Van Leeuwen et al., 2018) that are important for the formation of
the blood-cerebrospinal fluid (CSF) barrier (Obermeier et al., 2013). GFP was also detected in the
spinal tube and in the axons of motor neurons (Figure 18E, brackets and arrowheads). The
expression in the neural axons is similar to the Tg(mdka:GFP) and Tg(enh:GFP) expression, and
in contrast to mdka endogenous expression. Nevertheless, to gain a clear view of the GFP
longitudinal expression, we crossed the Tg(Reg:GFP) to the Tg(flila:DsRedex) line that expresses
DsRed in the vasculature and analysed whole-mount Tg(Reg:GFP)/Tg(flila:DsRedex) embryos
under a confocal microscope (Figure 19A). 3D volume rendering showed clearly that GFP was
expressed in the spinal tube and in neuron’s bodies and axons expanding dorsally 2dpf (Figure 19A-
C, brackets, arrowheads and arrows, respectively, Video6, 7). Similarly, at 6dpf (Figure 19D-F) the
GFP signal in the lateral line was strong, as it was in the neural tube (Figure 19D brackets, E yellow
arrowheads, F, Video 8, 9). To confirm GFP expression in the neural axons, we immunolabeled
GFP together with zns5 on whole-mound Tg(Reg:GFP) embryos (Figure 20). We found GFP
associated to the zns5" axons of motor neurons derived from the spinal tube and not with their
bodies (Figure 20A-B"""). Additionally, GFP was detected covering the branches of the otic and
supraorbital cranial neuromasts (Figure 20C-G, Video 10) (Raible and Kruse, 2000) but not the
ganglia, as we showed in the Tg(enh-mdka:GFP) line. We had the same results when we tested
other neural-specific antibodies (zn3, zn12, Sup. Figure 5), reinforcing the idea that the GFP" cells
are glia supporting cells. To address if the Reg genomic region was a regeneration-related enhancer,
we examined GFP expression in adult tissues after injury. Three-days post amputation, the
regenerating fin expressed weak GFP in the blastema and with less intensity than the Tg(enh-

mdka:GFP) fins (Figure 21A, arrows). Control hearts however, had no GFP expression, conversely
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to 7dpci where GFP was detected in the ventricle, presumable in CM, but not in the site of the injury
(Figure 21A, C’). Suggesting that GFP expression is activated upon injury but in different cells than
mdka endogenous expression. Overall, Reg drove the expression of GFP in the developing spinal
tube similar to mdka, and in the brain, in a restricted expression pattern. However, GFP was detected
in the axons of the motor neurons where mdka is not detectable by WM-ISH. Upon fin or heart
injury, GFP was detected although either the signal intensity was trivial or in areas not associated

to the endogenous mdka expression.

Tg(Reg:GFP )
A A

Figure 18. Tg(Reg:GFP) expression in embryos

(A, B) 3D volume rendering merge to brightfield and 3D reconstruction of 24hpf Tg(Reg:GFP)
embryo. (C, D) Confocal image merge to brightfield and 3D volume rendering of 36hpf embryo
brain. Dashed lines indicate the eye, arrows the midline. (E) Merge of fluorescence and brightfield
images of the trunk showing GFP expression in the neural tube (brackets) and in the neural axons
(arrowheads). DsRed expression is also visible from the X. Card. Actin:DsRed vector. A = anterior,

P = posterior, D = dorsal, V = ventral. Scales, 50um in A, B; 70um in C, D, 20um in E.
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Tg(Reg:GFP)

Figure 19. 3D analysis of 7g(Reg:GFP) embryos

(A) Lateral view of the trunk showing GFP expression in the spinal tube (brackets) and in the axons
bodies (arrowheads) and axons (arrows) and DsRed expression in the vasculature of a 2dpf
Tg(Reg:GFP)/Tg(flila:DsRedex) embryo. (B, C) 3D volume rendering of the panel A in transvers
and lateral view. Brackets indicate the spinal tube, arrowheads the bodies and arrows the axons. (D)
Merge of confocal fluorescence and brightfield images of the trunk of 7g(Reg:GFP) embryo 6dpf,
brackets indicate the neural tube and the arrow the neural axon. (E, F) 3D volume rendering of the
panel D showing the lateral line (yellow arrowheads) and the neural axons (arrows) as well as the
spinal tube (F). DsRed muscle cells are visible because of the X. Card.Actin:DsRed cassette. Scale
bars, A 20 ym, D 30 um, F 10 pm.
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Tg(Reg:GFP) GFP

Figure 20. Immunofluorescence analysis of 7g(Reg:GFP) embryos

(A-G) Whole-mount immunostaining of GFP and zns5 of 2dpf embryos illustrating the association
of GFP with zns5" neural axons. (A’-A""", B’-B""") Higher magnification of the boxed areas in A
and B. (C-G) Images showing the cranial neuromasts in red and the GFP expression. (D, E, F)
Magnifications of the selected areas in C. (G) 3D volume rendering of the panel E. Scale bars, SOum
in A, Band C, 25um in A"-A""’, 10um in D-D"’, E, E’, F-F"".

86



Results - mdka epigenetic regulation

Tg(RegftH, )

control

Figure 21. Tg(Reg:GFP) after injury

(A) 3dpa fin showing minimal GFP expression (arrows). Whole-mount images of control (B-B")
and 7dpci (C-C’) hearts. Dashed lines donate amputation plane in A and injured area in C, C’. Scale
bars, 100um in A and 200pm in the rest.
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Enhancer-4 and enhancer-5 in development and regeneration

To complete the analysis of mdka epigenetic landscape we analysed also the
Tg(enha4:GFP) and Tg(enha5:GFP) transgenic animals. Two-days post fertilization,
Tg(enha4:GFP) embryos expressed GFP in the brain, eye and in the neural axons and interestingly,
also in the heart (Figure 22A arrow, B arrowheads). To analyse this cardiac expression, we crossed
Tg(enha4:GFP) to Tg(flila:DsRedex) or to Te(myl7:-mRFP) that expresses PRF targeted to the
membranes of CM. We found GFP overlapping with some endothelial DsRed" cells in the
embryonic heart but also in surrounding cells that were CM (Figure 22C-C"’, Figure 22D-D""). This
observation suggested that 2dpf enha4 was driving the GFP expression in specific endocardial cells
and in CM. However, 6dpf the GFP expression was restricted in the forming valves without
overlapping with CM (Figure 22E-H"). In adults, GFP was detected only in cryoinjured hearts, and
further analysis will reveal in which cell type is expressed (Figure 221-J"). However, in fins 3dpa,
GFP co-localized with endothelial DsRed (Figure 22K-L"").

The Tg(enha5:GFP) embryos had strong GFP signal in the eye, the pectoral fin and in the
heart (Figure 23A, A’). To examine in which cardiac cell type GFP was expressed, we crossed the
line to Tg(flila:DsRedex) or Tg(myl7:mRFP). We detected GFP in the CM of the embryonic heart
3dpf surrounded by the membrane RFP (Figure 23B, B"). The CM specific expression of GFP was
also confirmed by the Tg(enha5:GFP)/Tg(flila:DsRedex) double transgenic, where the DsRed"
endocardium was adjacent to the GFP™ CM (Figure 23C-C"). Likewise, adult control hearts were
expressing GFP in CM of the ventricle and the atrium, similarly to the situation in embryos (Figure
23D-D"). In conclusion, enha4 and enha5 partially drive GFP in tissues that mdka is expressed such
as the brain and the pectoral fin. Interestingly, GFP expression was detected in CM and in the
endocardium, two cell types in which mdka is not expressed during development. Additionally,
enha4 has a dynamic expression pattern during cardiogenesis, since GFP was transiently expressed

in CM and endocardium at 2dpf, and switched to the valves by 6dpf.
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Figure 22. Tg(enha4:GFP) analysis

(A) 2dpf embryos presented GFP in the heart (arrow). (B) Image of the trunk of
Tg(enha4:GFP)/Tg(flila:DsRedex) embryo. Fluorescence images of Tg(enha4.GFP)
/Tg(flila:DsRedex) heart 2dpf (C-C”") and 6dpf (E-F"). Fluorescent image of
Tg(enha4:GFP)/Tg(myl7:mRFP) heart 2dpf (D-D"") and 6dpf (G-H"). Control (I-I") and 7dpci (J-
J) Tg(enha4:GFP) adult hearts, dashed areas = injury. (K-L"") 3dpa Tg(enha4:GFP)/
Te(flila:DsRedex) fin, dashed line = amputation plane. (L-L"") Higher magnification of the selected
are in K. V = ventricle, A = atrium. Scale bars, 50um in B, D-D"’, E, G and L-L"", 10um in C-C"’,
F-F”', H-H"", 200um I-J".
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Tg(enha5-mdka:GFP)

Figure 23. Tg(enha5:GFP) analysis

(A) Lateral view of 5dpf Tg(enha5:GFP) embryo. (A") Magnification of the dashed area in A,
arrow indicates the heart. (B-B") Image of a 3dpf Tg(enha4.GFP)/Tg(myl7:mRFP) heart. (C-C"")
Image of a 3dpf Tg(enha4:GFP)/Tg(flila:DsRedex) heart. (D-D) Whole-mount images of
Tg(enha4:GFP) hearts. V = ventricle, A = atrium. Scale bars, 50 in B, C, 10 in B", C", 200um in
D, D’.
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Transcription factors analysis on mdka cis-regulatory elements

The in vivo evaluation of the mdka cis-regulatory elements revealed the minimum
regulatory genomic regions that drive the expression in development, adults and after injury, the
mdka-enh sequences. Additionally, we detected enhancers, enha4 and enha5, that induced GFP
expression where mdka is not expressed, including CM and valves mesenchyme. Therefore, we
have investigated the transcription factors (TF) that bind to each regulatory regions and may explain
the GFP expression pattern that we detected (Table7) (Grant et al., 2011; Khan et al., 2018). We
found TF predicted to bind to more than one region such as Isl12, Mef2D and Rxra, that are expressed
in the central nervous system (CNS) during development (Hammond and Udvadia, 2010; Moreno
et al., 2018; Tallafuss et al., 2006), as well as unique TF, including Hifla, Nr2e3 and Nfact2. The
analysis also predicted Nfatc2, Nkx2-5 and Mef2A in Tg(enha4.GFP) and Tg(enha5:GFP),
explaining the CM expression we detected, also in the case of Tg(Reg: GFP), although it was only
detected in adult animals (Hammond and Udvadia, 2010; Zhang et al., 2018). Because we found
strong expression of Tg(enha4:GFP) in endothelial cells after fin amputation, we analysed enha4
for endothelial TF. The analysis predicted that Fl1a, Gata2 and Erg [reviewed in (Park et al., 2013)]

have binding sites in enha4, clarifying the endothelial expression we detected.

Table 7. TF binding sites in mdka cis-regulatory elements

Crebl 1,47E-05 Fos::Jun 6,51E-05

Foxdl 2,18E-05 Spil 6,51E-05

Hifla 3,82E-05 Socl9 2,42E-05

Is12 1,79E-05 Max 3,01E-06

enh-mdka Max 8,37E-05 enhad Nkx2-5 9,66E-05
Mef2D 9,03E-05 Rxra 4,40E-05

Rxra 9,67E-05 Ewsrl::Flil 3,80E-05

Sox19 2,99E-06 ':f Flil 3,27E-05

Spil 6,51E-05 g Gata2 4,96E-06

Is12 7,22E-05 5 Erg 1,61E-05

Nkx2-5 9,66E-05 Is12 7,22E-05

Mef2A 5,16E-05 Nkx2-5 9,66E-05

H Mef2D 5,55E-05 Mef2A 1,64E-06
Nr2e3 6,51E-05 enha$ NfatC2 7,93E-05

DIx2 7,93E-05 Mef2D 4,94E-07

DIx2 7,93E-05

Rxra 5,60E-05

91



Results — Caveolin-1

Caveolin-1 in heart regeneration

Caveolin-1 expression in the heart

CAV1 expression has been reported in variety of cell lines (Cohen et al., 2003; Mora et al.,
1999; Patel et al., 2007; Robenek et al., 2008a; Scherer et al., 1997), hence we started by examining
the expression in control and injured adult heart. We used the Tg(flila:GFP) transgenic line
(Lawson and Weinstein, 2002) that expresses GFP in the adult endocardium and endothelium, and
simultaneously stained with antibodies against Cavl and Tropomyosin, to label the CM (Figure
24A-C""). Robust expression was detected in the vasculature of the cortical myocardium (asterisks
in Figure 24B-B"") and in the endocardium overlying the trabecular CM (arrowheads in Figure
24B-B’" and Figure 24C-C’"). Strong expression was also found in the epicardium (arrows in Figure
24B-B’"), in the bulbus arteriosus and in the valves (ba and v in Figure 24A, respectively).
Additional, Cav1 expression was observed between the cortical and trabecular myocardium (doted
area in Figure 24B-B"" and insert in Figure 24B"). We also detected endocardial and bulbus
arteriosus expression of Cavl in the 3dpf developing heart (Sup. Figure 6A-A"). We have also
examined Cavl expression in wild type embryonic mouse hearts (Sup. Figure 6B-J). At E15,5,
Cavl was expressed in coronary endothelium, endocardium, and in the epicardium (asterisks in
Sup. Figure 6F, arrowheads in Sup. Figure 6D, E and arrows in Sup. Figure 6F, respectively). The
epicardial, endocardial, and endothelial expression of CavlI in the mouse heart was confirmed by
immunofluorescent labelling (Sup. Figure 6G-J); in which, CAV1 overlapped with isolectinB4
(ISB4) that labels endothelium, endocardium and epicardium (asterisks in Sup. Figure 6J,
arrowheads in Sup. Figure 61 and arrows in Sup. Figure 6J, respectively). We then analysed Cavl
expression in regenerating zebrafish heart (Figure 24D). For that, we used the Tg(wt1b.GFP) line
that expresses GFP in the epicardium upon injury (Gonzalez-Rosa et al., 2012). Seven-days post
cryoinjury, Cav1 was expressed strongly in epicardial cells (brackets in Figure 24E and Figure 24F-
F’) covering the injured site, overlapping with GFP. High expression was also detected in the
endocardium inside the injured area (arrows in Figure 24F). To confirm the endocardial expression
inside the injured area we used the Tg(flila:GFP) line in which Cavl overlapped with GFP in the
endocardium invading the damaged tissue (Figure 24G-H" arrows). Moreover, we analysed the
expression of caveolae-related genes during regeneration by qPCR (Figure 241). cavl and cavinlb
were upregulated after cardiac injury, in contrast to the cav2 and cav3, whose expression did not
change during the first days of regeneration. Cavl expression in the undamaged adult zebrafish
heart is abundant in different cell types, including the endocardium, endothelium and epicardium,
three cardiac cell types that are activated during regeneration (Gonzalez-Rosa et al., 2011; Kikuchi
et al., 2011¢; Marin-Juez et al., 2016; Miinch et al., 2017). Yet, Cavl was upregulated upon cardiac
injury, highly expressed by epicardial cells surrounding the injured site and endocardium invading

the damaged tissue.
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Figure 24. Expression analysis of Cavl in the adult heart

(A-C"") Immunofluorescence staining of Cavl and Tropomyosin (CM) in control Tg(flila:GFP)
heart. (B-C’") Cavl overlapped with GFP in the endothelium (asterisks), in the endocardium
(arrowheads) and expressed in the epicardium (arrows). Cavl was also detected in the bulbous
arteriosus (ba), in the valves (v) and in the zone between the cortical and trabecular CM (insert in
B"). (D-F") Cavl immunostaining in 7dpci Tg(wtlb:GFP) injured heart. (D) Dashed area donates
the injured area. (E) Magnification of the injured area from D. (F-F") Higher magnification of the

dashed area in E, arrows indicate Cav1 in the endocardium and brackets in the epicardium. (G-H")
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Immunolabeling of Cav1 in 7dpci Tg(flila: GFP) heart. (H-H") Arrows indicate Cav1" endocardial
cells. (I) qPCR analysis of caveolae-related genes during regeneration. Mean+S.D., Brown-
Forsythe and Welch ANOVA tests, * P<0.05, ** P<0.01. Scale bars 100um in A, D, E and 50pum

in the rest.

Caveolin-2 and Cavinl expression in control and injured adult hearts

We further investigated the expression of two more proteins, Cav2 and Cavinl, so that we
could have a better understanding of the expression pattern of caveolae-related proteins in the adult
heart. From in vitro expression studies, CAV2 has been reported to follow the expression of CAV1
in different cell lines, so we examined if this was the case also in the zebrafish heart (Figure 25A-
D) (Mora et al.,, 1999). Cav2 immunolabelling showed expression in the endothelium,
endocardium and epicardium in control and cryoinjured hearts, similarly to Cavl (Figure 25A, C;
asterisks in Figure 25B-B"’, arrowheads in Figure 25B-B”’, D and arrows in Figure 25B-B"" and
D-D"’, respectively). However, we did not detect Cav2 in the zone between cortical and trabecular
CM. Cavinl is also important for caveolae formation and stability (Lim et al., 2017; Liu et al.,
2008), so we examined if its expression in the zebrafish heart was similar to the other caveolae-
related proteins (Figure 25E-J""). Cavinl showed a similar distribution to Cavl, and was detected
in the epicardium (Figure 25E; Figure 25F-F " arrows), endothelium (Figure 25F-F"" asterisks) and
in-between the cortical and trabecular myocardium (Figure 25F-F" brackets), but not in the
endocardium. Cavinl was also weakly expressed in CM (Figure 25F-F"" arrowheads). The
epicardial and endothelial expression did not change after cryoinjury, where Cavinl was strongly
expressed in the CM adjacent to the injured area (Figure 25H-H"") and in the epicardium (Figure
251-J"). Overall, Cav2 followed Cavl expression in the adult heart, whereas Cavinl was not
detected in the endocardium but in CM, and Cavinl expression was elevated after injury in the

proliferative CM in the border zone between healthy and damaged tissue.

Generation of cavI-KO zebrafish by CRISPR/Cas9

We decided to generate cavl mutant zebrafish to study the role of Cav1 and caveolae during
heart regeneration. The C-terminal domain of the protein is important for Cavl oligomerization,
intercellular trafficking and for biogenesis of caveolae (Schlegel and Lisanti, 2000). Previous
studies have shown that truncation of the C-terminal domain results in Cav1 arrested at the Golgi
and blockage of caveolae formation. Interestingly, mutations in the C-terminal domain have been
identified in human diseases and associated with pulmonary hypertension, atypical lipodystrophy
and hypertriglyceridemia (Austin et al., 2012; Cao et al., 2008). Therefore, our initial strategy was
to introduce mutations in the C-terminal tail so that we could block Cavl1 intracellular trafficking
and caveolae formation, without affecting the transcription of the cav/ that may lead to genetic

compensation (El-Brolosy et al., 2019). We have used the CRISPR/Cas9 gene editing
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Tg(wt1b:GFP) 7dpci
Gl

4

E 7g(fli1a:GFP) ' GFP Tropomyo;in ’

Figure 25. Caveolin-2 and Cavinl expression in control and regenerating heart
(A-B’") Immunostaining of Cav2 in control Tg(flila:GFP) heart. (B-B"") Higher magnification of

the dashed area in A, arrowheads indicate the endocardial, arrows the epicardial and asterisks the
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endothelial Cav2 expression. (C-D"") Labelling of Cav2 in 7dpci Tg(wtlb:GFP) hearts. Dashed
lines in C indicate the valves (D-D"") Higher magnification of the dashed area in C. Arrows donate
the epicardial expression of Cav2. (E-F"") Cavinl immunolabelling of in control Tg(flila:GFP)
heart. (F-F’") Magnification of the dashed area in E. Cavinl was found in the epicardium (arrows),
endothelium (asterisks), between cortical and trabecular myocardium (brackets) and in CM
(arrowheads). (G-J"") Expression of Cavinl in 7dpci Tg(wtlb:GFP) hearts. Dashed lines in G
indicate the valves. (H-H"") Magnification of the area in G. (H") white line marks the periphery of
the CM in H"". (I) Magnification of the injured area from G (J-J") Higher magnification of the area
in I. Arrows indicate Cavinl" epicardial cells. Scale bars A, C, E, G 100um and 50um in the rest.

technology to target the third exon of cavl, that encodes the Cav1l carboxy-terminus (Figure 26).
cavl is a short gene that generates two transcripts, cavla and cavib, sharing the majority of their
coding sequences, including the last exon (Figure 26A) (Fang et al., 2006). We analysed the third
exon to identify the best target site but none appropriate target was found. Consequently, we
selected the fittest target site leading to less potentially intronic off-targets, although this was in the
region that translates the second a-helix of the intermembrane domain. After microinjection of the
gene editing reagents in the fertilized egg and genomic screening in embryos, we identified
mutations in the cavl locus, being predominantly deletions (Figure 26B). The predicted effect in
the protein was an ORF shift that would lead to an amino acid change and a premature stop codon
(Figure 26C). The identified mutations were L114£sX135, L114/5X136, A115/sX166 and
L114_Al15del, refer to as X135, X136, X166 and 115del, respectively. All mutant larvae had no
apparent morphological abnormalities, developed normally and were fertile. The alteration in Cav1
structure directly impacts in caveolae formation, so we examined by in silico 3D modelling the
ability of Cavl mutants to form homodimers or heterodimers (with WT Cavl), and entering the
plasma membrane (Sup. Figure 7). The analysis predicted that X136 and X166 mutant versions
would fail to form homo-, or heterodimers, or that they would be unstable without being able to
enter in the membrane, whereas X135 and 115del homodimers were predicted to be inserted into
the membrane, with 115del resembling the WT Cavl. We further analysed the mutants by gPCR
excluding 115del, since it behaved similarly to the WT in the in silico analysis (Figure 26D). X134
and X135 had similar effects in caveolae-related genes, decreasing significantly cav! transcription,
possible through non-sense mediated decay (Frischmeyer et al., 2002) with a parallel increase of
cav2. Interestingly, the reduction in cavl expression was not observed in the X166 embryos
although cav2 was upregulated. No transcriptional deregulation was detected for cav3, cavinlb or
cavy (Kirkham et al., 2008) for all three genotypes. The effects in cav! transcript was confirmed by
WM-ISH (Figure 26E, F’), which revealed that cavi expression was decreased in X136 embryos,
while in X166 was similar to WT.
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A target site
cavla
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B WT GTGGGCATCCCACTCG------- cC
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Figure 26. Generation of cavI-KO by CRISPR/Cas9 and transcriptional analysis

(A) Schematic representations of cav/ locus with the two transcripts, cavia and cavib. Target site
of the guide RNA in red arrowhead. ex = exon. (B) Identified genetic mutations. Red hyphens
indicate deletions, red uppercase letters insertions and black lowercase letters silent mutations. bp
= base pairs. (C) Cav1 domain organization and the predicted effect on the protein. The novel amino
acids are in red, hashtags showing the conserved cysteines and x indicates a stop codon. (D) gPCR
analysis of 2dpf embryos for the caveolae-related genes. Mean+S.D., t-test, * P<0.05, ** P<0.01,
**% P<(0.001. (E - F") WM-ISH of cavl in WT controls (E and F), X136 (E") and X166 (F") 2dpf
embryos. Scale bar 200pum.
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Analysis of Cavla and Cavlb expression in X136 and X166 hearts

As described above, the mutant X136 and X166 Cavl versions were predicted neither to
homodimerize, nor to be embedded in the membrane, and X135 had decreased transcriptional
expression. Therefore, we investigated the Cavl protein distribution by immunofluorescent. We
labelled 7dpci WT, X136 and X166 hearts with an antibody that recognizes specifically Cavla
(Figure 27). Surprisingly, Cavla was completely lost in the adult hearts in both X136 (Figure 27D-
F) and X166 (Figure 27G-I). The normal Cavla signal in the epicardium, endocardium,
endothelium, valves and bulbus arteriosus (Figure 27 A-C) was absent in X136 and X166 hearts
(Figure 27 D-I). We then labelled hearts with an antibody that recognises both Cav1 proteins, Cavla
and Cav1b (Figure 28). In X136 and X166, Cav1b (since we have lost Cavla expression) was absent
from the epicardium, endocardium, bulbus arteriosus and valves, similarly to Cavla (Figure 28D-
I). Similar results were obtained with X135 hearts, in contrast to 115del, in which Cavl was
normally expressed (Sup. Figure 8). However, some signal was detected using the Cavl antibody
in CM that was not noticed in the WT hearts, possibly due to the strong Cavl expression in
endocardium and coronary endothelial cells. To clarify if the signal in the CM was specific for
Cavl, and not an artefact or unspecific labelling, we performed WB analysis in control and injured
hearts (Figure 29A). WB using the Cavla specific antibody revealed that X136 and X166 hearts
have lost expression of Cavla. However, WB against both Cavl, revealed three bands in control
hearts, instead of the expected two, Cavla and Cavlb bands. In X136 and X166 hearts, the two
bands corresponding to Cavla and b were absent (Figure 29A). Additionally, no truncated Cavla
or Cavlb were detected, since the mutated versions of Cavl were predicted to have a lower
molecular weight than the Cav1b band. To ensure that we have inactivated the expression of both
Cav1 proteins, we analysed by immunostaining and WB a Cavia-KO (hereafter X21) fish that we
have generated (Sup. Figure 9). WB analysis revealed that in X21 hearts, Cavla was lost in contrast
to Cavlb, although the third band was still detectable (Figure 29B). We also observed lack of
expression of both Cavl isoforms in fins, in which the third band was absent (Figure 29C),
suggesting that this band and the signal in CM were not Cav1-specific. These results indicate that
the X136 and X166 genetic mutations that were predicted to lead to expression of a shorter Cavl
protein, cause the complete loss of Cav1 expression in the adult heart. Hence, both X136 and X166
genetic mutations led to cavl knockout that for simplicity we will keep referring to as X136 and

X166, respectively.
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X136

X166

Figure 27. Expression analysis of Cavla in X136 and X166 hearts

(A-I) Immunostaining of Cavla in 7dpci WT (A-C), X136 (D-F) and X166 (G-I) in hearts. B and
C; E and F; H and [, magnifications of the selected areas in A, D and G, respectively. (D and G)
Outlines of the valves in dashed line. Scale bars 100um in A, D, G; 50um in the rest.
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X166

Figure 28. Expression analysis of Cavlb in X136 and X166 hearts

(A-I) Immunostaining of Cav1 in 7dpci WT (A-C), X136 (D-F) and X166 (G-I) hearts. B and C, E
and F, H and I, magnifications of the selected areas in A, D and G, respectively. (D and G) Outlines
of the valves in dashed line. Scale bars 100um in A, D, G; 50um in the rest.
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Figure 29. WB analysis of Cavl in X136 and X166 hearts
(A) Control and 7dpci WT, X136 and X166 hearts were analysed by WB using antibodies against

Cavla or Cavl (Cavla and Cavlb). Note the absent of Cavl truncations below 20kDa. Cavla =
22-24 kDa, Cavlb =~ 20-21 kDa, X136a ~ 15.16 kDa, X136b = 11.35 kDa, X166a = 18.79 kDa,
X166b =~ 14.98 kDa. (B) WB analysis in control hearts of WT, X136, X166 and X21 animals. (C)
Fin samples from all genotypes analysed by WB. Tub = Tubulin, kDa = kilodalton.

Cavinlb expression in the X136 and X166 hearts

Cavl and Cavinl are essential components of caveolae (Hill et al., 2008) and deletion of
Cavl decreases Cavinl expression in mice (Hansen et al., 2013). Therefore, we asked if Cavinl
was affected by Cavl loss in our animals (Figure 30). In the WT heart, Cavinl had a strong
expression in the epicardium, in CM next to the damaged tissue, in the bulbus arteriosus and in the
valves (Figure 30A-D’ and I-L"). In the cavI-KO hearts, Cavinl expression was decreased (Figure
30E-H" and M-P"). Specifically, in the valves Cavinl was absent (Figure 30E and M), whereas it
had decreased expression in the bulbus arteriosus (Figure 30E and M) and in the CM within the
proliferative zone (Figure 30G-G” and O-O"). The decreased Cavinl protein expression was also

observed by WB analysis (Sup. Figure 10).
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Figure 30. Cavinlb expression in the X136 and X166 hearts

(A-H") Immunostaining of Cavinl in 7dpci WT and X136 Tg(wt1b: GFP) hearts. (B) Magnification
of selected area in A. (C-D") Magnifications of the dashed areas in B. (F) Magnification of selected
area in E. (G-H") Magnifications of the dashed areas in F. (I-P") Immunostaining for Cavinl in
7dpci WT and X166 Tg(wtlb:GFP) hearts. (J) Magnification of selected area in I. (K-L")
Magnifications of the arecas marked in J. (N) Magnification of selected area in M. (O-P")
Magnifications of the dashed areas in N. (A, E, I, M) Dashed lines mark the valves. Scale bars, A,
B,E,F, I,J, M and N 100pm; 50um in the rest.

Loss of caveolae in the X136 and X166 hearts

Expression of Cav/ in a system without endogenous expression leads to de-novo caveolae
formation (Fra et al., 1995), whereas deletion of Cav! results in loss of caveolae (Drab et al., 2001;
Razani et al., 2001a; Zhao et al., 2002). Hence, we asked if our cavI-KO zebrafish were able to
form caveolae. To answer this question, we analysed WT, X136 and X166 hearts by transmission
electron microscopy (TEM). We found caveolae in abundance in WT hearts (Figure 31A). The
endothelial cells of the coronary vasculature were filled with membrane-bound caveolae, as well
as with numerous intracellular caveola-like vesicles (Figure 31B, arrowheads). Additionally, the
plasma membrane of epicardial cells was also densely packed with caveola-invaginations,
distributed equally in the apical or basal surface (Figure 31C, arrowheads). To quantify the
caveolae, we focused on the endothelial cells of the coronary vasculature (Figure 32). Likewise,
WT control hearts were filled with caveolae (Figure 32A°, D" arrowheads and Figure 32A" insert).
In contrast, X136 and X166 hearts were characterized by the lack of caveolae (Figure 32B-C’, D-
F’). Neither membrane-bound caveolae nor intracellular caveola-like vesicles were found,

demonstrating the complete loss of caveolae in X136 and X166 hearts.
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Figure 31. Caveolae abundance in adult heart

(A) Pseudo-colorized TEM images of an epicardial cell (EpC, red) with an underlined endothelial
cell (EC, blue) of the cortical layer. (B, C) Higher magnifications of the selected areas in A,
arrowheads indicate membrane-bound caveolae. Scale bars, A 200nm, B and C 50nm.
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Figure 32. Loss of caveolae in X136 and X166 hearts

(A-B’, D-E") TEM images of WT control (A-A", D-D"), X136 (B-B") and X166 (E-E") endothelial
cells from the coronary vasculature for caveolae visualization. (A" and D") Arrowheads indicate
membrane-bound caveolae. Scale bars, A-B, D-E 1um, A’-B’, D-E” 0,5um. (C and F)
Quantification of the caveolae number per pm’® of endothelial cell. nwr = nxi36 = nxies = 4, t-test,

**P<0.01, ****P < 0.0001.

Response of caveolae-depleted hearts to injury

We found caveolae and Cavl in different cell types of the zebrafish heart, thus we
examined the effect that loss of Cav1/caveolac may have in heart regeneration. We cryoinjured WT
and X136 hearts and allow them to regenerate for 90-days (Chablais and Jazwinska, 2012;
Gonzalez-Rosa et al., 2011; Schnabel et al., 2011). We then analysed the hearts by Acid Fuchsin
Orange-G (AFOQ) staining that stains myocardium in orange and collagen in blue, and helps to
distinguish the damaged area from the healthy myocardium. We found that X136 hearts regenerated
similarly to the WT hearts at 90dpci (Figure 33G-J). Therefore, we decided to monitor the
regeneration process by analysing injured heart 30-, and 60dpci (Figure 33A-F). The X136 hearts
had similar scar size than WT controls at 30dpci and 60dpci. These results were surprising, since
heart regeneration has been reported to be impaired after ventricular resection in a zebrafish cavi-
KO model (Cao et al., 2016). Therefore, we also examined X166 animals, in which cavl was not
affected transcriptionally. We cryoinjured WT and X166 hearts and followed the regeneration
process every 30-days (Figure 34). Similarly, X166 hearts regenerated normally and we did not
detect any differences in the size of the injury between WT and X166 hearts at 30-, 60- or 90dpci.
In the CAV1-KO mouse, cryoinjury leads to extensive collagen deposition and cardiac remodelling
(Miyasato et al., 2011) therefore we took advantage of the AFOG staining to examine two more
parameters, the collagen and fibrin in the injury, and the volume of the ventricle (Sup. Figure 11).
However, no differences were detected between WT and cavi-KO hearts, neither in collagen
deposition or fibrin amount in the injury, nor in the size of the ventricle. Overall, these results
indicate that loss of caveolae does not affect neither the formation or degradation of the scar tissue

nor heart regeneration.

106



Results — Caveolin-1

X136 X136
S 30dpa GG ,
_:Q;_ ;' 136 C%:;o P é_G(
o 2KO| = 20 o
2] S [}
3
S0l s -
£ p
¥ O T x136K0 &
i' 7
% 3
T5o

; 60dpci

(]
8
6
4
2
V]

60dpci

%Injury/Ventricule

3
S
-~
=
S
2
=
2
2
€
R

WT X136 KO

Figure 33. Monitoring of the regeneration process in X136 hearts

(A-J) WT and X136 hearts were cryoinjured and harvested 30- (A-C), 60- (D-F), or 90dpci (G-J),
and processed for AFOG staining that labels collagen in blue, fibrin in red and the healthy
myocardium in brown. (C, F, J) The size of the injuries was quantified as percentage of the damaged
tissue (collagen and fibrin) to the total area of the ventricle. (C) 30dpci, nwr = nxi36= 10. (F) 60dpci,
nwr = nxi36= 10. (J) 90dpci, nwr =9, nxi36 = 12. t-test. Scale bars 250um.
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Figure 34. Investigation of X166 hearts regeneration

(A-J) AFOG staining of WT and X166 hearts 30- (A-C), 60- (D-F) and 90dpci (G-J). Collagen in
blue, fibrin in red and healthy myocardium in brown. (C, F, J) The damaged area was quantified as
the percentage of the collagen/fibrin area to the total ventricular area. (C) 30dpci, nwr = 9, nxiss =

7. (F) 60dpci, nwr = 8, nxies = 7. (J) 90dpci, nwr = 7, nxis6= 11. t-test. Scale bars 250um.

TGFp signalling activation is unaffected in X136 hearts

Caveolae are involved via Cavl in the regulation of the TGFp pathway (Razani et al.,
2001b), a major signalling cascade that controls ECM deposition and is active during zebrafish
heart regeneration (Chablais and Jazwinska, 2012). Since both X136 and X166 cavi-KO hearts
regenerated normally, we focused only in X136. To address TGF activity in the X136 hearts upon
injury, we quantified the nuclear localization of phospho-Smad3 (psmad3), a downstream effector
of TGF (Figure 35). We used 14dpci Tg(flila: GFP) hearts to calculate the psmad3 " nuclei of the
endocardial cells inside the damaged tissue (Figure 35A°, B’, C) and of the CM surrounding the
injured site (Figure 35A"", B, D). The analysis revealed that TGFp signalling was evenly active
in WT and X136 hearts in both CM and in endocardial cells. Additionally, we examined if fibrotic
deposition in intact X136 hearts was increased, since hearts of CAVI-KO mice show increased
interstitial fibrosis (Cohen et al., 2003; Drab et al., 2001; Murata et al., 2007; Park et al., 2003).
Therefore, we stained with Picrosirius red that labels collagen fibers, but we did not find a
difference in interstitial fibrosis between WT and X136 hearts (Sup. Figure 12). Hence, loss of

caveolae does not affect TGFf activity in control or cryoinjured hearts.
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Figure 35. TGFp signalling activation in injured caveolae-less heart

(A-D) 14dpci WT and X136 Tg(flila:GFP) hearts labelled for psmad3, GFP and MF20. (A", B")
Magnification of GFP" endocardial cells marked in A, B. (B'-B"") Higher magnifications of CM
marked in A, B. (C) Quantification of the psmad3"/GFP" in the injured area. t-test. nwr = 7, nxi36 =
4. (D) Percentage of CM with psmad3” nuclei in a 100pum area surrounding the damaged tissue. t-

test, nwr = 7, nxi36= 4. Scale bars, 100um A and B, 25um in the rest.

Epicardial and endocardial cell function in X136 heart is unaffected

We then examined the epicardial and endocardial cells in which Cav1 expression is high
at 7dpci (Figure 36). We bred the Tg(wtlb:GFP) line with our cavi-KO backgrounds to examine
epicardial proliferation by measuring the ratio between BrdU" and GFP" nuclei. We found no
difference in epicardial proliferation between the WT and X136 hearts (Figure 36 A-C). We then
investigated the abundance of the endocardial cells within the damaged tissue, by breeding the

double transgenic fish Tg(flila:GFP)/Tg(myl7:mRFP) that expressed GFP in endocardial/
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endothelial cells and RFP in the membrane of CM with our cavi-KO backgrounds (Figure 36G-F).
3D volume rendering (Video 11, 12) and analysis of the GFP" cells inside the RFP™ area showed
that endocardial cells in the X136 hearts populated the damaged tissue similarly to the WT. These
data indicate that epicardial proliferation as well as migration and proliferation of the endocardial
cells is not affected in X136 hearts. Thus, loss of Cavl and caveolae did not affect the function of

epicardial or endocardial cells in heart regeneration.

Tg(wt1b:GFP) GFP

A/

—
WT X136

-
WT X136

Figure 36. Epicardial proliferation and endocardial behaviour in X136 hearts after injury

(A-B) Immunostaining of 7dpci Tg(wtlb:GFP) heart sections labelled for BrdU and GFP. (C)
Percentage of proliferating epicardial GFP™ cells. nwr= 5, nxi36 = 6. Scale bar 100um. (G-F) 3D
volume rendering of the apical injured site of 7dpci Tg(flila:GFP)/Tg(myl7.:mRFP) hearts. Yellow
lines indicate the injured area and heart cartoon the x/y/z axes. (F) Quantification of the GFP" cells

volume inside the RFP™ area. t-test, nwr= 3, nxi3s= 4. Scale bar 300um.
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Cardiomyocytes proliferation is transiently affected in injured X136 hearts

We further examined the proliferations of CM, since it has been reported that this feature
was affected upon ventricular resection in a CavI-KO zebrafish model (Cao et al., 2016). Therefore,
we analysed the CM adjacent to the injured area at 7dpci, because they are highly proliferative
(Bednarek et al., 2015; Wang et al., 2011). Quantification of BrdU incorporation in CM revealed
that they proliferated less in X136 hearts (Figure 37A-C). To confirm this result, we examined CM
proliferation in the X166 animals and we made the same observation (Sup. Figure 13). We then
wondered why that difference in CM proliferation did not affect the regeneration process and thus,
we examined the proliferation status of CM 14dpci (Figure 37D-F). The analysis showed that CM
in the X136 hearts proliferated with the same rate as in WT at 14dpci. Taken together, these data
indicate that loss of caveolae leads to a transient effect in CM proliferation at 7dpci, that was

normalized by 14dpci, leading to normal cardiac regeneration at 90dpci.
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Figure 37. CM proliferation upon injury in X136 hearts

(A-B) 7dpci WT and X136 hearts were labelled for BrdU, MEF2 and MF20. A" and B’
magnifications of the dashed areas in A and B. (C) CM proliferation rate was addressed by
quantifying the BrdU/MEF2" nuclei to the total CM number in a 100um radius around the injured
area. nwr= 5, nxi36= 6, t-test, **P<0.01. (D-E) Immunostaining of 14dpci WT and X136 hearts for
BrdU, MEF2 and MF20. (F) Quantification of CM proliferation 14dpci. nwr= 7, nxizs = 4. Scale
bars A, B, D, E 100um, A", B, D", E” 10um.
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Impaired heart function in the X136 animals

Cavl deficient mouse have been reported to show decreased systolic function (Cohen et
al., 2003; Zhao et al., 2002). To address this issue in our cavl-KO zebrafish model, we examined
heart function using ultrasound. We analysed adult WT and X136 animals by echocardiography
(Figure 38). Our analysis revealed that cavI-KO hearts were less efficient in pumping blood than
the WT hearts, since their ejection fraction (EF) was significantly decreased (Figure 38A).
Additionally, the heart rate of the X136 animals was significantly lower than in WT littermates
(Figure 38B). Thus, the X136 hearts had decreased EF and heart rate, indicating that caveolae are

important for normal cardiac function.
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Figure 38. Echocardiography analysis of WT and X136 hearts
(A) Quantification of the EF in WT and X136 hearts. nwr= 22, nxi3s = 20. (B) Comparison of the
heart rate in WT and X136 animals. nwr = 23, nxi36= 20. t-test, *P<0.05.

Depletion of caveolae affects cardiac elasticity

Caveolae have been showed to provide protection against mechanical stress (Gervasio et
al., 2011; Sinha et al., 2011). Since the biomechanical properties of cells influence the behaviour
of tissues (Mathur et al., 2001) and caveolae are involved in mechanoprotection, we investigated
the mechanical response of WT and cavi-KO cardiac tissue, trying to get an insight into the
differences observed in cardiac function by echocardiography. We have used atomic force
microscopy (AFM) to determine the mechanical properties of the adult WT and cav/-KO cardiac
tissue. Freshly isolated hearts were placed on an agarose gel and the apex of the ventricle was
oriented to the direction of the cantilever and procced to take the measurements (Figure 39A-D).

We found that X136 animals had significantly increased cardiac tissue stiffness when

compared to WT (Figure 39E). Applying the same force, the WT hearts were deformed 1.5 times
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more that the X136, without causing permanent deformation, since the curves returned to zero
(Figure 39F). Arguably, the difference in elasticity and the increase in stiffness can only be
attributed to the depletion of the membrane reservoirs, caveolae. Importantly, the sensitivity of the
method reveals that changes in epicardial and cortical myocytes are responsible for the switch in
stiffness we detected. Hence, absent of caveolae, due to the loss of the broad and robust expression

of Cavl in the ventricle, results in increased tissue stiffness.
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Figure 39. Loss of caveolae leads to stiffer cardiac tissue

(A) Illustration of AFM set-up. (B) Arrow indicates the cantilever and the laser beam. (C-D) the
apex of the ventricle was orientated in respect to the cantilever and used for taking measurements.
(E) Biomechanical characterization of WT and X136 ventricles as measured by AFM and expressed
in Young’s moduli. nwr = 9, nxi36 = 8, t-test, ¥***P<0.001. (F) Force — distance graph for the

indentation and retraction of the cantilever over the ventricular surface.
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Supplementary Figure 2. Epigenetic marks in mdka locus 48hpf

Snapshot of the UCSC genome browser with tracks showing methylation (H3K4me3/1) and
acetylation (H3K27ac) marks from 48hpf embryos (peaks) and from control or 14dpi hearts (black
boxes) and peaks of ATAC-seq illuminating the accessible genomic regions from GFP" or GFP
cells from 24hpf Tg(flila:GFP) embryos. mdka locus in red. The orange line in GFP" track is the
outline of the GFP" peaks to illustrate the difference in intensity. All cloned regions in coloured

boxes and the corresponding genomic regions in the associated coloured outlines.
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Supplementary Figure 3. Tg(enha-mdka:GFP) expression at 1Shpf

Brightfield (A) and fluorescent (B) images of 15hpf Tg(enh-mdka: GFP) embryo. (C) mdka WM-
ISH in 15hpf embryo.
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Tg(enh-mdka:GFP)

Supplementary Figure 4. Tg(enh-mdka:GFP) animals show GFP expression only in
regenerating fin

(A, B) The dorsal halve of the fin was amputated and the ventral was kept intact for control of the
GFP expression. (A",B") Magnifications of the marked areas in A and B. Arrowheads indicate GFP

in the regenerating fins.
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Tg(Reg:GFP) GFP

Supplementary Figure 5. Immunofluorescence of GFP and zn3 or znl2 in 7g(Reg:GFP)
embryos

Whole-mount immunostaining of GFP and zn3 (A-A""") or zn12 (B-C""") of 2dpf embryos. (A’-
A""") Higher magnification of the boxed areas in A. (B-C'"") Images showing cranial neuromasts
in red and GFP expression in supporting cells. (B-B""") and (C’- C""") Magnifications of the
selected areas in B and C. Scale bars, 50um in A, B and C, 25um in A’-A""", 10um in B-B"’, C-
(O
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Supplementary Figure 6. Cavl expression in embryonic zebrafish and mouse heart

(A-A"") Immunostaining of Cavl in 3dpf zebrafish embryo. (A") Higher magnification of the
dashed area in A. ba = bulbous arteriosus, v = ventricle. Scale bars, A 100pm, A" 50pm. (B-F) In
situ hybridization of Cavl in mouse embryonic E15.5 heart. (C-F) Higher magnifications of the
corresponding areas in B. (D and E) Arrowheads indicate Cav/ in endocardium. (F) Arrows and
asterisks show Cav! in epicardium and vasculature, respectively. Scale bars, B 100um, C-F 50pum.
(G-J) Mouse embryonic heart labelled for CAV1, isolectinB4 (ISB4) and MF20 (CM). (H) Higher

magnification of the dashed area in G. (I-J) Magnifications of dashed areas in H. Arrowheads,

asterisks and arrows indicate CAV 1 in the endocardium, endothelium and epicardium, respectively.

Scale bars, G and H 100um, [ and J 50pm.

115del

Homodimer

Heterodimer

Supplementary Figure 7. In silico 3D modelling and analysis of the Cavl mutant proteins

(A-E) Intramembrane Analysis. 3D models of the Cavl WT and mutant proteins showing the
putative a-hairpin membrane insertion and the embedded residues with the membrane layers
presented as red and blue dots planes. (A) The modelling predicted a deep (half membrane) a-
hairpin insertion for Cavl. (B) This model failed to predict a membrane insertion, only minimal
contact with embedded residues around the scaffolding domain and not in the predicted putative
membrane domain. (C) This model predicted an insertion of the initial C-terminus scaffolding
domain and polymerization domain and a spatial reorientation of the protein to make the
transmembrane (TM) domain ordinary to the membrane layer insertion. This, probably, is an
unrealistic model. (D) The model predicted a putative trans-membrane insertion. (E) The analysis

predicted an insertion or deep embedded membrane domain. This insertion is minor deeper than in
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Supplementary Figure 8. Expression analysis of Cavl in X135 and 115del hearts
(A-L") Immunostaining for Cavl or Cavla in X135 (A-F) and 115del (G-L) 7dpci Tg(wt1b:GFP)

hearts. B-C"; E-F’; H-I" and K-L" magnifications of the selected areas in A, D, G and J, respectively.
Scale bars 100um in A, D, G and J; 50um in the rest.
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Supplementary Figure 9. cavia deletion by CRISPR/Cas9 and Cavl expression analysis in

cavla-KO hearts

(A) Schematic representations of cav/ locus with the two transcripts, cavia and cavlb. Target site
of the guide RNA in red arrowhead. ex = exon. (B) Identified genetic mutations. Hyphens indicate
deletions and red letters insertions. Blue letters = cavib start codon. bp = base pairs. (C) Predicted
effect on protein. Red hyphens indicate deletions and red letters the novel amino acids. (D) cavl
gPCR analysis in 2dpf embryos. Mean£S.D., t-test. (E-H) Immunostaining of Cavla or Cavl in
heart sections from WT and X21. Scale bar 100um. (I-J) Fluorescent labelling of WT and X21
hearts 7dpci with BrdU and aldhla2. Scale bar 100pm.
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Supplementary Figure 10. WB analysis of Cavinl in X136 hearts

(A) WT and X136 hearts were analysed by WB using an antibody against Cavinl. Tubulin (Tub)

served as loading control. kDa = kilodalton. (B) Quantification of Cavinl WB intensity normalized

to Tub. nwr= nxi36 = 3. t-test.
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Supplementary Figure 11. Analysis of collagen and fibrin of the injured area and ventricular

volume

(A) Percentages of the collagen and fibrin of the injury 30-, 60- and 90dpci in WT, X136 and X166
cryoinjured hearts. Two-way ANOVA. nwrxise) 30-, 60-, 90dpci = 10, 9, 9; nxi36 30-, 60-, 90dpci
=10, 10, 12; nwrxies) 30-, 60-, 90dpci = 9, 9, 8; nxie6 30-, 60-, 90dpci = 7, 8, 11. (B) Ventricular

size of all hearts analysed by AFOG staining. t-test.
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Supplementary Figure 12. Analysis of interstitial fibrosis in WT and X136 hearts
(A-B) Picrosirius staining in control WT and X136 hearts. Scale bar 250pm. (C) Quantification of

the red-labelled fibers in the ventricle. t-test, nwr = 5, nxi36= 6.

-
WT X166

Supplementary Figure 13. X166 CM proliferation upon injury
(A-B”) 7dpci WT and X166 hearts were labelled for BrdU, MEF2 and MF20. (A’-B") Higher

magnifications of the dashed areas in A and B. Scale bars A, B 100um, A", B" 10um. (C) Percentage
of the BrdU" CM to the total number of the CM in a 100um area surrounding the damaged tissue.

nwr= 4, nxi36= 3. t-test, *P<0.05.
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Discussion — Mdka in Heart Regeneration

Midkine is a highly conserved secreted neurite-promoting factor that get activated upon
cardiac damage (Horiba et al., 2006; Hugosson et al., 2014; Kadomatsu et al., 1990; Winkler et al.,
2003). In heart injury and disease, Mdk in involved in ECM regulation, neutrophils recruitment and
revascularization (Fukui et al., 2008; Horiba et al., 2006; Weckbach et al., 2019). In a previous
study in the laboratory, we found midkine-a upregulated in a microarray analysis of regenerating
hearts (Gonzalez Rajal, 2012). Here, we generated the mdka-KO zebrafish strain to study the role

of Mdka in heart regeneration.

Mdka expression after injury

Expression analysis of mdka revealed that mdka is not expressed in intact adult heart but it
is highly upregulated upon injury. We found that the onset of mdka expression was ldpci in the
entire epicardial layer, similarly to 3dpci, and that by 7dpci, the expression was restricted to the
epicardial cells surrounding the damaged tissue. After the end of heart regeneration, mdka was also
detected in the newly formed compact layer possibly in vasculature, as well as in the zone between
the cortical and trabecular myocardium. This distinct spatio-temporal pattern of expression is in
contrast with data from injured rodent hearts, which show Mdk expression in CM and/or endothelial
cells, but not in epicardial cells (Fukui et al., 2008; Obama et al., 1998). In adult mice, the
epicardium becomes activated after MI and re-expresses embryonic genes such as RA and WT1
(van Wijk et al., 2012), similarly to zebrafish (Gonzalez-Rosa et al., 2012; Kikuchi et al., 2011b).
However, transcriptional analysis of mouse injured hearts, reveals that Mdk is upregulated in
leukocytes. Additionally, that is enriched in CM, fibroblasts and endothelial cells of adult hearts
after MI compared to post-natal MI (Quaife-Ryan et al., 2017), illustrating the dynamics of Midkine

expression after cardiac injury.

The mdka-KO line

To study Mdka function in heart regeneration, we generated mdka-KO zebrafish using
CRISPR/Cas9 genetic editing. Mdka-KO embryos developed normally without transcriptional
deregulation of mdkb. Mdka and Mdkb share 68% amino acid identity (Winkler et al., 2003) and
show overlapping expression patterns in embryos, suggesting that mdkb may compensate the loss
of mdka during development. Interestingly, WM-ISH showed that ptn expression was lost in the
forebrain of the developing embryo, however, we did not detect behavioural differences in the

mdka-KO larvae or adults, as it was reported for the Mdk-KO mouse (Nakamura et al., 1998).

MdKka in heart regeneration
In the adult heart, we detected mdka expression only after cardiac injury, suggesting that
mdka deletion might have adverse results in heart regeneration. In our KO model, Mdka was lost

in the injured heart without activation of mdkb or ptn, whereas, in the Mdk-KO mouse, Ptn is
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upregulated in intact adult hearts (Herradon et al., 2005). Additionally, data from the mouse reveal
that there is a level of functional redundancy between Ptn and Mdk, since the double KO develops
severe auditory deficiency via loss of a-Tectorin, whereas in the Mdk-KO or Ptn-KO mice, the
phenotype is mild (Zou et al., 2006). These observations suggest that functional compensation in
the heart from at least mdkb or ptn, two molecules that belong to the same gene family, is unlikely.

Cryoinjury of mdka-KO hearts resulted in incomplete regeneration at 90dpci, the final time-
point of the regeneration process after cryoinjury. The scar was characterized by the persistent
presence of collagen. However, the proliferation rate of CM and epicardial cell was not affected.
The fact that we detected more collagen in the injury suggests that Mdka is involved in fibrosis,
affecting either collagen production and deposition, or ECM clearance. For the former, treatment
of mouse hearts with Mdk after MI leads to decreased collagen deposition (Takenaka et al., 2009).
However in pulmonary fibrosis, loss of Mdk results in decrease collagen and TGF expression in
the lungs (Misa et al., 2017). Additionally, Mdk administration in cultured skin fibroblasts increases
collagen (type I and III) and hyaluronic acid synthesis in a dose-dependent manner, as well as
transcription of TGFb1 (Yamada et al., 1997). Fibroblasts are the main source of ECM [reviewed
in (Kendall and Feghali-Bostwick, 2014)] and RNA-seq data shows that mdka is highly upregulated
in epicardial-derived fibroblast in regenerating zebrafish hearts (Sanchez-Iranzo et al., 2018a).
Additionally, mdka is detected in a broad-epicardial manner and epicardial cells secrete fibronectin
(Wang et al., 2013). The above suggest that Mdka may be involved in ECM deposition from
epicardial cells possible via interaction with TGFp signalling.

Another possibility is that Mdka is involved in ECM clearance by regulating MMPs
production directly or by affecting immune cells recruitment. Indeed, treatment of skin fibroblasts
with Mdk results in increased mmp?2 transcription (Yamada et al., 1997) and also Mdk is involved
in neutrophils tethering (Weckbach et al., 2014). In the early phase of the inflammatory response,
immune cells express MMPs and remodel ECM, that in turn mediates leukocytes recruitment by
activation of chemokines [reviewed in (Frangogiannis, 2019)]. Similarly in zebrafish heart
regeneration, inhibition of MMPs results in reduction of macrophages and neutrophils infiltration
in the injured area (Xu et al., 2018). Although the profile of the ECM changes during regeneration
(Garcia-Puig et al., 2019), MMPs such as mmp2, mmp9, mmp13 and mmp14 are upregulated upon
injury and most importantly, collagenolytic activity is reported to be active at least until 30dpci,
mediating scar tissue degradation (Gamba et al., 2017; Xu et al., 2018). Hence, loss of Mdka may
affected ECM clearance, resulting in a collagen-enriched scar.

Furthermore, mdka deletion may affect vascularization via impaired immune cells
infiltration. Delayed immune response in zebrafish heart regeneration is associated with impaired
neovascularization and resolution of the scar tissue (Lai et al 2017), whereas long retention of
neutrophils in the wound promotes revascularization (Xu et al 2019). Interestingly, we found mdka

on wtlb" epicardial cells, and wtlb is also active in a subset of macrophages (Sanz-Morejon et al.,
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2019). These wtlb" macrophages acquire a pro-regenerative profile and their depletion impairs
heart regeneration. However, our results showed that proliferation of epicardial cells was not
affected by loss of Mdka, suggesting that Mdka functions in other immune cells. Mdka could affect
recruitment of other leukocytes, such as neutrophils (Weckbach et al., 2014). That could occur
during the acute inflammatory or later phase of cardiac healing, to promote angiogenesis.

Moreover, Mdka is a cytokine and it is shown to activate PI3-kinase/Akt and ERK1/2
phosphorylation cascades after mouse heart injury (Sumida et al., 2010; Takenaka et al., 2009). In
zebrafish heart regeneration, blockage of the MAPK/ERK signalling pathway leads to regeneration
arrest and delayed vascularization without inhibition of CM proliferation. Hence, Mdka may be
involved in angiogenesis via activation of phosphorylation cascades.

Overall, Mdka implications in zebrafish heart regeneration can be in ECM
deposition/degradation directly or via immune cells recruitment, that could also affect
revascularization of the regenerating tissue. Future experiment will clarify why the heart of mdka-

KO zebrafish does not regenerate.
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Discussion — Mdka Epigenetics

Dissection and in vivo evaluation of mdka epigenetic landscape

Mdka during development is expressed in neural tissues including the brain and the neural
tube (Schifer et al., 2005; Winkler et al., 2003). Here, we found that mdka is not expressed in intact
hearts and that is strongly upregulated in injured heart, having dynamic expression in the
epicardium. To explain this change in the spatio-temporal activation of mdka and to identify the
minimum regulatory sequences that drive mdka expression in development and regenerating, we
focused on the epigenetic regulation of mdka. For that, we took advantage of available ChIP-seq
and ATAC-seq data from embryos and regenerating hearts (Bogdanovi¢ et al., 2012; Goldman et
al., 2017; Quillien et al., 2017). We assembled the epigenetic landscape of mdka and investigated

in vivo the expression of a GFP reporter driven by the detected cis-regulatory elements.

The Tg(enh-mdka:GFP) reporter

The first lines we designed, Tg(mdka:GFP) and Tg(enh:GFP), expressed GFP in the
embryos similarly to mdka expression. However, we did not detect GFP in regenerating heart that
we found strong mdka expression, nor in injured fin that mdka is also activated (Gonzalez Rajal,
2012). Therefore, we combined the mdka promoter and the large intronic enhancer, enh, in the
Tg(enh-mdka:GFP) line that recapitulated mdka endogenous expression during development, in
adult tissues and after heart and fin injury. In particular, GFP was detected in the outer layer of the
fore-, mid-, and hindbrain, in and in cells surrounding cranial ganglia resembling mantle cells.
Additionally, we found GFP expressing cells adjacent to neural axons and in the neural tube,
resembling the localization of radial glia cells, neural precursors cell that in zebrafish are
maintained into adulthood (Bernardos and Raymond, 2006). During development, mdka is
expressed in the neural ectoderm (Winkler et al., 2003) that gives rise to the neural tube [reviewed
in (Schmidt et al., 2013)]. Hence, the GFP expression analysis and mdka developmental expression
suggest that the GFP is induced in glia cells. Use of established glia markers such as gfap (Kim et
al., 2008b) will elucidate this hypothesis.

The neuromasts of the lateral line contain the mechanosensory hair cells surrounded by
mantle and supporting cells (Dambly-Chaudiére et al., 2003). After loss of hair cells, mantle cell
proliferate to contribute to the new neuromasts (Williams and Holder, 2000). Interestingly, mdka
expression is induced in mantle cells after hair cell ablation (Steiner et al., 2014) and Crebl, a TF
predicted to bind to mdka-enh sequences, is expressed in mantle cells (Jiang et al., 2014).
Additionally, Crebl is active in the adult brain including the ventricular zone of the dorsal
telencephalon where radial glia is located, and coinciding with the location where we also found
GFP expression (Dworkin et al., 2007; Mérz et al., 2010). Collectively, all the TF predicted to bind
to the mdka- enh regions are expressed in the CNS and in the retina similarly to mdka, thus

explaining the restricted pattern of GFP expression in the CNS (Chen et al., 2012; Erickson et al.,
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2010; Hammond and Udvadia, 2010; Rojas et al., 2007; Tallafuss et al., 2006; Thisse, 2001; Webb
et al., 2011).

The Tg(enh-mdka:GFP) line also expressed GFP in regenerating fins and hearts. The TF-
binding site analysis revealed that Hifla and Rxra had binding sites in the mdka-enh, sequence and
thus, both may activate GFP expression upon injury. Interestingly, although the enh region alone
had predicted binding sites for Hifla and Rxra, it was not sufficient to drive GFP expression after
injury. This implies that the combination of this enhancer with the endogenous promoter was
necessary to drive expression, since neither 7g(enh: GFP) nor Tg(mdka: GFP) expressed GFP upon
injury. Hypoxia is detected in the epicardium and in the damaged area during zebrafish heart
regeneration (Jopling et al., 2012) and the promoter of mammalian Mdk contains HIF1-responsve
elements (Reynolds et al., 2004). Therefore, it was possible that GFP could be expressed in response
to hypoxia in regenerating hearts. Moreover, Mdk was identified after a screen for RA-responsive
gene (Kadomatsu et al., 1988), and it was found that contains RA-responsive elements (Matsubara
et al., 1994). RA signalling is important for heart regeneration and it is active in epicardial cells
(Kikuchi et al., 2011b), suggesting that RA could be upstream of mdka. To test these hypotheses,
further functional experiment will be the exposure of transgenic larvae to hypoxic conditions and/or
use of the Tg(hsp70l:cyp26al) line that expresses the RA-degrading Cyp26 enzyme after heat-
shock (Kikuchi et al., 2011b).

The Tg(Reg:GFP) transgenic line

The Tg(Reg:GFP) line was generated because a short intronic region was found to be active
in regenerating hearts (Goldman et al., 2017). Intriguingly, Reg was sufficient to drive GFP
expression in embryos similar to mdka and to Tg(enh-mdka:GFP). We detected restricted
expression of GFP in the dorsal hindbrain, in cells surrounding nerves, as well as in the lateral line.
In the cranial ganglia, GFP" cells were perineural of neuromasts’ branches, adjacent to the
neuromasts. Moreover, GFP" cells were adjacent to neural axons expanding from the spinal tube.
These results suggest that the GFP expressing cells could be glial cells, similarly to the Tg(enh-
mdka:GFP) line.

In Tg(Reg:GFP) line, GFP expression was induced after heart injury but not in epicardial
cells, where mdka was detected. Interestingly, binding sites for Nkx5-5 and Mef2A (Hammond and
Udvadia, 2010; Zhang et al., 2018) were predicted to exist in the Reg sequences implying that the
GFP expression in the adult heart is CM-specific.

The Tg(enha4:GFP) and Tg(enha5:GFP) transgenic lines
The Tg(enha4:GFP) expression in embryos was partially similar to mdka, with some GFP
detected in the brain and the retina. The interesting observation was that the GFP expression shifted

from endocardia cells and CM, to valve-specific during development. Additionally, we observed
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that GFP was strongly expressed in the vasculature of the regenerating fin. Such a peculiar pattern
implies that enha4 is a “broad enhancer” able to interact along time with different TF. Indeed,
analysis of the enha4 sequence predicted binding sites for neural specific TF as Sox19 and Max
(Chen et al., 2012; Okuda et al., 2006; Webb et al., 2011), cardiac TF as Nkx2-5 and Fos-Jun
(Thisse, C., and Thisse, 2004; Thisse, 2001; Zhang et al., 2018) and endothelial TF as Flil
(Thompson et al., 1998). Furthermore, the dynamics of the GFP expression in embryonic heart and
the TF analysis indicate that the detected GFP expression in the injured heart could be under the
control of multiply TFs and in different type of cells.

The Tg(enha5:GFP) line had strong expression in CM of the developing heart, and the
expression persisted in adults. This observation is consistent with the results of our in silico
analysis, that predicted binding sites for Nkx2-5, Mef2 and Nfatc2 (Hammond and Udvadia, 2010;
Zhang et al., 2018) in the enha5 sequence. Interestingly, Tg(enha5:GFP) was the only line in which
the pectoral fin was strongly labelled, as we detected in mdka WM-ISH analysis. That implies that

enha5 is responsible for mdka expression in the pectoral fin.

Conclusions of cis-regulatory elements study

Analysis of the cis-regulatory sequences can be helpful for understanding how the
expression pattern and function of genes is regulated in development and disease (Franke and
Gomez-Skarmeta, 2018). Our in vivo evaluation showed that it is possible to identify the minimum
regulatory sequences that can be used as drivers in transgenic reporter or overexpression lines,
designed to study the function of genes with dynamic and widespread expression (Yuan et al.,
2018). It can be an alternative to BAC (Bacterial Artificial Chromosome) transgenesis, especially
for genes without appropriate BAC (Bussmann and Schulte-Merker, 2011). Additionally, this
approach may reveal injury-specific regulatory sequences. Such information is very valuable, since
injury-active regions can be deleted and prevent the activation of genes upon injury and not during

development, overcoming possible genomic compensation (Zhu et al., 2018).
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Caveolin-1 is the main structural protein of caveolae, small membrane invaginations
involved in signal transduction and in mechanoprotection (Gervasio et al., 2011; Sinha et al., 2011;
Sowa et al., 2001). Here, we investigated the importance of Cav1 and caveolae in heart homeostasis
and regeneration using cryoinjury. We found that Cavl has a strong expression upon injury but
deletion of Cavl/caveolae did not affect heart regeneration. Still, loss of Cavl/caveolae results in

an increased in cardiac stiffness and affects cardiac function.

Cavl expression in intact and injured heart

Our data show that Cavl1 had a broad and robust expression in intact hearts, detected in the
endothelium, endocardium and epicardium. The expression of Cavl was upregulated after injury
and strongly expressed 7dpci in epicardial cells that have covered the damaged tissue (Gonzalez-
Rosa et al., 2012). We also found Cav1 in the endocardium invading the injured area and creating
a barrier between the proliferating CM and the damaged tissue (Kikuchi et al., 201 1c; Miinch et al.,
2017). Both, epicardial and endocardial cells get activated early after the cardiac insult contributing
to the regeneration process (Gonzalez-Rosa et al., 2011; Kikuchi et al., 2011c; Miinch et al., 2017;
Schnabel et al., 2011).

Generation of the cavI-KO zebrafish

To examine the role of Cavl in the cardiac tissue we generated zebrafish strains carrying
cavl genetic mutations that hypothetically would encode proteins lacking the carboxy tail,
important for Cavl trafficking and caveolae formation (Ren, 2004; Schlegel and Lisanti, 2000;
Song et al., 1997). These mutant proteins were predicted to be shorter with novel amino acids in
the C-terminal half. Here, we have focused on two cavl mutant alleles, X136 and X166, that
affected differently cav! transcription. In X136, cav! transcription was decreased possibly due to
non-sense mediated decay (Frischmeyer et al., 2002), in contrast to X166 in which cavl
transcription was unaffected. Nevertheless, both X136 and X166 genetic mutations led to loss of
Cavl1 protein expression resulting in cavi-KO. In the case of X136, the decrease of the transcript
via non-sense mediated decay could explain loss of the protein. However, in X166, loss of the
protein could possibly occur through degradation, since mutations in C-terminal domain often
result in conformational changes altering protein’s solubility, leading to degradation (Elstak et al.,
2012). Interestingly, cav2 was upregulated in both cases suggesting that the compensatory
mechanisms were activated (El-Brolosy and Stainier, 2017). Since Cavl is indispensable for
caveolae formation, we examined if this was the case in our cavi-KO zebrafish models. TEM
analysis showed that caveolaec were completely lost in both X136 and X166 hearts, whereas they
were abundant in WT hearts. Thus, X136 and X166 led to loss of Cavl and consequently of
caveolae. Furthermore, loss of Cavl also affected Cavinl protein expression, although

transcriptionally appeared unaffected. The cav/-KO hearts lacked Cavinl in the valves and the
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overall expression was decreased, as observed in immunofluorescence and WB analysis, similarly
to what has been reported in the Cavi-KO mouse (Hansen et al., 2013; Hill et al., 2008; Taniguchi
et al., 2016). Furthermore, we found that cav2 was upregulated transcriptionally. However, further
analysis of Cav2 protein expression in the cav/-KO hearts was not carried out because experiments
in the Cavi-KO models show that deletion of Cav1 results in Cav2 loss (Drab et al., 2001; Park et
al., 2003; Razani et al., 2001a).

Cavl is not required for adult zebrafish heart regeneration after cryoinjury

To investigate the effect of Cavl/caveolae loss in cardiac regeneration we have used the
cryoinjury model that bears the importance of scar tissue formation that gradually resolves leading
to complete tissue regeneration at 90dpci (Chablais and Jazwinska, 2012; Gonzalez-Rosa et al.,
2011; Schnabel et al., 2011). We monitored the regeneration process every 30-days and we found
that the injury size in the cav-KO hearts was similar (30- and 60dpci) to the WT, reaching complete
cardiac regeneration at 90dpci. This was an unexpected result, since it has been reported that
ventricular resection in a cavI-KO zebrafish model results in increased ECM deposition, leading to
arrest of heart regeneration 30dpi (Cao et al., 2016). The zebrafish cardiac regeneration model
previously used (ventricular resection) has a significant difference compared to cryoinjury.
Cryoinjury leads to formation of a transient scar tissue, whereas in the ventricular resection model,
the fibrotic scar is minimal. Additionally, there is evidence suggesting that these two cardiac injury
methods result in different regenerative responses (Vivien et al., 2019). Thus, it is possible that loss
of Cavl impacts differently on the regeneration process, depending on the injury model.
Importantly, the regeneration process in the resection model completes within 60-days, which is
the final point of full cardiac recovery (Poss et al., 2002) and the effect of Cav1 inactivation was
examined only until 30-days after ventricular resection (Cao et al., 2016), when the regeneration
process is not fully completed, and subtle differences in the regeneration dynamics between WT

and cavI-KO hearts could be interpreted as a loss of regenerative ability in cavi-KO.

Fibrosis in the cavI-KO heart

Caveolin-1 negatively regulates TGFp signalling (Razani et al., 2001b) and loss of Cavl
leads to increased ECM deposition after injury (Miyasato et al., 2011; Shivshankar et al., 2014).
However, the quantity of collagen inside the damaged tissue was not affected, nor TGF pathway
activation. Additionally, intact cavi-KO hearts were not characterized by interstitial fibrosis as has
been reported in the mouse Cavi-KO models (Cohen et al., 2003; Drab et al., 2001; Murata et al.,
2007; Park et al., 2003). Moreover, Cavl was detected in the epicardium covering the injured area
and in endocardial cells invading the damaged tissue. Upon injury, the epicardial cells are
comprised of fibroblast and macrophages that contribute to fibrosis (Sanchez-Iranzo et al., 2018a;

Sanz-Morejon et al., 2019), and loss of Cavl has been associated with increased fibrosis and
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macrophages infiltration after cardiac injury (Miyasato et al., 2011; Shivshankar et al., 2014).
However, the proliferation rate of epicardial cells did not change, indicating that these two cell
types are unaffected in our Cavl-deficient hearts. In addition, endocardial cells have been
associated to collagen (Miinch et al., 2017) and Cav1 was completely lost in these cells. However,
endocardial cell abundance was similar between WT and X136 hearts, suggesting that their
proliferation and migration was unaffected. In addition, TGFf signalling activation during
regeneration appeared to be unaffected, explaining the normal ECM deposition upon cryoinjury.
Collectively, these findings indicate that loss of Caveolin-1 and caveolae does not lead to
deregulation of fibrosis in intact, or in cryoinjured hearts. It is well documented, however, that Cav1
interacts and regulates TGFp signalling so that the relatively normal ECM deposition in our cavi-

KO suggests that there is a compensatory mechanism buffering Cav1 loss (El-Brolosy et al., 2019).

Cavl is transiently required for CM proliferation during regeneration

Interestingly and in agreement with a previous report, CM proliferation was significantly
decreased 7dpci (Cao et al., 2016). However, that was not reflected in defective or even delayed
regeneration. Indeed, CM proliferation rate at 14dpci was similar to the control, so that CM were
able to increase in numbers, populate the damaged area and contribute to normal heart regeneration.
A variety of approaches have showed that CAV1 is weakly expressed in mammalian CM (Cho et
al., 2010; Chow et al., 2007; Patel et al., 2007; Robenek et al., 2008b). In zebrafish, available RNA-
seq data from gata4” CM of injured hearts and cortical CM from intact hearts show low cavl
expression (Ben-Yair et al., 2019; Sanchez-Iranzo et al., 2018b). Furthermore, the stiffness of
ventricular myocardium is increased upon injury only in the border zone between healthy and
damaged tissue, where the proliferative CM are detected, and is normalized between 14-35dpci (Yu
et al., 2018). Studies from mouse embryonic fibroblast show that loss of Cavl leads to increased
Yap phosphorylation in response to stiffer environment (Moreno-Vicente et al., 2018), and hence
to Yap cytoplasmic detention and transcriptional arrest of Yap target genes. YAP nuclear
localization is important for mouse embryonic CMs proliferation and heart growth, as well as adult
CMs renewal after injury (Heallen et al., 2013; Lin et al., 2014; Von Gise et al., 2012; Xin et al.,
2013). In our model, caveolae depletion may leads to increased Yap phosphorylation in response
of the stiffer border zone which may explain the decrease in CM proliferation that is normalized by
14dpci. Further investigation is required to test this hypothesis and to examine other signalling

molecules that are involved in CM proliferation during zebrafish regeneration.

Cavl is necessary for proper heart function and cardiac cell stiffness
Cavl-deficient mouse shows abnormal cardiac remodelling, including dilation and
hypertrophy of the chambers (Cohen et al., 2003; Drab et al., 2001; Murata et al., 2007; Park et al.,

2003). No such phenotypes were detected in our cavi-KO zebrafish line, since neither the size of
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the ventricle was altered, nor fibrosis was observed in the cavI-KO hearts. Furthermore, in Cavli-
null mouse heart, the systolic and diastolic functions of the heart are affected (Cohen et al., 2003;
Park et al., 2003; Wunderlich et al., 2006; Zhao et al., 2002). Accordingly, our X136 line showed
reduced cardiac performance, as indicated by the reduced EF that was accompanied by a lower
heart rate. Since we did not detect cardiac fibrosis, the switch in cardiac elasticity could provide
explanation for the cardiac dysfunction of cavi-KO hearts. Membrane invaginations such as
caveolae, provide the necessary stretch capacity for cells to buffer the impact of mechanical forces
(Gervasio et al., 2011; Sinha et al., 2011). Our AFM analysis revealed that cavI-KO hearts were
significantly stiffer than the WT. The elasticity of the cardiac tissue was decreased almost two-
folds in the caveolae-deprived hearts. That significant switch in the biomechanical properties of the
cardiac tissue undoubtedly was caused by loss of Cav1 expression. The sensitivity of AFM allows
us to conclude that the measurements represent the stiffness of both the epicardial cells and the
underlying cortical myocytes. Here, we found that Cavl was strongly expressed in the epicardium
of intact hearts and that its expression was lost in X136 hearts. Additionally, RNA-seq data show
that Cavl is moderately expressed in cortical CM, but significantly higher than in trabecular CM
(Sanchez-Iranzo et al., 2018b). Caveolae are required for smooth muscle cells contractility (Gosens
et al., 2011; Halayko et al., 2008) and cell contraction results in changes in membrane tension that
caveolae absorb (Gervasio et al., 2011; Sinha et al., 2011). In addition, Cav1 and caveolae regulate
RhoA activation (a GTPase protein that regulates cytoskeleton) that in turn regulates actomyosin
contractility (Budnar et al., 2019; Grande-Garcia et al., 2007; Peng et al., 2007). Hence, all these
data suggest that loss of Cavl/caveolae impaired cell elasticity and/or contractility and therefore,
pumping efficiency, which could explain the drop in cardiac performance.

Lastly, Cavl regulates eNOS by direct binding (Garcia-Cardena et al., 1996) and the
availability of nitric oxide (NO) in the endothelium that mediates vessel relaxation (Palmer et al.,
1987). Additionally, endothelial-specific Cav1 reconstruction in Cav/-KO mice rescues the cardiac
and pulmonary phenotypes, highlighting the importance of Cav1-eNOS interaction (Murata et al.,
2007). Here, we report strong expression of Cav1 in endothelium that is lost in our cavi-KO model.
Thus, we cannot exclude the possibility that increased eNOS activity could also affect the cavI-KO

cardiac performance, and that should be addressed in future studies.
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Conclusions

1. Loss of Mdka results in arrest of heart regeneration and increased collagen deposition

in the injured area.

2. The promoter of mdka in combination with the intronic enhancers can recapitulate
mdka endogenous expression during development, in adult tissues and in heart and fin
regeneration.

3. Loss of Cavl and caveolae do not affect heart regeneration upon cryoinjury.

4. Caveolae and Cav1 loss do not lead to neither cardiac remodelling nor fibrosis in intact

or injured hearts.

5. Loss of Cavl and caveolae increases the stiffness of the epicardial cells and cortical

cardiomyocytes, hence altering the mechanical properties of the heart.

6. Cavl is important for normal adult cardiac function.
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Conclusiones

1. La delecion de mdka produce un bloqueo en la regeneracion cardiaca y un aumento de la

deposicion de colageno en el area dafada.
2. La minima secuencia regulatoria en cis de mdka con actividad enhancer y capaz de
recapitular el patron endogeno de expresion de mdka durante el desarrollo y la regeneracion

del corazon y la aleta, se ha encontrado en un intron.

3. Lapérdida de cavl y de las caveolas no afecta a la regeneracion cardiaca del pez cebra tras

criolesion.

4. La eliminacion de las caveolas y de Cavl no conducen ni a la remodelacion cardiaca ni a

fibrosis en corazones intactos o dafiados.

5. Lapérdida de Cavl y de caveolas induce un aumento en la rigidez de las células epicardicas

y de los cardiomiocitos corticales, lo que altera las propiedades mecanicas del corazon.

6. Cavl es importante para la funcion cardiaca normal del adulto.
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