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Summary

The development of the cardiac outflow tract (OFT), which connects the heart to the great
arteries, relies on a complex crosstalk between endothelial (ECs) and smooth muscle (SMCs)
cells. Defects in OFT development can lead to severe malformations, including aortic
aneurysms, which have often been associated with impaired TGF-f signaling. To further
investigate the role of TGF-f signaling in OFT formation, we generated zebrafish lacking the
type | TGF-p receptor Alk5 and found a strikingly specific dilation of the OFT. alk5 mutants
also exhibit increased EC numbers, extracellular matrix (ECM) and SMC disorganization.
Surprisingly, endothelial-specific alk5 overexpression in alk5 mutants rescues both
endothelial and SMC defects. Furthermore, modulation of the ECM gene fibulin-5, a TGF-p
target, partially restores OFT morphology and function. These findings reveal a new
requirement for endothelial TGF-f signaling in OFT morphogenesis and suggest an important
role for the endothelium in the etiology of aortic malformations.

Keywords
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Introduction

The cardiovascular system is essential to deliver blood to the entire organism. Within the
heart, however, the high pressure deriving from ventricular contractions needs to be buffered
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to avoid damage to the connecting vessels. The cardiac outflow tract (OFT), located at the
arterial pole of the heart, fulfills this role and is a vital conduit between the heart and the
vascular network (Kelly and Buckingham, 2002; Sugishita et al., 2004). Its importance is
confirmed by the fact that errors in OFT morphogenesis lead to almost 30% of all congenital
heart defects (CHD) in humans (Neeb et al., 2013). These malformations include defects in
the alignment and septation of the OFT, such as persistent truncus arteriosus (PTA),
transposition of the great arteries (TGA) and overriding aorta (OA), as well as coarctation or
dilation of the arteries exiting the heart (Neeb et al., 2013; Anderson et al., 2016). However,
the etiology of these malformations remains unclear, due to their multifactorial causes and the
complex interplay between the different cell types in the developing heart.

The development of the OFT starts with the formation of a simple tube lined by endothelial
cells (ECs) and surrounded by myocardium, both derived from late-differentiating second
heart field (SHF) progenitors (Kelly and Buckingham, 2002; Paffett-Lugassy et al., 2017;
Felker et al., 2018). Later, this tube switches from a myocardial to an arterial phenotype and
becomes surrounded by smooth muscle cells (SMCs) of SHF and neural crest origins. In
mammals, the OFT undergoes septation, cushion formation, and rotation, giving rise to the
final mature structure that forms the trunk of the aortic and pulmonary arteries. In other
vertebrates like zebrafish, in which the cardiac chambers do not undergo septation, the OFT
does not divide and forms what is considered a “third chamber” — the bulbus arteriosus
(Grimes and Kirby, 2009; Zhou et al., 2011; Guner-Ataman et al., 2013; Knight and Yelon,
2016; Paffett-Lugassy et al., 2017). Considering the cellular contributions to OFT
development, most of the attention has been focused on the SMCs, cardiac neural crest, and
cardiomyocytes (CMs) (Kelly and Buckingham, 2002; Buckingham et al., 2005; Waldo et al.,
2005a; Waldo et al., 2005b). However, the endothelial lining of the OFT is also likely to play
major roles.

Multiple signaling pathways including BMP, Notch, FGF, Wnt, and TGF-3 have been
implicated in OFT development (Neeb et al., 2013). In particular, mutations in several of the
TGF-p family members have been associated with severe congenital heart diseases, such as
PTA and aneurysm of the great vessels (Todorovic et al., 2007; Gillis et al., 2013; Takeda et
al., 2018). Despite the clear importance of the TGF-  signaling pathway in the development
and homeostasis of the OFT and connecting vessels, the molecular mechanisms underlying
these defects remain elusive, due to the context-dependent and controversial role of this
pathway (Massague, 2012; Cunha et al., 2017; Goumans and Ten Dijke, 2018; Zhang, 2018).

Activin receptor-like kinase 5 (Alk5, aka Tgfbrl) is the main type | receptor of the TGF-3
signaling pathway. In mouse, AIk5 expression is present specifically in the great arteries and
the heart, mostly enriched in the SMC layer of the aorta (Seki et al., 2006). A global mutation
of AIk5 in mouse leads to embryonic lethality due to brain hemorrhage and presumed cardiac
insufficiency (Carvalho et al., 2007). Notably, these phenotypes are recapitulated by the EC-
specific deletion of Alk5 (Sridurongrit et al., 2008). Conversely, despite its reported
expression pattern, loss of AIK5 in mouse cardiomyocytes, pericytes or SMCs does not lead to
any obvious defect during the development of the heart or great vessels (Sridurongrit et al.,
2008; Dave et al., 2018).
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82  Despite the evidence for a potential role for ALKS5 in the endothelium, most studies in OFT
83  and aortic pathologies, such as aortic aneurysms, have been focused on the role of TGF-f

84  signaling in SMCs and not ECs (Choudhary et al., 2009; Guo and Chen, 2012; Gillis et al.,

85  2013; Yang et al., 2016; Takeda et al., 2018). In particular, aneurysms have been described as
86  aweakening of the aortic wall due to SMC-specific defects, resulting in the dissection of the
87  vessel (Takeda et al., 2018). Only recently have a few studies started considering the

88 endothelium as a potential therapeutic target in OFT and aortic pathologies (van de Pol et al.,
89  2017; Sun et al., 2018). The close proximity of ECs with SMCs makes their cross-talk

90 essential for aortic development and homeostasis (Lilly, 2014; Stratman et al., 2017; Segers et
91 al, 2018). However, the early lethality of the Alk5 global and EC-specific KO animals

92  prevents a deeper investigation of the role of this gene in heart and OFT development.

93  The use of zebrafish as a model system can help overcome the issues associated with early
94  embryonic lethality resulting from severe cardiovascular defects (Stainier and Fishman,

95 1994). Moreover, this system allows a detailed in vivo analysis of the phenotype and the

96 assessment of cardiovascular function during embryogenesis thanks to its amenability to live
97 imaging. Overall, due to the conserved features of OFT development among vertebrates

98  (Grimes and Kirby, 2009), the zebrafish could help one to obtain new insights into the role of
99  TGF-B signaling in OFT development and disease.

100  Here, we generated a zebrafish alk5 mutant and observed a severe dilation of the developing
101 OFT. We show that this phenotype results from early defects in EC proliferation and

102 migration, followed by aberrant SMC proliferation and organization. Live imaging and

103  transcriptomic analyses further reveal an Alk5-dependent alteration in extracellular matrix
104  (ECM) composition. Notably, we show that restoring AIK5 in the endothelium is sufficient to
105  rescue the OFT phenotype, including SMC organization defects. Moreover, we identify the
106 ECM gene fibulin-5 (fbIn5) as a target of AIK5 signaling able to partially rescue the alk5

107  mutant phenotype, providing a new therapeutic target for various aortic malformations.

108

109  Results
110  Lack of AIk5 causes specific defects in cardiac outflow tract formation

111 Mammalian Tgfbrl/AIKS has two paralogs in zebrafish, alk5a and alk5b, and from multiple
112 datasets (Pauli et al., 2012; Yang et al., 2013; Gauvrit et al., 2018; Mullapudi et al., 2018), we
113 found alk5b to be the highest expressed paralog during embryogenesis. To investigate its
114  expression, we performed in situ hybridization and generated a transgenic reporter line,

115  TgBAC(alk5bh:eGFP), by bacterial artificial chromosome (BAC) recombineering (Figure S1).
116 We detected alk5b expression in the neural tube starting at 24 hours post fertilization (hpf)
117  and in the gut at 72 hpf (Figure SIA-C”). Notably, in the developing cardiovascular system,
118  alkb5b reporter expression appeared to be restricted to the heart (Figure S1E, E’), as we could
119  not detect GFP signal in any other vascular beds (Figure S1D, D). Within the heart, alk5h
120  becomes enriched in the outflow tract (OFT) (Figure 1A-B’’), where it is localized to both
121 ECs and SMCs (Figure 1B’, B”).

122 Inorder to investigate Alk5 function, we used CRISPR/Cas9 technology to generate mutants

123 for alk5a and alk5b. We obtained a 4 bp and a 5 bp deletion in alk5a and alk5b, respectively,
3
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124  each leading to the predicted generation of truncated proteins, which lack the essential kinase
125  domain (Figure S1F). Moreover, alk5a and alk5b mutant mRNA levels are decreased in the
126 respective mutant fish while the other paralog does not appear to be upregulated, suggesting
127  mutant mRNA degradation and a lack of transcriptional adaptation (EI-Brolosy et al., 2019)
128  (Figure S1G). Single alk5a and alk5b mutant larvae do not exhibit any gross morphological
129  defects, other than the lack of inflation of the swim bladder in alk5b mutants (Figure S1H-J).
130  Therefore, to achieve a complete blockade of Alk5 signaling, we generated alk5a, alk5b

131  double mutants (alk5a™;alk5b™, hereafter referred to as alk5 mutants). Loss of AIk5 function
132 does not lead to early developmental defects until 72 hpf, when mutant larvae start exhibiting
133 pericardial edema, evident at 96 hpf (Figure S1K), suggesting defective cardiac function. By
134  analyzing heart morphology in live Tg(kdrl:eGFP) alk5 mutant embryos, we observed a

135  specific increase in OFT width by 54 hpf (Figure 1C-H). Live imaging on beating hearts

136  showed that the dilation of the mutant OFT grows more severe with time, becoming more
137  than twice as large as wild type by 78 hpf (+162%; Figure 11-K; Video S1, S2). This

138  expansion of the OFT is accompanied by its inability to pump blood into the connecting

139  vessels, leading to retrograde flow into the ventricle (Video S3).

140  In 78 hpf wild-type zebrafish, the OFT is connected to the aortic arches by a single vessel, the
141  ventral aorta (VA) (Figure S1L). alk5 mutants fail to form this vessel, leading to two

142  independent connections from the OFT to the left and right aortic arches (Figure S1M).

143 Furthermore, we occasionally observed in mutant OFTs ruptures in the endothelial layer

144  (Figure 1L, L’; Video S4), likely resulting from a leaky endothelium. Indeed, 10 minutes

145  after dextran injection into the circulation, 7 out of 11 mutant larvae displayed dextran

146  accumulation between the ECs and SMCs and in the interstitial space amongst SMCs, a

147  phenotype not observed in wild types (n=10; Figure 1M, N). Remarkably, the cardiovascular
148  defects in alk5 mutant fish are restricted to the OFT and the VA, while all other vascular beds
149  appear morphologically unaffected. The diameter of the dorsal aorta (DA) appears unaffected
150 in alk5 mutants compared with wild-type siblings at 56 and 96 hpf (Figure S1N), and the

151  atrium, ventricle and atrioventricular valve appear correctly shaped at 78 hpf (Figure S10, P).

152  Taken together, these results identify a previously unknown and specific requirement for Alk5
153 in OFT morphogenesis, structural integrity, and functionality.

154

155  AIK5 restricts EC proliferation in the cardiac outflow tract and promotes EC migration
156  towards the ventral aorta

157  Given the increased size of the mutant OFT, we asked whether this phenotype was

158  accompanied by an increase in cell number. In wild-type animals, the average number of
159  OFT ECs increases from 21, at 36 hpf, to 45, at 72 hpf (Figure 2A, B). Consistent with the
160  absence of a morphological phenotype, the mutant OFT, at 36 hpf, was composed of an

161  average of 22 ECs, similar to wild type (Figure 2B). However, the number of ECs in mutant
162  OFT diverges substantially over time, and by 72 hpf twice as many ECs were observed in
163  mutants compared to wild types (85 ECs; Figure 2B). To investigate the underlying cause of
164  this increase, we performed EdU labeling to assess EC proliferation. In the mutant OFTs, we
165  found that, by 36 hpf, ECs were already more likely to undergo cell cycle reentry than ECs in
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166  wild-type OFTs (Figure 2C-E). This abnormal increase in the number of EAU™ ECs in mutant
167  OFTs becomes even more pronounced at later stages (48-72 hpf; Figure 2F-H).

168  Along with proliferation, EC migration has been implicated in the patterning and formation of
169  blood vessels, such as in the case of the aortic arches (Rochon et al., 2016). Therefore, we set
170  to investigate if the absence of the VA in alk5 mutants could be attributed to a defect in EC
171 migration. To assess EC migration in the absence of Alk5 activity, we performed

172 photoconversion of OFT ECs in control and Alk5 inhibitor-treated larvae. Treatment with 2.5
173 puM AIKS inhibitor, starting at 36 hpf (Figure S2A), was found to cause increased OFT width
174  at 54 and 78 hpf (Figure S2B-F) and VA patterning defects (Figure S2D, E), thus

175  phenocopying alk5 mutants. Using the AIK5 inhibitor with the Tg(flila:Kaede) transgenic
176 line, we aimed to track the migration of photoconverted ECs in the region of the OFT. Since
177  the population of ECs which gives rise to the VA was not previously characterized, we

178  photoconverted ECs at 54 hpf in different regions of the OFT: the proximal region close to the
179  bulbo-ventricular (BV) valve (Figure S2G, H), or the most distal region between the aortic
180  arches (Figure S2J, K). In wild-type fish, proximal ECs remained in the OFT close to the

181  photoconversion site up to 74 hpf (Figure S2H, 1), whereas distal ECs were invariably found
182  to move into the VA (Figure S2J; Figure 21-J°). In contrast, upon AIK5 inhibition, also distal
183  ECs remained in the OFT (Figure S2L; Figure 2K, K’). By 74 hpf, these ECs were displaced
184  to a lesser extent compared to control larvae (Figure 2L). To observe EC migration at high
185  resolution, we recorded time-lapse movies from 56 to 74 hpf following photoconversion

186  (Video S5, S6). While photoconverted cells in control larvae extended rostrally to form the
187 VA (Video S5), ECs with reduced AIk5 activity did not appear to move from their original
188  position in the OFT, resulting in the lack of VA formation (Video S6).

189  Altogether, these data indicate that AIk5 plays a role in restricting EC proliferation in the OFT
190  and promotes EC migration to form the ventral artery.

191

192  AIKk5 promotes the formation and stability of the outflow tract wall, regulating SMC

193  proliferation and organization

194  During early larval stages, the OFT becomes covered by SMCs, which allow it to buffer the
195  high blood pressure caused by ventricular contractions. In order to visualize SMCs, we used
196  the Tg(pdgfrb:eGFP) line, which labels these cells before they differentiate into more mature
197  SMCs and start expressing established markers such as Acta2 (smooth muscle actin; Figure
198  3A-B’). We observed that the OFT endothelium in 75 hpf wild-type larvae is surrounded by
199  an average of 90 + 2 pdgfrb™ cells, organized in 2 to 3 compact layers with limited

200  extracellular space (Figure 3A, A’, C). In contrast, in alk5 mutants we observed a reduced
201 number of pdgfrb™ SMCs (65 + 2, -27%), wider extracellular space, and disorganized cell
202 layers around the OFT (Figure 3B-C). The reduction in the total number of SMCs is likely
203  caused by a proliferation defect, as confirmed by EdU incorporation experiments performed at
204  early larval stages (-53%; 48-72 hpf, Figure 3D). Furthermore, using TUNEL staining (data
205  not shown), we excluded SMC death by apoptosis.

206  Inorder to form a compact yet elastic wall, the SMCs are embedded within a specialized
207  extracellular matrix (ECM), which provides essential biomechanical support as well as
208  signaling cues to the SMCs (Raines, 2000). To assess whether and how ECM structure and

5
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209  composition were affected in alkb mutants, we analyzed the localization of Elastin2 (EIn2;
210  Figure 3E-G), a major ECM component in the OFT (Miao et al., 2007). We observed that in
211 wild-type larvae 77.9% of SMCs were surrounded by a continuous layer of EIn2, while in

212 alk5 mutants only 33.1% were surrounded (Figure 3G). Moreover, in alk5 mutant OFTs EIn2
213 localizes in small disrupted clusters, compared to the bundle localization characteristic of

214  elastic fibers in wild types (Figure 3E-F’’).

215  Next, we used transmission electron microscopy (TEM) to investigate OFT ultrastructure

216  (Figure 3H-K). Even in a low magnification view of the mutant OFTs, we could observe a
217  greatly widened extracellular space surrounding the SMCs (Figure 31). At higher resolution,
218  we observed that the ECM in wild-type larvae consisted mainly of thin layers (Figure 3J),
219  while in alkb mutants it consisted of broader electron-negative spaces (Figure 3K). Moreover,
220 SMCs in the external layer of the mutant OFTs exhibited cytoplasmic inclusions (Figure 3K),
221 such as electron-dense lysosomes (as confirmed by LysoTracker staining; Figure 3L-M”), and
222 double-membraned vacuoles, resembling autophagosomes.

223 Overall, the loss of Alk5 function results in the formation of a defective SMC wall, supported
224 by astructurally impaired ECM.

225

226 Endothelial AIK5 is sufficient to restore cardiac outflow tract wall formation and

227  function

228  The earliest phenotype in alk5 mutants is observed during the EC proliferation and migration
229  stages, thereby preceding the formation of the SMC wall. Therefore, to investigate Alk5

230  requirement in the endothelium, we generated a transgenic line overexpressing alk5b

231 specifically in ECs. We used the flila promoter to drive alk5b expression (Figure 4A) and
232 validated the specificity of Tg(flila:alk5b-mScarlet)®"$*2! expression in endothelial and

233 endocardial cells (Figure S3A-A’"). We found that fish overexpressing alk5b in wild-type
234  ECs were healthy, fertile and did not display obvious cardiovascular phenotypes (Figure

235  S3A). Notably, when alk5b was overexpressed in the ECs in a mutant background, it was
236 sufficient to efficiently restore cardiac function, as indicated by the lack of pericardial edema
237  (Figure 4B, C). Indeed, alk5 mutants carrying the rescue transgene exhibited a wild-type
238 morphology and function of the OFT and connecting vessels (Figure 4D-F), including a single
239 VA (Figure S3B-D) and a wild-type like OFT expansion (Figure 4G; Video S7).

240  Occasionally, the restored cardiac function and blood flow allowed a few (10.2%, n=108) of
241  the alk5 rescued mutants to inflate their swim bladder and survive until 9 days post

242  fertilization (dpf) (Figure S3E, F). However, despite the vascular rescue, the fish do not

243 survive to adulthood, presumably due to the lack of AIk5 signaling in other tissues, as

244 suggested by an altered morphology of the head (Figure S3F).

245  In order to characterize the EC-specific OFT rescue at a cellular level, we performed EdU
246  incorporation experiments and observed that the number of proliferating ECs was reduced in
247  transgenic alk5 mutant larvae compared to alkb mutants not carrying the transgene (Figure
248  4H). Remarkably, the overexpression of alkbb in the endothelium of alk5 mutant larvae also
249  restored the formation of the SMC wall (Figure 41-K). In fact, 75 hpf transgenic larvae

250  exhibited SMCs organized in multiple layers around the OFT (Figure 4K), and 70.8% (n=16)
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251 of these cells were surrounded by uniform EIn2 immunostaining (Figure S3G), a percentage
252 similar to that observed in wild types (77,6%, n=12).

253 Overall, these data suggest that endothelial AIK5 signaling is sufficient to restore OFT
254 morphology and function, including SMC wall formation.

255

256 Alk5 signaling regulates ECM gene expression

257  We hypothesized that AIK5 is required in the OFT endothelium and that it controls an

258  expression program modulating the structural integrity of the OFT. To identify candidate
259  effector genes, we performed a transcriptomic analysis using manually extracted embryonic
260 hearts, including the OFTs, at 56 hpf in control and AIK5 inhibitor treated embryos (Figure
261  5A). We chose 56 hpf as the developmental stage for this analysis in order to avoid

262  secondary effects deriving from OFT malfunction.

263 Analysis of the AIK5 inhibitor treated samples revealed 955 differentially expressed genes
264  (DEGs), 480 of which were downregulated compared to control (Figure S4A-C). Gene

265  ontology analysis showed enrichment of genes implicated in the response to TGF-f signaling
266  among the downregulated genes (Figure S4B), supporting the specificity of the inhibitor

267  treatment. Notably, genes downregulated upon Alk5 inhibition include multiple ECM

268  components and the related Gene ontology categories are amongst the most enriched (Figure
269  5B). In order to identify extracellular proteins that might function in the signaling between
270  ECs and SMCs, we compared the list of downregulated genes with the secreted factor genes
271 from the zebrafish matrisome (Nauroy et al., 2018) (Figure 5C). Among the 82 genes

272 identified, 5 of them were specifically expressed in the OFT in adult zebrafish (Singh et al.,
273 2016), with fbIn5 being the most downregulated one upon AIK5 inhibition (Figure 5C, S4C).
274  FbIn5 is an ECM protein which mediates cell-to-matrix adhesion and has several functions,
275  including the inhibition of EC proliferation in vitro and the organization of the elastic lamina
276  (Sullivan et al., 2007; Yanagisawa et al., 2009). Interestingly, mouse FbIn5 is expressed in
277  both fibroblasts/SMCs and ECs (Figure S4D) (Tabula Muris et al., 2018), also specifically in
278  the embryonic OFT and aorta (Liu et al., 2019). Thus, we first confirmed that foln5 mRNA
279  levels were also decreased in zebrafish alk5 mutant hearts by RT-gPCR (Figure S4E) and,
280  next, we observed that fbIn5 expression was indeed restricted to the OFT in both wild-type
281  and alk5 mutant larvae at 72 hpf (Figure 5D, E).

282  fbIn5 specific expression in the developing OFT and its downregulation in alk5 mutants

283  suggest a potential role downstream of TGF-f signaling during OFT formation. Therefore,
284  we injected fbin5 mRNA in alk5 mutants and assessed the size of the OFT during ventricular
285  systole at 78 hpf (Figure S4F). Despite the transient effect of injected MRNA, the injection of
286  fbIn5 mMRNA partially rescued the size of the OFT in 15 out of 21 alk5 mutants, while it did
287  not have any effect in wild-type siblings (Figure 5F). Moreover, alk5 mutants injected with
288  fbIn5 mRNA exhibited a percentage of EAU* ECs in early embryonic stages (16,0%; 24-36
289  hpf, Figure 5G), which is comparable with wild types (15,6%). Additionally, fbln5 mRNA
290 injections into alk5 mutants led to a more organized EIn2 immunostaining around the OFT
291  SMCs compared to non-injected mutants (Figure 5H-J; S4G-I).

292 Overall, these data suggest a potential role for FbIn5 downstream of AIk5 signaling in OFT
293 morphogenesis, by modulating EC proliferation and elastin organization.

7
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294
295  Discussion

296  Taking advantage of the zebrafish model, we report an important role for the TGF-f3 receptor
297 | AIKk5 in the morphogenesis of the OFT. We show that TGF-f signaling through Alk5

298  restricts EC proliferation and promotes EC migration towards the ventral artery during early
299  embryonic stages. Furthermore, loss of Alk5 causes defects in the SMC wall surrounding the
300 OFT. The combination of these phenotypes leads to defects in OFT structural integrity,

301  eventually resulting in vessel dissection, reminiscent of human pathologies. Notably,

302  restoring Alk5 expression in the endothelium is sufficient to rescue the OFT defects,

303  suggesting a critical role for AIK5 in ECs.

304  Cell-specific role of AlKk5 signaling in cardiac outflow tract development

305 The TGF-B pathway’s multi-functional role results in many context- and tissue-dependent
306  functions, which are difficult to unravel (Pardali et al., 2010). Most studies on diseases of the
307  great arteries have aimed to understand the role of TGF- in SMCs (Li et al., 2014; Yang et
308 al., 2016; Zhang et al., 2016; Perrucci et al., 2017; Takeda et al., 2018), overlooking its

309 function in the endothelium. In EC biology, Alk5 function has been mostly studied in vitro,
310  where it has been shown to maintain EC quiescence (Goumans et al., 2002; Goumans et al.,
311  2003; Lebrin et al., 2004; van Meeteren and ten Dijke, 2012; Maring et al., 2016). In the

312 zebrafish model, we confirmed a pivotal role for AIK5 in restricting EC proliferation in vivo.
313  We found that ECs lacking AIKk5 function also exhibited impaired migration, possibly due to
314  the downregulation of alkl (another type | TGF-[3 receptor gene) and sema3d, which have
315  been previously implicated in EC migration (Hamm et al., 2016; Rochon et al., 2016).

316  Moreover, time-lapse imaging combined with photoconversion experiments identified a

317  selected population of OFT ECs giving rise to the ventral aorta via a migration process, which
318 is impaired in alk5 mutants.

319  Importantly, the early EC defects together with the endothelial-specific rescue data suggest
320 that ECs are primarily responsible for the OFT phenotype. Remarkably, while in mouse, Alk5
321  expression appears to be enriched in the aortic SMCs (Seki et al., 2006), a few studies have
322 suggested a pivotal role for TGF-f in ECs (Sridurongrit et al., 2008; Bochenek et al., 2020).
323  For example, although Tgfbr2 deletion in SMCs leads to OFT expansion in mouse (Jaffe et
324  al., 2012), only EC-specific Alk5 KO mice recapitulate the early cardiovascular defects of

325  mice carrying a global Alk5 mutation (Carvalho et al., 2007; Sridurongrit et al., 2008; Dave et
326 al., 2018). This discrepancy indicates distinct requirement for various TGF-f3 receptors in
327  different cell types and developmental stages.

328  Notably, in alkb mutant zebrafish larvae, the SMCs appears after the EC phenotype. In stark
329  contrast to the effect in ECs, SMCs in alk5 mutants exhibit reduced proliferation and therefore
330 reduced coverage of the OFT, explaining the lost integrity of the wall. This reduced SMC
331  coverage is in agreement with the vascular defects reported in mice lacking AIk5 signaling
332 globally, as well as in patients affected by aortic aneurysms (Larsson et al., 2001; Jana et al.,
333 2019).

334  Endothelium-smooth muscle interplay in the cardiac outflow tract and aorta
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335  Surprisingly, we found that alk5 overexpression in ECs was sufficient to restore SMC wall
336  formation. Although these results do not resolve whether ECs are the only cell type in which
337  AIK5 is necessary for OFT morphogenesis, they suggest that the SMC phenotype could be a
338  secondary effect from the crucial cross-talk between these two cell types (Gaengel et al.,

339  2009; Lilly, 2014; Stratman et al., 2017; Perbellini et al., 2018). Supporting the importance of
340 this cross-talk, it has recently been described that pericyte-specific Alk5 deletion causes an
341  enlargement of brain capillaries in mice. In particular, ALK5 in pericytes interferes with

342 ECM degradation processes, leading to an EC hyperproliferation state (Dave et al., 2018).
343  Moreover, defective interactions between ECs and SMCs have been implicated in different
344  pathologies including pulmonary hypertension, atherosclerosis and arteriovenous

345  malformations (e.g., hereditary hemorrhagic telangiectasia) (Mancini et al., 2009; Gao et al.,
346 2016; Cunhaetal., 2017; Li et al., 2018).

347  The communication between ECs and SMCs can be carried out in different ways, such as

348  physical contact, exchange of signaling cues and ECM deposition (Gaengel et al., 2009; Lilly,
349  2014; Li et al., 2018; Sweeney and Foldes, 2018), all of which are likely to play a role in alk5
350 mutant phenotype. In addition, during development, SMCs are recruited to the vessels once
351 the initial establishment of the endothelial layer is completed (Stratman et al., 2017; Sweeney
352  and Foldes, 2018). Thus, one can speculate that enhanced EC proliferation and remodeling in
353 alk5 mutants could represent a less mature state of the vessel, thus inhibiting SMC coverage
354  of the OFT. Later on, a reduced SMCs coverage might sustain the EC hyperproliferation in a
355  feedback loop contributing to the severity of the phenotype.

356  Overall, we suggest that the severe SMC phenotype directly causing the functional OFT

357  defects and leading to aortic aneurysms in patients could have masked the important role of
358 the endothelium in the etiology of these pathologies. Therefore, it will be important to further
359  characterize the EC role in SMC stabilization and vascular wall integrity.

360 ldentifying new molecular regulators of cardiac outflow tract development and disease

361  Analyses at several different cellular and molecular levels provided insights into the structural

362  changes directly linked to the functional phenotype in alkb mutants. Together with the

363  observed defective elastic lamina and altered intercellular space, the transcriptomic data

364 identified differential expression of several ECM component genes following manipulation of

365  AIK5 function. The ECM is secreted by both ECs and SMCs and is a source of signaling

366  mediators crucial for their interaction (Kelleher et al., 2004; Davis and Senger, 2005). One of

367 the most promising ECM genes downregulated after AIK5 inhibition was fbIln5, encoding an

368 integrin-binding extracellular protein (Nakamura et al., 1999). FblIn5 is expressed, and

369  secreted, by both ECs and fibroblasts or SMCs (Nakamura et al., 1999; Tabula Muris et al.,

370  2018; Liu et al., 2019) and, in zebrafish, it serves as a very specific marker for the OFT

371 (Figure 5D). FBLN5 has multiple reported functions, as assembling the elastic lamina

372 surrounding SMCs (Nakamura et al., 2002; Chapman et al., 2010) and promoting EC-to-ECM

373  attachment in vitro (Preis et al., 2006; Williamson et al., 2007). The adhesion of ECs to the

374  matrix mediated by FBLNS5 appears essential to restrict their proliferation, suggesting FBLN5

375 as an anti-angiogenic factor (Albig and Schiemann, 2004; Sullivan et al., 2007). Moreover,

376  the deregulation of FBLNS5 has been associated with abdominal aortic aneurysms, but the

377  underlying mechanism is still unclear (Orriols et al., 2016). By enhancing the levels of fbIin5

378 in alk5 mutants, we were able to partially restore the OFT expansion and the EIn2 coverage of
9
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379  SMCs. Notably, the injection of fbln5 mMRNA also rescued the EC hyperproliferation

380 phenotype of alk5 mutants at a stage preceding the formation of the SMC wall. These data
381  are consistent with FBLNS reported role in restricting EC proliferation, likely acting via cell-
382  to-matrix adhesion mechanisms. While we have not identified the exact cell type expressing
383  fbIn5, it is important to note that multiple cells secrete ECM components during OFT

384  morphogenesis. Nevertheless, it is conceivable that ECs in the OFT could initiate the

385  generation of a local extracellular environment, the control of which is then taken over by
386 SMCs.

387  Given the prevalence of OFT-related cardiovascular diseases, there is a need for multiple

388  model systems that allow one to investigate the causes of these pathologies at the cellular and
389  molecular levels, and the zebrafish could complement the mouse in this regard. Furthermore,
390 the overlap of our transcriptomic data with the genes associated with aortic aneurysm

391  (Brownstein et al., 2017; Kim and Stansfield, 2017), and the similarities between the

392  endothelial ruptures in alk5 mutants and those of human aortic dissection suggest that the
393  zebrafish could serve as a valuable model for aneurysm research.
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414  Figure Legends

415  Figure 1 - Loss of AlIk5 function causes specific defects in cardiac outflow tract formation

416  A) Schematic of the zebrafish heart and connecting vessels at 78 hpf; ventral view; green,
417  endothelium/endocardium. B-B’”) Confocal images showing TgBAC(alk5b:eGFP) (white)
418  expression in the 78 hpf zebrafish heart. Green, ECs; arrowheads, SMCs; boxed area shown
419 in B’ and B’’; white dotted line outlines the OFT; magenta dotted line outlines ECs. C-H)
420  Confocal images (C, D, F, G) and quantification (E, H) of OFT width in wild-type and alk5
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421  mutant embryos at 30 (C-E) and 54 (F-H) hpf. Orange line shows OFT width quantified in E
422  and H. I-K) Frames of confocal movies of beating hearts (I, J) and quantification (K) of OFT
423  expansion at 78 hpf. Yellow dotted line outlines the OFT. L, L) Frames of confocal movies
424  of 96 hpf alk5-/- beating hearts during ventricular diastole (L) and systole (L”). Pink dotted
425  lines outline EC ruptures. The OFT is outlined in yellow. C-L’) White, ECs. M, N)

426  Confocal images of 96 hpf wild-type and alk5 mutant OFTs, showing the accumulation

427  (arrowheads) of FITC-Dextran (green) between the SMCs in mutant larvae. Magenta, ECs;
428  dotted lines outline the OFT. C-G) Maximum intensity projections. B, I-N) Single confocal
429 planes. E, H, K) Plot values represent mean + SD; P values from t-tests. A- atrium, V-

430  ventricle, OFT- outflow tract. Scale bars: B, C-L’) 20 um; B’, B’”) 10 um; M, N) 5 um. See
431  also Figure S1.

432

433 Figure 2 - AIK5 restricts EC proliferation in the cardiac outflow tract and promotes EC
434  migration towards the ventral aorta

435  A) Schematics of OFT ECs at 36 and 72 hpf. B) Quantification of EC number (darker cells
436 shown in A) in 36 and 72 hpf wild-type and alk5 mutant OFTs (36 hpf: n=11; 72 hpf: n=6).
437  C-H) Confocal images (C, D, F, G) and quantification (E, H) of the percentage of EQU* ECs
438  in wild-type and alk5 mutant Tg(kdrl:eGFP) animals. Dotted lines outline the OFT. 1)

439  Protocol used for photoconversion experiment. J-K’) Confocal images of the OFT in 74 hpf
440  Tg(flila:Kaede) larvae treated with DMSO or AIK5 inhibitor. Magenta, photoconverted ECs;
441  dotted lines outline the OFT. L) Quantification of the distance covered by photoconverted
442  ECs between 54 and 72 hpf in control and AIK5 inhibitor treated larvae. C, D, J-K”)

443  Maximum intensity projections. F, G) Single confocal planes. B, E, H, L) Plot values

444  represent means + SD; P values from t-tests. VVA- ventral artery, OFT- outflow tract, V-

445  ventricle. Scale bars: C-G) 10 um; J, K) 20 um. See also Figure S2.

446

447  Figure 3 — Alk5 regulates SMC and ECM organization in the OFT

448  A-C) Confocal images (A-B’) and quantification (C) of SMCs in 75 hpf wild-type and alk5
449  mutant larvae. Magenta, SMCs; white arrows, extracellular space between SMCs; boxed
450  areas shown in A’ and B’; dotted lines outline the OFT. D) Percentage of EQU™ SMCs in 72
451  hpf wild-type and alk5 mutant larvae. E-F’”) Confocal images of wild-type and alk5 mutant
452  larvae immunostained for Elastin2 (EIn2) at 75 hpf. White arrowheads, SMCs devoid of

453  EIn2; yellow arrowheads SMCs surrounded by EIn2 immunostaining; boxed areas shown in
454 E’,E”’, F’ and F’’; images in E’ and F’ are shown with inverted colors; dotted lines outline
455  the OFT. G) Quantification of the percentage of SMCs surrounded by EIn2 immunostaining
456  (per sagittal plane) at 75 hpf. H-K) TEM images of wild-type and mutant OFTs at 72 hpf at
457  different magnifications. Yellow, SMCs; red, cardiomyocytes close to the BV canal;

458  asterisks, extracellular space; arrows, electron-dense (red) and double-membraned (yellow)
459  vacuoles; dotted lines outline the OFT. L-M’) Confocal images of wild-type and alk5 mutant
460  animals treated with LysoTracker, labelling lysosomes (small, circles; big, arrowheads);

461  boxed areas are shown in L’ and M’; dotted lines outline the OFT. C, D, G) Plot values

462  represent means + SD; P values from t-tests. A- anterior, P- posterior, BV- bulbo-ventricular
463  canal, CM- cardiomyocyte. Scale bars: A-1, L-M”) 10 um; J, K) 2 um.

464
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Figure 4 - Endothelial AIK5 is sufficient to restore OFT wall formation and function

A) Schematic of the construct used for endothelial-specific rescue experiments. B, C)
Brightfield images of 96 hpf wild-type and alk5 mutant larvae carrying the EC-specific rescue
transgene (Tg). D-F) Confocal images of the OFT in 72 hpf Tg(kdrl:eGFP) larvae, showing
the morphological rescue in Tg(flil:alk5b-mScarlet) alk5 mutants (F). Asterisk indicates the
absence of the VA in alk5 mutants; dotted lines outline the OFT. G) Percentage of OFT
expansion in 78 hpf wild types, alk5 mutants, and Tg(flil:alk5b-mScarlet) alk5 mutants. H)
Percentage of EdU™ ECs in 72 hpf wild types, alk5 mutants, and Tg(flil:alk5b-mScarlet) alk5
mutants. 1-K) Confocal images of 75 hpf Tg(kdrl:eGFP) larvae immunostained for EIn2.
Arrowheads, SMCs devoid of (white) or surrounded by (yellow) EIn2 immunostaining. G, H)
Plot values represent means + SD; P values from One way ANOVA test. VA, ventral artery;
Tg, Tg(flil:alkbb-mScarlet). Scale bars: B, C) 200 um; D-F, I-K) 10 um. See also Figure S3.

Figure 5 - AIk5 signaling regulates ECM component genes of the outflow tract, including
fbin5

A) Schematic showing the setting of the RNA-seq on extracted embryonic hearts (56 hpf). B)
Gene ontology bar plot, showing the most overrepresented cellular compartments up- or
down-regulated in the inhibitor treated embryos compared to controls. C) Venn diagram
depicting the genes downregulated (log2FC < -0.585) in Alk5 inhibitor treated embryonic
hearts, exclusively expressed in the adult zebrafish BA (Singh et al., 2016), and part of the
zebrafish matrisome (Nauroy et al., 2018). The 5 genes in the intersection are listed in the
box. D, E) Whole-mount in situ hybridization of fbIn5 expression in the OFT of 72 hpf wild-
type and alk5 mutant larvae. Dotted lines outline the OFT. F) Quantification of the
maximum OFT area during ventricular systole in 78 hpf alk5 wild-type and mutant larvae
following injection of fbin5 mMRNA. G) Percentage of EQU* ECs in 36 hpf wild-type and alk5
mutant Tg(kdrl:eGFP) embryos following injection of foln5 mRNA. H-J) Confocal images of
75 hpf larvae immunostained for EIn2, following injection of fbIn5. Yellow arrowheads,
SMCs surrounded by EIn2 immunostaining. OFT, outflow tract; BA, bulbus arteriosus. F, G)
Plot values represent means + SD; P values from One way ANOVA test. Scale bars: D, E) 50
um; H-J) 10 um. See also Figure S4.

Figure S1 - Alk5 expression and function in zebrafish embryos and larvae — related to
Figure 1

A-A’, D, D’, E, E’) Confocal images showing TgBAC(alk5b:eGFP) (white) expression in 30
(A) and 52 (D-E’) hpf zebrafish embryos. The expression is localized in the neural tube (D)
and the heart (E). B, C) In situ hybridization showing the expression of alk5b in 30 and 72
hpf animals. Arrowhead, gut; boxed area shown in B’ and C’. F) Schematics of wild-type
and mutated AIK5 proteins. Black and white stars indicate the mutations in alkba and alk5b,
respectively. G) alkba and alk5bh mRNA levels in 30 hpf wild-type, alk5a and alk5b single
mutants; means + SD; P values from t-tests. H-K) Brightfield images of 96 hpf wild-type and
mutant larvae. Arrowhead, lack of swim bladder; arrow, pericardial edema. L, M) Confocal
images of OFT and connecting vessels in 78 hpf wild-type and mutant larvae. Asterisk,
absence of the VA in alk5 mutants. N) Quantification of DA diameter in 56 and 96 hpf wild-
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509 type and alk5 mutant animals. The same animals were analyzed at the two different time-
510 points; means + SD; P values from t-tests. O, P) Confocal images of 78 hpf wild-type and
511  mutant hearts. Asterisk, AV valve. SP- signaling peptide, RD- receptor domain, TM-

512  transmembrane domain, GS- glycine-serine rich domain, STK- serine-threonine kinase

513  domain, A- atrium, V- ventricle, NT- neural tube, DA- dorsal aorta, PCV- posterior cardinal
514  vein, OFT- outflow tract, VA- ventral artery, AAl- aortic arch 1. Scale bars: A-C’, H-K) 200
515 um; D, D’) 50 um; E, E’, L-P) 20 um.

516

517  Figure S2 - Phenocopy of alks mutants by AIk5 inhibitor treatment — related to Figure 2
518  A) Protocol used for AIK5S inhibitor treatment. B-E) Confocal images of Tg(kdrl:eGFP)

519  animals treated with DMSO or AIK5 inhibitor (E-616452) at 36 hpf and analyzed at 54 (B, C)
520 or 78 (D, E) hpf. Asterisk, absence of the VA in AIK5 inhibitor treated larvae. F) Percentage
521  of OFT expansion in 78 hpf control and AIK5 inhibitor treated larvae; means + SD; P values
522 from t-test. G) Schematics of the area photoconverted in H. H, I) Confocal images of

523  untreated photoconverted Tg(flila:Kaede) embryos at 54 (H) and 74 (1) hpf. J) Schematics of
524  the area photoconverted in K, L. K, L) Confocal images of 54 hpf photoconverted

525  Tg(flila:Kaede) control or AIK5 inhibitor treated embryos. H-L) Magenta, photoconverted
526  ECsinthe OFT (yellow arrowheads). B-L) Dotted lines outline the OFT. H, K, L) Single
527  confocal planes. B-E, I) Maximum intensity projections. AAL- 1° aortic arch, VA- ventral
528 artery, OFT- outflow tract, BV- bulbo-ventricular canal. Scale bars: B-E) 20 um; I-L) 10 um;
529  H)5um.

530

531  Figure S3 - alk5b EC-specific overexpression restores the vascular network in alk5

532  mutants — related to Figure 4

533  A-A”) Ventral view of 120 hpf Tg(flil:alk5b-mScarlet) larvae, showing the restricted

534  expression of the transgene in the ECs. Boxed area shown in A’ and A’’; dotted lines outline
535 the OFT; arrowheads, SMCs. B-D) Confocal images of the OFT in 120 hpf Tg(kdrl:eGFP)
536 larvae, showing the formation of the VA in alk5 mutants carrying the EC-specific rescue

537  transgene (D, arrowheads) and its absence in alk5 mutants (C, asterisk). E, F) Brightfield
538  images of 9 dpf wild-type and alk5 mutant animals carrying the EC-specific rescue transgene
539  (Tg). Black arrowheads, swim bladder; pink arrowhead, deformation of the head. G)

540  Quantification of the percentage of SMCs surrounded by EIn2 immunostaining (per sagittal
541  plane) at 75 hpf. Means + SD; P value from One way ANOVA test. Scale bars: A) 50 um;
542 A’, A”’)20 um; B, D) 30 um; E, F) 200 um.

543

544  Figure S4 - FbIn5 is expressed in both SMCs and ECs in the adult mouse heart and it
545  functions downstream of AIK5 in the zebrafish OFT- related to Figure 5

546  A) Heat map of the top 50 differentially expressed genes (DEGS) in AIk5 inhibitor treated
547  embryonic hearts compared to controls. B) Gene ontology bar plot, showing some of the

548  most overrepresented biological processes downregulated in the inhibitor treated embryos
549  compared to control. C) MA plot displaying differentially expressed genes between inhibitor
550 treated and control animals. fbIn5 is highlighted among the downregulated genes (red). D)
551  Two-dimensional tSNE map showing the expression of FbIn5 in different cells of heart and
552  aorta in adult mice. Each cell is colored according to the scaled expression of FbIn5 (Tabula
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553  Muris etal., 2018). E) fbIn5 relative mRNA levels in 72 hpf wild-type and alk5 mutant larval
554  hearts. Means + SD; P values from t-tests. F) Schematic representing the strategy used for
555  fbIn5 wild-type mRNA injections. G-I) Confocal images of 75 hpf larvae immunostained for
556  EIn2 (black), following injection of fbin5. Yellow arrowheads, SMCs surrounded by EIn2
557  immunostaining; dotted lines outline the OFT. ECs, endothelial cells; EndocCs, endocardial
558  cells; CMs, cardiomyocytes; RBCs, red blood cells. Scale bars: G-1) 10 um.

559
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