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SUMMARY

Autophagy-lysosomal degradation is a conserved homeostatic process considered to be crucial for cardiac
morphogenesis. However, both its cell specificity and functional role during heart development remain un-
clear. Here, we introduced zebrafish models to visualize autophagic vesicles in vivo and track their temporal
and cellular localization in the larval heart. We observed a significant accumulation of autolysosomal and
lysosomal vesicles in the atrioventricular and bulboventricular regions and their respective valves. We
addressed the role of lysosomal degradation based on the Spinster homolog 1 (spns7) mutant (not really
started, nrs). nrs larvae displayed morphological and functional cardiac defects, including abnormal endo-
cardial organization, impaired valve formation and retrograde blood flow. Single-nuclear transcriptome
analyses revealed endocardial-specific differences in lysosome-related genes and alterations of notch1-
signalling. Endocardial-specific overexpression of spns1 and notch1 rescued features of valve formation
and function. Altogether, our results reveal a cell-autonomous role of lysosomal processing during cardiac

valve formation affecting notch1-signalling.

INTRODUCTION

The macroautophagy/autophagy-lysosomal pathway plays a
fundamental role in the maintenance of the cardiovascular sys-
tem. Autophagy mediates the recycling of cytoplasmic compo-
nents, organelle turnover, and the availability of basic building
blocks and metabolites. It is active in all cells under basal condi-
tions, but can also be activated under stress conditions."*? Dur-
ing vertebrate embryonic development, autophagy-lysosomal
processes are necessary to supply metabolites, enable organ-
elle degradation for tissue remodeling, and support cell differen-
tiation.>® In addition, autophagic processes have been sug-
gested to control cell signaling driving tissue patterning and
morphogenesis, with the lysosome acting as a cellular signaling
center.>° Indeed, lysosomal function has been associated with
congenital and acquired cardiovascular and valve diseases’;
and inherited lysosomal storage disorders have been linked to
valve pathologies such as pulmonary valve stenosis, mitral valve
degeneration, and valve calcification.>'" Moreover, links have
been identified between autophagy-related gene expression
and congenital atrioventricular valve defects.®'? Yet, despite

its evident biological and clinical significance, the function of
lysosomal degradation during cardiac valve development has
not been addressed.

Autophagic degradation requires the formation of an isolation
organelle, known as the autophagosome, to sequester cyto-
plasmic components and target them to the lysosome. The
lysosome contains digestive enzymes to break down cellular
cargoes and is designed to maintain an acidic environment
that allows their optimal activity.'® Fusion of the autophagosome
with the lysosome leads to formation of the autolysosome, in
which the cargo is processed. The resulting building blocks
and degradation products are recycled or secreted.'® To study
these highly dynamic processes during heart formation, experi-
mental models that permit their precise in vivo observation
are essential. The zebrafish has long been considered an
outstanding model organism for heart development studies
thanks to its advantageous features for in vivo high-resolution
imaging, such as external embryonic development, transpar-
ency, and amenability to genetic manipulation.’ Furthermore,
the similarities between its fast-developing heart and the
mammalian heart make it particularly suitable to study the
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progression of congenital cardiovascular diseases. Many
morphological characteristics of mammalian heart valves are
shared with the zebrafish, and their formation is coordinated
by the same signaling pathways that regulate mammalian endo-
cardial cushion formation, endothelial-to-mesenchymal transi-
tion (endoMT), and valve interstitial cell proliferation.'>'®

The availability of cell- and organelle-specific zebrafish re-
porters and genome editing approaches have supported the
study of processes underlying cardiovascular disease, including
autophagy.'”'® The zebrafish model has allowed to establish a
link between autophagy-related gene expression and the corre-
sponding transcriptional patterning of the early developing
vertebrate heart,® to mimic cardiac phenotypes observed in
lysosomal storage disorders'® and to functionally characterize
mutations in lysosome-related genes associated with congenital
cardiac defects.”*?" Still, the cell-type specific function of auto-
phagy-lysosomal degradation during cardiac valve development
is not fully understood and the developmental signaling path-
ways to which it is coupled remain elusive. Here, we utilized
high-resolution live imaging to describe in detail the auto-
phagy-lysosomal events taking place during zebrafish heart
development. We established a new knock-in autophagosome
reporter and used cell- and organelle-specific transgenic lines
to follow autophagosome and lysosome formation in the beating
larval heart. This allowed us to reveal how autophagic degrada-
tion is connected to the cellular events which coordinate cardiac
valve formation.

Based on the not really started (nrs) zebrafish model, which
carries a retroviral insertion affecting the expression of the
gene Spinster homolog 1 (spns1), we investigated how improper
lysosomal function influences valve formation and function.
spns1 encodes a lipid-transporter that lethally affects lysosomal
acidity and, consequently, the function of pH-dependent lyso-
somal proteases.’>*® The nrs mutant is a thoroughly character-
ized model of lysosomal-function impairment, which has allowed
the study of lysosomal deficiency in the context of embryogen-
esis,”* senescence®?® and muscle degeneration.”’ Interest-
ingly, the human SPNS1 locus is located within the chromosome
region 16p11.2, aregion that has been associated with myxoma-
tous mitral valve prolapse,®® aortic valve abnormalities,’® septal
defects and coarctation of aorta.®° Utilizing light-sheet, confocal
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and electron microscopy, we compared the morphology and
function of mutant and sibling hearts and found that lysosome
activity in endocardial cells is required for proper valve morpho-
genesis. With single-nuclei transcriptome analysis of the nrs
mutant heart, we exposed a role for lysosomal function in notch1
signaling and propose a link between the lysosomal function and
correct valve development.

RESULTS

Autophagosome formation accompanies valve
development

To elucidate the role of autophagy-lysosomal processing during
cardiac valve formation, we characterized the localization and ki-
netics of autophagosome, autolysosome and lysosome accu-
mulation in the developing zebrafish heart. For this, we estab-
lished and made use of zebrafish transgenic models and live
fluorescent dyes to locate these organelles within three distinct
cardiac regions: the ventricle (V), the outflow tract (OFT) and
the atrioventricular canal (AVC) (Figures 1 and 2; Figures S1-
S3). We optimized a previously described®' experimental setup
for in vivo imaging of zebrafish larvae along with a downstream
image processing workflow to obtain a four-dimensional recon-
struction (3D+t) of the beating larval heart (Figure 1A-C).°' This
allowed us to identify the nascent valves in the OFT and AVC,
which is only accurately possible when visualized in motion.*?
We performed live imaging at four larval stages, during which
the main sequence of cellular processes that lead to valve forma-
tion takes place®***: endocardial cell (EnC) clustering at the AVC
(48 h postfertilization, hpf), EnC migration into the cardiac jelly
(56 hpf), formation of a multilayered primitive valvular structure
(72 hpf) and elongation of the valve leaflet (96 hpf). Finally, we es-
tablished an image segmentation pipeline that allowed auto-
mated regional quantification of fluorescently labeled autopha-
gosomes, autolysosomes and lysosomes.

We used the ubiquitous dual-fluorophore transgenic line
Tg(actb2:mRFP-GFP-map1ic3b)“9°279 here referred to as Tg(8-
actin2:mRFP-GFP-Lc3),%° which expresses the autophagosome
microtubule-associated protein light chain 3B (MAP1LC3B, here-
after referred as Lc3) tagged with both a monomeric red (mRFP)
and green fluorescent protein (GFP). This line allowed to follow

Figure 1. Autophagosome formation accompanies valve development

(A) Experimental plan followed for in vivo imaging of the developing zebrafish heart. Transgenic zebrafish larvae were imaged at 48, 56, 72 and 96 hpf upon 3 h
treatment with chloroquine (2 mM) to observe autophagosomes and lysosomes in the beating heart using light-sheet microscopy and following a 3D+t acquisition
mode.

(B) Schematic overview of the process of autophagy-lysosomal degradation involving phagosome and autophagosome formation, fusion with lysosome, and
lysosomal degradation. The transgenic autophagosome tagged reporter proteins used in this study are illustrated.

(C) Graphic representation of the cardiac region imaged. AVC, atrioventricular canal; EnCs, endocardial cells; VIC, valve interstitial cells; EnVCs, endocardial valve
cells.

(D-F) Reconstructed image acquisitions by 3D+t light-sheet microscopy. Shown are always merged (color) and single channel views (inverted greyscale). Anterior
is to the top, ventricle to the left, atria to the right. Middle part constriction is the AVC. Developmental stages are indicated within the panels as hours post-
fertilization (hpf). Graphs show number of MRFP-GFP * puncta within ventricle and AVC regions at the different developmental stages. Shown are numbers in
individual animals as well as median and quartile values. Each point represents one larva. Statistical test: two-way ANOVA, *p < 0.05, **p < 0.01, **p < 0.001).
Scale bars represent 10 um. (D) Tg(B-actin2:mRFP-GFP-Lc3) larvae show mRFP-GFP* autophagosomes ubiquitously distributed in the developing heart and
accumulation of mRFP*-only autolysosomes in the atrioventricular canal (AVC) during development. Arrows point to double-positive puncta in atrioventricular
valves. TgKI(mRFP-Lc3) expresses an mRFP-tagged version of the endogenous autophagosome backbone protein Lc3. This reporter line was crossed into the
endocardial Tg(flila:GFP) (E) and myocardial Tg(my/7:GFP) (F) lines. Arrows mark mRFP*-puncta in endocardium and myocardium, respectively. See also
Figure S2.
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the distribution of autophagosomes (mRFP*-GFP* puncta) and
autolysosomes (mMRFP*-only puncta). We first confirmed that
mRFP* and GFP* puncta were detectable in fixed samples (Fig-
ure S1A). Then, we used in vivo imaging for further characteriza-
tion during AVC and OFT valve formation from 48 to 96 hpf
(Figures 1D, S2A-D, and Video S1). Prior to imaging, larvae were
shortly treated with the lysosomal-inhibitor chloroquine to block
autophagic flux®® and to allow the observation of autophagosome
puncta, following similar protocols used to observe autophagy
activation in zebrafish models.'”*> Compared to the scarcely
found mRFP-GFP* autophagosomes, mRFP-labelled autophago-
somes/autolysosomes were detected in high numbers as discrete
puncta across the heart from 48 hpf onwards. We quantified the
number of MRFP-GFP* and mRFP*-only puncta as a proxy for au-
tophagosome and autolysosome accumulation in the V, AVC and
OFT regions. This quantification suggested an increase in autoly-
sosomes during heart tube maturation from 48 to 96 hpf in the
three cardiac regions (Figures 1D and S2D).

A caveat with the use of an ubiquitous line such as Tg(g-
actin2:mRFP-GFP-Lc3) is that tissues with particularly high
G-actin2 promoter activity, such as the myocardium, will
show higher reporter expression as compared to the less-con-
tractile endocardium. To overcome this bias and accomplish
an accurate tracking of autophagosome/autolysosome accumu-
lation in all cardiac tissues, we decided to create a knock-in
transgenic line (TgKI(mRFP-map1Ic3b), hereafter referred to as
TgKI(mRFP-Lc3), that allows the visualization of the endogenous
Lc3 and thus unbiased tracking of autophagosome/autolysosome
vesicles (Figures S1B-E). For this, we introduced the coding
sequence of the fluorescent protein mRFP upstream of and in
frame with the first exon of the map1/c3b zebrafish orthologue,
to generate a tagged native protein (Figure S1C,E." We
confirmed detection of autophagosomes/autolysosomes with
this line by crossing it into the autophagosome reporter
Tg(cmv:EGFP-Lc3) (Figure S1F).

By crossing TgKI(mRFP-Lc3) with the endocardial Tg(fli1la:GFP)
reporter, (Figures 1E, S2E, and Video S2), we could locate auto-
phagosomes in the endocardium. Interestingly, the increase in
mRFP*-puncta during development was highest in the endocar-
dium close to the AVC and OFT, compared to the endocardium
of the rest of the ventricle. We next crossed TgKI(mRFP-Lc3)
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into the myocardial reporter Tg(my!7:GFP) (Figures 1F and S2F;
Video S8). Here, we also observed an increase over time, but con-
trary to the endocardium, the increase was not restricted to a
particular cardiac region. During OFT development, the endocar-
dium of the bulbus arteriosus is covered by an outer fibroblast
layer. We found that mRFP-Lc3 expression was also detected in
periostin-positive fibroblasts (postnb*) lining the OFT surface
from 72 hpf onwards (Figure S2G).

Lysosome accumulation during valve development
To follow the complete autophagic pathway, we next tracked
lysosome accumulation using LysoTracker Deep Red (Figure
2A-D; Figures S3A-D and Video S4), hereafter referred to as
LysoTracker, which allows to fluorescently label acidic vesicles
in vivo. To observe their co-localization with autophagosomes,
we used the ubiquitous autophagosome reporter Tg(cmv:EGFP-
Lc3). Contrary to the B-actin2-promoter-mediated mRFP-GFP au-
tophagosome reporter, the Tg(cmv:EGFP-Lc3) transgenic line
showed high expression in erythrocytes at 48 and 56 hpf (Fig-
ure 2D). From 72 hpf onwards, cells in the OFT and AVC regions
showed high green fluorescence and some distinguishable
EGFP-Lc3* puncta, confirming our observations of autophagy
activation with the ubiquitous and the endogenous LC3-reporters
in these regions. Due to the high EGFP-Lc3 signal in the atrioven-
tricular and outflow regions, neither automated segmentation of
GFP*-puncta nor the quantification of GFP*-autophagosomes co-
localizing with LysoTracker*-lysosomes was possible. Neverthe-
less, similar to our quantifications on autolysosomes, we observed
an accumulation of lysosomes in the course of heart development.
Moreover, we noticed that the increase of LysoTracker® puncta
from 48 to 96 hpf was highest in the AVC and OFT regions
(Figures 2D and S3D), suggesting elevated lysosomal activity dur-
ing valvulogenesis.®

Since the LysoTracker dye may also label acidic endosomes
and its fluorescence depends on the dye permeability and
environmental pH,'® we complemented our characterization
with a transgenic Lamp2-reporter TgBAC(lamp2:RFP). TgBAC
(lamp2:RFP) animals were crossed into Tg(kdlrzEGFP-CAAX),
Figures 2E and S3E and Video S5) and Tg(myl7:GFP)
(Figures 2F and S3F and Video S6) to identify lysosomes in endo-
cardial cells and cardiomyocytes, respectively. We observed that

Figure 2. Lysosome accumulation during cardiac valve development

(A) Experimental set up for in vivo lysosome imaging in the developing zebrafish heart. Transgenic zebrafish larvae were imaged at 48, 56, 72 and 96 h post
fertilization (hpf) using light-sheet microscopy and following a 3D+t acquisition mode.

(B) Schematic overview of the process of autophagy-lysosomal degradation involving phagosome and autophagosome formation, fusion with lysosome, and
lysosomal degradation. Lysosomes were tracked using LysoTracker or a transgenic reporter line expressing lamp2 fused with red fluorescent protein mRFP.
(C) Graphic representation of the cardiac region imaged, corresponding to the atrioventricular canal (AVC). EnCs, endocardial cells; VIC, valve interstitial cells;
EnVCs, endocardial valve cells.

(D-F) Reconstructed live image acquisitions by 3D+t light-sheet microscopy. Shown are optical sections through hearts at the indicated developmental stages.
Anterior is to the top, the ventricle to the left and atria to the right. Upper panels show merged channels (color), lower panels single channels (inverted greyscale).
Arrows mark mRFP*-puncta in the atrioventricular valves. Graphs show quantification of fluorescent puncta in the ventricle and AVC regions at different
developmental stages. Shown are numbers in individual animals as well as median and quartile values. Each dot represents one larva. Statistical test: two-way
ANOVA, *p < 0.05, *p < 0.01, **p < 0.001, **p < 0.0001). Scale bars represent 10 um. (D) Tg(cmv:EGFP-Lc3) embryos were stained with LysoTracker to
observe GFP* autophagosome and LysoTracker" acidic lysosomal vesicles in the developing heart. Note that EGFP signal is also strongly detected in circulating
erythrocytes between 48 and 56 hpf, but later localizes mainly to the in AVC. LysoTracker-labelled lysosomes are scarcely observed before 56 hpf in cardiac
tissues, but accumulate in the AVC at 72 hpf and are prominent in the developing valves at 96 hpf. (E and F) The lysosome reporter Tg(lamp2:RFP) was crossed
into Tg(fli1:GFP) (E) or Tg(myl7:GFP) (F) to assess lysosomes colocalization in endocardium and myocardium, respectively.

(G) Cardiac sections of Tg(cmv:GFP-LC3); (lamp2:RFP) immunostained for GFP (green), RFP (magenta) and ALCAM (yellow). Arrows point to RFP/GFP double
positive puncta. ALCAM staining allows to demarcate the myocardium at the AVC. Scale bars represent 10 um. See also Figure S3.
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Figure 3. Impaired lysosomal degradation in the developing nrs-mutant heart

(A-C) The transgenic lines Tg(8-actin2:mRFP-GFP-Lc3), Tg(cmv:EGFP-Lc3) and Tg(kdir:EGFP-CAAX);(lamp2:RFP) were crossed into the nrs mutant background
to assess autophagic processing in the larval heart at 3 days postfertilization (dpf) by light-sheet microscopy. Projections and optical sections of reconstructed
3D+t acquisitions are shown. White arrows point to mRFP* autophagosomes/autolysosomes and lysosomes accumulating at different regions of the heart. Scale
bars represent 25 pm.

(D) The number of puncta was estimated for mRFP*-autophagosomes/autolysosomes, LysoTracker® lysosomes and lamp2* lysosomes and normalized to the
ventricle cross-sectional area. The results show a significant accumulation of all autophagic vesicles in nrs-mutant hearts compared to their siblings, which

(legend continued on next page)
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the increase in lamp2:RFP puncta was particularly evident in the
AVC in both the endocardium and the myocardium during pro-
gression of development, peaking at 72 hpf. Immunostaining
on fixed larvae confirmed that cmv:EGFP-LC3*/lamp2:mRFP*
puncta could be detected in the myocardial and endocardial parts
of forming cardiac valves (Figure 2G). We also detected lyso-
somes within the fibroblasts covering the OFT (Figure S3G),
consistent with the result obtained with mRFP-Lc3.

Impaired lysosomal degradation in the developing nrs
mutant heart

To understand the function of autophagy-lysosome degradation
in the development of the heart, we used the nrs zebrafish
mutant,?* in which lysosomal-function is impaired.?® Following
our established experimental workflow to observe autophagic
vesicles in the developing heart, we evaluated autophagic pro-
cessing in the nrs mutant compared to siblings (Figure 3A-C).
Consistent with previous observations in the nrs yolk®**°
and skeletal muscle,?” we found a significant accumulation of
mRFP*-autolysosomes, LysoTracker® vesicles and lamp2*-
lysosomes in the mutant heart at 3 days post-fertilization (dpf)
(Figure 3D). Quantification of lysosome-puncta revealed that
their average size was increased in nrs hearts compared to sib-
lings (Figures 3E and 3F). The observed enlarged autolysosomal/
lysosomal compartments suggest impaired degradation.””

To confirm alterations in autolysosome turnover, we used trans-
mission electron microscopy from OFT and AVC regions of mutant
and sibling hearts (Figure 3G). Mutant hearts revealed a disorga-
nization of the OFT and AVC tissues and large lysosomal vesicles
containing partially degraded cargoes in endothelial cells of the
OFT and AVC. Furthermore, the organized endothelial cell lining
in the developing OFT valves and the cuboidal shape of the
AVC endothelial valve cells of sibling hearts was not apparent in
the mutant hearts. Although, we did not observe phenotypic
changes of cardiomyocyte mitochondria or actin fibers in nrs
hearts (Figure S4A), we found dark structures full of double mem-
brane autophagic vacuoles within the mutant myocardium, sug-
gesting an accumulation of unprocessed lysosomal contents. In
addition, we observed vesicle-like structures in the lumen of the
mutant heart with high similarity to the lysosomal contents that
accumulate in endocardial cells (Figure 3G). Together, our results
point toward a significant impairment of lysosomal processing in
nrs hearts, particularly affecting endocardial tissues and the orga-
nization of endothelial valve cells.

Lysosomal mutants present abnormal valve
development and function

Given that autolysosomes are accumulating at the OFT and AVC,
we focused next on these areas to further characterize the car-
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diac phenotype in nrs (Figure 4). The length of the OFT was pro-
portionally smaller in the mutant heart at 3 dpf, though no differ-
ences were found at 4 dpf (Figure 4A-B). In contrast, the AVC
was proportionally wider in the mutant at both developmental
time points (Figure 4A-B). In the mutant, the endocardium at
the AVC failed to organize, and endocardial cells accumulated
at the AVC without displaying proper ALCAM expression (Figure
4A-B). Indeed, while endocardial ALCAM*-cells lining the OFT
valves were present in most siblings, they were found in less
than 40% of the mutants at 3 dpf and in only ~30% at 4 dpf. In
the case of the AV-valves, which consist of aligned cuboidal
ALCAM™-endocardial cells both at 3 and 4 dpf, only ~26-28%
of the larvae showed ALCAM expression in atrioventricular
endocardial valve cells (EnVCs), and their organization was
lost. When observing valve function, we detected that endocar-
dial tissue contraction was restrained, and that movement in the
outflow tract was obstructed (Video S7). Elongated and clapping
valves were rarely functional in the mutant hearts, and corre-
spondingly, a high prevalence of retrograde flow was observed
(Figure 4C-F and Video S8). In conclusion, both valve
morphology and function were severely impaired in mutant
hearts. We further observed that nrs mutant hearts had a mild
reduction in ventricle size and a more spherical ventricular shape
(Figures S4B-C). The alterations in cardiac morphology corre-
lated with alterations in function: the heart rate was lower (Fig-
ure S4D and Figure 4G), as was cardiac output (Figure S4E).
However, no evidence of shortening of the ejection fraction (Fig-
ure S4F) or arrythmia (RMSSD, Figure S4G) was found.

To assess the cardiac susceptibility to mutations in spns?1, we
evaluated cardiac morphology and function in spns1 crispants
(Figure S5). Compared to mutants, spns7 crispants showed a
more transparent and extended yolk compared to the wild
type (Figure S5A), which has been associated with a decreased
severity of the mutant phenotype.”® Despite this, spns 1 crispants
still showed a significant reduction in ventricle size and an
increased circularity as compared to control injected larvae
(Figure S5B-D). Just like in the mutants, the formation of orga-
nized valve leaflets was affected in the crispants, with only
36% of the larvae showing ALCAM*-endothelial cells delineating
the nascent atrioventricular valve leaflets, compared to 68% of
the control larvae (Figure S5E). As in the mutant, both OFT and
AV valve elongation were diminished by spns? deficiency
(Figures S5F-S5H) and thickened non-clapping valves were
found in most crispants, which partially affected unidirectional
blood flow (Figure S5I). However, in contrast to the mutants (Fig-
ure 4G), spns1 crispants showed no difference in heart rate
compared to controls, which suggests that impaired valve devel-
opment in spns1-deficient larvae is independent of ventricular
function (Figure S5J). Altogether, our results indicate that loss

indicates an impairment in autophagic flux. Data are represented as mean + SD. Each dot represents one larva. Statistical analysis was performed using Welch’s

t-test. Scale bars represent 25 um.

(E and F) Graphs showing the quantification of average lysosomal size in different cardiac areas (Ventricle, V; AVC and OFT) in wildtype siblings and nrs mutants.
Each dot represents one larva. Shown are also median and quartiles. Statistical analysis was performed using two-way ANOVA.

(G) Transmission electron microscopy of 4 dpf mutant and sibling hearts. Note the presence of massive lysosomal compartments with partially degraded
contents in nrs hearts (yellow arrowheads), mostly in endothelial cells in the OFT and AVC (N = 3). Sibling ventricular and atrioventricular endocardial valve cells
(blue-colored nuclei) show a characteristic cuboidal shape that was not visible in nrs endocardial cells at the AVC and outflow tract (OFT). In nrs mutants, the
cardiac lumen was filled with lysosomal-derived contents (red arrowheads). Er, erythrocyte; n, nucleus. Scale bars represent 1 um in the overview images and

0.5 pm in the zoom-in images (yellow rectangles). See also Figure S4.
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Figure 4. nrs mutant have abnormal valve development and function

(A and B) Cardiac morphology and valve development was evaluated in Tg(kdrl:GFP) transgenic nrs mutants between 3 and 4 dpf. Confocal microscopy images of
whole mount larval hearts immunostained for GFP (endocardium) and ALCAM (myocardium and endocardial valve cells). Nuclei are counterstained with DAPI.
Arrows point to ALCAM™* endocardial valve cells within the atrioventricular canal (AVC) and outflow tract (OFT). Right panels show a schematic representation of
the observed phenotypic alterations in nrs compared to siblings. When normalized to the ventricle cross-sectional area, the length of the OFT in the mutant heart
was proportionally smaller at 3 dpfin nrs larvae, whereas the AVC was significantly wider compared to their siblings at both experimental time-points. Most sibling

(legend continued on next page)
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of spns1 function compromises cardiac development, particu-
larly affecting valve morphogenesis and function.

Endocardial-specific overexpression of spns1 rescues
valve development and function

Since our results suggest that lysosomal impairment particularly
affects endocardial development and function, and that the
absence of spns1 disrupts lysosomal processes in the endocar-
dial tissue, we investigated whether the endocardial-specific
expression of the wild type spns1 gene could rescue the
observed cardiac phenotypes. For this, we established a UAS-
mediated transgenic line that permitted tissue specific spns1
expression in endothelium when crossed with a flila-Gal4 line
(Figure 5). As above, we obtained double transgenic mutant
larvae by crossing single transgenic heterozygous parents (Fig-
ure 5A). When we verified the expression of spns1 in the mutants
via gPCR (Figure 5B), we found that most of the living nrs-mu-
tants at 4 dpf were double transgenic Tg(fli1a:Gal4);(UAS:spns1),
hinting toward a rescue effect in nrs survival (Figure 5C). While
endocardial overexpression of spns1 did not induce any signifi-
cant morphological or functional change in the ventricle (Fig-
ure 5D), it led to a partial rescue of valve elongation in the mutant
valves (Figure 5E-G). This resulted in valve function recovery, re-
flected by an increased percentage of larvae with normal blood
flow (Figure 5H, Video S9), which could not be attributed to heart
function recovery (Figure 51). Moreover, electron microscopy re-
vealed a reduction in the frequency and size of lysosomal vesi-
cles with partially degraded cargo in endocardial cells (Figure
5J-K), though lysosomal contents were still found in the cardiac
lumen and myocardium (Figure 5L). In summary, these results
suggest that spns7-dependent lysosomal function is required
in endocardial cells to regulate correct myocardial-endocardial
cell interaction and organization and drive valve morphogenesis.

Expression of lysosome related genes and notch1b-
signalling is affected in nrs-mutants

To understand how transcriptomic programs were affected by
lysosomal dysfunction in nrs hearts, we performed a compara-
tive analysis between sibling and mutant hearts at 3 dpf using
single-nuclei RNAseq (snRNAseq). We identified 18 different
cell populations including 3 myocardial and 5 endocardial
subclusters (Figures 6A, S6A-C, and Table S1). To identify the
valve cells (EnVCs) among the endocardial subclusters, we
compared the expression of annotated genes involved in
valve development or genes previously proposed as valve cell
markers®®™*" (Table S2), namely notch1b, nrg1, rspo2, alcama,
cdh5 and has2 (EnVCs, Figure S6B). Similarly, based on the
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expression of atrioventricular cell markers (bmpr2b, collaia,
robo1, hapinib, notch1b, ednraa, col1a2, fn1a), we identified
one myocardial subcluster as atrioventricular cardiomyocytes
(CMs AVC, Figure S6C). When comparing the cell populations
between siblings and mutants, we observed that, in contrast to
other cell types, the proportion of myocardial and endocardial
cells was reduced in the subclusters that had highest valve
development-related gene expression (CMs AVC, EnCs 3,
EnCs 4 and EnVCs), as well as neurons (Figure 6B), suggesting
higher susceptibility to spns7 impairment in these populations.

To gain a deeper understanding of the pathways affected in
the mutant heart, we performed a gene set enrichment analysis
(GSEA) on the differentially expressed genes of each cell type
(Figure 6C-E and Table S4). GSEA uses a ranked list of differen-
tially expressed genes to calculate an enrichment score for each
pathway.*® We used GSEA with the Gene Ontology (GO) cellular
component gene set. We found that particularly in valve endo-
cardial cells and atrioventricular cardiomyocytes, endosomal
and lysosomal pathways were activated in mutants compared
to siblings (Figure 6C). This suggests a coupling mechanism
for the lack of functional lysosomes and relates to the increased
number of autophagic vesicles found in the mutant atrioventric-
ular canal (Figure 3D-F). In this regard, transcriptional responses
to activate autophagy and lysosomal biogenesis have been
described both upon lysosomal damage®® and in the context
of epithelial development.®®

We also performed over-representation analysis on the differ-
entially expressed genes using gene ontology cellular compo-
nents (Figure S7A and Table S5). This analysis identifies path-
ways, which have an overrepresented number of differentially
expressed genes.”' We found an enrichment of genes related
to the vacuolar proton-transporting V-type ATPase complex in
the mutant EnVCs (Figure S7A and Table S5). This is consistent
with the described balanced interaction between Spns1 and the
lysosomal V—type ATPase,”® which maintains lysosome pH
gradients by pumping protons into the lysosomal lumen in an
ATP-dependent manner. Also, genes related to transmembrane
transporter activity were overrepresented in EnVCs (Figure S7A),
and several membrane-related pathways were significantly acti-
vated in both EnVCs and atrioventricular CMs (Figure 6D-E).
These results suggest a role for spns7 in membrane organization
and go in line with its previously described function as
transmembrane phospholipid-transporter.>® Interestingly, no
enrichment or overrepresentation was found in proliferation,
apoptosis or senescence-related signaling pathways when
comparing the mutant and sibling transcriptomes, suggesting
that the observed phenotype is not due to a general cardiac

hearts displayed ALCAM*-organized primitive valve layers at 3 dpf (OFT 91%, AVC 73%; total siblings = 22) and aligned Acam*-valve endothelial cells at 4 dpf
(OFT 100%, AVC 85%; total sibling = 19). In contrast, ALCAM*-endocardial cells were rarely observed in mutant larvae both at 3 dpf (OFT 40%, AVC 26% total
nrs = 18) and 4 dpf (OFT 31%, AVC 28%; total nrs = 20) and the organization of valve endothelial cells was lost by 4 dpf. Data are represented as mean + SD. Each
dot represents one larva. Statistical analysis was performed using Mann-Whitney-U test. Scale bars represent 10 um.

(C) To evaluate valve function and blood flow, sibling and mutant larvae were immersed in BODIPY FL C5-Ceramide, a green-fluorescent dye which counterstains
the blood plasma and live imaged by light-sheet microscopy. Scale bars represent 10 um. Qualitative parameters were considered to evaluate (D) OFT- and (E)
AV-valve elongation and function (0: no valve cells; 1: valve cushions, 2: delaminated valve cells, 3: elongated clapping valves). Each dot represents one valve.
Chi-square test was applied to analyze differences between experimental groups.

(F) Percentage of larvae presenting normal, low, retrograde or no blood flow.

(G) Heart rate was calculated from the number of beats during the acquisition of 150 frames. Data are represented as mean + SD. Each dot represents one larva.

Statistical analysis was performed using Mann-Whitney-U test.
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development impairment, but rather the result of specific alter-
ations in morphogenesis.

During heart development in general, and valve formation in
particular, a tight signaling interaction between myocardium
and endocardium is required.”>*® To identify the intercellular
signaling responsible for the observed changes, we performed
a ligand-receptor analysis using the LIANA (LIgand-receptor
ANalysis frAmework) pipeline®* on both sibling and nrs mutant
hearts (Figure 6F and Table S6). LIANA compiles the ligand-re-
ceptor interaction analysis from various sources and provides
an aggregate rank for each potential interaction.®* We found
that among the ten top-ranking ligand-receptor interactions be-
tween cardiomyocytes and endocardial cells, four affected
notch1b-signalling. Specifically, contactin 1a (cntnia)-, ybx1-,
jag2-and adam10-notch1b interactions were altered in mutant
versus sibling cardiac cells in cell populations near the AV region
(CM AVC, EnVCs).

A deeper analysis revealed that the cause of the altered
notch1b interactome was a reduction in the proportion of
notch1b-expressing endocardial cells as well as atrioventricular
cardiomyocytes (Figure S7B). These cells also showed a reduc-
tion in net notch1b expression and in the cell number and
expression levels for the notch ligand jag2b, as well as altered
expression of the Notch1-activating enzyme adam70 in some
endocardial subclusters (Figure S7B). We also found that al-
cama-dependent interactions involving cardiomyocytes and
endocardial cells were affected in the mutant (Figure 6F), which
can be explained in part by the reduced ALCAM expression
observed in the mutant AV endocardial cells (Figure 4B).

Endocardial specific upregulation of notch1 signalling
rescues heart development and function

Given the importance of notchib-signaling to valve forma-
tion,*?°° and to validate our transcriptomics results, we decided
to investigate Notch1 activity in nrs mutant vs. siblings. Lineage
tracing analysis using the Notch1 activity fate mapping line
T9(tp1:CreERT2);(ubi:Switch) revealed a lower number of tp7-
derived” cells in mutant hearts, confirming reduced notch?
signaling (Figure 7A-B). Indeed, the reduction in tp1-derived
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cells was even more severe in the AVC and OFT valve
regions (Figure 7C). To functionally evaluate if the mutant pheno-
type was driven by notch1 signaling, we decided to overexpress
the constitutively active intracellular domain of Notch1 specif-
ically in endocardial cells using a Gal4/UAS-mediated strategy
and the transgenic line Tg(UAS:myc-Notch1a-intra).® We ob-
tained single and double transgenic mutant larvae through the
crossing of heterozygous single transgenic parents (Figure 7D)
and compared the larval heart morphology at 4 dpf. Our results
showed that expression of the active Notch1 receptor®’ in the
endocardium led to a significant increase in the ventricle area
(Figure 7E). Moreover, the overexpression of notch1 reinstated
to some extent the morphological and functional characteristics
of the atrioventricular canal (Figure 7F-H and Video S10), which
resulted in a higher percentage of mutant larvae with normal
blood flow (Figure 71). Our results hence show that expression
of notch1 in the endocardium could partially rescue the cardiac
nrs phenotype.

DISCUSSION

Despite the clinical relevance of the pathophysiological connec-
tion between cellular homeostatic processes and congenital car-
diac diseases, the role of autophagy-lysosomal degradation dur-
ing cardiac development is understudied, partly due to limited
options to visualize these dynamic processes in vivo and during
the formation of specific cardiac structures, such as the heart
valves. Furthermore, assessment of autophagic activity in the
zebrafish previously relied on the use of ectopic /c3b expression
under the control of tissue-specific or semi-ubiquitous pro-
moters,®'"-*>°® which fails to recapitulate endogenous expres-
sion and expression in cell types that do not activate the used
promoter.

In this work, we provide a detailed characterization of auto-
phagosome, autolysosome and lysosome accumulation during
heart and valve development. The TgKI(mRFP-Lc3) knock-in
line established here allows to assess spatiotemporal autopha-
gosome/autolysosome patterning at the subcellular level in ze-
brafish organ development, homeostasis and regeneration. In

Figure 5. Endothelial specific overexpression of spns1 rescues valve development and function
(A) To address the endocardial-specific susceptibility toward lysosomal impairment, a rescue strategy based on the endothelial-specific overexpression of the
wild-type spns1 gene was implemented. For this, single transgenic heterozygous parents (spns? +/~+flila:Gal4 and spns1*/ ~,UAS:spns1) were crossed to obtain

control (nrs;UAS:spns1) and rescue (nrs;flila:Gal4; UAS:spns1) larvae.

(B) Overexpression of the spns1 was verified by gPCR. Data are represented as mean + SD. Each dot represents a pool of larvae.

(C) Larval survival percentage at 4 dpf for each experimental group.

(D) Confocal microscopy images of whole-mount immunostaining of larval hearts show enhanced ALCAM staining in the OFT and AVC in rescued hearts. Scale

bars represent 25 um.

(E) Light-sheet microscopy of BODIPY FL C5 -stained larvae was performed to evaluate cardiac and valve function. Scale bars represent 10 um.
(F) OFT- and (G) AV-valve elongation and function were evaluated qualitatively (0: no valve cells; 1: valve cushions, 2: delaminated valve cells, 3: elongated
clapping valves). Each dot represents one valve. Chi-square test was applied to analyze differences between experimental groups.

(H) Percentage of larvae presenting normal, low, retrograde or no blood flow.

(I) Heart rate was calculated from the number of beats during the acquisition of 150 frames. Statistical analysis was performed using Mann-Whitney-U test. Data
are represented as mean + SD. Each dot represents one larva.

(J and K) Transmission electron microscopy revealed a reduction in the accumulation of partially degraded lysosomal contents in endocardial cells of rescued
larvae (yellow arrowheads), and a partial restoration of endocardial morphology. Per experimental group N > 3 larvae and N > 8 images of endocardial cells per
larva were considered for the analysis. Data are represented as mean + SD. Each dot represents one lysosome. Statistical analysis was performed using Mann-
Whitney-U test. Scale bars represent 5 or 1 um as indicated in the upper panels.

(L) Accumulation of lysosomal contents seemed to be reduced in myocardial cells (CMs, yellow arrowheads, yet lysosomal contents in the blood plasma were still
present in the rescue group (red arrowheads). Scale bar length is defined in the upper panel (control).
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Figure 6. Expression of lysosome related genes and notch1b-signalling is affected in nrs-mutants

Results obtained from a snRNA transcriptome analysis of sibling and nrs mutant hearts at 3 dpf.

(A) UMAP showing the various identified cell types from the snRNA-seq performed for mutant and sibling hearts at 3 dpf.

(B) The proportion of different cell types observed in sibling versus mutant suggest that lysosomal impairment above all affects the representation of atrioventricular
cardiomyocytes (CMs AVC), three endocardial populations (EnCs 3, EnCs 4) among them endocardial valve cells (EnVCs) and neurons in the larval heart.

(C) Sankey diagram illustrates the cell-specificity of overrepresented lysosomal and membrane related gene pathways found in nrs mutants compared to siblings
highlighting the relevance of lysosomal degradation in EnVCs. The width of the arrows is proportional to the number of differentially expressed genes in each cell
cluster contributing to the pathway.

(legend continued on next page)
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addition to confirming a sustained increase in autophagosome/
autolysosome numbers in the myocardium between 48 and
96 hpf,*® we observed a marked accumulation of autophago-
somes/autolysosomes in the bulboventricular and atrioventric-
ular endocardium at the developmental stage of cardiac valve
formation. Furthermore, we uncovered a significant accumula-
tion of LysoTracker® acidic vesicles in endocardial cells of
the OFT and AVC, and the corresponding valves, as well as
lamp2*-lysosomes in the AVC endocardium and myocardium
during valve delamination and elongation (72-96 hpf). The use
of in vivo imaging in this work allowed the acquisition of real-
time information on the dynamics of autophagy vesicle accumu-
lation in the developing valves and assess the cell type speci-
ficity of this process. Indeed, we used different transgenic lines
with cmv, 3-actin and Ic3b regulatory regions to rule out that dif-
ferences in cell type specific promoter activity led to differences
in organelle detection.

Cardiac valve development is largely mediated by the trans-
duction of mechanical forces, such as hemodynamic shear
stress and reversing flow, to which endocardial cells in the
AVC and OFT are exposed once the heart starts contracting.%-*°
Interestingly, both oscillatory shear stress and disturbed flow
induce autophagy in atherosclerotic lesions®’ in a cytoprotective
process that was previously described to implicate a lysosome
associated protein.62 In line with this, our results indicate that
localized activation of autophagic processes supports the for-
mation of the cardiac valves. It is important to point out that
1-phenyl-2-thiourea (PTU), treatment performed in our experi-
ments to inhibit pigment formation and improve the transparency
of the embryos, has been shown to alter autophagic flux,** and
thus could influence the outcome of the results provided herein.
Due to the scattering induced by pericardial pigments, there is
no alternative that allows imaging of beating zebrafish larval
hearts using light-sheet imaging, since according to the same
study, even mutant lines such as casper zebrafish show altered
autophagic flux. Therefore, to address the local and stage-
dependent accumulation of autophagic vesicle accumulation,
we have normalized or compared all quantifications to the signal
obtained in ventricle. By doing this, we consider the potential
bias of PTU to be neutralized.

The nrs mutant model allowed us to investigate how impaired
lysosomal function affects valve formation and function. The
smaller and rounder ventricles described here for the nrs-mutant
have also been observed upon lamp?2 loss of function® and in a
zebrafish knock-down for iduronate-2-sulfatase resembling mu-
copolysaccharidosis type 11.°° Moreover, we found a severe
impairment of both OFT and AVC valve development in nrs
hearts, which affected the delamination and elongation of valves,
and consequently their proper function. This correlated with the
accumulation of autolysosomal contents observed in these car-
diac regions in nrs mutants. Abnormal valve phenotypes have
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been associated with inherited lysosomal storage diseases,
which are caused by genetic defects in lysosomal enzymes,
leading to a progressive lysosomal accumulation of sub-
strates.®® The similarity of the phenotypes observed in nrs larvae
and other human lysosomal disease zebrafish models,®*® sug-
gests that mutations in the spns7 gene could lead to a similar pa-
thology in humans. Importantly, our endocardial-specific rescue
of the nrs valve phenotype shows that spns7-dependent lyso-
somal function is required cell-autonomously in the endocar-
dium for proper valve formation. The observation that the heart-
beat was affected in nrs mutants, suggests a further role for
spns1 during pacemaker formation.

Endocardial cell volume decrease is required during zebrafish
cardiac valve formation,®® and indeed, our transcriptome anal-
ysis of the mutant heart revealed significant deviations in plasma
membrane components. We thus propose that autophagic-
degradation participates in the reorganization of cellular con-
tents and plasma membrane remodeling during cardiac valve
development. Two studies have recently identified Spns1 as a
proton-dependent lysophosphatidylcholine transporter that is
required for membrane phospholipid salvage and recycling.??%
These studies have shown that, similar to what we observed in
nrs mutants, Spns1 deficiency in knockdown murine and zebra-
fish models leads to the lysosomal accumulation of lipid mole-
cules and consequently to overall lysosomal dysfunction due
to luminal alkalization.?**® Altogether, these studies and the re-
sults presented in this work indicate a role for lysosomes in phos-
pholipid metabolism and plasma membrane remodeling, directly
affecting cardiac valve development.

Previous works have shown the importance of Notch1b-sig-
nalling in early endocardial tissue patterning in the nascent
valve cushions, as well as proliferation and remodeling during
the later stages of valve development.®® The ligand-receptor
analysis and the experimental validations we performed indi-
cate that lysosomal impairment affects notch7b-mediated
communication within cardiomyocytes and endocardial cells,
whereas endocardial-specific notch1 overexpression rescues
ventricle size and atrioventricular valve elongation in nrs mu-
tants. Studies on stem cell expansion have described auto-
phagy to modulate Notch signaling by regulating Notch1
degradation,®” whereas in neural stem cell asymmetrical divi-
sions, differences in Notch signal activity depend on lysosome
inheritance and the acidifying endolysosomal environment
that allows the activating proteolytic cleavage of Notch1.®
Consistent with this, we found that impaired autophagosome
processing and lysosome acidification in nrs affects
notch1-signalling. Our results hence support previous findings
showing that disruption of lysosomal function impairs Notch1-
signaling®"*° and provides functional support for Notch1 as a
central signaling pathway being affected by aberrant endocar-
dial lysosomal function during valve formation.

(D and E) Gene set Enrichment Analysis using the differentially expressed genes between siblings versus mutants in EnVCs (D) and atrioventricular CMs (E), where
‘activated’ and ‘suppressed’ represent the pathways that are activated or suppressed in the mutant condition. The results obtained suggest an upregulated
transcriptional response in mutant EnVCs and atrioventricular CMs to compensate impaired lysosomal function.

(F) Ligand-receptor analysis from LIANA depicting the ligands from the source cells (top) to target cells (bottom) with ligand and receiving receptor shown on the
y axis in the sibling and the mutant conditions. The ligand-receptor interactions affecting notch1b- and alcama-signaling are highlighted for the nrs mutant (red

square = missing interaction, blue square = differing interaction).
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Figure 7. Endothelial specific overexpression of notch1 rescues heart development and function

(A) Lineage tracing analysis using the tamoxifen (4-OHT) inducible notch1-activity fate mapping line Tg(tp1:CreERT2) revealed a lower number of tp1*-derived
cells in the mutant heart, confirming reduced notch1 signaling. Stack projections of whole mount immunostained hearts imaged by confocal microscopy are
shown. Scale bars represent 25 pm.

(B and C) Quantification of tp1-mCherry positive cells in the ventricle (B) and AVC/OFT valve regions (C) of siblings vs. nrs mutants. Data are represented as
mean + SD. Each dot represents one larva. Statistical analysis was performed using Mann-Whitney-U test.

(D) Endothelial-cell specific overexpression of a constitutively active form of the Notch1 receptor in nrs larvae was achieved by outcrossing heterozygous single
transgenic parents (spns1*/~, Tg(flila:Gal4) and spns1*/~, Tg(UAS:notch1-intra)). Rescue of the cardiac phenotypes observed in the mutant hearts was evaluated
between control (nrs, Tg(UAS:notch1-intra)) and rescue (nrs, Tg(flila:Gal4; UAS:notch1-intra)) conditions.

(E) Whole-mount immunostaining of control and rescued nrs hearts showed that notch1 overexpression significantly increased the ventricle size of the mutants
(MHC: Myosin heavy chain). Each dot represents one larva. Data are represented as mean = SD. Statistical analysis was performed using Welch’s t-test. Scale
bars represent 25 um.

(legend continued on next page)
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Finally, our results reveal that endocardial cell organization is
severely affected in nrs mutants. Autophagy and lysosomal pro-
cesses are known to contribute to cell organization in other tis-
sues®®" and to be tightly interlinked with ECM deposition and
remodeling.”?~"* For example, in the vasculature, where flow-
induced endothelial cell alignment is disturbed by alterations in
autophagy,’® or in the cartilage, where autophagy impairments
disorganize differentiating chondrocytes and their surrounding
ECM.”" Indeed, lysosomal impairment in nrs mutants directly
affected alcama-signaling, a cell-adhesion molecule for which
several functional roles related to cell clustering, proliferation
and migration in developing tissues have been described.”"®
On the other hand, a subset of endocardial cells undergoes en-
doMT to form interstitial valve cells during valve formation.*
Given that in nrs mutants valve morphology is altered, it is
possible that part of the endoMT process is affected. Indeed,
the role of the autophagy-lysosomal pathway in the regulation
of epithelial-mesenchymal transition and cell migration has
been vastly studied in the field of cancer.”” Lastly, Spns1 was
previously shown to interact with p53 and Beclin 1.%° It will be
of interest to explore the role of this interaction in the context
of valvulogenesis and its link to developmental senescence.
Since proper valve function greatly depends on correct valve
morphogenesis and structural integrity, which in turn is linked
to valve pathologies,’® it is clinically relevant to understand
how autophagy-lysosomal turnover influences this process.

Limitations of the study

While the standard methodology to address autophagy activation
is to quantify the number of autophagosomes and lysosomes in
fixed samples, in this study we aimed to go a step further and pro-
vide quantitative data on autophagosomes and lysosomes in the
beating larval heart using in vivo light-sheet microscopy. As a draw-
back, image resolution was limited by the available microscopy
set-up, the signal intensity of the transgenic reporters, and the
location of the tissue of interest. The experimental protocol
required treatment with the lysosome acidification drug chloro-
quine to detect discrete fluorescent puncta. This affected the
assessment of autophagic flux and the use of pH sensors to eval-
uate lysosome acidification. Given that our LC3-KI line does not
contain a GFP cassette, we cannot distinguish between autopha-
gosomes and autolysosomes. However, the fact that the number
of MRFP-GFP* puncta was considerably lower and signal-colocal-
ization was minimal when using the ubiquitous transgenic reporter
visualized on fixed samples, provides confidence that the majority
of the observed signal derived from autolysosome vesicles. A
drawback of deep tissue imaging is that a lower signal-to-noise ra-
tio limits the segmentation of individual autophagosomes, autoly-
sosomes and lysosomes at the subcellular level. Puncta spaced
smaller than the Rayleigh criterion cannot be resolved as separate
entities. Therefore, an apparent enlargement of segmented in-
stances in image analysis may indicate an increased density of
puncta rather than enlarged individual structures.
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The nrs mutant phenotype posed a particular challenge for
imaging due to an altered heart morphology and pericardial
fluid composition, which impeded the in vivo study of endoMT
processes. To further understand the function of these organ-
elles during valve formation, it will be of great interest to study
their formation, subcellular distribution, and functional dy-
namics in tissue specific spns? mutants.”>*® Finally, while
our work proposes a link between lysosomal function and
notchi-signalling, complementary in vitro models would get
additional mechanistic insight into notch1-activation and the
effect on downstream target genes.
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anti-alcam DSHB Cat# ZN-8

anti-Chicken IgY (H+L) - Alexa Fluor® 488 Invitrogen Cat# A-11039; RRID: AB_2534096
anti-GFP Aves Cat# GFP-1010; RRID: AB_2307313

anti-mCherry

anti-MHC

anti-mouse IgG1 - Alexa Fluor® 488

anti-mouse 1gG2b - Alexa Fluor® 568

anti-rabbit (H+L) Superclonal™ - Alexa Fluor® 647

Novus Biologiclas
DSHB

Invitrogen
Invitrogen

Invitrogen

Cat# NBP2-25157; RRID: AB_2753204

Cat# MF20

Cat# A-21121; RRID: AB_2535764
Cat# A-21144; RRID: AB_2535780
Cat# A-27040; RRID: AB_2536101

Bacterial and virus strains

DH5-alpha competent E.coli

New England Biolabs

Cat# C2987I

Chemicals, peptides, and recombinant proteins

1-phenyl-2-thiourea (PTU)

16% Paraformaldehyde aqueous solution
2,3-Butanedione monoxime
4-hydroxytamoxifen
4’,6-Diamidino-2-phenylindole (DAPI)
Acetone

BODIPY™ FL C5-Ceramide

BSA

Chloroquine diphosphate salt
Chromium Nuclei Isolation Kit with RNase Inhibitor
CRISPR-Cas9 tracrRNA

Dimethyl sulfoxide

DNA Clean & Concentrator

Epon

Ethanol

Fast Digerst Hindlll

Fast Digest BamHI

Fast Digest Scal

foetal bovine serum

Fragment Analyzer NGS Fragment Kit
Gateway LR Clonase Il Enzyme mix
Gilutaraldehyde

Goat serum

HiFi Cas9 Nuclease V3

illumina NovaSeq 6000 S1 Reagent Kit v1.5
iScript Reverse Transcription SuperMix
KCI

Leibovitz’s L-15 Medium
LysoTracker™ Deep Red

Maxima First Strand cDNA synthesis kit
0sO4

PENTR/D-TOPO vector
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Sigma-Aldrich

Electron Microscopy Sciences
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Invitrogen
Sigma-Aldrich
Sigma-Aldrich

10x Genomics

IDT

Sigma-Aldrich

Zymo Research
Sigma-Aldrich

Grogg Chemie
Thermofisher Scientific
Thermofisher Scientific
Thermofisher Scientific
Sigma-Aldrich

Agilent

Invitrogen

Agar Scientific
Dominique Dutscher
IDT

lllumina

Bio-Rad

Sigma-Aldrich

Thermo Fisher Scientific
Invitrogen

Thermo Fisher Scientific
Electron Microscopy Sciences
Invitrogen

Cat# P7629-10
Cat# 15710
Cat# B0753
Cat# H7904
Cat# D9542
Cat# 320110
Cat# D3521
Cat# A7906
Cat# C6628
Cat# PN-1000494
Cat# 1072534
Cat# D4540
Cat# D4014
Cat# 45359
Cat# G003
Cat# FD0504
Cat# FD0054
Cat# FD0434
Cat# F7524
Cat# DNF-473
Cat# 11791020
Cat# AGR1009
Cat# S2000
Cat# 1081060
Cat# 20028319
Cat# 1708841
Cat# P9333
Cat# 11415064
Cat# L12492
Cat# K1671
Cat# 19100
Cat# K240020
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Phosphate buffered saline NZYtech Cat# MB18201
PowerUp SYBR Green Master Mix Thermo Fisher Scientific Cat# A25742
Prep User Guide 10X Genomics Cat# CG000505
Proteinase K Roche Cat#
03 115 801 001
Q5® High-Fidelity DNA Polymerase New England Biolabs Cat# M0491
Qubit dsDNA HS Assay Kit Thermo Fisher Scientific Cat# Q32851
Sodium cacodylate trihydrate Sigma-Aldrich Cat# C0250
T7 Endonuclease | New England Biolabs Cat# M0302
Triton X-100 Sigma-Aldrich Cat# T9284
TRIzol Reagent Invitrogen Cat# 10296010
Deposited data
snRNASeq Data NCBI GEO GEO: GSE246850
Raw data Zenodo Zenodo: https://doi.org/10.5281/

zenodo.13982794

Experimental models: Transgenic zebrafish models used in the study

To(actb2:mRFP-GFP-map1/c3b) 9219
TgKI(mRFP-map1/c3b)°™”
Tg(CMV:EGFP-map1/c3b)?7%°
TgBAC(lamp2:RFP)P? 17

Tg(flita:GFPY’

Tg(flila:DsRedex)“™"3

To(kdrl:GFP)217¢

To(fli1a:Gal4FF)“°s3

Tg(kdr:EGFP-CAAX) 047

Tg(myl7:GFP)"!

Tg(myl7:mCherry)*°%®
Tg(EPV.Tp1-Mmu.Hbb:CreERT2,cryaa:mCherry)s°%°
Tg(-3.5ubi:loxP-EGFP-loxP-mCherry)™'7°"

nrs (spns 1hi891Tg/hi891Tg: )
Tg(UAS:spns1)°™®
TY(UAS:myc-Notch1-intra)<*>™

Allende lab

This study, Mercader lab
Kishi lab

Affolter lab

ZIRC

Lawson lab

Stainier lab

Affolter Lab

Affolter lab'®

Djonov lab

Kawahara lab

Singh lab

Zon lab

Kishi lab

This study, Mercader lab
ZIRC

ZDB-ALT-210122-18
ZDB-ALT-230926-15
ZDB-ALT-091029-2
ZDB-ALT-150520-1
ZDB-ALT-011017-8
ZDB-ALT-100525-3
ZDB-ALT-070529-1
ZDB-ALT-120113-6

ZDB-ALT-060719-2
ZDB-ALT-090423-3
ZDB-ALT-131001-3
ZDB-ALT-110124-1
ZDB-FISH-150901-8505
ZDB-ALT-230926-16
ZDB-ALT-020918-8

Oligonucleotides

See Table S7.

Plasmids

PKHR4 Addgene Cat# 74592; RRID: Addgene_74592
pDestTol2pA2CrymCherry Addgene Cat# 64023; RRID: Addgene_64023
Software and algorithms

Code and analyses This study https://github.com/MercaderLabAnatomy/

Fiji
Matlab

Napari

R v4.0
Seurat v4.0
T-MIDAS

https://fiji.sc/
https://ch.mathworks.com/
products/matlab.html
https://napari.org
https://www.r-project.org/
CRAN v4.0
https://github.com/

MercaderLabAnatomy/T-MIDAS

PUB_Chavez_et_al_2023
https://doi.org/10.1038/nmeth.2019
R2024a Update 3

https://doi.org/10.5281/zenodo.3555620
R version 4.0.0
https://doi.org/10.1016/j.cell.2021.04.048
https://doi.org/10.5281/zenodo.10728503
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Zebrafish husbandry

Experiments were conducted with zebrafish (Danio rerio) embryos and larvae between 30- and 96 hpf. Sex differences were not ad-
dressed as zebrafish sex determination does not depend on heteromorphic sex chromosomes and does not occur until the juvenile
stages (22 dpf). Eggs were obtained by natural spawning using slope breeding tanks from adult zebrafish aged 4-18 months. Larvae
were grown at 28°C in E3 medium containing 1-phenyl-2-thiourea (0.003%, PTU, Sigma-Aldrich, P7629-10) to avoid pigmentation.
Adult zebrafish were maintained at a maximal fish density of 5 per Liter and under the following environmental conditions: 27.5°C—
28°C, 650-700 ps/cm, pH 7.5 and daily 10% water exchange. All experimental protocols were approved by the cantonal authorities in
Bern (Amt fiir Landwirtschaft und Natur; National license number 35 and license for the generation of genetically modified animals
number G BE8/19) and performed at the Institute of Anatomy. An overview of all transgenic lines used in this study with information
about their origin can be found in the key resources table. Transgenic zebrafish embryos and larvae were selected under a fluores-
cent stereoscope (Nikon, SMZ800N). Mutant nrs larvae were identified by their described opaque yolk phenotype®® under a bright-
field stereoscope. Genotyping was performed to confirm the mutant genotype in larvae, to select heterozygous nrs adult zebrafish
and to identify Gal4*-transgenic zebrafish. The respective primer sequences can be found in the key resources table.

METHOD DETAILS

Generation of new transgenic lines

The endogenous autophagosome reporter line TgKI(mRFP-Ic3) was generated following a previously described strategy for Cas9
protein-mediated oligonucleotide insertion.®° Briefly, gRNA candidates were designed based on a previously sequenced 432 bp re-
gion covering the first exon and intron of map1/c3b using crispor.tefor.net and https://eu.idtdna.com/site/order/designtool/index/
CRISPR_CUSTOM). For gRNA selection, cutting efficiency was determined by T7-endonuclease assay (T7 Endonuclease |, New En-
gland Biolabs, M0302) according to the manufacturer’s protocol. Sequences for two ~1 kb homology arms flanking the CRISPR tar-
geting site were obtained by PCR (Q5 High-Fidelity DNA Polymerase, New England Biolabs, M0491) from parental zebrafish (AB
strain) genomic DNA according to the manufacturer’s protocol. Three mutations were introduced to avoid CRISPR/Cas targeting
through PCR and site-directed mutagenesis. The coding sequence of the fluorescent protein mRFP was obtained by PCR using
the plasmid pTol2- 8 actin2:mRFP-GFP-Lc3% as template. It was then modified to contain a short linker protein sequence
(IDELNS) based on a similar construct,®’ to guarantee proper protein folding. Fragments were assembled into plasmid pKHR4%?
(Addgene, 74592, Grunwald lab) by Gibson cloning to obtain the final repair template. To establish the knock-in line, fragment con-
taining the repair template was obtained by enzymatic digestion with BamHI, Hindlll and Scal (FastDigest Restriction Enzymes, Ther-
mofisher Scientific, FD0054, FD0504, FD0434), purified (DNA Clean & Concentrator, Zymo Research) and injected (25 ng/ulL) along
with Cas9 protein (0.3 mg/mL), gRNA (5.6 M crRNA and tracerRNA, synthesized by IDT Integrated DNA Technologies) and 0.2 uM
KCI (Sigma, P9333-500G) into one-cell stage embryos. The respective primers and gRNA sequences are listed in the key resources
table. Correct in-frame insertion of the mRFP-sequence into the zebrafish genome and expression of the endogenous fluorescently
labeled Lc3 protein was confirmed by sequencing of gDNA and cDNA in F1-larvae, respectively. A schematic illustration of the repair
template and the sequence alignment of the integrated transgene can be found in Figures S1B and S1D. The line has been deposited
at ZFIN under the name TgKI(mRFP-map1/c3b)°™ . The construct pTol2-cry:mCherry-UAS:spns1 used for the tissue-specific over-
expression of the wild-type spns7 gene was generated by Gateway-mediated cloning. Briefly, total RNA was extracted from wild type
zebrafish larvae (AB strain) through TRIzol RNA-extraction (Invitrogen, 10296010) and cDNA synthesis was performed using
iScript Reverse Transcription SuperMix (Bio-Rad, 1708841). The coding sequence of the zebrafish Spinster 1 (spns1) gene was
amplified from cDNA by Phusion PCR using specific primers (Table S7) and subsequently cloned into the pENTR/D-TOPO vector
(Invitrogen, K240020) to generate the pME-spns1 vector. The cloned sequence was verified by Sanger sequencing (Eurofins geno-
mics). Multisite Gateway LR recombination was performed using the Gateway LR Clonase Il Enzyme mix (Invitrogen, 11791020) to
recombine the generated pME-spns1 plasmid, the Tol2Kit plasmids #327 (p5E-UAS) and #302 (p3E-polyA)®® and the destination vec-
tor pDestTol2pA2CrymCherry (Addgene, 64023; provided by Joachim Berger & Peter Currie®!) to assemble the final pTol2-cry:
mCherry-UAS:spns1 vector. The transgenic line Tg(UAS:spns1, cry:mCherry) was generated through Tol2-mediated recombina-
tion®® by injecting one-cell stage embryos with the plasmid (25 ng/uL), 40 ng/mL Tol2 mRNA and 0.2 uM KCI (Sigma, P9333-
500G). Overexpression of the wild-type spns?1 gene was confirmed by RT-gPCR analysis using PowerUp SYBR Green Master
Mix (Thermo Fisher Scientific). We obtained RNA from pools of 7-15 single (Tg(UAS:spns1)) and double transgenic (Tg(fli1a:Gal4;
UAS:spns1)) nrs mutant larvae at 4 dpf, and generated cDNA using Maxima First Strand cDNA synthesis kit (Thermo Fisher Scientific).
The respective primer sequences for spns1 and rps11 (ribosomal protein S11), which was used as housekeeping gene, can be found
under key resources. The line has been deposited at ZFIN under the name Tg(UAS:spns1, cry:mCherry)°™.

Administration of 4-hydroxytamoxifen

4-hydroxytamoxifen (4-OHT; Sigma, H7904) stock solution was prepared in ethanol at 10 mM. To facilitate the dissolution of the pow-
der, the stock was heated for 10 min at 65°C and then stored at —20°C, protected from the light. Embryos were incubated in E3 with
10 uM 4-OHT between 30 and 72 h postfertilization.
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gRNA synthesis and generation of spns1 crispants

Two guide RNA (gRNA) were designed using CRISPRscan®® based on their predicted efficiency to target in spns?, proximal location
to its first exon, and low predicted off-target effects (key resources table). crRNA and tracerRNA were synthesized by IDT Integrated
DNA Technologies, mixed in 1:1 ratio in Nuclease-Free Duplex Buffer and heated at 95°C for 5 min to prepare the gRNA duplex so-
lution. To generate spns1 crispants, one-cell stage embryos obtained from crosses of heterozygous nrs mutant and wild type zebra-
fish were microinjected with a solution containing both gRNAs (4.5 uM each), Cas9 protein (0.3 mg/mL)and 0.2 pM KCI (Sigma,
P9333-500G). An injection solution without Cas9 protein was used as control. Cutting efficiency was verified via T7 endonuclease
assay, and crispants were selected based on the opaque yolk phenotype.

In vivo confocal microscopy

Embryos of the desired developmental stage were anesthetized with tricaine (0.08 mg/mL pH?7). Prior to imaging heartbeat was ar-
rested by incubating the embryos for 30 min in E3 with tricaine (0.08 mg/mL pH7) and 20 mM of 2,3-Butanedione monoxime (BDM).
Embryos were then mounted in 0.8% low melting agarose, covered with the above-mentioned solution, and imaged with a Leica TCS
SP8 confocal microscope, using a 20X water immersion objective.

In vivo light sheet fluorescence microscopy

Embryos were raised until the desired developmental stage. For autophagosome and lysosome quantification, larvae were treated
with 2 mM chloroquine to stop autophagic flux (3 h for autophagosome/lysosome quantification during development, 12 h to
compare autophagosome and lysosome accumulation in nrs mutants). To label acidic vesicles/lysosomes, zebrafish were incubated
for 3 hin 1 uM LysoTracker Deep Red (Invitrogen, L12492) in E3 (DMSOQ). For the visualization of cardiac valves, larvae were incu-
bated with 2 uM BODIPY FL C5-Ceramide (Thermo Fisher Scientific) in E3 (0.1% DMSO) overnight. Before imaging, larvae were
washed 3 x 15 min with fresh E3 and anesthetized using tricaine (0.08 mg/mL pH7). Larvae were then embedded in 0.75% low-
melt agarose with 0.04 mg/mL tricaine, transferred into a FEB-capillary and mounted inside a Leica-imaging chamber filled with
E3-medium with tricaine. Imaging was performed with a Leica TCS SP8 digital light sheet (DLS) microscope equipped with a Hama-
matsu Flash 4.0 V3 camera with 4.2 mpx using the following settings: 25x detection objective with NA 0.95x water immersion, 2.5%
illumination objective, 5 mm illumination mirror. Images were obtained following XYTCZ acquisition mode with 1.14 ms exposure time
to allow later retrospective gating.

Transmission electron microscopy

Zebrafish larvae were selected at 4 dpf, euthanized by tricaine-overdose and fixed with 2.5% glutaraldehyde (Agar Scientific,
Stansted, Essex, UK) and 2% paraformaldehyde in 0.1 M Na-Cacodylate buffer (Merck, Darmstadt, Germany) with a pH of 7.44.
Samples were fixed for at least 24 h before being further processed. Samples were then washed with 0.1 M Na-Cacodylate buffer
three times for 5 min each, postfixed with 1% OsO4 (Electron Microscopy Sciences, Hatfield, USA) in 0.1 M Na-cacodylate buffer at
4°C for 2 h, and then washed in 0.1 M Na-Cacodylate buffer (Merck, Darmstadt, Germany) three times for 5 min each. Thereafter
samples were dehydrated in 70%, 80%), and 96% ethanol (Grogg, Bern, Switzerland) for 15 min each at room temperature. Subse-
quently, samples were immersed in 100% ethanol (Merck, Darmstadt, Germany) three times for 10 min each, in acetone (Merck,
Darmstadt, Germany) for two times for 10 min each, and finally in acetone-Epon (1:1) overnight at room temperature. The next
day, samples were embedded in Epon (Sigma-Aldrich, Buchs, Switzerland) and left to harden at 60°C for 5 days. Sections were pro-
duced with an ultramicrotome UC6 (Leica Microsystems, Vienna, Austria). First, sequential semithin sections (1 um) were obtained
and stained with a solution of 0.5% toluidine blue O (Merck, Darmstadt, Germany) for light microscopy to select cardiac regions
compirising the atrioventricular canal and outflow tract. Upon selection, ultrathin sections (75 nm) were produced for electron micro-
scopy, mounted on single slot copper grids, and stained with uranyless (Electron Microscopy Sciences, Hatfield, USA) and lead cit-
rate (Leica Microsystems, Vienna, Austria) with an ultrastainer (Leica Microsystems, Vienna, Austria). Sections were examined with a
transmission electron microscope (FEI Tecnai Spirit, Thermo Fisher Scientific).

Immunofluorescence

For whole-mount immunofluorescence, zebrafish larvae were selected at the desired developmental stage, euthanized by an over-
dose of tricaine and fixed overnight at 4°C in 4% paraformaldehyde (PFA, EMS, 15710). Larvae were washed three times for 15 min
each with PBS, dehydrated following a methanol gradient (25%. 50%, 75% methanol in PBS, 15 min each) and stored in 100% meth-
anol for at least one day at —20°C. Larvae were re-hydrated (75%, 50%, 25% methanol in PBS-TritonX100 (0.3%), 10 min each) and
washed twice with PBS-TritonX100 (0.3%) for 10 min. The permeabilization procedure consisted of treatment with Proteinase K
(10 pg/mL) for 20 min, followed by 20 min post-fixation with 4% PFA and incubation in ice-cold Ethanol-Aceton 2:1 for 7 min, with
three PBS-TritonX100 (0.3%) 10 min washes in between. Blocking of non-specific binding sites was performed by overnight incu-
bation in blocking solution (5% BSA, 5% goat serum, 1% DMSO, 1% Triton X-100) at 4°C. To achieve a better antibody penetration,
the pericardial cavity was punctured using a tungsten needle and the incubation with first and secondary antibodies was performed
overnight at 4°C. Primary antibody dilutions were prepared in PBS containing 5% BSA, 5% Goat serum and 0.002% sodium azide as
follows: anti-alcam (1:100, ZN-8, DSHB), anti-MHC (1:100, MF20, DSHB), anti-mCherry (1:300, NBP2-25157, Novus Biologicals),
anti-GFP (1:300, GFP-1010, Aves), anti-BrdU (1:200, abcam, ab6326). Goat-derived secondary antibodies (all obtained from
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Invitrogen, Thermofisher Scientific) were used in 1:300 dilution in PBS containing 5% BSA, 5% Goat serum: anti-mouse IgG1 - Alexa
Fluor 488 (A-21121), anti-mouse IgG2b - Alexa Fluor 568 (A-21131), anti-rabbit (H + L) Superclonal - Alexa Fluor 647 (A27040),anti-
Chicken IgY (H + L) - Alexa Fluor 488 (A-11039), anti-rat IgG (H + L)- Alexa Fluor 647 (A21247).

Heart function analysis

Transgenic Tg(flila:GFP) sibling and mutant larvae were selected at 3 dpf, and transferred to a flat-bottomed 96-well plate containing
pre-molded 1% agarose pockets used to retain larvae in a ventral position. Imaging was performed using an automated microscopy
platform (Acquifer Imaging Machine, Acquifer Germany). In this two-step imaging process, brightfield overview images of whole
larvae were obtained using a 2 x objective, which were used for the automated detection of the head region, and later, the estimation
of the larval body length. Then, series of brightfield and green fluorescence images of the head region focused on the heart are ac-
quired using a 10X objective to obtain a time series of the beating heart. Images were processed into hyper-stacks using the Acquifer
built-in Fiji-software, and analyzed using previously described®' in-house developed scripts to determine larval body length, heart
rate (number of beats estimated during image acquisition), ejection fraction (calculated from the difference between diastolic and
systolic volume relative to the diastolic size), cardiac output (difference between diastolic and systolic volume multiplied by heart
rate) and rhythmicity (RMSSD, evaluated by the root-mean-square of the successive differences between heart beats, which reflects
the beat-to-beat variance). All FIJI plug-ins and Python scripts (“Heartbeat”, “Cardiac function”, “RMSSD”, “Size”) are available at
“https://github.com/MercaderLabAnatomy/PUB_Chavez_et_al_2023".

Gene expression library construction and analysis

Sibling and mutant larval hearts were obtained at 3 dpf by manual dissection using forceps and a tungsten needle as previously
described.?” Pools of approx. 50 hearts were collected within 1 h in ice-cold Leibovitz’s L-15 Medium (Thermo Fisher Scientific) sup-
plemented with 10% fetal bovine serum (Sigma -Aldrich, F7524), centrifuged for 4 min at 300 g, snap frozen and preserved in liquid
nitrogen. Two replicates, each consisting of four pools, were obtained for each experimental group (sibling, mutant). Single nuclei
suspensions containing 3800-4000 nuclei/uL were prepared using the Chromium Nuclei Isolation Kit with RNase Inhibitor (10 x
Genomics, PN-1000494) following the samples Prep User Guide (10 x Genomics, CG000505, Rev A). The Transposition, GEM gen-
eration & barcoding, reverse transcription, and preparation of the gene expression and ATAC libraries was performed according to
the 4Chromium Next GEM Single Cell Multiome ATAC + Gene Expression User Guide (10x Genomics, CG000338 Rev F) with all stip-
ulated 10x Genomics reagents. Nuclei suspensions were incubated in a Transposition Mix that includes a Transposase. At the end of
the transposition step, GEM generation and barcoding was immediately performed, and a quenching reagent was added to each
sample to stop the reaction. The reactions were then stored at —80°C. Samples were retrieved from storage, cleaned-up as stipu-
lated in step 3.0 of the user guide. Thereafter, a pre-amplification steps was performed with 6 PCR cycles, followed by cDNA ampli-
fication and 3’ gene expression library workflow using 16 PCR cycles. Generated cDNA and both types of libraries were evaluated for
quantity and quality using a Thermo Fisher Scientific Qubit 4.0 fluorometer with the Qubit dsDNA HS Assay Kit (Thermo Fisher Sci-
entific, Q32851) and an Advanced Analytical Fragment Analyzer System using a Fragment Analyzer NGS Fragment Kit (Agilent, DNF-
473), respectively. The cDNA libraries were pooled and sequenced with a loading concentration of 300 p.m., asymmetric paired-end
and dual indexed, using an illumina NovaSeq 6000 S1 Reagent Kit v1.5 100 cycles (illumina, 20028319) on an illumina NovaSeq 6000.
The read set-up was as follows: read 1: 29 cycles, i7 index: 10 cycles, i5: 10 cycles and read 2: 89-91 cycles. The quality of the
sequencing runs was assessed using illumina Sequencing Analysis Viewer (illumina version 2.4.7) and all base call files were demul-
tiplexed and converted into FASTQ files using illumina bcl2fastq conversion software v2.20. A minimum of 50’000 reads/cell were
generated for each library. All steps were performed at the Next Generation Sequencing Platform, University of Bern. The raw
sequencing data was processed using cellranger v6.0.%° For alignment, we used Danio rerio Genome assembly GRCz11 v109
from Ensembl.?° The counts were then processed in R (v4.0) using Seurat (v4.0) and tidyverse.®~°? Possible doublets were removed
using SingleCellExperiment and scDblFinder.®*°* Cells with a minimum of 200 genes and less than 5000 genes per cells were chosen
for quality purposes. The final number of cells used for further processing was as follows: sib_1: 1673 cells, sib_2: 2193 cells, mut_1:
1643 cells, mut_2: 1940 cells. All possible mitochondrial reads (due to possible contamination) were removed before downstream
processing. The samples were integrated using the Seurat Feature Integration pipeline and checked for batch correction. For the
identification of the various cell types, marker genes provided in several publications®**'4“6” and databases in EnrichR were
used.*94%%° Differential expression analysis for each cell type was performed using pseudobulk, EdgeR-LRT with the Libra pack-
age.”” Differentially expressed genes were converted to mouse orthologous genes with biomaRt and then subjected to pathway
enrichment using overrepresentation analyses and Gene Set Enrichment Analyses (GSEA) with the Gene Ontology terms with
the help from ClusterProfiler package.”'"°>°" To identify the ligand receptor interactions, we used LIANA that consolidates multiple
ligand receptor databases and provides an aggregate rank.>* Graphs were plotted using Seurat, ggplot2, ggpattern, viridis and
dittoSeq."%®

Image processing

Light-sheet microscopy acquisitions were processed using an HP-Zseries workstation (Dual Intel Xeone5-2667 v4 3.2 GHz, 256 GB,
NVIDIA GeForce GTX 1080 Ti). Images were first exported from the lif-file into XYTC-tif files using the in house created
macro Export6D. Retrospective gating was performed as previously described using the MATLAB (R2017a) tool BeatSync V2.1 to
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re-synchronize the 3D imaged hearts (3D-t reconstruction).®’ To enhance images for downstream segmentations, the denoise_cyto3
model from Cellpose 3 (https://cellpose.readthedocs.io/en/latest/restore.html#denoisemodel) was used. Maximum intensity projec-
tions of the 3D image-stacks were obtained using ImageJ,® for which images were cropped to the heart area using the in house
created Imaged macro ClearOutside_3DnC. Image processing scripts are available at https://github.com/MercaderLabAnatomy/
PUB_Chavez_et_al_2023.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image quantification

For the quantitative analysis of autophagosomes and lysosomes, manual 3D contour tracing and selection of regions of interest
(ROls; V: ventricle, OFT: outflow tract, AVC: atrioventricular canal) were performed in a first step and independent curation of the se-
mantic segmentations was performed in a second step (two-person control). Both semantic segmentation and curation of image
z-stacks (dimensions: XYZC, where C represents the color channel of the respective endocardial, myocardial or ubiquitous tissue
marker) were performed in a slice-based approach using Napari and its labels layer functionality. The thickness of the traced contours
varied between 1 and 2 (+1) cell diameters, corresponding to the thickness of the specific tissue and ROI. Autophagosome and
lysosome puncta were segmented in 3D using the in-house image batch-processing suite T-MIDAS (https://github.com/
MercaderLabAnatomy/T-MIDAS). Instance segmentation was either performed based on Otsu-thresholding or a user-defined inten-
sity threshold (O<threshold<255 for 8bit). A schematic representation of the employed image segmentation workflow is included in
Figure S8. To estimate autophagosome and lysosome accumulation in each region of the sibling and mutant hearts (V, AVC. OFT), the
numbers of autophagosome and lysosome puncta were determined by counting the colocalization of each ROI (V, AVC, OFT) with the
instance segmentations of autophagosome, autolysosome or lysosome signals. Colocalization was performed by Boolean masking
of the instance segmentation with the ROIs of the semantic segmentation. Instance counts were then obtained by calculating the
length of the vector of unique label ids. Lastly, counts were normalized by ROI volume. The estimation of cardiac morphological pa-
rameters (cross sectional ventricle area, circularity, outflow tract length and atrioventricular canal width) and of the lysosome area
was performed using ImagedJ on randomized images. Qualitative assessment of valve morphology and heart rate at 4 dpf was per-
formed prior to the determination of the larvae genotype to attain a blinded analysis. All image processing scripts and pipelines are
available at https://github.com/MercaderLabAnatomy/PUB_Chavez_et_al_2023 and https://github.com/MercaderLabAnatomy/T-
MIDAS.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism7. Two-way ANOVA was applied to analyze statistical differences in auto-
phagosome and lysosome quantifications across cardiac regions and developmental time points. Welch’s t-test and Mann-Whitney-
U test were applied to compare differences between sibling and mutant or control and rescue conditions upon assessment of normal
distribution. The Chi-square probability distribution test was applied to analyze categorical variables (qualitative assessment of
valve elongation). When statistical test results are presented as asterisks, p-values are defined as *p < 0.05, **p < 0.01, **p <
0.001, ***p < 0.0001. All snRNAseq transcriptome analyses were done using differential genes with p-values less than 0.05.
Statistical details of each experiment can be found in the figure legends.
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