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Autophagy is essential for cardiac morphogenesis
during vertebrate development
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Genetic analyses indicate that autophagy, an evolutionarily conserved lysosomal degradation pathway, is essen-
tial for eukaryotic differentiation and development. However, little is known about whether autophagy contributes
to morphogenesis during embryogenesis. To address this question, we examined the role of autophagy in the early
development of zebrafish, a model organism for studying vertebrate tissue and organ morphogenesis. Using zebrafish
that transgenically express the fluorescent autophagy reporter protein, GFP-LC3, we found that autophagy is active in
multiple tissues, including the heart, during the embryonic period. Inhibition of autophagy by morpholino knockdown
of essential autophagy genes (including atg5, atg7, and becn) resulted in defects in morphogenesis, increased num-
bers of dead cells, abnormal heart structure, and reduced organismal survival. Further analyses of cardiac development
in autophagy-deficient zebrafish revealed defects in cardiac looping, abnormal chamber morphology, aberrant valve
development, and ectopic expression of critical transcription factors including foxn4, tbx5, and tbx2. Consistent with
these results, Atg5-deficient mice displayed abnormal Tbx2 expression and defects in valve development and chamber
septation. Thus, autophagy plays an essential, conserved role in cardiac morphogenesis during vertebrate development.

Introduction

Autophagy is an evolutionarily conserved process by which
cytoplasmic constituents including macromolecules (such as pro-
teins, glycogens, lipids, and nucleic acids) and organelles (such
as mitochondria, peroxisomes, and endoplasmic reticulum) are
degraded by the lysosome.! The autophagy pathway plays an
essential role in enabling eukaryotic organisms to adapt to nutri-
ent deprivation and other forms of environmental stress; it gener-
ates the building blocks necessary for macromolecular synthesis,
energy production, and cell survival in such settings. By serving
as a cellular “disposal” mechanism that removes misfolded or
unfolded proteins and damaged organelles, the autophagy path-
way also maintains organelle integrity and protein quality con-
trol. The nutrient recycling and organelle/protein quality control
functions of autophagy likely contribute to its many important
roles in physiology and protection against diseases.”® Indeed,
autophagy genes are important in metazoan survival during star-
vation; protein, carbohydrate, and lipid metabolism; life-span

extension; and protection against cancer, neurodegenerative dis-
orders, infection, and other diseases.

Another key function of autophagy is its role in differen-
tiation and development.” From an evolutionary perspective,
autophagy may have arisen as a mechanism to protect unicel-
lular organisms against starvation and other forms of environ-
mental stress (such as overcrowding and extreme temperatures).
However, the stimulus to degrade organelles may have led to
other evolutionary advantages, including the ability to undergo
differentiation and development. Both differentiation and
development require cells to undergo major morphological
changes and thus, require mechanisms for the degradation and
recycling of obsolete cellular components. Therefore, it may not
be a coincidence that certain differentiation and developmental
events, especially in lower eukaryotic organisms, are triggered
or influenced by autophagy-inducing environmental stressors;
autophagy may be mechanistically involved in these processes.
In support of this concept, autophagy genes are essential for
several starvation-induced differentiation and developmental
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processes, including sporulation in yeast, dauer development in
C. elegans, fruiting body formation in Dictyostelium discoideum,
and developmental transitions in protozoan parasites (reviewed
in refs. 4-7).

The role of autophagy in development also extends to several
other (environmental stress-independent) processes that occur
in multicellular organisms. For example, abnormalities in lar-
val development, synapse formation, and eye development are
observed in autophagy gene mutant Drosophila.5'* In C. elegans,
autophagy genes play a role in apoptotic corpse clearance in
embryonic development," the L1 larval stage,' and the adult
gonad,” in degrading germline P granules in somatic cells,'® and
in the selective elimination of paternal mitochondria."””*® In mice,
autophagy genes play an essential role in preimplantation devel-
opment, survival during the neonatal starvation period, and in
the differentiation of several specific cell lineages, including adi-
pocytes, erythrocytes, and lymphocytes (T cells and B-1a cells)
(reviewed in ref. 7).

One surprising finding is that mice lacking several different
essential autophagy genes, including Azg3, Atg5, Atg7, Atg9, and
Atgl6L1, are reported to lack apparent anatomical abnormalities
(reviewed in ref. 6). The most obvious interpretation of this find-
ing is that the autophagy machinery is not required for tissue
morphogenesis during embryonic development. However, this
finding is puzzling as one would predict that autophagy, a path-
way that can both eliminate pre-existing structures and provide
materials for building new structures, is an ideal candidate for
involvement in developmental processes that require cellular and
tissue remodeling. Thus, the question arises as to whether the
absence of apparent anatomical abnormalities in several auto-
phagy gene knockout mouse strains truly reflects the lack of a
role for autophagy in morphogenesis or whether other factors,
such as gene redundancy, activation of compensatory pathways,
or difficulties in detection of phenotypic abnormalities may
be confounding variables. Of note, in the zebrafish, Hu et al.
reported that knockdown of a#g5 leads to abnormal morphogen-
esis of brain regionalization and body plan.”

In contrast to mice lacking Atg3, Atg5, Atg7, Atg9, and
Atg6/1, mice lacking 3 other genes involved in autophagy, Becnl,
Ambral, and Rblcel/Fip200, die during embryogenesis (reviewed
in refs. 5 and 7). becnl”’- embryos die around embryonic d 7.5,
with massive cell death and failure to close the proamniotic cav-
ity. Mice lacking Ambral are embryonic lethal at d E10-14 and
show defective neural tube development and hyperproliferation
of neural tissues. (In accord with this result, Benato and cowork-
ers reported that knockdown of the zebrafish Ambral orthologs
causes defects in body morphogenesis and brain development?®’).
rblccl”~ mice are embryonic lethal at d E13.5-16.5, and display
defects in heart and liver development. The discrepancy between
the embryonic lethal phenotypes of becnl”~, ambral”~, and
rblccl”"- mice vs. the embryonic viability of the atg3™~, atg5™"",
atg7"", atg9", and atgl6ll”’~ mice is generally attributed to
autophagy-independent functions of the former group of genes.
However, other explanations are possible, and additional studies
in more tractable model systems are needed to better determine
whether the autophagy pathway functions in developmental
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patterning and tissue morphogenesis during early vertebrate
embryonic development.

To address this question, we used morpholino oligonucle-
otides (MOs) to knock down expression of 3 different autophagy
genes, becnl, atg5, and atg7 in developing zebrafish (Danio rerio)
embryos. Becnl (also known as Beclin 1) functions in autophagy
as part of the class III phosphatidylinositol 3-kinase complex
involved in autophagic vesicle nucleation, and Atg5 and Atg7 are
part of the ubiquitin-like protein conjugation systems that func-
tion in autophagosome membrane expansion and completion.?
The zebrafish presents unique advantages among vertebrates for
the study of developmental patterning and tissue morphogenesis
(reviewed in refs. 22 and 23). Unlike the mammalian embryo,
the zebrafish does not require a functional cardiovascular system
during embryogenesis as oxygen diffusion from the surround-
ing medium is sufficient for survival.** Therefore, the organs
of mutant zebrafish embryos, especially the heart, can be more
readily observed than those in mouse embryos.

We found that MO knockdown of different autophagy genes
led to developmental defects, including structural cardiac defects.
Autophagy-deficient zebrafish displayed defective cardiac loop-
ing, mispatterning of genes normally expressed in the atrio-
ventricular (AV) valve, and upregulation of the genes encoding
several heart transcription factors, including Foxn4 and Tbx5, in
microarray analyses of cardiac-enriched tissue. Consistent with
these findings, autophagy morphants exhibited increased, ecto-
pic expression of #bx2, a downstream target of foxn4 and tbx5.
Similarly, cardiac atrioventricular canal (AVC) defects and 76x2
misexpression were also observed in autophagy-deficient azg5"
mutant mice. These data demonstrate an unequivocal role for
autophagy genes in tissue patterning and morphogenesis during
vertebrate development.

Results

Autophagy is active in early embryonic development in
zebrafish

To study the role of autophagy in early embryonic develop-
ment in zebrafish, the temporal pattern of autophagy activa-
tion during zebrafish development was monitored. Unlike in
mouse embryos, in which autophagy induction was observed at
the 1-cell stage stage,” it has been reported that autophagy is
induced after 32 h post-fertilization (hpf) in zebrafish because of

26 To con-

delayed expression of proteins essential for autophagy.
firm the temporal expression pattern of autophagy transcripts,
we prepared RNA from different stages of embryonic develop-
ment and used RT-PCR to detect the expression of atg5, becnl,
atg7, and ulklb (Fig. 1A). All 4 transcripts were detected in 1-cell
stage-embryos, indicating that they were maternally deposited,
as well as at the sphere (3 hpf), germ ring (6 hpf) and 5-somite
(12 hpf) stages and at 24 and 48 hpf. atg5 and becnl transcripts
appeared to decrease at the early gastrulation (germ ring) stage,
similar to what was reported for at¢5," ambrala, and ambralb.*
He and coworkers previously reported that several transcripts
including u/k1b are not expressed before 23 hpf.?® The inconsis-
tency with the previous report may be due to different RT-PCR
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conditions. He et al. amplified the full-length RNA for auto-
phagy gene expression detection, but here, we amplified shorter
2-exon fragments of each transcript. It is possible that amplifying
shorter segments of transcripts results in more sensitive detection
than amplification of the full-length transcripts. Hu and cowork-
ers also identified atg5 transcripts at early developmental time
points, including 0.2, 5, 10, 18, and 24 hpf.”’

To confirm the occurrence of autophagy in early embryonic
development of zebrafish, 10-somite stage embryos were moni-
tored for autophagosome structures by electron microscopy.
We detected both early autophagosomes and autolysosomes in
somite tissue (Fig. 1B), indicating the presence of autophagy
at this stage. To further evaluate whether autophagy occurs in
vivo, we used the fluorescent autophagy reporter transgenic fish
line Tg(emv:GFP-lc3).* During autophagy induction, LC3-I
(which is diffusely distributed in the cytoplasm) becomes
conjugated with phosphatidylethanolamine to form LC3-II,
which stably associates with the autophagosomal membrane.
GFP-tagged LC3-II accumulates in punctate structures (auto-
phagosomes), thus serving as a useful in vivo marker of auto-
phagy.?! Using confocal microscopy, we noted the accumulation
of GFP-Lc3 puncta in zebrafish by the 15-somite stage indicat-
ing that similar to other organisms, autophagy is active dur-
ing early development (Fig. 1C). Some caution is warranted in
interpreting this result, owing to the possibility that expression
of GFP-Lc3 from the CMV promoter might lead to enhanced
puncta formation due to high expression levels. However, taken
together with the other data including electron microscopy, our
results likely indicate the presence of autophagy in early zebraf-
ish embryos.

Autophagy gene knockdown results in developmental
defects

To investigate the role of autophagy in embryo morphogen-
esis, we used antisense morpholino oligonucleotides (MOs) to
inhibit translation of zebrafish mRNAs encoding 3 key com-
ponents of the autophagy machinery, atg5, atg7, and becnl.
We confirmed protein knockdown by immunoblot analysis of
whole embryos at 48 hpf (Fig. 1D). Atg5 is normally conjugated
to Atgl2 via a conjugation reaction that requires the action of
the El-like enzyme Atg7. MO knockdown of Atg5 led to loss of
free Atg5 and to the expected loss of Atgl2—Atg5 complex for-
mation (Fig. 1D, top panel). Loss of the Atgl2—Atg5 complex

was similarly observed in azg7 morphants, suggesting efficient
knockdown of Atg7 protein expression by azg7 MO injection.
Embryos injected with becnl MOs did not show a complete
block in formation of the Atgl2—Atg5 complex, an expected
result since Becnl is not required for Atgl2—Atg5 complex for-
mation; however, we did observe a decrease in the total amount
of the conjugate. Compared with control morphants, becnl
morphants had decreased Becnl protein expression (Fig. 1D,
lower panel). Thus, azg5, arg7, and becnl MOs successfully
inhibit expression of their target autophagy protein in zebrafish
embryos.

Next, we evaluated whether autophagy MOs inhibit auto-
phagy in vivo, using a fluorescent autophagy reporter strain of
fish, Tg(cmv:GFP-Ic3).* To efficiently quantify the effects of
autophagy MOs on zebrafish autophagy, we prepared primary
cells from blastula-stage 7g(cmv: GFP-lc3) embryos injected with
control or autophagy MOs and counted the number of GFP-Lc3
puncta per cell. Primary cells derived from blastula-stage auto-
phagy morphants displayed reduced numbers of GFP-Lc3
puncta, indicating that knockdown of atg5, becnl, or atg7 inhib-
ited autophagosome accumulation in vivo (Fig. 1E and F). As
further evidence that autophagy-directed MOs inhibit auto-
phagy, we performed immunoblots on protein lysates from pri-
mary cell cultures of MO-injected embryos, using an antibody
specific for Lc3 (Fig. 1G and H). Autophagy MOs efficiently
blocked Lc3-II conversion, indicating inhibition of autophagy
in vivo.

After demonstrating that the autophagy-specific MOs inhibit
autophagy in vivo, we assessed the effects of autophagy inhibi-
tion on early zebrafish development. Autophagy morphants
displayed reproducible abnormal developmental phenotypes
including small heads (arrows) and eyes (asterisks), twisted body
shapes, and pericardial edema (arrowheads) at 2 d post fertiliza-
tion (dpf) (Fig. 2A and B). In general, the morphological defects
were similar when comparing atg5, becnl, or atg7 knockdown,
though there were some differences in penetrance, with becnl
morphants the most severely affected overall, and body morphol-
ogy defects prominent in azg/ (as well as becnl) morphants. Most
strikingly, 62% of azg5 morphants, 80% of becnI morphants,
and 31% of atg7 morphants exhibited cardiac defects such as
pericardial edema, defective blood flow through the heart, defec-
tive heart looping, enlarged atria, or linearized hearts (Fig. S1).

Figure 1 (See opposite page). Autophagy is present during early zebrafish development and efficiently inhibited by autophagy gene knockdown.
(A) Autophagy transcripts are expressed during early development in zebrafish. RT-PCR was performed using RNA isolated from 1-cell, sphere, germ
ring, 5-somite, 24 hpf, and 2 dpf stage wild-type embryos using gene-specific primers. nRT, no-RT negative control. (B) Early autophagosomes (left) and
autolysosomes (right) were detected in 10-somite stage embryos by electron microscopy. Scale bars, left: 200 nm, right: 500 nm. (C) GFP-Lc3 puncta were
visualized by confocal microscopy in 15-somite stage embryos from Tg(cmv::GFP-Ic3) fish. Left, z-stackimages of somites. Right, GFP-Lc3 punctain somites
merged with bright-field image. Scale bars, left: 30 um, right: 30 wm. (D) Expression of autophagy proteins after autophagy morpholino (MO) injection.
Embryos were injected at the 1-cell stage with control or autophagy-specific MOs, and lysates were prepared forimmunoblot analysis at 48 hpf. Top panel,
immunoblot with anti-Atg5 antibody. Bottom panel, immunoblot with anti-Becn1 antibody. Actin is shown as a loading control. (E and F) Autophagy
gene knockdown impairs autophagy in zebrafish. Primary cells were prepared from Tg(cmv:GFP-Ic3) after MO injection and GFP-Lc3 puncta were visu-
alized with confocal microscopy. (E) Representative images of GFP-Lc3 puncta in embryos injected with autophagy gene-specific and control MOs.
(F) Quantification of data shown in (E). Representative results from one of 3 separate experiments, expressed as the mean + SEM of 50 to 100 cells in each
group. ***P < 0.001, **P < 0.01, *P < 0.05 for autophagy morphants vs. control morphants; one-tailed t test. (G) Representative immunoblots to detect
Lc3 levels in control- and autophagy MO-injected fish. Lysates were prepared from primary cells for immunoblot after MO injection. Actin is shown as
a loading control. Similar results were observed in 3 independent experiments. (H) Quantification of the ratio of Lc3-1lI/Actin for 3 independent experi-
ments, including representative results shown in (G). Bars represent mean + SEM. **P < 0.01, *P < 0.05 for autophagy morphants vs. control morphants;
2-tailed t test.
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Figure 2. Autophagy gene knockdown in zebrafish results in developmental defects and increased numbers of dead cells. (A and B) Morphology of
autophagy morphants at 2 dpf. (A) Representative images of autophagy morphants, which displayed small heads (arrows), abnormal eyes (asterisks),
twisted body shapes and cardiac defects (arrowheads) at 2 dpf. (B) Quantification of phenotypes depicted in (A). Results represent the mean + SEM of
3 independent experiments. ***P < 0.001, **P < 0.01, *P < 0.05 for autophagy morphants vs. control morphants; one-tailed t test. (C and D) Acridine
orange (AO) staining of control and autophagy gene morphants at 1 dpf. AO-positive cells were counted in an area spanning from the end of the yolk
extension to the end of tail. (D) Quantification of data shown in (C). Results represent the mean + SEM of more than 40 embryos in each group. ***P <

0.001 for autophagy morphants vs. control morphants; one-tailed t test.

In comparison, more than 95% of fish were normal after control
MO injection.

We took several complementary approaches to ensure that our
results reflected on-target effects of MOs. First, in addition to
the translation-blocking MOs described above, we also injected
splice blocking-MOs designed to inhibit splicing of specific exon-
intron junctions in the atg5, atg7, or becnl primary mRNA tran-
script. Similar abnormal phenotypes were observed in embryos
injected with splice blocking-MOs as found in translation-block-
ing MO-injected autophagy morphants, and the incidence of
abnormal phenotypes increased in relationship to the injected
MO concentration (Fig. S2A and S2B). Splicing inhibition by
MO injection was confirmed by RT-PCR (Fig. S2C).

MO injection can induce abnormal developmental phenotypes
due to off-target effects that are attributed to Tp53-mediated cel-
lular toxicity.”” To exclude the possibility that the phenotypes
of autophagy morphants were due to these off-target effects,
we injected control and autophagy MOs into homozygous 53

576 Autophagy

mutant (zp53"21%) fish?® (Fig. S3A and S3B). More than 80%
of control morphants were normal at 2 dpf. Except for a slight
decrease in the percentage of atg7 knockdown embryos exhibit-
ing small head size, autophagy morphants continued to exhibit
developmental defects. 100% of azg5 morphants, more than
80% of becnl morphants and slightly more than 30% of azg7
morphants showed cardiac defects. Overall, the cardiac defects
due to autophagy MOs were not significantly affected by loss of
Tp53 function, indicating that the cardiac defects observed in
a wild-type background of zebrafish were not caused by Tp53-
dependent off-target effects. The finding of similar phenotypes
using 2 independent MOs and in wild-type and #p53-deficient
backgrounds strongly suggests that the observed phenotypes
were due to autophagy gene knockdown.

Autophagy gene knockdown results in increased numbers
of dead cells

Autophagy genes are required for the clearance of dead
cells during embryonic development in mice,” chick,®® and
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nematodes,"? and mice with a null mutation in the autophagy
gene Ambral have increased cell proliferation and cell death in
the central nervous system.” To determine whether autophagy
genes play a similar role in the regulation of cell death or dead
cell clearance during zebrafish embryonic development, we
stained embryos at 1 dpf with acridine orange (AO), and quanti-
fied the number of dead cells per unit area in a defined region
of the embryo. Compared with control morphants, autophagy
morphants showed a greater than 2-fold increase in numbers of
dead cells (Fig. 2C and D). A similar magnitude of increase in
numbers of dead cells was seen with injection of autophagy MOs
into 53 mutant (£53"?'%%) embryos (Fig. S3C and S3D). These
results indicate that autophagy may play an important role in
either preventing cell death and/or the removal of dead cells dur-
ing zebrafish development.

Interestingly, when we followed control or autophagy mor-
phants for long-term survival, we saw striking effects of auto-
phagy gene knockdown. More than 60% of control morphants
survived for more than 4 wk. In contrast, survival was poor for
autophagy morphants, with approximately 40% of azg5 mor-
phants and less than 10% of becnl or atg7 morphants surviving
more than 10 d (Fig. S4). As the translation-blocking effects of
MOs generally wear off within 4-5 d after injection,* these data
suggest that autophagy during the first 4-5 d of development is
essential for long-term fish viability.

Autophagy occurs during cardiac development

The striking cardiac phenotypes observed in autophagy mor-
phants prompted us to further investigate the role of autophagy
during cardiac morphogenesis. To determine whether auto-
phagy occurs during normal cardiac development in zebrafish,
embryos from the Zg(cmv:GFP-lc3) autophagy reporter strain
were monitored for GFP-Lc3 puncta formation. In control mor-
phant hearts, autophagosomes were found in cardiomyocytes,
endocardial cells, the AVC, and the ventricular outflow tract,
indicating that autophagy occurs during cardiac development
(Fig. 3A and B). At 3 dpf, azg5 and atg7 morphants showed
significantly reduced numbers of autophagosomes throughout
the entire heart (Fig. 3B). becn] morphants also showed a trend
toward reduced numbers of autophagosomes in the heart that
did not reach statistical significance. Imaging of embryos at 2
dpf also showed the presence of autophagosomes in the heart,
which appeared to be decreased in the autophagy morphant
embryos (Fig. S5).

Inhibition of autophagy induces cardiac defects

To better characterize the cardiac defects in autophagy mor-
phants, histological analysis was performed with control or auto-
phagy MO-injected embryos at 3 dpf. During zebrafish heart
development, cardiac progenitor cells migrate from the lateral
mesoderm and form a linear heart tube around 24 hpf. The heart
tube subsequently tilts slightly to the left and undergoes looping
around 2 dpf, representing a structural change from a linearized
tube to a 3-dimensional chamber (reviewed in ref.33). Serial sec-
tions of hearts from autophagy morphants showed enlarged atria
compared with those of control morphants, and incorrect loop-
ing at 3 dpf (Fig. 3C). In control morphants, atria were prop-
erly placed caudally and to the left of the ventricles. However,
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in autophagy morphants, atria were enlarged and cardiac loop-
ing was defective, resulting in atria and ventricles appearing in
the same histological plane. Additionally, all 3 autophagy mor-
phants exhibited accumulation of blood cells in the atrium com-
pared with the ventricle, suggesting that autophagy inhibition
might cause defects in cardiac valve development and circulatory
defects.

Cardiac morphogenesis can be influenced by several car-
diac-extrinsic developmental factors such as blood circulation
and vascular development. Vascular defects can cause second-
ary cardiac defects by increasing cardiac afterload. To exclude
vascular defects as a possible source of the cardiac phenotype of
autophagy morphants, we monitored vascular development of
morphants using the Tg(fli1: EGFP) line, which expresses GFP in
endothelial cells including vasculature, blood cells, and endocar-
dial cells.** Autophagy morphants did not show any vasculature
defects at 3 dpf (Fig. S6), suggesting that the cardiac defects in
autophagy morphants are not an indirect consequence of vascu-
lar abnormalities.

As autophagy morphants showed incorrect looping and
potential cardiac valve defects by histological analysis (Fig. 3C),
we sought to further confirm these defects using in situ hybrid-
ization with cardiac-specific and AV valve-specific markers. To
assess cardiac looping, we performed in situ hybridization to
detect gene expression of myl7/cmlc2 (myosin, light polypeptide
7, regulatory) at 48 hpf. Control morphants displayed a normal
looping pattern, resulting in the ventricle being placed slightly
rostral and to the right of the atrium (Fig. 4). In contrast, auto-
phagy morphant hearts showed defects including failure to
develop a distinct heart tube in some cases, and failure of looping
resulting in co-linear orientation of the 2 chambers in other cases
(Fig. 4A and C).

To further analyze cardiac valve development in autophagy
morphants, we performed in situ hybridization to detect expres-
sion of 3 genes, vcan, bmp4, and notch1b, which have been shown
to be important in cardiac valve development (Fig. 4B and D).
Atrioventricular valve development is a highly regulated process,
involving the regulation of multiple signaling networks in car-
diomyocytes and endocardial cells, and resulting in endothelial
cells undergoing epithelial-mesenchymal transition to populate
the endocardial cushions, which give rise to the valves.*%” In
control MO-injected embryos, the expression of vcan, bmp4, and
notchlb is confined to the region of the AV valve. In contrast,
these genes were misexpressed after knockdown of autophagy
genes. vcan was ectopically expressed throughout the ventricle in
atg5 and atg7 morphants, and its expression was increased in the
AV valve and in parts of the atrium and ventricle in becnl mor-
phants. The cardiomyocyte marker bmp4 and the endocardial
marker notchlb were ectopically expressed, most strikingly in the
ventricle, in about 50% of autophagy morphants. In some auto-
phagy morphants, the expression of bmp4 and notchlb was mark-
edly decreased or absent (Fig. 4B and D). Thus, autophagy gene
knockdown leads to defective cardiac looping, defective valve
formation and ectopic expression of valve markers, suggesting
that inhibition of autophagy disrupts gene regulatory networks
critical for proper cardiac morphogenesis.
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hearts from representative control or autophagy morphants at 3 dpf. The head is positioned to the right. In the control morphant heart, the atrium, AV
canal (arrow), ventricle, and ventricular outflow tract (arrow head) (from left to right) are visualized. All autophagy morphant hearts display pericardial
edema. The atg5 and becnT morphant hearts shown have enlarged atria compared with those from the control morphant. The becnT morphant heart
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Figure 4. Autophagy gene knockdown results in abnormal cardiac looping and valve development. (A and C) In situ hybridization with a myl7 probe
of morphant hearts at 48 hpf. (A) Representative images of a control morphant showing correct looping with the atrium placed left and caudal, and
the ventricle right and rostral, and of autophagy morphants, showing linearized hearts without looping. (C) Quantification of data shown in (A). More
than 30 embryos were analyzed in each group. (B and D) In situ hybridization of morphants with probes that detect cardiac valve markers at 2 dpf.
(B) Representative images of vcan, bmp4, and notch1b expression in the hearts of control and autophagy mutants. (D) Quantification of data shown in

(B). More than 30 embryos in each group were analyzed. R, right; L, left.
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Autophagy knockdown alters the gene expression pattern of
the developing heart

To further examine the effects of autophagy inhibition on car-
diac gene expression, we purified RNA from the hearts of control
and autophagy morphants at 3 dpf and profiled gene expression
by microarray analyses. We identified 109 genes (Fig. 5A) that
were differentially expressed (P < 0.05 and log fold-change > 2x)
between control MO- and autophagy MO-injected hearts, and
also informative and predictive of an altered autophagy state,
as evaluated by achieving an area under the receiver-operating
characteristic curve (AUROC) of > 0.75, which indicates favor-
able true-positive rates over false-positives. Transcripts that were
differentially regulated in autophagy morphants included a large
number of genes that are important for cardiac development and
function, including slc12a9, nup155, lrppre, snrpb, crsp7/MED26,
and spredl. The differentially expressed genes were enriched for
fundamental biological processes including regionalization, cell
cycle, hematopoiesis, tRNA metabolism, and noncoding RNA
metabolic processes. Most strikingly, we observed among dif-
ferentially expressed genes in morphants an overrepresentation
(hypergeometric P = 0.015) of transcriptional factors with roles
in development, including foxn4, dbx1b, eed, engla, hoxb2a,
hoxclOa, hoxcla, msxc, mynn, vox, ved, and npas4 (Fig. 5B). The
magnitude of these effects was greatest for g7 morphants, but
similar changes were also observed in azg5 and becnl morphants.
We confirmed the differential expression of dbx1b, eed, hoxb2a,
herl5.1, mynn, msxc, and znfl2a by quantitative RT-PCR of RNA
from purified hearts (Fig. S7). These data demonstrate that
developmental cardiac gene transcription programs are aberrant
in autophagy morphant zebrafish.

We performed additional studies to validate the abnormal
expression of a key gene important for cardiac development,
foxn4, previously shown to be critical for proper AVC formation
in zebrafish.?® To validate the differential expression of foxn4 in
autophagy morphant fish, we performed quantitative RT-PCR on
purified heart mRNA (Fig. 5C). In agreement with the microar-
ray results, foxn4 expression was upregulated in all 3 autophagy
morphants (Fig. 5C). #6x5 normally cooperates with foxn4
to regulate expression of t6x26 during formation of the AVC.
Misexpression of t6x2b causes defective AV canal development
and impaired cardiac function.® In situ hybridization showed
that autophagy gene knockdown caused increased expression
and mislocalization of #6x5 in the developing heart (Fig. 5D and
E). Consistent with this result, autophagy morphants exhibited
expanded expression of t6x26 throughout the atrium and ventri-
cle as well as in the AVC (Fig. 5D and E). Taken together, these
data indicate a critical role for autophagy in regulating cardiac
development and proper patterning of the AV canal.

Atg5 knockout mice exhibit cardiac defects

Our data above indicate that autophagy knockdown induces
developmental cardiac defects in zebrafish. We next asked if this
role of autophagy is conserved in mammals, especially in light of
the striking conservation of the autophagy pathway and its func-
tions across diverse species. To investigate whether autophagy
plays a role in mammalian cardiac development, we first imaged
the hearts of E9.5 embryos from GFP-LC3 transgenic mice® and
observed GFP puncta, indicating the presence of autophagy dur-
ing cardiac development (Fig. $8). Next, we examined postna-
tal d 0 (PO) Azg5-deficient mice. a£¢5~'~ mice have previously
been shown to die within several hours of birth, due to defec-

* 4tg5"~ mice derived from

tive nutrient and energy homeostasis.
crosses of Atg5*"~ heterozygotes were significantly smaller than
Atg5" or Atg5*'~ mice at PO (Fig. 6A and B). atg5~'~ pups fre-
quently had small heads and morphologically abnormal eyes,
reminiscent of the defects seen in autophagy morphant zebraf-
ish. Upon macroscopic analysis of PO hearts, we noted enlarged
right atria (relative to the size of total heart mass) in all Azg5'
mice examined (Fig. 6A, middle). Upon histological analysis,
4 out of 9 atg5'~ mice were found to have AV canal defects
including abnormal valve morphology and a membranous ven-
tricular septal defect (VSD) at PO (Fig. 6A and C). Six of the
9 atg5"'~ mice exhibited abnormal, thickened valves (Fig. 6A).
Atg5*" mice or Atg5*'~ mice did not show the same cardiac devel-
opmental abnormalities (n = 11 in each group), although 1 out
of 11 in each of the A#g5*'* and Atg5*'"~ groups exhibited a small
muscular VSD.

To determine whether impairment of autophagy in the murine
heart leads to similar gene expression abnormalities as those we
observed in the zebrafish autophagy morphants, we isolated E9.5
embryos from crosses of Azg5*~ heterozygotes and performed in
situ hybridization for 76x2 (Fig. 6D). At this stage, Tbx2 expres-
sion is normally restricted to the myocardium of the AVC, the
inner curvature, and the outflow tract.*> Consistent with the
results in zebrafish, all 2#g5'~ mice displayed abnormal 76x2
expression; one mutant exhibited stronger expression, and three
others displayed expanded, ectopic 76x2 expression. In contrast,
4/4 Atg5*"- and 4/5 Atg5*" littermates displayed normal 756x2
expression. These results indicate that the requirement of auto-
phagy for developmental cardiac patterning is conserved from
fish to mammals.

Discussion

Here we demonstrated that autophagy plays an essential
role in cardiac morphogenesis during vertebrate development.
Autophagy is induced during the period of rapid early embryonic

Figure 5 (See opposite page). Autophagy gene knockdown results in upregulation of transcription factors that are involved in development. (A) Heat
map of altered transcripts from the hearts of autophagy morphants at 3 dpf. 109 genes were identified which are informative and predictive of various
altered autophagy states. (B) Enrichment analysis of biological processes overrepresented in genes that are differentially expressed and informative of
the altered autophagy state. Of interest is the set of transcription factors that are involved in development, including foxn4 (arrow). (C) Real-time PCR
measurement of foxn4 mRNA levels in purified hearts of autophagy morphants at 3 dpf. Results represent the mean + SEM of triplicate samples. *P <
0.05 vs. control morphants; one-tailed t test. (D and E) In situ hybridization to detect tbx5 and tbx2b expression in morphant hearts. (D) Representative
images of control and autophagy morphants, with the autophagy morphants showing stronger expression of tbx5 and tbx2b throughout the heart
(arrows). (E) Quantification of data shown in (D). More than 18 embryos in each group were analyzed.
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Figure 6. atg5~~ mice exhibit defective cardiac development. (A) Representative images of atg57/~ and Atg5"* mice (at d P0). Top row, photomicro-
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results from at least 4 embryos per genotype.

growth and organogenesis, and knockdown of autophagy genes
causes severe developmental defects. The autophagy pathway
is active in the developing heart, and inhibition of autophagy
disrupts the gene expression program responsible for cardiac
morphogenesis, leading to misregulation of key cardiac-specific
transcription factors and ectopic expression of cardiac pattern-
ing genes. The result is aberrant development of the cardiac
chambers and the atrioventricular canal, as well as increased
embryonic lethality. While previous studies have indicated that
specific autophagy factors are required for development of the
Drosophila eye,'** the zebrafish brain,'”** and for mouse devel-
opment (reviewed in ref. 7), our results provide the first evidence
that autophagy contributes to the cardiac morphogenic program

582 Autophagy

during vertebrate development. We further found that mice defi-
cient in Azg5 exhibit defective development of the AV canal and
membranous VSDs. These findings are consistent with defects
of endocardial cushion development. Consistent with a role for
autophagy in early developmental morphogenesis of the heart,
we showed that autophagy-deficient #z¢g5~ mice display aberrant
expression of the cardiac patterning gene 76x2. These observa-
tions strongly resemble the cardiac phenotype of zebrafish defi-
cient in autophagy, indicating that the essential role of A7G genes
in developmental morphogenic patterning is conserved through-
out vertebrate evolution.

In mouse embryos, autophagy is activated during the
oocyte-to-embryo transition that occurs after fertilization in
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preimplantation embryos.” The viable phenotype of many mouse
autophagy gene mutants has been attributed to maternally sup-
plied autophagy factors.” In zebrafish, the yolk serves as a source
of nutrients during early development. Using the biochemical
conversion of Lc3-1 to Le3-11 as a marker of active autophagy, He
and coworkers reported that autophagy was detectable beginning
at 32 hpf.** We detected autophagy in somite-stage (approxi-
mately 15 hpf) embryos, as evidenced by the presence of GFP-Lc3
puncta, which mark autophagosomes in the CMV:GFP-Lc3
transgenic reporter line. The earlier appearance of autophagy in
our experiments may have to do with the increased sensitivity of
confocal microscopy to detect the occurrence of autophagy in
individual cells, as opposed to the biochemical assay used by He
et al. In fact, we detected autophagosome formation in primary
cultures of cells prepared from shield-stage embryos (6 hpf).
While it is possible that autophagy in this setting is a cellular
response to in vitro culture and the absence of the yolk, our results
indicated that embryonic cells are competent for autophagy from
an early time in development. Taken together with our detection
of autophagy gene transcripts, both maternally supplied and at
several stages in the first 24 h of development, as well as our dem-
onstration of robust autophagy occurring in intact, somite-stage
embryos, our results indicated that autophagy is part of the early
developmental program in zebrafish embryos, during the period
of active tissue morphogenesis and organogenesis.

It is perhaps somewhat surprising that extensive autophagy
occurs during early fish development, given that in amniotes, the
yolk serves as a ready supply of nutrients. In this setting, auto-
phagy may serve to support the high metabolic demands of tis-
sues undergoing large-scale morphogenesis and cell movement,
which could fulfill energetic needs beyond those supported by
relatively slow diffusion of nutrients from the yolk. Alternatively,
autophagy in developing zebrafish tissues may reflect an intrinsic
role of the pathway in cellular differentiation, similar to what
has been described in yeast sporulation, Dictyostelium fruiting
body formation, erythrocyte maturation, and the differentiation
of trypanosomes.”

Whether it serves to support the metabolic demands of tissue
undergoing morphogenesis, a cellular differentiation program, or
both processes, autophagy is necessary for normal development
in zebrafish, as evidenced by the pleiotropic effects of autophagy
gene knockdown. Knockdown of azg5, becnl, or atg7 all led to
similar defects in the embryos, including microcephaly, microph-
thalmia, and abnormal body shape. Autophagy gene knockdown
in #p53-deficient strains produced nearly identical results, further
ruling out off-target effects.

Many autophagy genes are essential for functioning of the
pathway, as shown by the phenotypes of loss-of-function muta-
tions of individual autophagy genes in yeast, nematodes, and

mammalian cells.”44-4¢

Reflecting the nonredundant functions of
autophagy genes, knockdown either of az¢g5, becnl, or atg7 alone
were sufficient to inhibit autophagy and induce developmental
defects. We did observe subtle differences in the knockdown
phenotypes of different morphants; for example atg7 mor-
phants exhibited a lower percentage of embryos with defective

cardiac looping. These differences among the azg5, becnl, and

www.landesbioscience.com

atg7 morphants could be due to different efficiencies of knock-
down, though based on immunoblot detection of protein levels,
all MOs appeared to be equally effective in decreasing autophagy
gene expression. Alternatively, the amount and half-life of mater-
nally expressed autophagy genes may differ for the three genes
we studied. It is also possible that individual autophagy genes are
expressed at different levels and/or required to different degrees
in specific tissues or organs. In mice, different autophagy mutants
exhibit a range of developmental defects, from early embryonic
lethality to full viability (reviewed in ref. 7). Interestingly, despite
the overall similar phenotypes of atg5, becnl, or atg7 knockdown,
the autophagy MOs had distinct effects on the long-term survival
of zebrafish. Even beyond 5 d, after which time MOs generally no
longer provide effective knockdown,” the morphants continued
to have impaired survival. Poor survival did not directly correlate
with the severity of the embryonic phenotype, as az¢g7 morphants
exhibited the most rapid fall in viability despite having a some-
what milder apparent developmental phenotype. Taken together,
despite variation in the penetrance of abnormal phenotypes in
different autophagy morphants, these results indicate a role for
autophagy in embryonic morphogenesis and in physiological pro-
cesses that are essential for long-term viability.

In the zebrafish, cardiac development begins about 12 hpf,
with the specification of bilateral stripes of cardiac-progenitor
cells in the lateral mesoderm.*** The progenitors migrate medi-
ally and fuse to form the linear heart tube, which then undergoes
looping and folding movements, resulting in the formation of 2
distinct chambers. During this process, from approximately 37
hpf to 72 hpf, a set of endocardial cells in the atrioventricular
canal (AVC) region undergo morphological changes and delami-
nation which, over the course of the next several days, results in
formation of the AV valve leaflets.””' Molecular markers of this
change include the restriction of bmp4 and vean to the AVC myo-
cardium, and notchIb to the AVC endocardium.”

Having noted the striking cardiac phenotype resulting from
autophagy knockdown, we examined the genes that were differ-
entially expressed in the knockdown embryos, and found enrich-
ment for a number of fundamental cellular pathways, including
cell cycle, metabolism, and M-phase. Most significantly, we saw
altered expression of a large number of genes encoding transcrip-
tional regulators. In this group of genes, foxn4 was of particu-
lar interest as it regulates development of the AVC, cooperating
with #bx5 to regulate expression of t6x26.%® Rather than the nor-
mally restricted expression in the AVC, both #6x5 and thx2b were
ectopically expressed throughout the heart tube after autophagy
knockdown. Thus, proper functioning of the autophagy pathway
is required for the normal morphological and gene expression
changes driving AVC formation.

We identified autophagy in multiple regions of developing
hearts. The sensitivity of AVC development to autophagy inhi-
bition may reflect a need for autophagy to contribute to the
energy metabolism in cells undergoing dramatic morphologi-
cal changes and movements. Alternatively, autophagy may be
required to regulate one or more signaling pathways necessary to
restrict expression of the valve development program to a specific
set of cells. In the absence of autophagy, misexpression of key
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AVC transcription factors leads to continued ectopic expression
of downstream targets such as notch1b, bmp4a, and vcan outside
the AVC, and results in impaired cardiac development.

To understand whether these findings are specific to zebrafish
or represent a more generally conserved role for autophagy in car-
diac development, we carefully examined the phenotype of Azg5-
deficient mice. Azg5 knockout mice are born at normal ratios,
but die soon after birth from suckling defects and an impaired
starvation response.”’ The cardiac phenotype of these mice has
not been studied in detail. Compared with wild-type or Azg5-
heterozygous siblings, at¢5~ mice weighed less and had smaller
heads and smaller eyes, strongly reminiscent of the developmen-
tal phenotypes of autophagy-deficient zebrafish. Most signifi-
cantly, at PO nearly half of the az¢5~ mice exhibited severe AVC
developmental defects, including abnormal valve development
and membranous VSD. At eatlier stages of development, azg5™"
mice show abnormal expression of the transcription factor, 756x2.
Therefore, impaired autophagy leads to defects in the transcrip-
tional patterning and morphogenesis of the AVC, and this effect
is conserved across vertebrates.

There are several implications of this work. First, we have
revealed an unanticipated role for autophagy in cardiac morpho-
genesis during development. Autophagy is present in developing
tissues, and knockdown of autophagy genes causes profound
defects in the development of tissues such as eye, brain, and heart,
which must undergo major morphological changes during devel-
opment. Second, we show that the effect of deficient autophagy
on developmental patterning of the AVC is conserved from fish
to mammals. These results indicate that autophagy genes should
be examined as candidates for the many unexplained cases of
human congenital cardiac defects. Furthermore, as autophagy
has previously been invoked as having both adaptive and mal-
adaptive effects in hearts under hemodynamic stress,”>** it will be
of interest to study whether autophagic control of developmental
gene expression, as we have described here, may also play a role in
response to cardiac stress and injury.

Materials and Methods

Zebrafish strains and lines

Embryos from wild-type AB strain were used for MO injec-
tion. Fish were raised and maintained under standard condi-
tions.” Autophagy reporter fish Tg(cmv: GFP-lc3) (gift of Dr
Daniel ] Klionsky, University of Michigan) were previously
described.”® 7g(fli1: GFP)** were a gift of Dr Nathan Lawson
(University of Massachusetts) and #53"?/*% mutants*® were a gift
of Dr Tom Look, Dana-Farber Cancer Institute.

Mouse strains

Autophagy reporter GFP-LC3 mice®” and Azg5 knockout
mice® have been previously described. azg5~ mice were gener-
ated by obtaining offspring of Azg5*~ crosses. All animal pro-
tocols were approved by the UT Southwestern Medical Center
Institutional Animal Care and Use Committee.

Zebrafish embryonic cell cultures

Approximately 50 autophagy MO- or control MO-injected
embryos were used for primary cell culture. Injected embryos at
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the shield stage were sterilized with 70% ethanol, and dissoci-
ated in trypsin/EDTA solution (GIBCO, 15400). Primary cells
were plated on a Lab-tek chamber slide (Nunc, 177437) in LDF
(Leibovitz 50%, DMEM 35%, F-12 15%) medium containing
antibiotics and incubated at 25 °C.

Zebrafish RNA preparation and RT-PCR

RNA from l-cell, sphere, germ ring, 5-somite, 24 hpf
and 2 dpf stages of zebrafish embryos was purified by Trizol
(Invitrogen, 15596026) according to the manufacturer’s instruc-
tions. cDNA was synthesized using a RT? HT first strand kit
(Qiagen, 330411). To detect different autophagy transcripts,
PCR reactions were performed. The primer sequences used are
listed in the Supplementary Methods.

Morpholino injections

Translation-blocking and splice-blocking MOs directed
against atg5, becnl, and atg7 MOs were obtained from Gene-
Tools. Control injections were done with standard control MO
from Gene-Tools. Embryos were injected at the 1-cell stage with
0.3—1 mM of MOs. The MO sequences used are listed in the
Supplementary Methods.

Western blot analyses

Embryos at the 2 dpf stage were anesthetized with tricaine
and incubated for 30 min on ice in lysis buffer containing
150 mM NaCl, 10mM Tris pH7.4, 0.2% Triton X-100, 0.3%
NP-40, 0.2 mM Na, VO, and protease inhibitors (Roche,
11697498001). After centrifugation at 13,000 x g, supernatant
fractions were used for immunoblotting. Primary cells were
prepared after autophagy or control MO injection and used for
immunoblotting. Antibodies to Atg5 (Novus, NB110-53818),
Becnl (Beclin 1) (Santa Cruz Biotechnology, sc-11427), LC3
(Novus, NB100-2220) and Actb/B-actin antibody (Millipore,
MABI501R) were used for immunoblotting.

Acridine orange staining

1-dpf embryos were washed with PBS and incubated in PBS
containing 2 pg/ml acridine orange (Fisher Biotech, BP116-10)
for 30 min.’® After staining, embryos were washed 5 times with
E3 buffer (5 mM NaCl, 0.17 mM KCI, 0.33 mM CaClz, 0.33
mM MgOS,). Mounted embryos in 3% methylcellulose (Sigma,
MO0387) were visualized using a Leica MZ16 FA fluorescence ste-
reo dissecting microscope (Leica).

Microscopy imaging

Images of whole-mount zebrafish embryos were taken with a
Nikon Coolpix 4500 mounted on a Leica MZ125 stereo dissect-
ing microscope. Images of GFP-Lc3 in primary cells or zebraf-
ish embryos were acquired on a Zeiss LSM 510 META confocal
microscope. The embryos were treated with 0.003% 1-phenyl-
2-thiourea to reduce pigment at 24 hpf. For confocal imaging,
embryos were maintained in 0.002% tricaine and mounted in
3% low-melt agarose. Confocal z-stack images were used and
analyzed by IMARIS.

Transmission electron microscopy

Ten somite stage-embryos were fixed with 2.5% glutar-
aldehyde in 0.1 M cacodylate buffer pH 7.4 for 3 h. Sections
were imaged using a JEOL 1200 EX electron microscope at 120
KV equipped with a Sis Morada 11 megapixel mount CCD

camera.
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Survival assay

More than 100 embryos were injected with autophagy or con-
trol MOs. The number of surviving injected fish was counted
daily for a month.

Histological analysis

Injected zebrafish embryos were fixed at 3 dpf in 4% parafor-
maldehyde (PFA) for 48 h and sagittal sections were prepared.
Postnatal pups were sacrificed and the heart was dissected, fixed
in 4% PFA, and dehydrated. Transverse sections were stained
with hematoxylin and eosin for tissue morphology.

In situ hybridization

Whole mount in situ hybridizations were performed using
standard protocols with zebrafish embryos at 2 dpf to detect
myl7, vcan, bmp4, notchlb, and tbx2b and at 3 dpf to detect
tbx2b and tbx5. Primers used for riboprobe synthesis are listed
in the Supplementary Methods. T7 primer (TAATACGACT
CACTATAGGG AGA) was added to reverse primers to facilitate
antisense riboprobe synthesis. Riboprobe against vcan was kindly
provided by Dr Didier Stainier (UCSF). Mouse embryos at E9.5
were used for in situ hybridization to detect 76x2 using a previ-
ously described Riboprobe.”’

Microarray analyses

Zebrafish hearts were purified from control MO- or auto-
phagy MO-injected embryos as described.”® RNA from each
group of injected embryos was purified at 3 dpf by Trizol,
digested with DNase, and further purified using RNeasy columns
(Qiagen, 74104). RNA analyses were performed at the microar-
ray core facility at the Harvard and Partners Healthcare Center
for Genetics and Genomics. The quantity, purity, and integrity
of RNA were evaluated by UV spectrophotometry and RNA-
nano Bioanalyzer (Agilent). Sample processing and hybridization
on Zebrafish Genome GeneChip microarrays (Affymetrix) were
performed according to the manufacturer’s instructions. Probeset-
level normalization was achieved using the MAS5.0 algorithm.”
Data analysis and linear modeling were performed in the R pro-
gramming language, utilizing functions from Linear Models for
Microarray Data.®” For each probe, a moderated t-statistic (with
standard errors moderated across genes) was computed using a
Bayesian model. For each transcript, signal-to-noise ratios (SNR)

were computed for each respective morphant compared with
the control group. The expression SNR profiles of transcripts
identified as differentially expressed (2 < 0.05 and fold-change
> 2x) were further subjected to feature (attribute) selection®"%
using Information Gain (Kullback-Leibler divergence or relative
entropy) to identify transcripts that are most informative of the
respective altered autophagy state. The accuracy of class prediction
using a Java implementation of a naive Bayes classifier®>® incor-
porating these features was evaluated using 10-fold cross-valida-
tion. Enrichment analysis of biological processes was performed
by computing the hypergeometric test as previously described.*
Biological process annotations and assignments were obtained
from Gene Ontology (GO). Microarray data have been deposited
at www.ncbi.nlm.nih.gov/geo, accession number GSE51541

Real-time PCR analyses

Total RNA prepared from heart was used for quantitative
RT-PCR. cDNA was synthesized using RT? HT first strand kit
(Qiagen, 330411). Quantitative PCR reaction for foxn4 was per-
formed with QuantiFast SYBR Green PCR kit (Qiagen, 204054)
using an Applied Biosystems 7500 Real-time thermocycler. All
signals were analyzed and normalized to actb/B-actin mRNA.
Primers for foxn4 were obtained from Qiagen and primers for
actb have been described previously.®
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