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Abstract

Autosomal dominant polycystic kidney disease (ADPKD) is caused by mutations in either PKD1 or PKD2. It is one of the most
common heritable human diseases with eventual development of renal failure; however, effective treatment is lacking.
While inhibition of mechanistic target of rapamycin (mTOR) effectively slows cyst expansions in animal models, results from
clinical studies are controversial, prompting further mechanistic studies of mTOR-based therapy. Here, we aim to establish
autophagy, a downstream pathway of mTOR, as a new therapeutic target for PKD. We generated zebrafish mutants for pkd1
and noted cystic kidney and mTOR activation in pkdla mutants, suggesting a conserved ADPKD model. Further assessment
of the mutants revealed impaired autophagic flux, which was conserved in kidney epithelial cells derived from both Pkd1-null
mice and ADPKD patients. We found that inhibition of autophagy by knocking down the core autophagy protein Atg5 pro-
motes cystogenesis, while activation of autophagy using a specific inducer Beclin-1 peptide ameliorates cysts in the pkdla
model. Treatment with compound autophagy activators, including mTOR-dependent rapamycin as well as mTOR-
independent carbamazepine and minoxidil, markedly attenuated cyst formation and restored kidney function. Finally, we
showed that combination treatment with low doses of rapamycin and carbamazepine was able to attenuate cyst formation
as effectively as a single treatment with a high dose of rapamycin alone. In summary, our results suggested a modifying ef-
fect of autophagy on ADPKD, established autophagy activation as a novel therapy for ADPKD, and presented zebrafish as an
efficient vertebrate model for developing PKD therapeutic strategies.

Introduction and Europe, underscoring the feasibility of discovering novel

Polycystic kidney diseases (PKD) are a group of diseases that
can be categorized into autosomal dominant PKD (ADPKD), au-
tosomal recessive PKD (ARPKD) and other syndromic forms
such as Meckel syndrome (1). ADPKD is caused by mutations
in either PKD1 or PKD2. It is one of the leading life-threatening
genetic diseases, affecting approximately 0.2% of the popula-
tion regardless of sex, age, race, or ethnicity. Patients with PKD
often develop renal failure and so require dialysis or a kidney
transplant (2). The vasopressin receptor antagonist, tolvaptan,
is approved recently for treatment of ADPKD in Japan, Canada

therapeutic strategies via mechanistic studies of pathologic
signalling pathways.

mTOR inhibition has been pursued as a candidate therapy
for PKD. mTOR is a key component of two protein complexes:
mTORC1 and mTORC2. While mTORC1 regulates protein trans-
lation via phosphorylation of 4E-BP, cell growth via phosphory-
lation of S6K and autophagy via phosphorylation of ULK1 and
ATG13, mTORC2 controls cytoskeletal organization via phos-
phorylation of Akt (3-7). Mounting evidence suggests that the
mTOR pathway plays an important role in cystogenesis. First,
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activation of the mTOR pathway contributes to PKD develop-
ment. It has been shown that patients and animal models with
mutations in TSC1 and TSC2, two upstream inhibitors of
mTORC1, develop cysts. Second, activation of the mTOR path-
way, including phosphorylation of mTOR and S6K, has been
found in cells lining cysts in PKD patients and animal models
(8-12). Third, inhibition of mTOR via rapamycin and its ana-
logues, which bind to FKBP12 to inhibit mTOR activity, effec-
tively attenuates cystic phenotypes in animal models (8,13-17).
Unfortunately, these mTOR inhibitors failed to show the protec-
tive benefits in clinical trials, likely due to low target doses be-
cause human patients are less tolerant to rapamycin’s renal
toxicity and non-renal side effects (18,19). While kidney-
targeted delivery of folate-conjugated rapamycin may overcome
the non-renal adverse effects, it may not help reduce the renal
toxicity, given that the mTOR pathway is involved in multiple
cellular functions (20).

Autophagy is a crucial downstream signalling branch of
mTOR. It is a multi-step process, including autophagosome for-
mation, in which a double-membrane structure of reticular ori-
gin sequesters cytoplasmic components, and autophagosome
fusion with the lysosome to form the autolysosome, in which
engulfed cargo is broken down by lysosome-derived acid hydro-
lases. Autophagy ensures that cells survive starvation and
stress by degrading long-lived proteins and organelles for recy-
cling. It is also responsible for the clearance of mutated/mis-
folded proteins (21-24). Deficiency of autophagy has been
demonstrated to be a contributing factor for neurodegenerative
disease development, cancer initiation and cardiac diseases;
and induction of autophagy has shown therapeutic benefits for
these conditions (25-28). Recent studies have preliminarily
implicated autophagy in PKD (29). Cy/Cy Han:SPRD rat and con-
genital polycystic kidney (cpk) mouse exhibit increased expres-
sion of autophagosome marker LC3II, with the increase in cpk
mouse likely resulting from a decreased autophagosome-
lysosome fusion; Pkd1l knockout mouse embryonic fibroblasts
fail to activate LC3II expression in response to glucose depriva-
tion unlike wild type cells (30,31). However, the precise role of
autophagy in the pathogenesis of PKD and whether this sig-
nalling branch can be leveraged for therapeutic benefits re-
mains largely unknown.

The zebrafish has proven to be a relevant model to study
PKD. The embryonic zebrafish kidney has conserved nephron
segment organization and shares the same inductive events,
signalling cascades, differentiation and morphogenesis process
as the metanephric kidney in mammals (32,33). Mutations in
genes associated with human PKD lead to cystogenesis in
zebrafish (34-37), and stable zebrafish mutants can be efficiently
generated via transcription activator-like effector nucleases
(TALEN) technology (38-40). In addition, disease progression can
be easily monitored owing to the translucent nature of zebrafish
embryos, while the small body size enables drug treatment in a
24-well plate, presenting an excellent platform for small-
molecule screening to identify compounds for potential thera-
pies for PKD.

Here, we report the generation of a zebrafish ADPKD model
by TALEN technology. Having confirmed the defective autoph-
agy regulation, we demonstrated a beneficial effect of autoph-
agy activation on cystogenesis. In addition, we found that
rapamycin can be used at lower doses to achieve drug efficacy
when applied together with carbamazepine, a US Food and
Drug Administration (FDA)-approved drug and an mTOR-
independent autophagy activator, suggesting a combinatorial
strategy for ADPKD therapeutics.
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Results

pkd1 deficient zebrafish embryos develop fully
penetrant pronephric cysts

Mutations in PKD1 account for 85% of ADPKD cases; we there-
fore decided to generate a corresponding zebrafish model. Two
orthologues of mammalian PKD1, pkdla and pkd1b, have been
identified in zebrafish and are expressed in multiple tissues, in-
cluding head, trunk and lymph vessel (41,42). Their expression
was also detected in the pronephric kidney (Supplementary
Material, Fig. S1A and B). We generated stable pkdla and pkdlb
mutants using TALEN technology (38-40). Exon 7 of pkdla and
exon 9 of pkdlb were targeted, which correspond to exon 17 of
mouse Pkdl where PKD-causative mutations have been re-
ported (43). TALEN pair for pkdla was targeted to a Sphl restric-
tion enzyme cutting site (Fig. 1A). By screening TALEN-injected
fish for loss of the Sphl site, followed by sequencing, we identi-
fied a number of mutated alleles (Supplementary Material, Fig.
S2A and data not shown). Two truncation alleles (M1 and M2)
that cause a coding frameshift of the pkdla gene were main-
tained for our study. The M1 allele has 4-bp deletion and results
in a premature stop codon after coding 127 frameshifted amino
acids; the M2 allele has a 10-bp deletion and encounters a stop
codon after coding 127 frameshifted amino acids (Fig. 1A).
Consistent with the notion that mRNAs containing premature
stop codons are often degraded by nonsense-mediated
mRNA decay, we observed reduction of pkdla transcripts
(Supplementary Material, Fig. S2B) (44). Because the two alleles
gave rise to the same phenotypes, we only presented data from
the M1 allele.

Homozygous pkdla embryos developed pronephric cysts
starting at 2 days post fertilization (dpf) at a low frequency,
reaching 93% penetrance at 3 dpf, visualized as dilation of the
glomerulus-neck region of the nephron in hematoxylin-eosin
(HE) sections (Fig. 1B and H). The pronephric tubules were also
progressively dilated in the mutants, with dilation consistently
detected at 5 dpf by double immunostaining with anti-Na*/K*-
ATPase (labelling the basolateral surface of the pronephric tu-
bules) and anti-atypical PKC (recognizing the apical side of the
pronephric tubules) (Fig. 1C). Notably, the apicobasolateral po-
larity of the tubular epithelial cells was not grossly altered in
the mutants (Fig. 1C). All mutants exhibited edema at 5 dpf,
which progressed to all tissues, resulting in death around 13 dpf
(Fig. 1D and data not shown). To assess whether kidney func-
tion was affected, we examined fluid excretion from the kidney
using a fluorescent dye injection assay (35,45). While
rhodamine-dextran (10 kD) was observed at the cloaca of 95% of
wild type embryos at 2.5 dpf, it was detected in only 45% of mu-
tants (Fig. 1E and F). The kidney defect seems not secondary to
cardiac edema because cardiac function, as reflected by short-
ening fraction, was normal at 2.5 dpf in the mutants but de-
clined at 4 dpf (Fig. 1G and data not shown).

A previously identified pkd1a™°%>> mutant exhibited defects
in lymphatic development (42). Consistently, we observed
normal lymphatic precursor sprouting at 2.5 dpf and reduced
lymphatic vessel morphogenesis at 4 dpf in our pkdla” em-
bryos by introducing the Tg(fill:GFP) allele into the mutants
(Supplementary Material, Fig. S2C and data not shown) (42).
The onset of the lymphatic phenotype suggests that renal
cysts are not secondary to the lymphatic defects but edema
might be. In addition, the mutant embryos showed normal
kidney pattern formation when pax2a was used as a marker
(data not shown), excluding abnormal development as a
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Figure 1. Homozygous pkd1 TALEN mutants develop kidney cysts. (A) Schematic diagram of exon-intron structure and recognition sequences (underlined) by TALEN.
Because the targeted genomic locus is repaired via a non-homologous recombination mechanism, truncation mutants are typically generated via TALEN owing to the
shifted reading frame. Shown are two deletion alleles (M1 and M2) that cause a coding frameshift and premature stop codon (*). Deletions are indicated by dashes.
Shown below the DNA sequence is the corresponding amino acid sequence. (B) The glomerulus-neck region of the pronephron was dilated in pkdla”” embryos (aster-
isks) when compared with wild-type siblings (pkd1a™/*). Shown is HE staining on JB-4 sections of day 3 embryos. (C) The pronephric tubule was dilated in pkdla”" em-
bryos. Frozen sections of day 5 embryos were immunostained using atypical PKC (red) and Na*/K* ATPase («6F, green) antibodies. Blue: DAPI. Scale bar: 20 um. (D) The
pkdla’" embryos developed edema at 5 dpf. (E,F) Fluid excretion function of the kidney was impaired in the pkdla”" embryos. Using rhodamine-dextran (10 kD) as a
fluid tracer, the fluorescence dye was injected into 2.5-day-old embryos and inspected at the cloaca (dashed circle) of embryos (E). Individual embryos were genotyped
after the experiment. Quantification of pronephric fluid flow is shown in (F). (G) Cardiac function, as assessed by measuring the shortening fraction at 2.5 dpf, was nor-
mal in the pkdla”” embryos when compared with pkdla™* fish. (H) pkdla”";pkd1b”" embryos formed pronephric cysts earlier than pkdla’ embryos. Cyst formation in
day 2 and day 3 embryos was quantified by HE staining. Data are presented as means * s.d. from three independent experiments. Eight to ten embryos per genotype
were examined in each experiment. *: P < 0.05. *: P < 0.01. NS: not statistically significant (P > 0.05) (F-H). nc: notochord.

source of cystogenesis. The pkdla”embryos also displayed
shorter jaw defects at 5 dpf as seen in pkdla morphants
(Supplementary Material, Fig. S2D and E) (41). Heterozygous
pkdla mutants were phenotypically normal and fertile for at
least 12 months of age.

TALEN pair for pkdlb was targeted to an Mfel site in exon 9.
Similarly, two truncation alleles of pkdlb were obtained
(Supplementary Material, Fig. S3A and B). Homozygous pkd1b
embryos, either the M1 or the M2 allele, did not show any vi-
sually noticeable phenotypes, and the data presented here
were form the M2 allele (Supplementary Material, Fig. S3C).
Quantitative PCR analysis showed a significant increase of
pkdla transcripts in the pkdlb”"embryos, suggesting genetic
compensation by pkdla (Supplementary Material, Fig. S3D).
Conversely, a significant increase of pkdlb transcripts

was found in the pkdla”’"embryos (Supplementary Material,
Fig. S2B). To determine whether pkdla and pkdib have re-
dundant functions, we generated pkdla/b double mutants.
In contrast to the 11% of pronephric cysts observed in
pkdla” embryos at 2 dpf, cystic dilation was found in 70% of
pkdla” ;pkd1b”"embryos, and at 3 dpf, cystogenesis was seen
in all double mutants (Fig. 1H). Of note, the pkdla™";pkd1b”"em-
bryos did not exhibit dorsal curvature and hydrocephalus, as
reported in the pkdla/b double morphants (41). This is unlikely
due to the pkdla or pkd1b mutants being hypomorphic because
alternative splicing events resulting in skipping of the targeted
exons were not detected (Supplementary Material, Fig. S4A
and B). Taken together, our data reveal that pkdla is the major
isoform of PKD1 in zebrafish kidney, the depletion of which
results in pronephric cysts. By contrast, pkdlb plays a
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redundant role, the depletion of which facilitates pkdla-gov-
erned cystogenesis.

Pkd1 deficiency results in dysregulation of autophagy

We assessed the mTOR pathway in the pkdla model and found
increased phosphorylation of mTOR and S6 ribosomal proteins
using whole embryo lysates (Fig. 2A and B). Additionally,
phospho-S6 protein staining was specifically enhanced in the
pronephric tubules of the mutants at 5 dpf (Fig. 2C). Activation
of the mTOR pathway in the pkdla mutants suggested a con-
served mechanism of PKD pathogenesis from zebrafish to
mammals.
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Given that autophagy has been demonstrated to mediate
mTOR functions in diseases such as neurodegenerative dis-
orders (46-49), we measured autophagy marker LC3II, an
autophagosome-associated, active form of LC3 that is con-
verted from LC3I (50). The basal level of LC3II was not signifi-
cantly altered in the pkdla mutants at 5 dpf, but treatment
with bafilomycin A1 (BafAl), a lysosomal inhibitor that pre-
vents fusion of autophagosome with the lysosome, failed to
increase LC3II levels in the mutants as efficiently as in the
wild-type siblings, suggesting defects in autophagic flux (Fig.
2D and E) (50,51). Concurrently, the number of autophago-
somes in the pronephric tubules of the mutants did not in-
crease to the same extent as that of their siblings after BafA1l
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Figure 2. pkdla”" mutants show aberrant mTOR activation and dysfunctional autophagy. (A,B) Phospho-mTOR and -S6 proteins were increased in pkdla”" embryos.
Embryo lysates from day 5 animals were analysed by Western blotting (A). The intensity of phospho-mTOR and -S6 bands was quantified and presented as
means = s.d. (B) (C) Phospho-S6 was specifically induced in the pronephric tubules of the pkdla”” embryos. Frozen sections of day 5 animals were immunostained using
phospho-S6 ribosomal protein (red) and Na*/K* ATPase («6F, green) antibodies. Blue: DAPI. Scale bar: 20 um. (D,E) LC3II levels in the pkdla”” embryos were not increased
as effectively as those in siblings in response to BafAl treatment. Embryo lysates from day 5 fish treated with vehicle or 167 nM BafA1 for 16 h were subjected to
Western blot analysis. Actin was used as a loading control. The gel is representative of three independent experiments (D). The intensity of LC3II bands was quantified
and presented as means = s.d. (E). (F) Ubiquitin (Ub)-conjugated proteins were moderately increased in detergent-insoluble fractions of pkdla”" embryo lysates. The
pkdla” fish and siblings at 5 dpf were subjected to cell fractionation, and the resulting total lysates (T), soluble fractions (S), and insoluble fractions (P) analysed by
Western blot using an Ub antibody. The blot is representative of three independent experiments. (G,H) Autophagosomes (arrows) in the pronephric cells of 5 dpf fish
were evaluated by electron microscopy in the presence of BafAl. Shown are representative images (G) and quantification of autophagosome numbers per cell (H). A to-
tal of 100 cells from three embryos per group were scored. Scale bar: 1 ym. **: P < 0.01. NS: not statistically significant (P > 0.05).
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treatment (Fig. 2G and H). We then assessed whether the auto-
phagic clearance of misfolded or aggregated proteins was af-
fected because such proteins have been shown to accumulate
in cells deficient of the autophagy pathway, including kidney
epithelial cells (52-54). Protein aggregates are commonly
tagged by ubiquitin, with those in the detergent insoluble frac-
tion usually recognized and degraded by the autophagy-
lysosome pathway and those in the soluble fraction usually
eliminated by the proteasome system (28,52,55-57). We found
more ubiquitinated protein aggregates in the pellets of the
pkdla mutants than in the wild type siblings (Fig. 2F), support-
ing the notion of impaired autophagy.

To better understand autophagy modulation during disease
progression, we performed a time-course study. In addition to
the insufficient autophagic flux at 5 dpf, when cystogenesis al-
ready reached full penetrance and edema developed, we chose
to also assess autophagy at 2 dpf when pronephric cysts began
to form in a small percentage of embryos and 8 dpf when se-
vere edema was present in all tissues. At 2 dpf, LC3II proteins
in the pkdla” and wild type siblings were not significantly dif-
ferent either at the steady state or after BafAl treatment. At 8
dpf, the mutants had significantly lower steady state LC3II lev-
els and inadequate response to BafAl treatment when com-
pared with controls, suggesting a reduced autophagosome
formation (Supplementary Material, Fig. SS5A and B). In addi-
tion to LC3II, we examined p62/SQSTM1, which brings ubiqui-
tinated substrates to the autophagic machinery by acting as a
linker between LC3II and ubiquitin-tagged proteins, and there-
fore serves as a marker for autophagic degradation (23,58,59).
Steady state levels of this protein were enhanced in the mu-
tants, moderately at 2 dpf and significantly at 5 dpf and 8 dpf.
Upon treatment with BafA1, p62 was similarly up-regulated at
2 dpf, but less efficiently increased at 5 dpf and 8 dpf in the
mutants when compared with controls (Supplementary
Material, Fig. S5C and D). Taken together, autophagy appeared
to be dynamically impaired during disease progression in the
zebrafish pkdla”" model, from nearly normal at 2 dpf to de-
creased autophagic flow at 5 dpf and to reduced autophago-
some formation at 8 dpf.

Mammalian PKD1-null kidney epithelial cells exhibit
multiple autophagic defects

To validate our findings in the zebrafish model, we used kidney
epithelial cells isolated from E14.5 Pkd1%%%2 (Pkd17") and wild
type (Pkd1"/*) mouse embryos. Pkd1”kidneys are probably only
mildly cystic at this stage (60). Pkd1”" cells displayed a signifi-
cant increase in the LC3II protein level (Fig. 3A and B). This in-
crease was unlikely attributable to autophagy activation,
because the cells did not show decreased levels of p62 protein
(data not shown), and did not accumulate LC3II as effectively as
wild type cells in response to BafA1l treatment (Fig. 3A and B).
Consistently, the Pkd1”" cells contained more LC3-positive
puncta in the absence of BafAl and less LC3-positive puncta in
the presence of BafAl when compared with wild type cells
(Supplementary Material, Fig. S6A and B). These observations
suggest that an insufficient autophagic flux rather than en-
hanced autophagy underlies basal levels of LC3II in these Pkd1-
deficient cells.

We further analysed the autophagy process using cyst-
lining epithelial cells derived from an ADPKD patient (9-12;
PKD17") and cells isolated from normal human renal cortical
tubule epithelium (RCTE; PKD1%/*) (61-63). LG3II levels were

drastically reduced at steady state and poorly increased after
BafAl treatment in the PKD1” cells (Fig. 3C and D). To quanti-
tatively study defects in autophagic progression, we counted
numbers of the autophagosomes and autolysosomes via trans-
fection of the pBABE-puro mCherry-EGFP-LC3B plasmid into
the cells. In the autophagosome, the combination of both
mCherry and EGFP shows yellow, while in the autolysosome,
EGFP fluorescence is quenched by the acidic environment and
thus only red is seen (64). We found that the number of both
autophagosomes and autolysosomes in PKD1”" cells was sig-
nificantly decreased, and moreover, the number of autophago-
somes failed to be up-regulated in response to BafAl
treatment when compared to controls (Fig. 3E and F), suggest-
ing an inadequate autophagosome formation and diminished
autophagosome-lysosome fusion. While human PKD1” cells
shared the same deficiency in the autophagic flow with the
mouse Pkd1”" cells, they displayed an additional defect in the
formation of autophagosomes. This difference could be attrib-
uted to several possibilities, such as species difference, subtle
differences in cell type and SV40 expression though the mouse
and human cells were both collecting duct origin and immor-
talized by SV40 large T antigen, or different stages of disease
when either mouse or human cells were isolated, with the for-
mer from mouse embryos being mildly cystic and the latter
from end-stage ADPKD patients (60-63). Given that the zebra-
fish pkdla mutants exhibited an insufficient autophagic flux at
5 dpf and inadequate autophagosome formation at 8 dpf, we
favour the hypothesis that disease severity underlies the se-
verity of autophagy dysfunction.

To confirm the role of PKDI in autophagy regulation, the
PKD1-null cells were examined for clearance of protein aggre-
gates. We first treated cells with MG132, a protease inhibitor, to
induce aggresome formation. Using ProteoStat dye, a red fluo-
rescent molecule that specifically binds to aggregated proteins
within aggresomes, similar red puncta were detected at perinu-
clear sites of both the PKD17"and PKD1*/* cells (Fig. 3G and H).
When MG132 was withdrawn to allow degradation of the aggre-
gates, red puncta were effectively eliminated from the wild-
type cells, but they remained in the PKD1”" cells (Fig. 3G and H).
To test whether autophagy impairment accounts for the weak-
ened ability to remove protein aggregates, we assayed ubiquiti-
nated protein aggregates in the detergent-insoluble fraction.
PKD1”" cells accumulated more aggregates in the absence of any
stress, and moreover, less efficiently broke down MG132-
induced protein aggregation when compared with controls (Fig.
31). Mouse Pkd1”"cells showed a similar deficiency in the clear-
ance of protein aggregates (Fig. 3] and data not shown).
Combining our data from zebrafish and mammalian cells, we
concluded that PKD1 deficiency results in multiple types of
autophagy dysfunction.

Defective autophagy promotes cystogenesis in pkdila”
embryos

To pinpoint the role of autophagy in the pathogenesis of PKD,
we examined cyst formation in embryos deficient for the core
autophagy protein Atg5 (autophagy-related gene 5). Injection of
atg5 morpholino (MO) resulted in multiple phenotypes, includ-
ing loss of brain tissues, cardiac edema and twisted body as pre-
viously described (Fig. 4A) (65,66). Among these, cardiac defects
and body curvature were most prominent, occurring in over
90% of injected embryos. These morphants exhibited cystic dis-
tention at 2 dpf, and severe cardiac edema prevented evaluation
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Figure 3. Autophagy is dysregulated in mammalian PKD1-null kidney epithelial cells. (A,B) Kidney epithelial cells derived from Pkd1-null mouse embryos (Pkd1”") had
higher basal LC3II levels but failed to significantly further increase LC3II expression after BafA1l treatment, compared with cells obtained from wild-type (wt) mouse
embryos. (C,D) 9-12 cells isolated from ADPKD patients (PKD17") had a lower LC3II expression before and after BafA1 treatment, compared with RCTE cells extracted
from normal renal cortical tubular epithelia (wt). Cells were grown on plates for 24 h, incubated with 167 nM BafA1 or vehicle for 2h, and then collected for LC3II analy-
sis by Western blot (A,C) and normalization by Actin expression (B,D). (E,F) Human PKD1”" cells contained fewer autophagosomes and autolysosomes, compared with
wt cells. Cells were transfected with pBABE-puro mCherry-EGFP-LC3B plasmid and collected 24 h later for confocal microscopy imaging. Yellow puncta indicate auto-
phagosomes and red dots indicate autolysosomes (E). Numbers of autophagosomes and autolysosomes per cell are quantified (F). (G,H) Human PKD1”" cells accumu-
lated more aggresomes, compared with wt cells. Cells were incubated with MG132 for 13h to induce protein aggregation (left panels) and then returned to the normal
growth condition for 11h to allow clearance of the aggregates (right panels). Aggresomes (red) were detected using the ProteoStat Aggresome Detection Kit (G) and
quantified (H). (I) Ub-conjugated proteins were accumulated in the detergent-insoluble fraction of human PKD1”" cells. Cells were collected in the absence (lanes 1 and
2) or presence (lanes 3 and 4) of MG132 for 13 h, or 11h after removal of MG132 (lanes 5 and 6). Insoluble fractions of cell lysates were subjected to Western blot analysis
using an Ub antibody. (J) Ub-conjugated proteins were accumulated in detergent-insoluble fractions of mouse Pkd1”" cells. The gel is representative of six (A,C) or three
(1)) independent experiments. Data are presented as means * s.d. from six independent experiments (B,D) or from approximately 50-100 cells per group (F,H). *
P <0.05.*: P <0.01. NS: not statistically significant (P > 0.05). Blue: DAPI (E,G).

at later developmental stages (Fig. 4A’). Because cardiac edema
occurs as early as day 1, it could well be the primary source of
cystic distention. To prevent this complication, MO amount was
titrated to eliminate apparent and early cardiac defects. We
found that 1ng of MO caused approximately 10% of morphants
to show mild phenotypes, i.e., body curvature at 2 dpf and small
pronephric cysts at 5 dpf (Fig. 4B and B’), suggesting that dys-
functional autophagy is less likely a causative event for overt
cystogenesis.

We then asked whether Atg5 knockdown facilitates cystogen-
esis in the pkdla”" embryos. To be able to detect the acceleration
of cyst formation, we injected the low-dose of MO into offspring
of pkdla*” inter-crosses and collected normal looking embryos
(not those with a curly body) at 2 dpf, a time point when only a
small percentage of pkdla”” embryos developed pronephric cysts.
We found that MO injection significantly increased the
percentage of pkdla’” embryos with cysts from 10% to 48%.
Meanwhile, wild type embryos injected with the MO did not
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Figure 4. Knockdown of Atg5 promotes cyst formation in pkdla”” embryos. (A,A’) Injection of 4ng of atg5 MO into one-cell staged embryos resulted in multiple defects,
including loss of brain tissues, cardiac edema, and the body curvature (A, arrowhead). Cystic distension of the pronephric tubules (268/285) was observed in enlarged
images (A’, arrow). Shown are lateral (A) and dorsal (A’) views of a day 2 embryo. (B,B’) Injection of 1ng of atg5 MO led to body curvature (B, arrowhead) and small pro-
nephric cysts (B, arrow) in 19 out of 206 injected embryos. Shown is an embryo at 5 dpf. (C) Injection of 1ng of atg5 MO increased the number of pkdla’ embryos with
kidney cysts. MO was injected into embryos derived from heterozygous pkdla inter-crosses. At 2 dpf, morphants displaying curly body phenotypes were discarded and
normal-looking morphants were fixed in 4% formaldehyde, with the posterior tail collected for genotyping. Cyst formation was assessed by HE staining on JB-4 sec-
tions. Data are presented as means = s.d. from three independent experiments. Ten to fifteen embryos per genotype were analysed in each experiment. *: P < 0.05.

display any pronephric cysts (Fig. 4C). Thus, Atg5 knockdown
promotes pkdla depletion-induced cystogenesis.

Induction of autophagy suppresses cyst formation and
restores kidney function in pkdla”” embryos

The cyst-promoting effect of autophagy deficiency prompted
us to hypothesize that autophagy induction might have a thera-
peutic benefit for PKD. To test this hypothesis, we first chose to
activate autophagy using a specific autophagy inducer. A short
peptide of the core autophagy protein Beclin 1 (amino acids 267-
284) has been shown to specifically activate autophagy via bind-
ing to the autophagy inhibitor GAPR-1, and becomes cell-
permeable by conjugation to HIV Tat protein transduction do-
main (67). As expected, the Tat-Beclin 1 treatment significantly
increased LC3II levels in both the PKD1*/*and PKD1”cells and
effectively cleared accumulation of protein aggregates in the
PKD1”" cells (data not shown). Importantly, incubation with the
Tat-Beclin 1 peptide enhanced LC3II levels in the wild type and
pkdla”” embryos (Fig. 5A and B). To be able to test attenuation of
cyst formation, embryos were treated with the Tat-Beclin 1 pep-
tide for 16 h and collected at 3 dpf, a time point when >90% of
pkdla mutants displayed pronephric cysts. We found that ad-
ministration of the Tat-Beclinl peptide reduced cyst formation
in the pkdla mutants from 94% to 25% (Fig. 5C). Treatment with
the peptide also restored kidney function, as reflected by an in-
crease of fluorescent dye excretion from the pronephric tubule
of mutant embryos from 58% to 95% (Fig. 5D). These results sug-
gested the induction of autophagy as a potential therapeutic in-
tervention for cystogenesis.

PKD patients and most models of PKD are characterized by
an increased rate of apoptosis in the kidney epithelial cells
(8,68-70). This feature was observed in the pkdla model, as evi-
denced by more TUNEL-positive kidney epithelial cells in the
mutants than in the wild type siblings (Fig. 5E and F). Because
extensive crosstalk occurs between autophagy and apoptosis,
we explored whether apoptosis regulation underlies the benefi-
cial effect of the Tat-Beclin 1 peptide (71,72). Treatment with the
peptide reduced numbers of TUNEL-positive pronephric epithe-
lial cells in pkdla”" embryos to the level comparable to those in
wild type siblings (Fig. 5F), suggesting that the Tat-Beclin 1 pep-
tide ameliorates pronephric cysts, at least in part, through inhi-
bition of apoptosis in the pkdla model .

Both mTOR-dependent and mTOR-independent small
molecule activators of autophagy exert therapeutic
benefits in pkdla”” embryos

We then tested several known autophagy activators in PKD
therapy. Treatment with rapamycin, the best-characterized
mTOR-dependent autophagy inducer, inhibited mTOR sig-
nalling and activated autophagy in fish embryos, as demon-
strated by a decrease of phospho-ribosomal S6 and an increase
of LC3II expression, respectively (Fig. 6A and B). Importantly,
rapamycin treatment was able to reduce cyst formation in the
pkdla mutants from 93% to 38% and rescue dye excretion func-
tion of the kidney from 58% to 94% (Fig. 6C and D), indicating
that the therapeutic benefit of rapamycin is conserved in zebra-
fish, and autophagy activation could be a contributing factor.
We went on to assess the effect of mTOR-independent up-regu-
lation of autophagy in cystogenesis. We elected to treat em-
bryos with carbamazepine and minoxidil, two FDA-approved
drugs. Carbamazepine is currently used as an anticonvulsant
and stimulates autophagy by inhibiting inositol monophospha-
tase (IMPase), which leads to lower intracellular inositol levels
and suppression of the phosphoinositol cycle, while minoxidil,
a K arp channel opener, is clinically prescribed as an antihy-
pertensive agent and activates autophagy by decreasing L-type
Ca’'channel currents, which initiates a cyclical mTOR-
independent pathway, involving Ca®'-calpain-Gg,-cAMP-IP;
signalling (73,74). In fish embryos, these two compounds acti-
vate autophagy without affecting the mTOR pathway, as mani-
fested by higher LC3II and normal phospho-ribosomal S6 levels
(Fig. 6A and B). Similar to rapamycin treatment, we found that
incubation with either of these two compounds suppressed cyst
formation, and rescued kidney function in the mutants (Fig. 6C
and D). Moreover, we assayed autophagy-mediated clearance
of protein aggregation using the PKD17" cells. Rapamycin, carba-
mazepine and minoxidil modulated mTOR or autophagy
signalling in the same manner as they did in the embryos (data
not shown). They all promoted the removal of MG132-induced
protein aggregation in the PKD17 cells (Fig. 6E). Together, our
results suggest that autophagy activation in general, either
mTOR dependently or independently, exerts therapeutic bene-
fits on PKD.

Since mTOR-independent autophagy inducer carbamaze-
pine or minoxidil also diminished cystogenesis, we speculated
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Figure 5. Autophagy induction by the Tat-Beclin 1 peptide suppresses cysto-
genesis and rescues kidney function in pkdla”" embryos. (A,B) Tat-Beclin 1
peptide induced autophagy in zebrafish embryos. Tat-Beclin-1 peptide
(100nM) was incubated with embryos at 2.5 dpf for 16h, and Western blot
analysis was performed using whole embryo lysates (A). Quantification of
LC3II expression was presented as means = s.d. from three independent ex-
periments (B). (C) Tat-Beclin 1 peptide inhibited pronephric cyst formation in
the pkdla”" embryos. Embryos derived from heterozygous pkdla inter-crosses
were incubated with the peptide (100nM) at 2.5 dpf for 16h, and then sub-
jected to JB-4 embedding and HE staining. The percentage of embryos with
kidney cysts was scored. (D) The Tat-Beclin 1 peptide rescued kidney excre-
tion function in the pkdla”" embryos. Embryos at 2.5 dpf were treated with the
peptide for 16h, and then injected with rhodamine-dextran dye for assess-
ment of kidney fluid flow. Individual embryos were genotyped at the end of
the experiment. Data are presented as means *+s.d. from three independent
experiments, 8-15 embryos per group per time were examined (C,D). (E) pkdla
mutants exhibited increased apoptosis in the pronephric kidney. Apoptotic
cell death (green) was analysed by TUNEL assay on frozen sections of day 3
embryos, followed by immunostaining using atypical PKC (red) antibody to
mark pronephric tubules. Blue: DAPI. Scale bar: 20 um. (F) The Tat-Beclin 1
peptide decreased apoptotic cell death in the pkdla’- embryos. Embryos at 2.5
dpf were treated with the peptide for 16 h, and then processed for apoptosis
analysis by the TUNEL assay. Quantification of apoptosis was expressed as the
percentage of TUNEL-positive cells in total kidney epithelial cells examined,
80-100 cells from 4 embryos per group were scored. *: P <0.05. *: P <0.01. NS:
not statistically significant (P > 0.05).

that the combination of lower doses of rapamycin with, for ex-
ample, carbamazepine might have an additive or synergistic ef-
fect. A ten-fold reduction of rapamycin concentration to 40 nM
had marginal efficacy, as 85% of the pkdla mutants still dis-
played kidney cysts (Fig. 6F). This dose did not cause any abnor-
mality in the pkdla*/* embryos, compared with 14% of wild type
embryos showing cystic dilation after incubation with 400 nM of
rapamycin (Fig. 6C and data not shown). Further reducing rapa-
mycin to 4nM resulted in no beneficial effect, nor side effects
(data not shown). A ten-fold reduction of carbamazepine to
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2 uM also exhibited marginal efficacy (Fig. 6F). However, a com-
bination of 40 nM of rapamycin and 2 pM of carbamazepine sup-
pressed cystogenesis to a level comparable to that of single use
of 400 nM of rapamycin (42% vs 38%) (Fig. 6C and F). These data
suggest a new direction in PKD therapy by combining low doses
of mTOR-dependent and mTOR-independent autophagy activa-
tors to potentially reduce drug toxicity.

Discussion

pkdl embryonic zebrafish model is amenable for
functional studies of ADPKD and small-molecule
screening

Using TALEN technology, we reported the generation of stable
pkdl zebrafish mutants. We were able to detect kidney cysts in
11% of pkdla” and 70% of pkdla”";pkd1b”” mutants at 2 dpf via HE
staining, with near fully penetrant phenotypes for both genotypes
at 3 dpf. The frequency is higher than that of morpholino-
mediated depletion, whereby 10-15% of pkdla or pkdla/lb
morphants formed cystic dilations by visual observation at 2 dpf
(41). Besides stable mutation vs transient depletion, different de-
tection methods also might contribute to the difference in pene-
trance. For example, in our experience, microscopic inspection of
pronephric dilation at 2 dpf was not reliable. The mutants and
morphants shared additional phenotypes, such as shorter jaw
and edema. However, the mutants did not recapitulate body
curvature and hydrocephalus that were reported in the mor-
phants. Lacking these phenotypes is less likely due to maternal
expression of pkdl in the mutants or TALEN targeting sites differ-
ent from morpholinos because both translation-blocking and
splice-donor blocking morpholinos caused the same abnormali-
ties. In fact, recent studies have noted a poor correlation between
morpholino-induced and mutant phenotypes (75-77). For in-
stance, pkd2 zebrafish mutants fail to recapitulate cystic and hy-
drocephalus phenotypes of pkd2 morphants; pkd1a™®>° mutants
do not display body curvature phenotype as pkdla morphants do
(34,37,41,42,45). Several possibilities have been proposed to ex-
plain the discrepancy between mutants and morphants (77-79).
Specifically for the pkdl mutants, we did not detect a hypomor-
phic mutant allele due to exon skipping or genetic compensation
by pkd2 (data not shown). Other potential explanations, including
synthesis of a functional C-terminal domain using an alternative
ATG downstream truncation site, genetic compensation by genes
not belonging to pkd family, or off-target effects of morpholinos,
need to be further investigated.

Given efficient approaches of TALEN, CRISPR/Cas9 and
knock-in for mutant generation in zebrafish, this study high-
lights the fish model as a practicable platform for functional
analysis of various mutations identified in human PKD1 (39,80-
85). Embryonic zebrafish models are particularly attractive for
drug screening because their small body size consumes much
less drug and ensures low maintenance costs (86). Powerful ge-
netics and higher housing capacity also render zebrafish em-
bryos ideal for genetic modifier screens. Meanwhile, there are
limitations associated with zebrafish embryonic models. For ex-
ample, quantifiable methods of measuring cyst size and num-
ber in zebrafish embryos have yet to be developed; methods
allowing kidney-specific analysis of molecular/cellular changes
and physiological assessment need to be further established.
Moreover, PKD is a progressive disease, with symptoms primar-
ily occurring later in adult life (87). It is conceivable that the em-
bryonic model might only recapitulate certain perspectives of
PKD pathogenesis. Therefore, we do consider it essential to
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Figure 6. Autophagy activators in the mTOR-dependent or mTOR-independent pathways both ameliorate cystic phenotypes in pkdla”” embryos. (A,B) Rapamycin, car-
bamazepine, and minoxidil all enhanced LC3II expression while differentially affecting phospho-S6 levels. Zebrafish embryos were treated with DMSO (D), rapamycin
(R, 400 nM), carbamazepine (C, 20 uM), or minoxidil (M, 400 nM) at 4 dpf for 16 h, and Western blot analysis was performed using whole embryo lysates. The gel is repre-
sentative of three independent experiments (A), and LC3II levels were normalized by actin expression and presented as means + s.d. (B). (C) Autophagy activators sup-
pressed cystogenesis in the pkdla”" embryos. Embryos derived from heterozygous pkdla inter-crosses were incubated with vehicle (D) or autophagy activators (R:
400nM,; C: 20 uM; or M: 400 nM) at 2.5 dpf for 16 h. Percentage of embryos with kidney cysts was analysed by HE staining of JB-4 sections. Note: rapamycin, but not other
drugs, led to cyst formation in 14% of wild type embryos. (D) Autophagy activators preserved kidney excretion function in the pkdla”" embryos. Embryos at 2.5 dpf
were treated with vehicle (D) or autophagy activators (R, C, or M) for 16 h, and kidney fluid flow was analysed via dye injection. (E) Autophagy activators promoted the
clearance of ubiquitinated protein aggregates. Human PKD1”" cells were incubated with MG132 and 13 h later MG132 was removed and replaced with vehicle (D) or
autophagy activators (R, C, or M) for 11 h. Insoluble fractions of the cell lysates were subjected to Western blot analysis using an Ub antibody. Shown is a representative
blot of three independent experiments. (F) Low doses of rapamycin significantly alleviated cyst formation in the pkdla”" embryos when combined with low doses of
carbamazepine. Embryos at 2.5 dpf were treated with 40 nM rapamycin (R), 2 uM carbamazepine (C), or 40 nM rapamycin plus 2 uM carbamazepine (R + C). Data are pre-
sented as means + s.d. from three independent experiments, and 7 to24 embryos per group were scored in each experiment (C,D,F). *: P < 0.05. **: P < 0.01. NS: not statis-
tically significant (P > 0.05).

substantiate results obtained from embryonic fish models in ei- revealed autophagy dysfunction as an additional pathological
ther adult zebrafish or mammalian PKD models. event in PKD. Using the zebrafish pkd1l mutants, we detected se-
quential dynamic changes of autophagy during disease progres-
sion: nearly normal at 2 dpf, when cystogenesis is about to
initiate, insufficient autophagic flux at 5 dpf, after cystogenesis
had reached full penetrance, and eventually suppressed auto-
phagosome formation at 8 dpf when severe edema was present
PKD is characterized by increased rates of both proliferation in all tissues. This time-dependent autophagy modulation was
and apoptosis in epithelial cells lining the cyst (88,89). Here, we partially reflected in mammalian PKD null kidney epithelial

Autophagy defects are important pathological events
during the pathogenesis of PKD
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cells. While cells obtained from Pkd1 knockout mouse embryos
with probably mild cysts manifest diminished autophagic flux,
cells derived from late-stage ADPKD patient exhibit impairment
in autophagosome formation (60,61). Together, our data suggest
dynamic changes in autophagy during the development and
progression of PKD, which require validation in the kidneys
from slowly progressing PKD models that more closely mimic
the human disease.

The dynamic modulation of autophagy implies that dysfunc-
tional autophagy is secondary to PKD-associated events, such as
mTOR activation and/or defective cilia signalling. While we and
others did not detect alterations in the cilium length and number
(data not shown) (41), changes in cilia-related signalling cannot
be ruled out. In support of this hypothesis, there is no evidence
indicating direct interaction of PC1 with components in the
autophagy cascade. On the other hand, results from knocking
down the core autophagy protein Atg5, under the condition that
prevents earlier and severe cardiac edema, suggest that dysfunc-
tional autophagy is not a causative event for cystogenesis, but
rather a modifying mid-step, representing a failure in maintain-
ing homeostasis or repairing damages. Strengthening this notion,
no renal cysts have been reported in Atg5 or Atg7 KO mice up to 9
months (53,54). Our discovery advocates autophagy as an impor-
tant area for future research to understand the pathogenesis of
PKD. As has been recognized in other diseases, relationship
among autophagy, proliferation, apoptosis and cilia signalling
should be further elucidated (71,72,90,91).

Up-regulation of autophagy as a novel therapeutic
strategy for PKD

Treatment with the specific autophagy inducer Beclin 1 peptide
provides proof-of-principle evidence to support that activation
of autophagy is of therapeutic benefit in PKD. This observation
echoes the protective function of autophagy activation during
acute kidney injury and podocyte aging (53,54,92-96). Then,
small molecular activators of autophagy, including rapamycin,
carbamazepine or minoxidil, all partially ameliorate kidney
cysts and preserve kidney function. The phenomenon that cysts
remained in some of the mutants following autophagy induc-
tion supports our conclusion that autophagy modulation is a
modifying event for cystogenesis. The phenomenon could also
be explained by the non-isogenic genetic background and lack
of quantifiable methods of measuring cyst size and number in
zebrafish embryos.

In addition to demonstrating autophagy activation as a
novel therapeutic strategy for PKD, our data offer a potential ex-
planation for the mechanisms underlying several other benefi-
cial compounds for PKD. For instance, the AMPK activator
metformin, HSP90 inhibitor STA-2842, and histone deacetylases
(HDAC) inhibitor trichostatin A, have all been shown to slow re-
nal cystogenesis in animal models, and have also been shown
in separate studies as activators of autophagy in cultured cells
(86,97-100). However, to firmly establish that these compounds
execute their therapeutic effects through autophagy activation,
evaluation of drug efficacy in autophagy-deficient PKD models
will be indispensable. One beneficial effect of autophagy activa-
tion might be ascribed to the removal of aggregate-forming pro-
teins. Future identification of aggregate-forming proteins and
understanding of their roles in PKD pathogenesis will provide
more insights into the molecular nature of PKD pathogenesis.

Future in vivo experiments are warranted to determine
which autophagy activators exert better therapeutic effects
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than rapamycin while causing less renal and non-renal toxicity
(18,19). Here, our studies suggest that lower doses of rapamycin,
when combined with mTOR-independent autophagy inducer
carbamazepine, can achieve efficacy comparable to that of us-
ing higher doses of rapamycin alone. This combination strategy
may thus reduce the side effects associated with rapamyecin,
and be safer for long-term clinical use. Notably, carbamazepine,
minoxidil and metformin are FDA-approved drugs that are used
to treat seizures, hypertension and type 2 diabetes, respectively;
HSP90 inhibitors and HDAC inhibitors are currently under clini-
cal development for cancer therapy (101,102). Therefore, our
present studies in zebrafish highlight the promising future of
drug repurposing strategies in ADPKD therapy, which may also
be beneficial for other PKD forms.

Materials and Methods
Zebrafish husbandry

WIK fish were maintained under standard laboratory condi-
tions. The animal experiments were approved by the Mayo
Clinic College of Medicine Institutional Animal Care and Use
Committee.

Generation of zebrafish pkdla and pkd1b mutants by
TALEN

TALENs were constructed using the Golden Gate TALEN assem-
bly protocol and library (Addgene) (38). Fifteen pg of TALEN
mRNAs were injected into wild type embryos at the one-cell
stage. Sixteen embryos from each injection group were used for
genomic DNA isolation to evaluate the efficiency of the TALENs
by PCR-RFLP (restriction fragment length polymorphism).
Embryos injected with efficient TALENs were raised to adult-
hood and outcrossed. Individual F1 adults were genotyped to
identify germ line mutations, and Flcarriers were then se-
quenced to search for frame-shift mutations. Two distinct
frame-shift deletion alleles for each gene were selected.
Selected F1 founders were further outcrossed to generate F2 fish
in an effort to reduce potential off-target effects. All experi-
ments performed in this study used F2 fish for breeding.

Cell culture

Mouse kidney epithelial cells were isolated from Pkd1*/*;H2k"-
tsA58and Pkd1”;H2k"-tsA58* mice at embryonic day (E)14.5 by
interbreeding Pkd17%"? and transgenic H2k’-tsA58 mice
(Immortomouse, Charles River) (60). Kidneys were placed in the
cold dissection solution (10 mM glucose, 5mM glycine, 1 mM al-
anine and 15mM HEPES in Hanks buffered saline solution),
transferred and resuspended in the digestion solution (0.1% col-
lagenase D (Roche) and 0.125% hyaluronidase (Sigma-Aldrich) in
Advanced DMEM/F12 (Invitrogen)), disrupted using 22 gauge
needles and 1mL syringes, incubated at 37°C for 30min, and
pulse vortexed once during incubation. Cells were pelleted by
centrifugation at 1,000g for 5min, resuspended in Advanced
DMEM/F12 containing 20% FBS, penicillin/streptomycin, gluta-
mine, 0.1% plasmocin (Invivogen) and 10ng/mL recombinant
mouse interferon gamma (Millipore), plated on collagen I coated
25cm? flasks, and incubated at 33°C to induce transgene ex-
pression. The cells were plated at low density to allow clonal ex-
pansions, and collecting duct epithelial cells were obtained by
screening for cell morphology and expression of E-cadherin and
Aquaporin-2. Human cell lines were previously derived from
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normal renal cortical tubular epithelia (PKD1*/*) and ADPKD
cyst-lining epithelia (PKD177) (61,62). Human cell lines were
transfected with the pBABE-puro mCherry-EGFP-LC3B plasmid
(Addgene) on coverslips using Lipofectamine 2000 (Life
Technologies) according to the manufacturer’'s protocol.
Twenty-four hours after transfection, cells were fixed with 4%
formaldehyde for 10 min and mounted with Vectashield mount-
ing medium (Vector Laboratories) for confocal microscopy im-
aging. Aggresome detection was performed using the ProteoStat
Aggresome Detection Kit (Enzo Life Sciences, Inc.), following the
manufacturer’s protocol.

Reagents

The following reagents were used: translation-blocking MO of
atg5 (Gene Tools, LLC, 4ng or 1ng) (65), Tat-Beclin 1 peptide
(AnaSpec, 100nM), rapamycin (LC Laboratories, 400nM or
40nM), carbamazepine (Tocris, 20 pM or 2 uM), minoxidil
(Sigma-Aldrich, 400nM), bafilomycin A1l (Sigma-Aldrich,
167 nM) and MG-132 (Sigma-Aldrich, 5 uM).

Histological and ultrastructural analysis

Embryos for histological analysis were individually fixed in 4%
formaldehyde at 2 dpf or 3 dpf, with the tail region collected for
genotyping. On the next day, wild-type and mutant embryos
were embedded in JB-4 resin (Polysciences, Inc.) and sectioned
at 4 pm thickness. The sections were then stained with HE,
dried and mounted with Permount (Fisher Scientific) (103).
Embryos for ultrastructural analysis were fixed in Trump fixa-
tive (4% paraformaldehyde, 1% glutaraldehyde) at 5 dpf. The re-
maining procedure was performed according to standard
methods by the Electron Microscopy Core Facility at Mayo Clinic
in Rochester, Minnesota.

Immunofluorescence

Immunofluorescence labelling was performed on cryosectioned
materials (104). Embryos were fixed in 4% formaldehyde over-
night and embedded in 1.2% agarose/5% sucrose. The agarose
blocks were then saturated in 30% sucrose overnight, trans-
ferred into a tissue freezing medium (Electron Microscopy
Sciences), and frozen on a freeze platform. Then 10-um sections
were incubated with primary antibodies against phospho-
S6 ribosomal protein (Cell Signaling Technology, 1:200)
and a6F (Developmental Studies Hybridoma Bank, 1:25), fol-
lowed by Alexa Fluor conjugated secondary antibodies (Life
Technologies). Images were acquired using an Axioplan II Zeiss
microscope equipped with ApoTome. TdT-UTP nick end labelling
(TUNEL) assay was performed on frozen-sectioned day 3 em-
bryos using In Situ Cell Death Detection Kit, following the manu-
facturer’s protocol (Roche).

Western blotting

Zebrafish embryos or cultured cells were homogenized in RIPA
lysis buffer (50 mM Tris-HCI, 150 mM Nacl, 1% NP-40, 0.5% so-
dium deoxycholate, 0.1% SDS, 2mM EDTA, 1 mM phenylmethyl-
sulphonyl fluoride and protease inhibitors) containing stainless
steel beads using the Bullet Blender tissue homogenizer (Next
Advance, Inc). Western blotting was performed according to stan-
dard protocols. The following antibodies were used: anti-mTOR,
anti-phospho-mTOR (Ser2481), anti-S6 ribosomal protein, anti-

phospho-S6 ribosomal protein (Ser235/236), anti-P62 (Cell
Signaling Technology), anti-actin (Sigma-Aldrich), anti-LC3
(Novus Biologicals) and anti-ubiquitin (Thermo Scientific). For
analysis requiring cell fractionation, embryos or cultured cells
were homogenized in lysis buffer (100 mM HEPES, 1% Triton X-
100, 300mM NaCl, 1mM phenylmethylsulphonyl fluoride and
protease inhibitors), pre-cleared at 2,000 g, and then centrifuged
at 12,000 g to separate extracts into soluble (S) and insoluble pellet
(P) fractions. The isolated P fraction was further lysed by adding
additional 0.5% SDS (52). 5% of the total lysate (T), 5% of the S frac-
tion, and 20% of the P fraction were resolved on 4% to 20% gels.

Fluorescent dye injection

The pronephric fluid output assay was performed as previously
described (35,45). Briefly, 2.5 dpf embryos that were anaesthe-
tized were injected with 1% rhodamine-dextran (10 kD,
Molecular Probes) via the common cardinal vein, and were then
examined using a Zeiss Axioplan microscope equipped with a
Nikon camera.

Measurement of shortening fraction (SF) of the
ventricular chambers

SF was measured as previously described (105). Briefly, zebrafish
embryos at 2.5 dpf were anaesthetized and positioned on a mi-
croscope slide with a thin layer of 3% methyl cellulose (Sigma-
Aldrich). Videos of beating hearts from a lateral view were re-
corded using a Zeiss Axioplan microscope equipped with a
Nikon camera and used for maximum diastole and maximum
systole measurements. SF=(maximum diastole—maximum
systole)/maximum diastole x100.

Statistical analysis

All data were expressed as mean +s.d. Comparison between
two groups was performed by a two-tailed t test. A P value <0.05
was considered statistically significant.

Supplementary Material

Supplementary Material is available at HMG online.
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