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ABSTRACT

Spns1 (Spinster homolog 1 [Drosophilal) in vertebrates, as well as Spin (Spinster) in Drosophila, is a
hypothetical lysosomal H*-carbohydrate transporter, which functions at a late stage of macroautophagy
(hereafter autophagy). The Spin/Spns1 defect induces aberrant autolysosome formation that leads to
developmental senescence in the embryonic stage and premature aging symptoms in adulthood.
However, the molecular mechanism by which loss of Spin/Spns1 leads to the specific pathogenesis
remains to be elucidated. Using chemical, genetic and CRISPR/Cas9-mediated genome-editing approaches
in zebrafish, we investigated and determined a mechanism that suppresses embryonic senescence as well
as autolysosomal impairment mediated by Spns1 deficiency. Unexpectedly, we found that a concurrent
disruption of the vacuolar-type H™-ATPase (v-ATPase) subunit gene, atp6vOca (ATPase, H™ transporting,
lysosomal, VO subunit ca) led to suppression of the senescence induced by the Spns1 defect, whereas the
sole loss of Atp6vOca led to senescent embryos similar to the single spns7 mutation. Moreover, we
discovered that the combined stable defect seen in the presence of both the spns? and atp6vOca mutant
genes still subsequently induced premature autophagosome-lysosome fusion marked by insufficient
acidity, while extending developmental life span, compared with the solely mutated spns? defect. Our
data suggest that Spns1 and the v-ATPase orchestrate proper autolysosomal biogenesis with optimal
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acidification that is critically linked to developmental senescence and survival.

Introduction

Cellular senescence is a part of a normal physiological, as well
as pathophysiological, process involved in development.'®
Senescence is, therefore, not only a phenomenon observed in
the later aging process but is also detectable during embryogen-
esis of vertebrates; as such, this process might have evolved to
regulate embryonic development. However, the underlying
genetic and molecular basis in embryonic development and
senescence remains poorly understood. It is also unknown how
homeostatic regulation of genes and proteins that are critical
for developmental senescence might have an impact on
subsequent aging later in life.

Previously our genetic screening based on the embryonic
senescence phenotype in zebrafish has identified several genes
including spns! that play an essential role in autolysosomal func-
tion.,*” Spnsl in vertebrates, and Spin in Drosophila, are thought
to function as a lysosomal H"-carbohydrate symporter, which
functions at a late and terminal stage of autophagy.”” Mutations
in the corresponding genes results in aberrant autolysosome for-
mation, leading to embryonic senescence and premature aging

symptoms in Drosophila and zebrafish.*'® We recently have
shown in zebrafish that Becnl/Beclin 1 suppression ameliorates
developmental senescence and autolysosomal impairment associ-
ated with Spnsl deficiency, whereas loss of Tp53 exacerbates these
characteristics in the Spns1-defective zebrafish embryos.” We also
demonstrate that basal Tp53 activity has a certain protective role
(s) against the Spns1 defect by suppressing autolysosome biogene-
sis and/or autophagosome-lysosome fusion. Moreover, we find
that chemical inhibition of the v-ATPase prevents the appearance
of the Spnsl-deficient hallmarks including aberrant autolysoso-
mal formation and excessive autophagosome-lysosome fusion.
However, the precise mechanism by which autolysosomal acidifi-
cation and biogenesis are regulated by the balance between
v-ATPase and Spnsl has not been fully elucidated. This has been
particularly problematic because some defects of the v-ATPase
itself can also cause developmental senescence in zebrafish as we
have demonstrated previously.* Moreover, cumulative lines of
evidence suggest that autophagosome-lysosome fusion can still
occur without v-ATPase-mediated acidification  during
endo-lysosomal biogenesis.'' "'
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We hypothesized that the distinct phenotypes resulting from
each single mutation, namely loss of acidification with atp6v0ca
and loss of symport activity due to spnsl, when combined result
in a counteracting (i.e., suppressing) effect at the cellular and
organismal levels. Therefore, because we could not rule out the
possibility that the previous pharmacological approach may
have had off-target effects, we concurrently knocked down
and/or mutated both the spnsI and atp6vOca genes in zebrafish
embryos to validate their epistasis as well as biological end-
points such as autophagy, senescence and survival of the sub-
ject animals during early development. We found that the dual
defect of Spnsl and v-ATPase was indeed counteractive for
senescence induction during development and extended the
animal survival or life span. In addition, we found that the per-
manent defect of both the spnsl and atp6vOca genes still
resulted in the premature fusion of autophagosomes with lyso-
somes (and presumably endosomes) with insufficient acidity.
Our findings therefore suggest that Spnsl and the v-ATPase
function at a balance point that is critically involved in the reg-
ulation of developmental senescence, and is accompanied by
proper lysosomal acidification during autophagy.

Results

Chemical and genetic modulations of v-ATPase in Spns1-
deficient zebrafish

According to our recent finding of autolysosomal abnormality
observed in spnsl-mutant (spns1"®/"51) zebrafish, we per-
formed chemical and genetic approaches with the mutant ani-
mals to rescue or ameliorate the phenotypes of yolk opacity
and developmental senescence.” It should noted that the hall-
mark observation of an opaque yolk phenotype was first origi-
nally described by Young et al;'* we have confirmed this
representative and unique phenotype at the gross morphologi-
cal level and histologically, showing that it is a marker for the
defect associated with the spnsl mutation.* Furthermore, we
have established the senescence-associated Glb1/8-galactosi-
dase (SA-GIbl) assay, which is commonly used to monitor
senescence in mammalian cells, in zebrafish embryos and lar-
vae as well as adults.*”'*>""” The appearance of yolk opaqueness
accompanied by increased SA-GIbl activity in spnsl-mutant
fish embryos or larvae supports the notion that the interruption
of the intrinsic nutrient supply, supposedly from autophagy-
dependent catabolism of the yolk in zebrafish embryos and lar-
vae,'® may lead to profound energetic exhaustion under the
aberrant autolysosomal condition resulting from Spnsl defi-
ciency. As reported previously, we found that a specific inhibi-
tor of the v-ATPase, bafilomycin A; (BafA), and several other
U.S. Food and Drug Administration-approved proton-pump
inhibitors such as omeprazole, lansoprazole and pantoprazole
could significantly suppress the phenotypes induced by Spnsl
deficiency (Fig. S1 and S2).”

With any pharmacological approach, there is always a con-
cern about off-target effects. Nonetheless, chemical inhibition
is often the first method used because of its technical facility,
especially in the zebrafish system where it used to be quite diffi-
cult to knock out specific genes. To extend our studies, we
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initially relied on a morpholino approach. Because BafA specif-
ically binds to the Atp6vOca/subunit ¢ of the v-ATPase and
thereby inhibits its enzymatic and proton-pump activity, we
examined a specific knockdown of the atp6vOca gene by using
an antisense morpholino oligonucleotide (MO; atp6vOca
MO1),”"** and found that the morphants recapitulated the
phenotype of the BafA-treated animals resulting in reduced
yolk opacity and SA-GIbl activity compare with control spnsl
mutants.”

The v-ATPase is a lysosomal proton transporter,”' and a
proton-coupled symport permease function is proposed for
Spns1.® Furthermore, as noted above, mutations that block
the function of either enzyme alone result in premature
senescence.” Thus, it was surprising that concurrent defects
in both enzymes reverse or suppress this phenotype. We
recently have proposed that this “counteractive” effect (i.e.,
suppression of the spusl phenotype by inhibiting v-ATPase
function) is due to “prior” alkalinization and neutralization
in lysosomes and autolysosomes and reduction of their bio-
genesis by blocking v-ATPase activity.” Nonetheless, the
mechanistic nature of the interaction between Spnsl and
Atp6vOca had not been determined, including any potential
role of autophagy.

To gain a detailed understanding of the relationship between
these 2 lysosomal transporters, we examined the autophagic
process in the atp6vOca morphants as well as spnsl mutants by
monitoring EGFP-Lc3b, as a marker of autophagosomes, and
used LysoTracker Red DND-99, which accumulates in acidic
compartments, to follow the biogenesis of lysosomes. The
atp6vOca MOL itself significantly increased the formation of
cellular EGFP-Lc3B puncta in wild-type (WT) zebrafish
embryos (Fig. 1A and B). The spnsI mutant fish also displayed
an elevated level of EGFP-Lc3B puncta; however, no additive
induction of Lc3B puncta was observed at the cellular level in
spnsl-mutant fish injected with atp6v0ca MO1 versus control
MO (Fig. 1A and B). In contrast to the basal level of lysosomal
acidification seen in WT fish, the spnsl mutation resulted in
elevated LysoTracker Red-positive compartments (Fig. 1A and
B). As expected, this increase in acidified lysosomes was sup-
pressed by the atp6vOca knockdown. The schematic illustration
in Fig. 1C illustrates the location and function of the v-ATPase
and Spnsl in the lysosome membrane; a defect in Spns1 would
theoretically lower the lysosomal pH, but a concomitant v-
ATPase mutation would counteract this effect. At any rate, any
pH change resulting from the spnsI mutation was apparently
not substantial because the EGFP-Lc3B signal was not
quenched, which should happen at the normal lysosomal pH.

Both the progression of yolk opaqueness and SA-GIb1 activ-
ity in spunsl mutants during the time period of 36 to 72 h post-
fertilization (hpf) are suppressed by atp6vOca MO.” The
phenotype induced by the atp6vOca knockdown during early
development was particularly evident based on hypopigmenta-
tion observed at 48 hpf.,”'>*° By further performing atp6vOca
MO1 injections into spnsI-mutant embryos we demonstrated
an increased number of viable larvae with temporally amelio-
rated yolk phenotype through 120 hpf (Fig. 1D). After this
time, the mutant animals subsequently relapsed into deteriora-
tion, presumably due to the persistent impact of the Spnsl
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Figure 1. Atp6vOca knockdown suppresses Spns1 deficiency and prolongs the survival of the defective animals. (A) Intracellular autolysosome formation and lysosomal
biogenesis monitored by EGFP-Lc3B and LysoTracker at 76 hpf in wild-type (wt) and spns7-mutant animals injected with atp6vOc MO (4 ng/embryo). The samples were
observed by using confocal microscopy at high magnification (x600). Scale bar: 10 m. (B) Quantification of the EGFP-Lc3B (green), LysoTracker (red) and merged (yellow)
fluorescence-positive particle numbers shown in (A). Quantification of images (and 4 additional sets of data) presented in the top, middle and bottom rows (red, Lyso-
Tracker Red; green, EGFP; yellow, merge) in panel (A) is shown (the number [n] of animals for each genotype with MO = 5). Error bars represent the mean + SD,
*P < 0.05, **P < 0.01, ™*P < 0.005; ns, not significant. (C) The schematic illustrates the location and function of the v-ATPase (which acidifies the lysosome and allows
the activation of lysosomal hydrolases) and Spns1 (which is proposed to function in carbohydrate [CHO] efflux) in the lysosome membrane. (D) Survival curve for
spns1-mutant animals injected with atp6vOca MO or control MO (log rank test: x> = 82.71 on one degree of freedom; P < 0.0001). (E) Survival curve for spns1;atpévOca-
double morphant larvae or spnsi-single morphants (log rank test: x> = 151.6 on one degree of freedom; P < 0.0001).

mutation and/or the transient activity of the atp6vOca MOL.
Conversely, the concurrent suppression of both spnsl and
atp6v0ca by MO targeting (i.e., so that inhibition of Spnsl and
v-ATPase is temporally correlated rather than using the
spns 1SV mutant fish) strikingly diminished the yolk
opaqueness seen with the spnsl morphants and produced
more than 80% viable larvae that survived beyond 6 d post-
fertilization, eventually reaching adulthood (Fig. 1E). These
results support the notion that suppression of proper
lysosomal acidification and biogenesis due to the atp6vOca
knockdown can offset the deleterious effect of Spnsl
deficiency that occurs at the late stage of autophagy, thus
prolonging animal survival.

The v-ATPase as a context-dependent senescence
regulator in zebrafish embryos

Our previous genetic screening based on the embryonic senes-
cence phenotype in zebrafish identified several genes including
spnsl. Among those genes, we also identified 2 atp6v genes,
atp6v0Oca and atp6vlh, as senescence suppressors; for both of
these genes, an individual loss of function induces developmen-
tal senescence. Therefore, solely disrupted gene function of
either spnsl or atp6vOca induces embryonic senescence
(Fig. 2A), whereas it appears that a concurrent suppression of
both genes by MOs or a permanent disruption or mutation of
spnsl with atp6vOc MO counteracts their respective effects
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Figure 2. Counteractive balancing of developmental senescence induced by the defect of Spns1 and Atp6vOca. (A) Induction of developmental senescence with the
defect of either Spns1 or Atp6v0ca at 84 hpf. Scale bar: 500 wm. Quantification of the SA-Glb1 intensities is shown in the right graph (the number [n] of animals for each
genotype = 6). Error bars represent the mean =+ SD, P < 0.0005; ns, not significant. (B) Phenotype appearance of yolk opaqueness and survival of offspring cohorts
from intercrosses of atp6v0ca™’?%”/* fish. Comparisons of survival rates between wt (atpévOca™*’*) and atp6v0ca™’?”"'2%7 fish injected with spns1 MO are shown in the
right survival curves (log rank test: x> = 99.36 on one degree of freedom; P < 0.0001). The arrows mark the yolk extension, which has largely regressed in embryos
displaying the MOY phenotype. (C) Inverse correlation of strength of yolk opacity (NOR, normal; POY, partially opaque yolk; MOY, mostly opaque yolk) and SA-GIb1 activity
in atp6vOca-mutant animals injected with spns? MO at 84 hpf. Scale bar: 500 «m. Quantification of the SA-GIb1 intensities is shown in the right graph (the number of
animals for each genotype and phenotype = 6). Error bars represent the mean + SD, “*P < 0.001; ns, not significant. (D) Effect of a tp53 mutation on embryonic SA-Glb1
activity in the atp6vOca mutant. The heritable impact of Tp53 and Atp6vOca on SA-Glb1 induction was tested in each single-gene mutant (atpévOca’'?7"1297 or
tp53°91/2df1) and double mutant atp6vOca™?%”"127,tp53741/24f1 (qtnevoca;tp53 21/%91) compared with WT animals at 84 hpf. Scale bar: 500 m. Quantification of the
SA-GIb1 intensities in WT, tp5374/  qtp6v0ca™'?7"2%7 and atp6v0ca’2°7/1112%7.tp5374f1/2eT 3nimals, shown in the right graph (n = 10); the number (n) of animals is for
each genotype. Error bars represent the mean + SD, ***P < 0.0005; ns, not significant.

(Fig. 1).” Accordingly, we next investigated how the temporal ~embryos were sorted according to their severity of yolk opaque-

suppression of the spnsl gene has an impact on the heritable
defect of the atp6vOca gene.

The loss of v-ATPase function results in a hypopigmenta-
tion phenotype (Fig. 2A; comparison of atp6vOca™'2%7"1207 to
atp6vOca™ embryos in the bright field panel). Retrovirus-
insertional atp6v0ca"'?7"1297 mutant embryos were injected
with spnsl MO, and hypopigmented homozygous mutant

ness, which is a hallmark of the spnsl defect, in 3 categories:
normal (NOR), partially opaque yolk (POY), and mostly opa-
que yolk (MOY) phenotypes. The mild POY phenotype usually
starts from the posterior (tip) yolk extension, and the subse-
quent severe MOY phenotype is generally accompanied by
apparent regression or almost complete loss of the yolk exten-
sion that existed behind the yolk and under the trunk (Fig. 2B;
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compare the yellow and red arrows marking the yolk exten-
sion). In WT (atp6vOca*’™) embryos spnsl MO induced yolk
opaqueness (Fig. 2B). By comparison, in homozygous atp6v0-
ca"1207MI1207 (atp6v0ca™'") mutant embryos, the spnsl MO
had a greatly reduced effect. In addition, there was an increased
number of viable larvae that survived beyond 72 hpf in the
atp6vOca™'~ background (Fig. 2B).

Hypopigmented MOY embryos, that is, those embryos that
still had the dual-defective phenotypes, showed much lower
SA-GIbl intensity than hypopigmented POY ones (Fig. 2C;
compare bar 5 to 6), almost comparable to that of uninjected
WT animals (Fig. 2C; compare bar 1 to 6). In other words,
when the MO-dependent knockdown of Spnsl was less effec-
tive in the v-ATPase mutant fish, there was still detectable SA-
GIb1 activity. Hence, the more severe MOY zebrafish display a
greater suppression of the senescence phenotype than seen
with milder POY fish in combination with the atp6vOca
mutation.

A pivotal tumor suppressor, Tp53, plays critical roles in both
autophagy and senescence,”>*” and we have previously found
that either a decrease or loss of basal Tp53 (which results in an
increase in autophagy activity’*) enhances the phenotype
resulting from Spnsl impairment.” This additive effect may be
the result of augmenting autophagy progression and/or lyso-
somal biogenesis in the absence of the Tp53 function, subse-
quently leading to autolysosomal malformation, inadequate
termination of autophagy and embryonic senescence in the
presence of the spnsl mutation. Therefore, we wondered if
Tp53 has a similar or differential impact on autophagy or
senescence in the presence of the Atp6vOca defect, and hence
may account for any part of the observed phenotype of the dou-
ble spnsl and atp6vOca mutant defects. Thus, we generated
atp6v0ca"?7"1207 mutant fish harboring a tp53 mutation
(tp532dﬂ/2dﬂ), atp6vocahi1207/hi1207;tp53zdf1/zdfl’ and found that
there was no apparent change of SA-GIbl activity caused by
the constitutive loss of normal Tp53 (Fig. 2D). Thus, there was
no essential involvement for Tp53 function for the induction of
embryonic senescence resulting from the v-ATPase deficiency.
These results suggest that the reciprocally counteractive pheno-
type resulting from the combined defect is likely independent
of Tp53.

Sustained autophagosome-lysosome fusion in the absence
of Atp6vOca or Spns1

We wondered if the suppressive effect of Atp6v0Oca deficiency
on the Spnsl defect is due to the loss of endosome and/or lyso-
some fusion with autophagosomes and/or an otherwise bal-
anced acidification of the proton efflux (i.e., loss of H" import
by or through the v-ATPase into, and loss of export by or
through Spnsl from, the lysosomal lumen; as shown by the
schematic in Fig. 1C). A mutation in the v-ATPase should
result in a reduction in the acidity of lysosomes, making their
detection by LysoTracker Red staining problematic. Therefore,
we confirmed the existence of mCherry-tagged Lamp1-positive
lysosomal compartments and investigated if and how EGFP-
Lc3B-positive vesicles (i.e., autophagosomes) were localized
with the Lampl-positive ones. For this purpose, we used Tg
(CMV:EGFP-Ic3b;eeflalll/EF1c:mCherry-lamp1);spns1"°+;

atp6v0ca"?”* fish to intercross and concurrently obtain
homozygous animals for either the spnsl or atp6vOca defect
(note that the CMV and eeflalll promoters are both constitu-
tive and ubiquitous). Intensities of intracellular compartments
with red-only (Lampl, lysosome), green-only (Lc3B, autopha-
gosome) and red plus green (yellow, autolysosome; colocaliza-
tion by fusion) vesicles were assessed in atp6vOca™'2%”"1207 or
spns1" NN animals, compared with WT controls.

In homozygous atp6vOca-mutant animals both mCherry-
Lampl and EGFP-Lc3B intensities were enhanced; there was a
sustainable increase in merged-yellow compartments compare
with Tg(CMV:EGFP-Ic3b;eeflalll:mCherry-lampl) fish
embryos with the wt background, indicating a small but signifi-
cant increase in the number of fused autolysosomal structures
(Fig. 3A). Moreover, in spnsl-mutant embryos, we observed an
apparently even much higher level of autophagosomes (green)
and autolysosomal (merged mCherry-Lampl and EGFP-Lc3B,
i.e., yellow) signals (Fig. 3A). Next, we examined endogenous
Lc3A/B by western blotting. We detected a cytosolic form of
Lc3A/B (Le3A/B-I) and the phosphatidylethanolamine-
conjugated form (Lc3A/B-II) that is recruited to phagophore
(the autophagosome precursor) membranes, and confirmed the
appearance of slightly increased Lc3A/B-II in atp6vOca'2°”
#1207 and highly accumulated Le3A/B-II in spns1™®"°! fish
(Fig. 3A, lower right). The accumulation of Lc3A/B-II could
correspond to an increase in autophagosomes and autophagy
activation. However, it was not clear if this Lc3A/B-II accumu-
lation occurred because autophagosomes could not fuse with
lysosomes, or if undegraded autolysosomal Lc3A/B-II might be
accumulated after fusion.

We next determined that the LysoTracker Red staining (cor-
responding to acidified lysosomes, rather than total lysosomal
compartments detected by mCherry-Lamp1) was only slightly
visible but was not significantly merged with EGFP-Lc3B-posi-
tive compartments in cells from atp6vOca-mutant embryos
(similar to that in WT), whereas EGFP-Lc3B-positive vesicles
were still increased reproducibly (Fig. 3B). Taken together,
these results indicate that genetic disruption of atp6vOca does
not lead to a substantial block in the fusion of autophagosomes
with lysosomes (and/or potentially even less acidic endosomes;
mCherry-Lampl-positive but LysoTracker Red-negative
vesicles). These results therefore also suggest that the suppres-
sion of autolysosomal fusion is not the primary reason for the
inhibition of the Spnsl defect seen with the concomitant loss of
v-ATPase activity.

Concurrent heritable defects of both Spns1 and Atp6vOca
in zebrafish

Both the spnsl and atp6vOca genes are in the same linkage
group of zebrafish chromosome 3, having a distance of
584 kgbase pairs between the genes (Fig. 4A). Zebrafish, as dip-
loid organisms, have 2 alleles at each genetic locus, with one
allele inherited from each parent. After multiple test crosses,
however, we were unable to generate double homozygous
mutant progeny with meiotic crossover (i.e., any breakage and
rejoining process through meiosis). That is, the proximity of
the 2 genes on the same chromosome would make it extremely
difficult to generate homozygous double mutant offspring
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through standard crossing of mutant parental fish; the offspring
could become ‘trans-heterozygote’ with single mutations, one
on each copy of chromosome 3 (Fig. 4B, left), but could not be
‘cis-heterozygote’ with 2 mutations on the same allele side
(Fig. 4B, right); the latter would be needed to generate double
homozygote offspring from a subsequent cross.

To generate double-homozygous mutant animals for both of
the genes, we extended the CRISPR/Cas9-mediated genome
editing approach to the atp6v0ca gene in spnsl mutant fish.
The Cas9 mRNA and the atp6vOca-specific single guide (sg)
RNA were both injected into embryos of the Tg(CMV:EGFP-
Ic3b);spns1™®+ fish line. We then identified a targeted
atp6vOca mutant allele that occurred in the same chromosome
with the spnsl mutant allele (cis allele) by crossing the existing
trans-heterozygous animals for the 2 genes (Fig. 4B, middle).
DNA sequencing of the targeted genome region demonstrated
that there was a specific nucleotide deletion, which generated a
premature stop codon in the atp6vOca gene (Fig. 4C and
Fig. S3). We also confirmed that the occurrence of the hypopig-
mented atp6v0ca-mutant phenotype was apparently consistent
with the expected Mendelian inheritance ratio at 48 hpf when
the resulting offspring were intercrossed (Fig. 4D and
Table S1). Subsequently, yolk opaqueness gradually and slowly
appeared only in the hypopigmented embryos, approaching
100% of by 84 hpf (Fig. 4D and Table S1), suggesting that our
CRISPR/Cas9-mediated  targeting successfully  disrupted
atp6vOca within the same cis-allele of spns1"®®! (cis-spns1"**"
"8 atp6v0ca™™); the two phenotypes (yolk opaqueness and
hypopigmentation) were only displayed together and not sepa-
rately in individual fish.

Hypopigmented homozygous cis—spnslhisg 1/his9 Latp6vOca
mutant embryos were sorted according to their severity of yolk
opaqueness in the 3 different categories (NOR, POY and MOY
phenotypes), and there was apparent suppression of severe
yolk opaqueness (MOY), compared with that in single
spns1"MSL mutants (Fig. 4D). Similar to the results with
morpholino or chemical inhibition of the v-ATPase, SA-Glbl
activity induced by disruption of each gene individually was
counteracted in the double homozygous mutants with the
MOY rather than the POY phenotype (Fig. 4E). Note that these
homozygous mutant fish have been generated by intercrossing
heterozygotes and accordingly still have maternally derived
mRNA for each gene (see below); the loss of such mRNA is sto-
chastic, which may affect the presence of the differing MOY
versus POY phenotypes particularly at the early developmental
stage. However, longitudinally the concurrent double defect of
both spnsl and atp6vOca strikingly diminished the progression
of yolk opaqueness seen with the spnsl mutation and did not
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show a severe MOY phenotype (Fig. 4D). In fact, the double-
defect animals produced an increased number of viable larvae
that survived beyond 72 hpf (Fig. 4F). These results indicate
that the original mutant phenotypes of the atp6vOca and spnsl
defects (i.e., hypopigmentation and yolk opaqueness) counter-
acted, although not completely, under the heritable genetic
condition.

Tipping the balance between the v-ATPase and Spns1 for
lysosomal biogenesis and autophagy

During their development the cis-double-mutant fish embryos
showed an apparent reduction in SA-GIbl activity along
with the advance of yolk opaqueness (Fig. 4E). That is, the
stronger the defect in Spnsl function (and increased opacity),
the greater the suppression of the senescence phenotype due to
the disruption (mutation) of atp6vOca. However, as we still
found premature autolysosomal fusion even in the absence of
Atp6vOca (the increase in the merged yellow signal in Fig. 3A),
prevention of autolysosomal fusion does not appear to be the
reason for the suppression of the Spnsl deficiency phenotype.
As noted above, autophagy is involved in early development,
utilizing the yolk to supply nutrients, and is dependent on
proper lysosomal function. To investigate a potential role of
autophagy in the double-mutant phenotype, we further
observed the autophagic process of the cis-double mutant
embryos through monitoring EGFP-Lc3B and LysoTracker
Red. By utilizing Tg(CMV:EGFP-Ic3b) animals carrying
spnsI"EVISI - an60ca M or  double  cis-spns1™SHSIL,
atp6v0ca mutations, concomitant LysoTracker Red stain-
ing revealed significantly reduced numbers of intracellular yel-
low (both GFP/green- and LysoTracker/red-positive) puncta
that indicated fewer acidic autolysosomal compartments in cis-
spns1"EMEL qp6v0ca™™ ™ fish  embryos compared with
spns1"SMSL (Big 5A) There was a larger number of yellow
puncta in cis-spns1"®*" 8 qtp6v0ca™ ™ fish embryos with
MOY than those with POY phenotypes. By contrast, as
expected, increased EGFP-Lc3B puncta but basically normal
(less visible) LysoTracker Red signals were detected in
atp6vOca-mutant animals (Fig. 5A) Thus, the defect in lyso-
somal acidification resulting from the defect in v-ATPase activ-
ity can suppress the loss of Spnsl function, and the extent of
the suppression correlated with the degree of yolk opacity due
to the Spnsl deficiency.

We further confirmed the counteractive effect of the 2 muta-
tions on autolysosome formation by generating 2 additional
double-transgenic  zebrafish;  Tg(CMV:EGFP-Ic3b;eeflalll:
mCherry-lampl) and Tg(CMV:EGFP-Ic3b; eeflalll:mCherry-
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Figure 3. (see previous page) Premature autolysosomal fusion resulting from Atp6vOca deficiency, as well as Spns1 deficiency. (A) Appearance of EGFP-Lc3B- and
mCherry-Lamp1-positive autolysosomal fusion with Atp6vOca deficiency, as well as Spns1 deficiency, was detectable. Embryos of EGFP-Lc3B- and mCherry-Lamp1-double
transgenic spns1-mutant (Tg[CMV:EGFP-Lc3B;mCherry-Lamp1]:spns 189"/} fish and EGFP-L¢3B- and mCherry-Lamp1-double transgenic atpévOca-mutant (Tg[CMV:EGFP-

Ic3bseef1all1:mCherry-lamp1];atp6v0ca”207/hi1207)

fish were examined to confirm autophagosome-lysosome fusion at 76 hpf. Scale bar: 10 «m. Quantification of the EGF

(green), mCherry (red) and merged (yellow) fluorescence-positive particle numbers is shown in the right graph (n = 6); the number (n) of animals is for each genotype
and phenotype. Error bars represent the mean =+ SD, *P < 0.005, **P < 0.001. Three independent areas (periderm or basal epidermal cells above the eye) were selected
from individual animals. Western blot analysis using anti-Lc3A/B antibody shows endogenous Lc3A/B protein levels, which can confirm an increase of the total amount of

Lc3A/B in wt, atp6vOca™ 271207 and spns1m9'/Mi891_mutant fish. Increased Lc3A/B-Il conversion or accumulation was detected slightly in atp6voca

hi1207/hi1207 and more

significantly in spnsT mutants. (B) Most of the EGFP-Lc3B-positive autolysosomes were not LysoTracker Red-positive compartments. LysoTracker Red DND-99 staining of
EGFP-Lc3B-transgenic spnsi-mutant (Tg[CMV:EGFP-Ic3b];spns1"627/M891y or atp6vOca-mutant (Tg[CMV:EGFP-Ic3b]:atp6vOca™ 271207 embryos was performed at 76 hpf.
Scale bar: 10 um. Quantification of the EGFP (green) and LysoTracker (red) fluorescence-positive particle numbers is shown in the right graph (the number of animals for
each genotype and phenotype = 6). Error bars represent the mean + SD, **P < 0.001, ***P < 0.0005; ns, not significant. Three independent areas (periderm or basal

epidermal cells above the eye) were selected from individual animals.
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Figure 4. CRISPR/Cas9-mediated knockout of the atp6vOca gene in spns1-mutant zebrafish. (A) Distance of the spns1 and atp6vOca loci at the same linkage group of chro-
mosome 3. M, mega-base pairs. (B) Schemes for trans- and cis-heterozygosity of the spns1 and atp6vOca loci generated by Crisper/Cas9-mediated genome editing at chro-
mosome 3. Chromosome pairs in the dashed “red” squares contain homozygous spns1 mutations with opaque-yolk phenotype and lethality. Chromosome pairs in the
dashed “green” squares contain homozygous atp6vOca mutations with hypopigmented phenotype and lethality. Double homozygous mutations generated by cis x cis
concurrently show both opaque-yolk and hypopigmented phenotypes. (C) A schematic presentation of CRISPR/Cas9-mediated genome editing for the atp6vOca gene. (D)
Phenotype appearance of yolk opaqueness and survival of offspring cohorts from intercrosses (inx) of spns1"®*"*fish and spns1"®*"*;atp6voca™" fish. (E) SA-Glb1
images of spns1;atp6v0ca-double mutants with partially opaque yolk (POY) and mostly opaque yolk (MOY) phenotypes compared with a normal wild-type (WT) pheno-
type animal. Quantification of the SA-Glb1 intensities is shown in the right graph (n = 8); the number (n) of animals is for each genotype and phenotype. Error bars repre-
sent the mean =+ SD, *P < 0.005, P < 0.001, ***P < 0.0005. (F) Comparisons of survival rates between Spns1-deficient and double Spns1- and Atp6vOca-deficient

animals (log rank test: x*> = 54.16 on one degree of freedom; P < 0.0001).

sqstm1/p62) with the spns1"M891 or  (is-spns SIS,

atp6v0ca™ " backgrounds. Lampl as a lysosomal marker and
Sqstm1/p62 (sequestosome 1) as an autophagy receptor and
substrate were found extensively colocalized with Lc3B in
puncta of spns1"®*/"891 fish (Fig. S4A and B), whereas such
puncta were significantly diminished in fish with the cis-
spns1"EVHSIL G 1h6v0ca™ ™ genotype. These results indicate
that there is apparently a counteractive relationship between
the combined genetic defects to suppress the aberrant autolyso-
some biogenesis in the spnsI™®"8Latp6v0ca™ ™" -double

mutants, compared with the spns1"®/"!_single mutants.

This observation also leads us to propose that an explanation
for the decrease in SA-GIb1 activity in the double mutants may
reflect partially restored autolysosomal catabolism or alterna-
tively an inability to retain the enzyme due to increasing
cellular catastrophe.

To extend our analysis we utilized the LysoSensor Green dye
to monitor acidification levels in lysosomes and autolysosomes;
this would allow us to determine whether the suppression of
the spnsI-mutant phenotypes by the atp6vOca deficiency could
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Figure 5. Autolysosomal biogenesis with the concurrent defect of both Atp6vOca and Spns1 in zebrafish. (A) Subsequent formation of aberrant premature autolysosomes
with concurrent deficiency of both Atp6vOca (atp6v0ca™ ™) and Spns1 (spns17®"¥") in double-homozygous mutant zebrafish (atp6vOca“™“™;spns17®"59")  Scale
bar: 10 «m. Quantification of the EGFP (green), LysoTracker (red) and merged (yellow) fluorescence-positive particle numbers is shown in the right graph (the number of
animals for each genotype and phenotype = 9). Three independent areas (periderm or basal epidermal cells above the eye) were selected from individual animals. Error
bars represent the mean + SD, *P < 0.005, **P < 0.001, ***P < 0.0005; ns, not significant. Three independent areas (periderm or basal epidermal cells above the eye)
were selected from individual animals. (B) Acidity-dependent autolysosomal biogenesis is rate limiting in spns7- and atp6vOca-mutant animals; intracellular constituents
still have insufficient acidity in the double spns1;atp6vOca mutants. Using 2 different acidic-sensitive probes, LysoSensor Green 189 and neutral-sensitive LysoSensor Green
153 (green), in combination with LysoTracker Red (red), WT and spns7-mutant animals showed detectable signals when stained at 72 hpf. In spns7-mutant animals, auto-
lysosomal and/or lysosomal compartments were more prominently detectable by LysoSensor Green 153 than by LysoSensor Green 189, at the cellular level with enhanced
signal intensity of these enlarged compartments. In stark contrast, the cellular compartments in WT fish treated with pepstatin A and E-64-d (P/E) (12-h treatment from 60
hpf through 72 hpf) were more prominently detectable by LysoSensor Green 189 than by LysoSensor Green 153 under the identical LysoTracker-staining conditions. Scale
bar: 10 wm. Quantification of the LysoSensor (green), LysoTracker (red) and merged (yellow) fluorescence-positive particle is shown in the right graph (the number (n) of
animals for each genotype and phenotype = 9). Three independent areas (periderm or basal epidermal cells above the eye) were selected from individual animals. Error
bars represent the mean + SD, *P < 0.005, **P < 0.001, ***P < 0.0005; ns, not significant. Three independent areas (periderm or basal epidermal cells above the eye)
were selected from individual animals.

be due to prealkalinization or neutralization of the lysosomes.
In contrast to the LysoTracker probes, which exhibit fluores-

whereas the acidic pH-sensitive LysoSensor Green 189 fluores-
ces optimally at pH 5.2. When these probes (green) were used

cence that is largely independent of the precise pH level (ie.,
LysoTracker Red accumulates in any acidified compartment),
the LysoSensor reagents can show a pH-dependent increase in
fluorescence intensity upon acidification.” The neutral pH-sen-
sitive LysoSensor Green 153 fluoresces optimally at pH 7.5,

in combination with LysoTracker Red, we found a much stron-
ger signal with LysoSensor Green 153 (pH 7.5) than with Lyso-
Sensor Green 189 (pH 5.2) at the cellular level in spnsI-mutant
animals (Fig. 5B; yellow bar). By contrast, treatment of WT ani-
mals with lysosomal protease inhibitors, pepstatin A and E-64-
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Figure 6. Gene expression analyses of senescence markers and/or mediators (glb1, serpinel and rgn) in WT, spns1"®7/"89 and spns1"77891:gtp6y0ca™ ™ (POY and
MOY), and atp6v0ca™ ™ (Mu; mutant) embryos from intercrosses (inx) of spns1°"*fish and spns1"®*"/*,atp6v0ca™" fish at 72 hpf. Data are mean £SD (n = 4 samples
[3 embryos/sample] per genotype). Error bars represent the mean + SD, *P < 0.05, P < 0.01, ***P < 0.005; ns, not significant.

d (P/E), which allows the retention of intact autolysosomal or
lysosomal acidity while preventing autolysosomal maturation
and turnover, showed highly acidic vesicles stained by LysoSen-
sor Green 189 (pH 5.2), rather than by LysoSensor Green 153
(pH 7.5) (Fig. 5B). While the neutral LysoSensor Green 153
(pH 7.5) signal became lower in double cis-spns1"?1/i%1;
atp6v0ca™ ™ fish compared with spns1™®7/"9! fish, the acidic
LysoSensor Green 189 (pH 5.2) signal was not restored in the
double mutants (Fig. 5B). Thus, spnsl mutant fish showed a
dramatic increase in lysosomes (e.g., mCherry-Lampl positive
as in Fig. 3A) compare with WT fish, but these compartments
were not properly acidified; however, the acidification defect
was partially corrected (i.e., there was a reduction in neutral pH
detected by LysoSensor Green 153) by a subsequent disruption
of the v-ATPase VOca (also refer to Fig. S6A). We do not know
the reason for the partial suppression of the pH defect that
accompanies loss of v-ATPase activity; however, there are sev-
eral other permeases in the lysosome that may be able to
exchange protons with other ions.*" Collectively, these results
demonstrate that the appearance of deleterious changes with
aberrant autophagic progression in spnsl animals due to
impaired or suboptimal acidification in malformed autolyso-
somes was temporarily attenuated by the v-ATPase defect;
however, the defect in a subsequently essential process resulting
in both lysosomal and autolysosomal pathogenesis in Spinl
deficiency was not corrected.

Next, by performing quantitative RT-PCR (qRT-PCR), we
checked and compared the gene (mRNA) expression of

senescence-associated biomarkers including the glbl gene (that
could correspond to SA-GIbl1 activity).?**® First, in spns1™*
"8I fish embryos, our qQRT-PCR experiments showed that the
expression of glbl was more than 2-fold enhanced, and ser-
pinel/pai-1 expression, which can also be elevated in cellular
and organismal senescence,””>' became more than 3-fold
through 8-fold higher, with the advancing opaque yolk pheno-
type (Fig. 6A and B). Second, in hypopigmented atp6vOca“™™
embryos, the glbl and serpinel expression were more than 1.5-
fold and 3-fold higher, respectively, than that seen in normat-
phenotype animals (Fig. 6A and B). We then examined the
dual cis-spns1"®M8L qtp6v0ca™ ™" -mutant animals with yolk
opaqueness and found that expression of both glbI and serpinel
was suppressed relative to those in spns1"?/"¥! mytants, and
were fairly similar to those in atp6vOca mutants (Fig. 6A
and B). Surprisingly, the glbl (and serpinel) mRNA level was
higher in the MOY double-mutant zebrafish compare with the
POY counterparts even though SA-GIb1 activity was reduced
(Fig. 4E), indicating that the transcript levels were not directly
comparable to the enzyme activity.

In contrast to glbl and serpinel, rgn/smp30 (regucalcin) is
normally downregulated during senescence.,”**>* However,
the reduction of rgn/smp30 seen in the spns1"*/"#! mutant
was not suppressed in cis-spns1"5*"8%L atp6v0ca™ ™ double-
mutant animals; there was only moderate or merginal recovery
of the rgn expression in cis-spns1"*/MSL qtp6y0ca™ ™
mutants, compared with spns1"#*/"891 muytants, but not when
compared with atp6v0ca™ ™ fish (Fig. 6C). These results

cm/cm
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indicate that some senescence aspects, but not others, repre-
sented by these biomarkers are consistently suppressed in the
double-mutant animals, at least for the gene expression levels,
when they are compared with spns1"®°/"#9! mutants.

Developmental life-span models for regulation by the
balance between v-ATPase and Spns1

While permanent disruption by the mutation of atp6vOca could
extend the original survival or life span of Spnsl-mutant
zebrafish embryos and larvae (Fig. 4F), it was less effective for
life-span extension compared with the MO-based transient
knockdown of Atp6vOca in Spnsl-defective animals (Fig. 1D).
Therefore, we assumed that timing for suppression of v-ATPase
activity could be critical and essential for life-span control with
regard to Spnsl deficiency.

The heritable cis-double zygotic defect condition of Spnsl
and Atp6v0ca could still be affected by maternal RNAs derived
from the egg stochastically, while displaying both mutant phe-
notypes (yolk opaqueness and hypopigmentation) zygotically.
Initial attenuation of either mutant phenotype may potentially
depend on penetrance, affecting the amounts and balance of
such maternal RNAs. For the purpose of shutoff of Atp6v0ca
throughout the developmental process, we knocked down the
maternal atp6vOca RNA in cis-spns1"*/"89L qp6y0ca™ ™
mutants, by using the 2 different translation-block MOs (MO1
and MO2) (Fig. 7A and B; MOI, and Fig. S5A and B;
MO2).”'*** We found that further knockdown of atp6vOca by
the MOs was more effective in suppressing the opaque yolk
phenotype in cis-spns1"5°" 8 qtp6v0ca®™ ™ animals compare
with the single spns1"?/"#1 mutant (Fig. 7A and B, and
Fig. S5A and B), whereas it was less effective in extending the
life span of the cis-double mutants (Fig. 7C and D, and Fig. S5C
and D). In fact, the survival ratio was better for the single
spns1"EVHSL mutant injected with MOs compare with the cis-
spns1"NSIL 4 1h6y0ca™ ™ double mutant similarly injected
with the MOs (Fig. 7C to E, and Fig. S5C and D), suggesting an
effect of the maternal WT atp6v0ca RNA that apparently inter-
feres with the suppressive effect of the atp6v0ca™ " mutation
introduced by mating heterozygous individuals.

We tested whether the increase in survival or life span that
occurs in the spnsl mutant zebrafish embryos or larvae with
MO-based transient inactivation of atp6vOca was the result of a
change in the rate of developmental survival or initial mortality
rate (IMR), analogous to a Gompertz analysis of typical mortal-
ity data. Through this analysis, we found that the more robust
inactivation of atp6vOca by MO1 in spns1™°/"Lintercrossed
embryos resulted in a dramatic 2.2-fold reduction in the slope,
which is often referred to as the rate of aging (P < 0.01), with a
negligible change in initial mortality rate (P = 0.536, the inter-
cept) (Table 1 and 2, and Figure 7C, inset and Figure S5C).
Similarly, the weaker MO2 inactivation of atp6v0ca had a mod-
est yet significant (P < 0.01) reduction in the rate of aging with-
out changing the IMR (P = 0.841). Additionally, both atp6vOca
MOs in spns1"M8%L q1p6v0ca™ ™ animals also significantly
(P < 0.01) reduced the rate of aging without altering the IMR,
despite the fact that a less dramatic increase in life span was
observed (Table 1 and 2, and Figure 7D, inset and Figure S5D).
This finding is consistent with the notion that the increased

survival with atp6vOca MO in conjunction with the loss of
spnsl, or the combination of the spnsI and atp6v0Oca mutations
might be the result of delayed developmental senescence rather
than any impact of initial mortality (which is age-independent,
in this case developmental age). Taken together, these results
suggest that timing of the gene regulation between spnsl and
atp6v0Oca can differentially influence biological phenotypes and
animal survival during the developmental process.

Discussion

Our current study demonstrates for the first time that the heri-
table genetic impact of loss of both Spnsl and v-ATPase can be
counteractive, resulting in suppression of the pathogenesis
related to autophagy and senescence during development, and
able to extend organismal survival (larval life span) at the end
point. Thus, Spnsl and v-ATPase play critical roles in develop-
mental senescence as well as autolysosomal homeostasis, as a
proper balancing control of acidification via Spnsl and v-
ATPase is necessary for normal biogenesis and function in the
hybrid organelles generated by fusion of lysosomes (or endo-
somes) and autophagosomes (Fig. S6B).

The v-ATPase has been suggested to promote lysosomal
fusion with endocytic and autophagic vesicles.*>*® However,
we also demonstrated here that Atp6vOca-deficient lysosomes
and/or possible endosomes in zebrafish remain at least partially
competent to fuse with autophagosomes, resulting in a time-
dependent formation of enlarged autolysosomes, which are still
smaller than the ones generated by Spnsl deficiency. Several
lines of recent evidence actually support the notion that the v-
ATPase is not essential for autophagosome-lysosome fusion."' ">
Enhanced Lc3 and Lampl colocalization following either
knockdown or knockout of atp6vOca, as well as of spnsl, sug-
gests that autophagic flux was inhibited primarily due to
improper autolysosomal degradation rather than by a simple
block in vesicular fusion. Nevertheless, Spnsl deficiency that
also inhibits autophagic flux can be rescued by the loss or
decrease of Atp6v0ca partially but significantly.

It should be noted that the most versatile and widely used
senescence marker SA-GIb1 is a lysosomal glycoside hydrolase
(an acid B-D-galactosidase), which catalyzes the hydrolysis of
B-galactosides into monosaccharides,” and its substrates also
include various glycoproteins, gangliosides (glycosphingoli-
pids), lactose, and lactosylceramidases.38’39 The aberrant
increase of the in situ SA-GIb1 activity may indicate that such a
hydrolase product itself can still be preserved in autolysosomes
and/or lysosomes, but might not function properly in vivo
when there is an unbalanced condition for the v-ATPase and
an essential permease(s) such as Spnsl, which are needed to
allow the digestion of substrates (via proper activation of lyso-
somal hydrolases including glycosidases) and the subsequent
transport of the degradation products into the cytoplasm as
energy sources. Therefore, given the defect of Spin/Spnsl, the
breakdown products from a certain lysosomal carbohydrate(s)
digested by such glycosidases, including GIbl, cannot be
exported from the lumen into the cytoplasm, which could sub-
sequently lead to the accumulation of enlarged autolysosomes.
Presumably, the GIlbl induction, as a senescence marker,
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Figure 7. Survival control by balancing the deficiency between Spns1 and Atp6vOca. (A) Appearance of an opaque-yolk phenotype (NOR; normal, POY; partially opaque
yolk, MOY; mostly opaque yolk) in embryonic and larval spns1"?"/18" fish with the impact of atpévOca MO1. (B) Appearance of an opaque-yolk phenotype in embryonic
and larval spns1"8"/891qtn6v0ca™™ fish with the impact of atp6vOca MO1. (C) Survival of embryonic and larval spns178"89" fish with the impact of atp6v0oca MO1
(log rank test: x* = 139.9 on one degree of freedom; P < 0.0001). Inset shows Gompertz curves from survival data of embryo and larval zebrafish. (D) Survival of embry-
onic and larval spns177"89%qtn6v0ca®™ ™ fish with the impact of atpévOca MO1 (log rank test: x> = 56.43 on one degree of freedom; P < 0.0001). Inset shows Gom-
pertz curves from survival data of embryo and larval zebrafish. (E) Comparisons of survival rates between Spns1-deficient and double Spns1- and Atp6vOca-deficient
animals with or without atp6vOca MO (2 groups with atpévOca MOT1; log rank test: x> = 7.735 on one degree of freedom; P < 0.0054, 4 groups with and without atp6vOca
MO?1; log rank test: x> =23330n3 degrees of freedom; P < 0.0001).
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Table 1. Gompertz analysis and fit parameters based on the survival curve and mortality rate of the genetic background and condition.

Fit parameters

Genetic background and condition Abbreviation IMR/G G IMR Median logIMR

spns1MEIIIBIT (0 — 94 spns1 0.00434 0.06081 0.00026 83.5 —8.24003
spns1MEOIHIET 4 ain6v0ca MO 1 (n = 103) spns1.atpMO1 0.01781 0.02768 0.00049 133.2 —7.61489
spns1hEIIIET 4 atn6y0ca MO 2 (n = 78) spns1.atpMO2 0.00452 0.04505 0.00020 111.9 —8.49901
spns1ME91hiET qtn6v0Ca™ ™ (n = 84) spns1.atpcm 0.00012 0.08902 0.00001 97.5 —11.46625
spns 17891/i891,qrn6v0ca™™ + atp6vOca MO 1 (n = 51) spns1.atpcm.atpMO1 0.00178 0.05018 0.00009 118.9 —9.32280
spns11891hi81 qn6v0ca™ ™ 4 atp6vOca MO 2 (n = 54) spns1.atpcm.atpMO2 0.00232 0.05381 0.00012 106.0 —8.99050

IMR/G; Convenient parameter for curve fitting, G; Gompertz slope, IMR; Gompertz intercept “Initial Mortality Rate,” Median; Time (hours) of 50% survival, logIMR; the
y-intercept on Force of Mortality plots. The values were derived from the survival curves.

reflects a certain adaptive response to execute hydrolysis of var-
ious accumulated glycosylated substrates.

spns1"21iSI animals injected with atp6vOca MO as well as
co-injected morphants with both spns1 MO and atp6vOca MO
showed a correlation in counteractive effect between their rep-
resentative morphological phenotypes (yolk opaqueness by the
spnsl defect and hypopigmentation by the atp6v0ca defect) and
SA-GIb1 activity.” Thus, we propose that such counteraction of
the 2 different abnormal phenotypes could reduce SA-Glbl
activity. By contrast, in cis-spns1"*"%L qtp6y0ca®™ ™ animals
(Fig. 4E), as well as atp6v0ca™'?*”"1207 zebrafish injected with
spnsl MO (Fig. 2C), the counteractive effect of the 2 different
phenotypes was not merely correlative with the SA-GIb1 levels
but depended on the strength of the yolk opacity phenotype.
Thus, hypopigmented MOY fish, which concurrently strongly
showed both the mutant hallmarks, displayed lower SA-Glbl
activity than hypopigmented POY fish (Fig. 4E), even though
the glbl gene expression was higher in the hypopigmented
MOY fish than hypopigmented POY fish (Fig. 6A), and the
expression levels were similar to those in sole atp6vOca™™ ™
mutants. We suspect that posttranscriptional regulation of the
glb1 gene could explain this discrepancy. We also propose that
the initial timing for the suppression of the atp6vOca gene
expression by the MO was essential in this regard because
maternal RNA of atp6vOca could influence the vulnerability of
the Spns1-deficient animals later on during development.

Perpetual restoration of survival in Spnsl deficiency by the
atp6vOca depletion or suppression was essentially impossible,
whereas a significant extension of temporal life span in the
dual-deficit animals was robustly confirmed in our current
model system. We propose that this implies the possibility to
develop a simplified life-span model through developmental
senescence by epistasis. We can hypothetically apply the idea
for genetic schemes in haploinsufficient (or heterozygote-
advantageous) adult animals with advancing age because many
genetic or environmental manipulations that affect life span in
organisms also affect survival following chemical and genetic

stresses during development.**’ For instance, whereas hetero-
zygous spnsl adult fish showed accelerated aging and shortened
life span, double heterozygosity of both spnsl and atp6vOca
might attenuate the symptoms observed in either single-hetero-
zygote animals in adulthood. The potential coupling of devel-
opmental senescence and biological aging mechanisms may
prove a useful tool in identifying new genes that affect the aging
process without the need for performing lengthy adult life-span
analyses. Therefore, it is likely that this approach may also be
applied to the high-throughput identification of pharmacologi-
cal agents that control aging and life span through enhanced
resistance to various stressors including oxygen radicals. More-
over, cumulative lines of evidence are consistent with the point
of view that cellular senescence might evolve to optimize
embryogenesis, and that its beneficial postnatal functions, to
balance tumor suppression and tissue repair or regeneration,
could arise and be sustained later in evolution.'® We expect
that our approach of analyzing evolutionary developmental
mechanisms of senescence in zebrafish will accelerate the dis-
covery of new pharmacological interventions in aging, stress-
mediated disorders and cancers.

Having consistent outcomes for rescuing the Spnsl-mutant
phenotypes by v-ATPase suppression, our chemical- and
genetic-based studies could provide insights into the relevance
of particular molecular targets and functions of chemical com-
pounds. Our findings suggest that the effect of the genetic
atp6v0ca depletion on lysosomal pH plays a limited role in
fusion for preventing the Spnsl defect, but apparently post-
pones the actual progression of the deteriorative event. This
counteractive impact is theoretically being considered for a
substrate reduction strategy to treat lysosomal storage diseases
such as Pompe disease,*’** and may also be applicable to other
age-associated degenerative diseases linked to autophagic
inability at the late stages. Associated disorders could result
from an imbalance in the capacity of the lysosomal compart-
ment to degrade substrates. Substrate reduction therapy
addresses the pathological imbalance between the rate of

Table 2. P values for differences in parameters between the 2 different compared conditions.

Two conditions compared

P values for differences in parameters

Condition 1 Condition 2 IMR/G G IMR Median logIMR
spns1 spns1.atpMO1 0.584 0 0.536 0 0.007
spns1 spns1.atpMO2 0.988 0.003 0.841 0 0.631
spnsl.atpcm spnsl.atpcm.atpMO1 0.699 0.004 0.633 0 0.038
spns1.atpcm spns1.atpcm.atpMO2 0.186 0.001 0.176 0.002 0.009




synthesis of committed precursors of cellular macromolecules
and their rate of breakdown in situ. Continuously prolonged
suppression of both the Spnsl and v-ATPase molecules would
not be relevant, but imbalanced downregulation of one could
be treated by a temporal suppression of the other. The use of
appropriate inhibitors, selective for key steps in the biosynthesis
of cellular macromolecules in general, may restore normal
dynamics in the autolysosomal compartment and correct the
pathological storage that is the ultimate cause of the disease
phenotype. Since Spnsl is a symporter, it presumably has 2 dif-
ferent substrates and solutes; one is a proton and the other is
hypothetically a carbohydrate. This fact highlights the need to
fully consider the effect(s) of both substrates (not only the pro-
ton) when developing novel interventions by targeting Spnsl
and the v-ATPase.

Materials and methods
Zebrafish maintenance and ethics

Zebrafish (AB and casper strains) were maintained under a
14:10 h light/dark cycle and fed living brine shrimp twice daily.
Brine shrimp were presented using 1-mL pipettes (approxi-
mately 0.75 mL brine shrimp per 20 fish). Flake food was also
given semiquantitatively every other day in accordance with
the number of fish in the tanks. A continuously cycling aquar-
ium system was used to maintain water quality (Aquatic Habi-
tats Inc.). Zebrafish embryos were collected from pairwise
matings of adults and raised at 28.5°C. The embryos to be used
in the experiments were then staged by hpf at 28.5°C and also
by morphological criteria for experiments.*> All animal experi-
ments were approved by and conducted in accordance with the
guidelines established by the Institutional Animal Care and
Use Committee (IACUC) at The Scripps Research Institute,
IACUC approval numbers 15-008 and 14-035.

Confocal microscopy and imaging

Microscopy and imaging were performed essentially as
described previously.” Zebrafish embryos (in the case of the AB
fish line) were transferred into 0.003% (w/v) 1-phenyl-2-thio-
urea (Sigma, P7629) prior to 24 hpf to prevent pigmentation.
Embryos or larvae were then mounted live in water containing
0.16 mg/ml tricaine (Sigma, A5040) for imaging. Images were
taken using the FluoView™ FV1000 confocal laser scanning
microscope system (Olympus, NY, USA) with a 60x objective
lens). The settings used to capture the images were standard-
ized by adjusting sensitivity (of HV with gain value as 1) and
reducing noise (by offset), in addition to standardizing the
threshold values. We also made sure that the images were not
oversaturated by controlling the original capturing system and
program provided by Olympus. We then examined the cap-
tured images to quantify intracellular fluorescent compart-
ments in several different parameters (such as “positive particle
number”) by using the Fiji-Image] programs <https://fiji.sc/>
for image processing. Threshold values for standardization
were set to adjust the cytosolic background and identify the
more intense signals. The same threshold value was applied for
the examined samples at the same time in each indicated

AUTOPHAGY (&) 399

experiment. The extent of colocalization between different fluo-
rescent colors was quantified in 3 independent visual fields
from 3 independent embryos. All values are represented as
mean =+ standard deviation (SD). Mounted animals were pho-
tographed using each specific fluorescent signal by confocal
laser microscopy. For analyses of cells within the zebrafish
embryos, these regions were selected in each actual embryo
only and not in the yolk. Following pixel selection, a fuzziness
setting of 64 was used, and the chosen pixel number was deter-
mined using the image histogram calculation.

Morpholino oligonucleotides

Morpholino oligonucleotides were designed and synthesized by
Gene Tools, LLC (Philomath, OR). The sequences of the
atp6v0ca MO1 and MO2 are 5'- GTTCGGGAGACTAAAAC-
TAAAGGCA-3 and 5'-CTTCTTTTGGCTGACAGGTCTTGC
A-3’, respectively, which bound to the 5'-untranslated regions
of zebrafish gene atp6vOca mRNA, blocking translation.”'**
The spnsI MO sequence 5-ATCTGCTTGTGACATCACTGC
TGGA-3' overlaps the 5" untranslated region-exon boundary at
the 5'-splice junction of exon 1 in the zebrafish spnsI gene. The
sequence of the standard control MO is 5-CCTCTTACCT-
CAGTTACAATTTATA-3". MOs were resuspended in sterile
water at a concentration of 1 mM as stock solutions. For micro-
injection into embryos, the stock solutions were diluted to 125,
250, 500, and 750 uM. A 10 nl volume of each MO solution
was injected into the yolk during the one-cell stage. All other
MO sequences have been reported previously.*'>'***

Western blotting

Embryos were dechorionated, deyolked and homogenized in
RIPA buffer. Protein concentrations of embryo lysates were deter-
mined using the bicinchoninic acid (BCA) protein assay. The
lysates were mixed with equal volumes of 2x SDS sample buftfer,
heated at 95°C for 2 min, and resolved on 12.5% or 15% gels.
After transfer, the polyvinylidene difluoride membranes were
incubated with primary antibodies (anti-Lc3A/B [Cell Signaling
Technology, Inc., 4108], anti-ACTB/S-actin [Cell Signaling Tech-
nology, 4967], or anti-GFP [Life Technologies, A11122]), diluted
in TBST (50 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.5
[Fisher, 28360]) overnight at 4°C. After washing, the blot was
then incubated with a secondary anti-rabbit horseradish peroxi-
dase-conjugated antibody (Cell Signaling Technology, 7074) at
room temperature for 1 h and visualized using an Western
Lightning® Plus-ECL (Perkin Elmer, NEL103E001EA) in
accordance with the manufacturer’s instructions.

phiso1/+, cm/+

Generation of the spns ;atp6vO0ca
cis-heterozygote fish line using the CRISPR/Cas9 system

For generating the atp6vOca specific gRNA, the 20-base pair
(bp) coding sequence 5-GGGACTGCTAAGAGCGGCAC-3'
(Exon 2) was cloned into the pT7-gRNA vector (Addgene, plas-
mid 46759, deposited by Dr. Wenbiao Chen) through the PCR
cloning method.*>*® Primers and their sequences are shown in
Table S2. The resulting plasmid was digested with BamHI, and
atp6v0ca gRNA was transcribed by T7 RNA polymerase in
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vitro, using the Ambion mMESSAGE mMACHINE T7 Kit
(Ambion, AM1344). For making Cas9 RNA, pT3TS-nCas9n
(Addgene plasmid 46757, deposited by Dr. Wenbiao Chen)
vector was linearized by Xbal digestion and Cas9 RNA was syn-
thesized using the T3 Kit (Ambion, AM1348). After transcrip-
tion, the gRNA (~100 bp) and Cas9 RNA (~4500 bp) were
cleaned up using an RNeasy® Mini Kit (QIAGEN, 74104), and
the quality of the RNA was confirmed by electrophoresis
through a 1.5% agarose gel. Subsequently, the atp6vOca gRNA
(100 ng/ul) and Cas9 RNA (100 ng/ul) were co-injected into
one-cell-stage embryos. The injected embryos were raised to
adulthood and outcrossed to WT fish. The F1 embryo genomic
DNA was extracted and confirmed by T7 endonuclease I assay
as well as a high-resolution agarose gel (3%) to confirm the
germ line was positively transmitted. Primers and their sequen-
ces are shown in Table S2. The DNA fragment amplified for
T7E1 assays was purified using EXOSAP-IT™ (Affymetrix
Usb, AF78200200) and sent for sequencing (GENEWIZ, South
Plainfield, NJ, USA).

Identification of cis-heterozygote spns1"%°"+;

atp6voca“™" zebrafish

To search for “cis™heterozygote animals that have both atp6v0Oca
and spnsl mutations on the same side of chromosome 3, puta-
tively “positive” founders (F0), of which their germ cells are still
mosaic in the targeted atp6vOca mutation(s), were identified by
crossing with atp6v0ca- and spnsi-double “trans”-heterozygote
animals (Fig. 4B, left and middle). For offspring that had a hypo-
pigmented phenotype, presumably due to the atp6vOca defect, the
hypopigmented embryos (~50 embryos) were genotyped for the
spnsl mutation. If they had the spnsI mutation, as well as
atp6v0ca mutation, at least the founder would have/contain the
cis-condition germ cell(s) for both the atp6vOca and spnsl genes
(Fig. 4B, middle), and they were raised as F1 generations. Next,
we performed individual outcrosses of F1 candidates with
atp6vOca- and spnsl-double “trans”heterozygote animals. We
performed the procedure for the identification of the hypopig-
mented embryos (~50 embryos) genotyped for the spnsl muta-
tion. Then, in addition, if one of the candidates of the F1 cross
existed in the cis condition, subsequently surviving healthy oft-
spring (without yolk opaqueness and with pigmentation) should
be solely either atp6vOca or spnsl heterozygotes (Fig. 4B, middle).
By contrast, if the candidates were still in the trans condition, the
normal offspring should be all in the trans-heterozygote condition
by genotyping (Fig. 4B, left).

Lysotracker red and lysosensor green staining

The vital lysosomal dyes were diluted to final concentrations as
follows: LysoTracker Red DND-99 (Invitrogen/Molecular
Probes, L7528), 1 uM; LysoSensor Green DND-189 (Invitro-
gen/Molecular Probes, L7535), 10 uM; and LysoSensor Green
DND-153 (Invitrogen/Molecular Probes, L7534), 1 uM, in E3
medium (5 mM NacCl, 0.17 mM KCl, 0.33 mM CacCl,, 0.33 mM
MgSO,), and prewarmed to 28.5°C. Each dye was then added
to an equal volume of fresh water on embryos and incubated at
28.5°C in the dark for 30 min to 1 h. Embryos were then rinsed
4 times in fresh E3 medium before imaging.

RNA isolation and RT-PCR analysis for zebrafish glb1,
serpine1/pai-1 and rgn/smp30

qRT-PCR analysis of zebrafish embryos was performed to
check the mRNA level for the zebrafish glbl, serpinel and rgn
genes using the StepOnePlus Real-Time PCR system (Applied
Biosystems, CA, USA). Total RNA was extracted from 72 hpf
embryos of different groups, using the TRIzol reagent accord-
ing to the manufacturer’s protocol (Invitrogen, 15596026).
Then, double-stranded cDNA was synthesized using M-MLV
reverse transcriptase (Promega, M1705), followed by qPCR
with 2x SYBR-Green PCR Master Mix (Applied Biosystems,
Foster City, CA). In each qRT-PCR experiment, pools of three
embryos were run in quadruplicate. PCR primers used to
amplify the fragments of the zebrafish genes were designed
using a web-based primer design tool, PrimerQuest (Integrated
DNA Technology, Inc.): -Dr glbl EX1 forward primer; 5'-
ACTAGTCTCGGTTCTGCTCCTTATC-3, Dr glbl EX2
reverse primer; 5-ATCTTGAGTAGCCGGTCTTTCC-3'; Dr
serpinel EX2-3 forward primer; 5'-AAGAAAGAGGAATGCC
CAAA-3, Dr serpinel EX3 reverse primer; 5-GATCT
TCCGGTCAACCATGA-3; Dr rgn EX4 forward primer; 5'-
ACTATGACATCCAAACTGGAGGA-3', Dr rgn EX5 reverse
primer; 5-CTTCTGTGTCTATGCACATACCG-3'. As con-
trols for these PCR analyses, actb/-actin was examined and total
RNA from each sample was normalized. The forward and
reverse primers used to amplify actb were 5-ACTG
TATTGTCTGGTGGTAC -3’ and 5- TACTCCTGCTITGC
TAATCC -3, respectively.

SA-GIb1/-gal assay and quantification

Zebrafish embryos and larvae at 48 to 72 hpf were washed 3 times
in phosphate-buffered saline (PBS; Fisher Scientific, M6506) and
fixed overnight in 4% paraformaldehyde with PBS at 4°C. After
fixation, the samples were washed 3 times in PBS, pH 7.5, twice
again in PBS, pH 6.0 at 4°C, and then incubated at 37°C (in the
absence of CO,) for 12 to 16 h with SA-GIbl staining solution
(5 mM potassium ferricyanide [Sigma, 702587], 5 mM potassium
ferrocyanide [Sigma, P3289], 2 mM MgCl, in PBS, pH 6.0).471°
All animals were photographed under the same conditions using
reflected light with a macro microscope, AZ100 (Nikon, Tokyo,
Japan). SA-GIb1 activity in each animal was quantified using a
selection tool in Adobe Photoshop software for a color range that
was chosen using 25 additive color selections of regions that
showed visual SA-GIbl staining. For analyses of embryos, these
regions were selected in each embryo proper only and not in the
yolk in order to exclude variability in the initial yolk volume and
yolk consumption levels over time. Since the yolk stains much
more intensely for SA-GIb1 at all stages of development than any
other embryonic tissues in general, it was desirable to eliminate
the yolk staining as a source of variability. Following pixel selec-
tion, a fuzziness setting of 14 was used, and the chosen pixel
number was determined using the image histogram calculation.

Chemical treatments

Bafilomycin A; (LC Laboratories, B-1080), omeprazole, lanso-
prazole, and pantoprazole (Sigma, 0104, L8533, and P0021,



respectively) treatment was performed for 12 h (from 36
through 48 hpf or 48 through 60 hpf) in E3 medium at 28.5°C
in 12- or 6-well plates. The chemicals dissolved in DMSO were
added to the embryo water (E3 medium) at the final concentra-
tions of 200 nM for BafA and 100 uM for omeprazole, lanso-
prazole and pantoprazole. Pepstatin A (Fisher BioReagent,
BP26715) and E-64-d (Enzo Life Sciences, BML-PI107) treat-
ment was administered from 60 through 72 hpf for 12 h in E3
medium at 28.5°C in 12- or 6-well plates. These reagents were
both dissolved in DMSO and added to the embryo water (E3
medium) at the final concentration of 5 ug/ml.

Generating transgenic zebrafish

To generate transgenic zebrafish expressing N-terminal mCherry-
tagged zebrafish Sqstml and C-terminal mCherry-tagged zebra-
fish Lampl, the corresponding expression construct pT2-
mCherry-Sqstml and pT2-Lampl-mCherry were generated by
PCR with specific primers (Table S3). Briefly, the mCherry gene
was cloned at BamHI and Clal sites of the pT2AL200R150G vec-
tor,”” replacing the EGFP gene (pT2-mCherry). Total RNA from
whole zebrafish embryos was prepared using the Trizol Reagent.
cDNA was synthesized using M-MLV reverse transcriptase and
oligo(dT) as primers. Finally, DNA encoding full-length zebrafish
Sgstml or Lampl were amplified with PfuUltra II Fusion Hot-
Start DNA Polymerase (Agilent Technologies, 600670) and subcl-
oned into the constructed pT2-mCherry vector by the methods
previously described.*® Individual clones were sequenced to com-
pletion. For making Tol2 transposase-encoding mRNA, the pCS-
TP construct was linearized by digestion with Notl, and tran-
scribed with SP6 RNA polymerase using the mMESSAGE mMA-
CHINE kit (Ambion, AM1340) to produce Tol2 transposase
mRNA. Approximately 5 nl of the mixture of plasmid DNA
(100 ng/ml; pT2-mCherry-Sqstm1 or pT2-Lampl-mCherry) and
50 pg of Tol2 transposase mRNA (100 ng/ml) were coinjected
into newly fertilized embryos at the one-cell stage to produce
transgenic fish. Injected embryos were raised to adulthood and
out-crossed to WT fish to identify germline-transmitted trans-
genic founders (F,) as described previously.”* Positive founders
were determined by screening F; embryos for visible mCherry
expression. The mCherry-positive offspring were then allowed to
grow to maturity for further experiments.

Survival and life-span experiments in embryonic
and larval zebrafish

Kaplan-Meier survival analyses were performed in spns1"®*/!
and double-homozygous spns1 "**""%Latp6v0ca™ ™ embryos/
larvae with or without atp6vOca MOs (MO1 and MO2). Exam-
ined sole-homozygous spns1"”"**! and double-homozygous
spns1"VM8L atp6v0ca™ ™ embryos or larvae were offspring
from intercrossing of spns1"”* and cis-spns1"**"*;atp6vo-
ca™™™* parents, respectively. Therefore, these offspring had
maternal mRNA for spnsI and atp6vOca from the heterozygous
females. To knock down the maternal atp6vOca mRNA, the
translation-block MOs were injected into the yolk during the
one-cell stage, and subjected animals were followed for their
survival every 12 h until all of them with hypopigmented and/
or opaque-yolk phenotype died.
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Gompertz model fits from survival data of embryonic and
larval zebrafish

For each of the 4 animal conditions, we fit a 2-parameter Gom-
pertz curve. This model fitting treated each death event as
occurring at an unknown time in the interval between when
the individual was last measured alive, and when the individual
was found dead. From these death intervals, we fit the parame-
ters of the Gompertz distribution to maximize the likelihood of
the observed data. For testing differences between assayed pop-
ulations, we used a permutation approach. For any comparison,
individuals were randomly swapped, curve fitting repeated, and
the difference in resampled estimated parameters compare
with the observed difference.”® For each test, 10,000 permuta-
tions were sampled and fit. For each tested parameter, P values
listed reflect the proportion of resampled difference that
exceeds the observed difference.

Quantitative analysis and statistics

Data processing and statistical analyses were performed using
Statistical Package for the Social Sciences (SPSS) version 14.0.
This software was used to generate each of the graphs shown in
the text to perform statistical tests where appropriate. Data are
presented as mean + SEM. Comparisons between different
groups of samples and animals were made with Student ¢ test
or Log Rank test.
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atp6vOca ATPase, H+ transporting, lysosomal, VO subunit ca

BafA bafilomycin A,

bp base pair

gRNA guide RNA

hpf hours postfertilization

IMR initial mortality rate

MO morpholino oligonucleotide

MOY mostly opaque yolk

POY partially opaque yolk

SA-GIbl senescence-associated S-galactosidase
Spnsl spinster homolog 1 (Drosophila)
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