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Genetic deletion of hspa8 leads to selective tissue malformations
in zebrafish embryonic development
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ABSTRACT

The heat shock cognate 71 kDa protein HSPA8 (also known as
HSC70), a constitutively expressed cognate member of the heat
shock protein 70 family, plays an essential role in protein quality
control and cell homeostasis maintenance. HSPA8 has been
implicated in  many diseases, including cancers and
neurodegenerative diseases. Owing to massive cell death after
knockdown of HSPA8 and nonviable Hspa8 knockout mice, the
physiological role of HSPA8 in vertebrates and its underlying
mechanisms of action have not yet been elucidated. To address
this issue, we used CRISPR/Cas9 technology and genetically
deleted hspa8 in zebrafish embryos. Genetic deletion of hspa8
resulted in malformations of the pharyngeal arches, pectoral fins,
head and eyes at the later stages. We next focused on pharyngeal
arch deficiency and found that pharyngeal arches in hspa8 mutant
embryos exhibited induction of endoplasmic reticulum stress and
activation of the unfolded protein response via the Perk/p-elF2o/Atf4
signaling cascade. Inhibition of Perk/p-elF20/Atf4 signaling rescued
the developmental deficiency of pharyngeal arches caused by
depletion of Hspa8. Taken together, our results provide novel
insights into the tissue-specific roles of Hspa8 in the regulation of
vertebrate embryonic development.

KEY WORDS: Hspa8, Hsc70, p53, Pharyngeal arch cartilages,
Zebrafish, CRISPR/Cas9, Endoplasmic reticulum stress, Unfolded
protein response, EIF20, ATF4

INTRODUCTION
Cranial neural crest cells (NCCs) are transient cell types that
originate in the dorsal region of neural folds during vertebrate
embryogenesis. Following epithelial to mesenchymal transition,
NCCs migrate to the craniofacial region. Next, the post-migratory
NCCs differentiate into numerous cell and tissue types and form
nearly all craniofacial structures, including the facial skeleton and
the majority of facial connective tissues (Minoux and Rijli, 2010).
The heat shock cognate 71 kDa protein HSPAS, also named
HSC70, is a constitutively expressed cognate member of the heat

"Key Laboratory of Marine Drugs (Ocean University of China), Chinese Ministry of
Education, and School of Medicine and Pharmacy, Ocean University of China,

5 Yushan Road, Qingdao 266003, China. Laboratory for Marine Drugs and
Bioproducts, Pilot National Laboratory for Marine Science and Technology
(Qingdao), Qingdao 266003, China.

*Authors for correspondence (jfzhou@ouc.edu.cn; rongxiaozhi@ouc.edu.cn)
C.W., 0000-0002-5790-7469; X.Z., 0000-0001-6631-6145; Y.Z., 0000-0002-

4505-7807; J.P., 0000-0002-9822-7689; Y.B., 0000-0002-4982-7549; X.R., 0000-
0002-8252-6289; J.Z., 0000-0001-5702-6664

Handling Editor: Caroline Hill
Received 30 December 2021; Accepted 6 October 2022

shock protein 70 family. It facilitates the folding of proteins and
maintains their normal structures and functions (Liu et al., 2012).
HSPAS is extremely abundant in cells and represents up to 1% of the
total cellular protein content (Bonam et al., 2019; Stricher et al.,
2013). As a chaperone protein, HSPAS interacts with numerous
molecules and is involved in diverse biological functions in cells,
such as protein folding, neo-protein synthesis and protein
translocation, as well as degradation, to maintain cell homeostasis
(Liu et al., 2012; Stricher et al., 2013). Dysregulation of HSPAS has
been previously shown to be associated with various clinical
diseases, including neurodegenerative diseases, cardiac diseases,
stroke, metabolic diseases, cancer, asthma and aging (Bonam et al.,
2019; Liu et al., 2012; Stricher et al., 2013). However, the
mechanism underlying these diseases remains largely unknown.
HSPAS is regarded as an essential protein for cell survival because
HSPAS knockdown results in massive cell death in a variety of cell
lines (Florin et al., 2004; Rohde et al., 2005), suggesting that Hspas-
knockout mice cannot be generated, which limits our understanding
of the physiological role of HSPAS8 (Bonam et al., 2019; Daugaard
et al., 2007). Given that HSPAS is evolutionarily conserved and
plays an essential role in cell survival, an alternative experimental
model organism is needed to explore the physiological role of
HSPAS in vertebrates.

Zebrafish embryos are suitable for observing phenotypic changes
in real time owing to their rapid ex ufero development and
transparency. Therefore, zebrafish embryos are an excellent
model organism for clarifying the molecular and cellular basis
underlying the physiological role of essential genes. Because
HSPAS8 knockdown typically results in cell death in mammals,
investigations of the role of HSPAS and its underlying mechanisms
have been challenging. To overcome this challenge, this study
employed CRISPR/Cas9 to obtain an hspa8-knockout zebrafish
model. This approach allows for exploring the physiological
effects of Aspa8-knockout during embryogenesis as well as
investigation of the mechanisms involved in these effects. In this
study, we showed that genetic deletion of Aspa8 leads to tissue-
selective developmental deficiency. We next paid attention to the
severe loss of pharyngeal arch (PA) cartilage in the Hspa8-depleted
embryos at the NCC post-migration stage and found that Perk/p-
elF20/Atf4 signaling, a branch of the unfolded protein response
(UPR) signaling cascade, is activated in PA cartilage in Aspa8
mutant embryos. Our findings illustrate how disruption of Hspa8
leads to PA cartilage malformations and suggest that elevated Perk/
p-elF20/Atf4 signaling likely mediates the Hspa8 deficiency-
induced pathologies.

RESULTS

Genetic deletion of hspa8 impairs PA cartilage formation

The zebrafish genome contains two Aspa8 genes, hspa8 and hspa8h
(Fig. S1A,B). We first performed RT-PCR analysis to detect
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temporal expression patterns of hspa8 and hspa8b with specific
primers (Fig. S1A). As shown in Fig.S2A, hspa8 was maternally
deposited and expressed at a relatively stable level during early
developmental stages, whereas hspa8h was not detectable. In
agreement with the RT-PCR data, analysis of data from a previous
RNA-seq analysis showed that hspa8 mRNA was abundant,
whereas hspa8b mRNA levels were extremely low throughout
embryogenesis [hspa8: 286 to 809 fragments per kilobase of exon
per million mapped fragments (FPKM) versus Aspa8b: 0 to 2
FPKM] (White et al, 2017; https://www.ebi.ac.uk/gxa/
experiments/E-ERAD-475/). We next examined the Hspa8 protein
at different developmental stages with an antibody against amino
acids (aa) 580—601 at the C-terminus of human HSPAS because the
amino acid identity between HSPAS8, Hspa8 and Hspa8b is high
(Fig. S1B). Both GFP-tagged Hspa8 and Hspa8b was detected by
this antibody, suggesting that this antibody recognizes endogenous
Hspa8 and Hspa8b in zebrafish embryos (Fig. S2B). Western blot
analysis showed that the Hspa8 protein was abundantly deposited
and expressed throughout embryogenesis (Fig. S2C). Given that
hspa8b mRNA was not detectable, the protein we detected was most
likely Hspa8. Then, we explored the role of Aspa8 in embryonic
development solely. Whole-mount in situ hybridization (WISH)
analysis with an Aspa8 specific anti-sense probe revealed that Zspa$
transcripts were maternally deposited and ubiquitously expressed at
all stages prior to 24 hours post fertilization (hpf). Furthermore,
hspa8 transcripts were enriched in PAs, eyes, pectoral fins, and
posterior tectum at later stages, including at 24, 48, 72 and 96 hpf
(Fig. S2D).

To determine the physiological role of Hspa8 during
embryogenesis, we generated three Aspa8 knockout zebrafish lines
with two different target sites on exon 2 and exon 3 (Fig. S3A). The
three lines were all null mutants with frame-shift mutations that led to
premature stop codons and caused the production of truncated
HSPAS with 141 aa, 139 aa and 12 aa (Fig. 1 A; Fig. S3B). The Aspa$
zygotic mutant embryos died ~10-12 days post fertilization. We
could not obtain adult homozygous mutant fish to generate maternal-
zygotic mutant embryos to eliminate maternally derived mRNA or
protein for phenotypic analysis. Therefore, the phenotype of zygotic
mutant embryos was analyzed.

Semi-quantitative RT-PCR analysis showed that Aspa8
transcripts were greatly decreased in Aspa8 mutants both at 72
and 96 hpf, which might be caused by nonsense-mediated mRNA
decay (Fig. 1B). Therefore, we conclude that the alleles are null
alleles. However, western blot analysis showed that Hspa8 protein
levels were severely reduced but not completely lost in Aspa8
mutants both at 72 and 96 hpf (Fig. 1C). Recent studies reported that
premature termination codons in zebrafish mutants can activate a
compensation mechanism by upregulating the expression of other
family members (El-Brolosy et al., 2019; Ma et al., 2019). Indeed,
the mRNA levels of Aspa8h were increased in Aspa8 mutant
embryos at 72 and 96 hpf (Fig. S4A). Therefore, the protein we
detected in 2spa8 mutant embryos likely contains Hspa8b as well as
the possibly remaining Hspa8.

We further examined the phenotypes of Zspa8 mutant embryos
during early embryonic development. No overt morphological
changes were observed in the mutant embryos at 24 hpf (Fig. 1D).
At 48, 72 and 96 hpf, the mutant embryos showed gradually
reduced PAs, with a concomitant decrease in the pectoral fins,
head and eyes when compared to that in their wild-type (WT)
siblings (Fig. 1D,E). The PA reduction observed in mutant embryos
was further confirmed by immunostaining with an anti-Col2
antibody (detecting collagen type II) in Tg(flil:EGFP) transgenic

embryos, which express GFP in the post-migratory NCCs in the PAs
and blood vessels (Fig. 1F,G) (Lawson and Weinstein, 2002).

Next, we carried out Alcian Blue staining to detect cartilage
defects in Aspa8 mutant embryos at 72 and 96 hpf. As shown in
Fig. 1H,I, Aspa8 mutant embryos showed almost complete loss of
cartilage in all PAs at these stages. However, depletion of Hspa8 had
no apparent effects on the formation of neurocranial cartilages,
including the ethmoid plate, parachordal cartilages and trabeculae.
Taken together, these results suggest that genetic deletion of Aspa8
abrogates the formation of PA cartilages.

Genetic deletion of hspa8 affects PA cartilage development
The absence of PA cartilage in Aspa8 mutant embryos strongly
suggested that the craniofacial NCCs were affected after Aspa8 was
deleted. To determine which steps of cartilage formation were
affected, we performed WISH assessment with several NCC
markers labeling the induction and/or specification, migration and
differentiation of NCCs in WT sibling and 4spa8 mutant embryos at
different stages. The expression of the early neural crest induction
and/or specification markers foxd3 and sox9a appeared no
difference between the WT and Aspa8 mutant embryos at 12 hpf,
indicating that genetic deletion of Aspa8 had little to no effect on
neural crest induction (Fig. 2A) (Hochgreb-Hagele and Bronner,
2013; Yan et al., 2002).

Next, we assessed whether NCC migration was affected. The
expression of three indicative markers, crestin (the pan-neural crest
marker expressed first in pre-migratory and then in actively
migrating NCCs), dix2a (expressed in the migrating cranial NCCs
that contribute to PAs) and sox/0 (a transcription factor involved in
NCC migration and differentiation that also marks migrating NCCs
in stripes on either side of the neural tube), were examined by WISH
analysis (Dutton et al., 2001; Elsen et al., 2008; Li et al., 2018; Sen
et al., 2018; Sperber et al., 2008). At 24 hpf, the expression of
crestin did not exhibit a significant difference between WT sibling
and Aspa8 mutant embryos (Fig. 2B). The dix2a-expressing NCCs
migrated into the PAs in both WT sibling and Aspa8 mutant
embryos at 18, 24, 30 and 36 hpf (Fig. 2C), whereas dix2a
expression was slightly decreased in Aspa8 mutants at 48 hpf
(Fig. 2C). The NCCs from WT sibling and Aspa8 mutant embryos
also showed little difference in sox/0 expression at 16, 18 and
24 hpf (Fig. 2D). However, the expression of sox/(0 was reduced in
hspa8 mutants at 48 hpf (Fig. 2D). Previous studies have suggested
that Sox9a plays an important role in both early neural crest
specification and chondrocyte differentiation (Yan et al., 2002,
2005). Compared with that in WT sibling embryos, the expression
of sox9a in the PAs of hspa8 mutant embryos was significantly
decreased at 50, 60, and 72 hpf (Fig. 2E). Taken together, these
results suggest that Hspa8 is critical for PA maturation during
embryonic development.

Depletion of Hspa8 suppresses cell proliferation and has
little effect on cell apoptosis in the pharyngeal arch region
The reduction of PAs in Aspa8 mutant embryos suggested that
Hspa8 depletion likely plays a role in proliferation and/or apoptosis
of PA cells. Hence, we used an anti-phospho-histone H3 (pH3)
antibody to immunostain Zzspa8 mutant embryos with a Tg(flil:
EGFP) transgenic background at 48 hpf to investigate cell
proliferation in the PA regions. The number of pH3-positive cells
in the PAs of mutants was considerably lower than that in WT
siblings (Fig. 3A,B; Fig. S5A). These results suggest that Hspa8
depletion inhibits cell proliferation in PAs, leading to a reduction in
the area of the PA regions.
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Fig. 1. Genetic deletion of hspa8 impairs the formation of pharyngeal
arch cartilages. (A) Schematic diagram of Hspa8 protein domains and the
hspa8 mutant alleles (A10, A4 and -4 bp +14 bp) with predicted premature
stop codons. NBD, nucleotide-binding domain; SBD, substrate-binding
domain; CTD, C-terminal domain. (B) The mRNA levels of hspa8 in siblings
(sib) and homozygous (homo) hspa8 mutants as indicated by semi-
quantitative RT-PCR analysis. p-actin was used as an internal control.
Similar results were obtained from three experiments. (C) Hspa8 protein
levels in siblings and hspa8 mutants. Tubulin was used as a loading control.
Similar results were obtained from three experiments. (D) Representative
images of WT siblings and hspa8 mutants. The hspa8 mutants exhibited
microphthalmia (red arrowheads), edema of the pericardial cavity (red
arrows), craniofacial jaw malformations, microcephaly, and reduction of
pectoral fins (black arrowheads). The dashed lines mark the pharyngeal
regions. Panels a—a’” and c—c'” represent lateral views, whereas panels
b—b’” and d—d'” represent top views. Scale bars: 200 um. (E) Quantitative
results of the area of pharyngeal regions of siblings and hspa8 mutants at
96 hpf shown in D,c—c’”. (F) Representative confocal images of WT sibling
and hspa8 mutant embryos at 96 hpf with a Tg(fli1:EGFP) transgenic
background which were immunostained with an anti-Col2 antibody. Scale
bar: 50 ym. PA, pharyngeal arch. (G) Quantitative results of the number of
pharyngeal arches shown in F. (H) Representative images of WT sibling and
hspa8 mutant head cartilage and pharyngeal arch cartilage stained with
Alcian Blue. Scale bar: 200 ym. Panels e—e” and g—g” represent ventral
views, whereas panels f—f” and h—h" represent lateral views. m, Meckel’s
cartilage; hs, hyosymplectic; bh, basihyal; ch, ceratohyal; pq,
palatoquadrate; cb, ceratobranchial; pf, pectoral fin; ep, ethmoid plate. (1)
Quantitative results of the number of pharyngeal cartilages shown in H. The
proportion of embryos with the indicated phenotypes is shown in the bottom
left corner of each panel for D, F and H. Values are represented as means
ts.d. ****P<0.0001 (unpaired two-tailed t-test).

Next, we examined apoptosis in PA cells using two different
approaches. Following immunostaining with an anti-active-
caspase-3 antibody, we did not observe apoptotic cells in the
PA region of Aspa8 mutant embryos with a Tg(flil:EGFP)
transgenic background at 48 hpf (Fig. 3C). In contrast, apoptotic
cells were increased in the eyes (Fig. S5B). Similarly, with
Acridine Orange (AO) staining, no apoptotic cells in the PA
region were detected in 2spa8 mutant embryos at 48 hpf, although
an increase in apoptotic cells was observed in the eyes (Fig. 3D).
Therefore, it is likely that Hspa8 depletion does not affect the
survival of cells in PAs. Collectively, these results indicated that
cell- or tissue-specific responses occur after depletion of Hspa8
and that Hspa8 is critical to maintaining cell proliferation in PA
development.

Depletion of Hspa8 upregulates p53 signaling

Mutations of housekeeping genes frequently activate the p53
tumor suppressor protein (Calo et al., 2018; Danilova et al., 2010).
In the present study, depletion of Hspa8 also dramatically
increased p53 protein expression levels (Fig. 4A). Next, we
investigated whether hspa8 knockout in zebrafish elevates the
transcriptional level of p53 (also known as 53). The p353
transcriptional level was increased in hspaS$-deleted zebrafish
embryos at 96 hpf, as indicated by quantitative real-time RT-PCR
(qRT-PCR) analysis (Fig. 4B). To further confirm the activation of
p53 protein after Hspa8 depletion, we examined the expression of
p53 target genes, including ccngl (cyclin G1),A113p53 (encoding
an N-terminally truncated p53 isoform), cdknla (p21°P""¥7) and
mdm?2, in zebrafish embryos at 96 hpf using qRT-PCR. Hspa8
depletion in zebrafish embryos increased the expression of ccng!,
Al13p53 and cdknla, whereas the expression of mdm2, a negative
regulator of p53, was not altered (Fig. 4C). Taken together, these
results suggest that Hspa8 depletion enhances the pS53 signaling
pathway in vivo.

Aberrant p53 activation during mice development has been
shown to trigger cell cycle arrest or apoptosis, and therefore to result
in diverse phenotypes, including craniofacial defects (Van Nostrand
et al., 2014). In zebrafish, published WISH data suggest that p53 is
expressed in various tissues, including PAs and pectoral fins of
zebrafish embryos at 36, 48 and 84 hpf (Anderson et al., 2009; Hu
et al., 2015; Yamaguchi et al., 2008). As mentioned above, hspa8
mRNA signals were also enriched in these regions at 48, 72 and
96 hpf. To better understand the relationship between PA deficiency
and p53 activation in Aspa8 mutant embryos, we therefore examined
the time windows of p53 induction in PAs in Zspa8 mutant embryos
from 30 to 48 hpf (Fig. 4D). We observed that the p53 expression
level in PAs was robustly induced in Aspa8 mutant embryos from
42 to 48 hpf within manually dissected PA regions, as accessed by
qRT-PCR (Fig. 4D). Consistent with this, the expression level of
p53 in PAs was also markedly increased in Aspa8 mutant embryos
from 42 to 48 hpf, as indicated by WISH (Fig. 4E). A similar effect
was observed in the transcriptional levels of p53 target genes ccng!
and A113p53, as indicated by qRT-PCR (Fig. 4F). Because the PA
area in Aspa8 mutant embryos at late stages exhibited a reduction in
proliferation and lack of apoptotic cells, we examined the expression
levels of two distinct groups of p53 target genes — cell cycle arrest
genes cdknla and cdknlbb (p275!) and proapoptotic genes baxa,
pmaipl (noxa), bida and bbc3 (puma) — in the PA region of WT
sibling and Aspa8 mutant embryos at 48 hpf. Depletion of Hspa8
increased the transcriptional levels of cdknla and cdknlbb
(Fig. 4G). In contrast, the expression levels of bida, baxa and
pmaipl were not increased, but the expression level of bbc3 was
(Fig. 4H). Taken together, these results further suggested that
depletion of Hspa8 enhances the p53 signaling pathway in PAs
in vivo.

Inactivation of p53 does not rescue PA deficiency caused by
hspa8 deletion

To confirm that depletion of Hspa8 induces p53 signaling
activation, we manually dissected the anterior structures from
sibling and Aspa8 mutant embryos at 96 hpf and compared the p53
protein levels. The p53 protein levels increased dramatically in
homozygous embryos but not in WT or heterozygous embryos
(Fig. 5A).

Given that depletion of Hspa8 leads to decreased cell proliferation
in the PA area as well as activation of p53 signaling, we hypothesized
that p53 activation might represent a key regulator of the PA
area reduction caused by hspa8 deletion. To investigate this
hypothesis, we examined the phenotypes of Aspa8 mutants with a
pS53MIHM2IAK genetic background and investigated whether genetic
ablation of p53 signaling could rescue the ispa8 mutant phenotype.
The p53M2/#K mutation has been shown to affect the DNA-binding
domain of p53 and diminish its transcriptional activation activity
(Berghmans et al., 2005). We observed that, in Aspa8 mutants,
p53 inactivation (p53M21#K/M214Ky exhibited notable rescuing effects
on morphological defects in eyes and pectoral fins but not on PA
deficiency at 72 or 96 hpf (Fig. 5B,C). Likewise, p53 inactivation did
not exhibit rescuing effects on PA deficiency in Aspa8 mutant
embryos with a Tg(flil:EGFP) transgenic background (Fig. 5D).
Consistent with this, the expression of the NCC marker gene sox9a
was not restored in Aspa8 mutant embryos with a p53M2/#KM214K
genetic background at 50, 60, 72 and 96 hpf (Fig. 5E). To better
understand the effect of p53 genetic inactivation on Aspa8 mutants,
we next performed Alcian Blue staining to examine cartilage
development in hspa8 mutants with a p353MZIHKM2I4K . genetic
background. As shown in Fig. 5F,G, p53 inactivation did not
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A B ) Fig. 2. Genetic deletion of hspa8 affects
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rescue pharyngeal defects in Aspa8 mutants. Collectively, these
results indicate that p53 activation is unlikely to be a major driver of
PA defects in ispa8 mutants.

Inactivation of p53 alleviates Hspa8 depletion-induced p53
signaling enhancement

Unlike WT zebrafish embryos, p53*2/#M214K mutant embryos
lack the DNA damage-induced upregulation of some downstream
target genes because pS3M214K is a non-functional transactivation
protein (Berghmans et al., 2005). To further investigate the
p53-dependent responses in zebrafish Aspa8 mutant embryos, we
compared the mRNA and protein levels of WT p53 and p53M214K,
Depletion of Hspa8 significantly increased the transcriptional
levels of WT p53, whereas little to only a slight difference was
observed in those of p53%2/#K (Fig. 6A). Likewise, whereas the
depletion of Hspa8 dramatically increased WT p53 protein
expression levels, this was not observed for p5S3M214K (Fig. 6B).
However, the p53M214K protein expression levels were elevated
relative to those of WT p53, suggesting that the transactivation

of non-functional pS3 might not be strictly regulated. To confirm
these results, we investigated the expression of ccngl and A713p53
in p33MAIH/M2I4K mutant embryos after depletion of Hspa8, since
both genes were upregulated in the WT p53 background. Indeed,
the expression levels of ccngl and Al13p53 were not increased
in p53M214KM214K mutant embryos (Fig. 6C). Taken together, these
data suggest that p53 inactivation alleviates Hspa8 depletion-
induced p53 signaling enhancement.

Depletion of Hspa8 triggers endoplasmic reticulum stress
and the unfolded protein response

To better understand the relationship between PA deficiency and
activation of p53 in Aspa8 mutant embryos, we sought to determine
which pathway primarily determines the distinct phenotype and p53
induction. To identify differentially expressed genes between WT
sibling and mutant embryos, we carried out RNA-sequencing
(RNA-seq) analysis of the PA region in WT sibling and mutant
embryos at 48 hpf to obtain transcriptome profiles because
expression level of p53 was significantly induced from 42 to
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Fig. 3. Depletion of Hspa8 affects the proliferative rather than the apoptotic process in the pharyngeal region. (A) Representative confocal sections of
pH3-positive cells in the pharyngeal region of WT siblings and hspa8 mutants (A10 and A4, see Fig. 1A) at 48 hpf. Embryos with a Tg(fli1:EGFP) transgenic
background at 48 hpf were immunostained with anti-pH3 antibodies. Scale bar: 50 um. (B) Quantitative results from images as shown in A. Values are
represented as meansts.d. (n=3). ***P<0.001 (unpaired two-tailed t-test). (C) Representative confocal sections of apoptotic cells in the pharyngeal regions of
WT siblings and hspa8 mutants at 48 hpf. Scale bar: 50 ym. (D) Acridine Orange staining of WT siblings and hspa8 mutant embryos at 48 hpf. The dashed
lines define the pharyngeal regions. Scale bar: 200 pm. The proportion of embryos with the indicated phenotypes is shown in the bottom right corner of each

panel in A, C and D.

48 hpf (Fig. 7A). In the comparison of transcriptomes between the
two genotypes, 390 upregulated and 97 downregulated genes were
identified in Aspa8 mutants (Table S1). We noticed that mRNA
levels of some Hsp70 family members were induced in Aspa8
mutants at 48 hpf. Among them, hspa8b was listed as having
significantly higher mRNA levels than the other members
(Table S1, Fig. S4B). The qRT-PCR analysis also showed that the
mRNA levels of Aspa8b in PAs were markedly increased in hspa8
mutants at 48 hpf (Fig. S4C). These results further support that
hspa8-deleted embryos activate a compensatory network.

All the upregulated genes were annotated with gene ontology
(GO) terms and sorted into the ‘biological process’ category. The
category ‘amino acid activation/tRNA aminoacylation/tRNA
aminoacylation for protein translation” was listed as the largest
class (19/390) (Fig. 7B). The majority of these upregulated genes
encode a variety of aminoacyl-tRNA synthetases, which play key
roles in protein synthesis (Fig. 7B). Previous studies have shown
that activation of ATF4 induces the expression of aminoacyl-tRNA
synthetase genes during endoplasmic reticulum (ER) stress (Guan
et al., 2014; Han et al., 2013; Krokowski et al., 2013). We noticed
that atf4b and its target genes, including a#f3, ddit3 and trib3, as well
as other UPR genes (e.g. atf5a, atf6, hsp90aal and serpinhib) and
p353 were among the upregulated genes (Fig. 7C) (Han et al., 2013).
The transcriptional level induction of some genes, such as atf4b,
atf3 and ddit3, as well as of atf5a was further confirmed by qRT-
PCR in the PA region of Aspa8 mutant embryos at 48 hpf (Fig. 7D).
Taken together, these results suggest that loss of Hspa8 in PA region
likely triggers ER stress and the UPR.

The ER plays a role in protein folding, post-translational
modification and protein secretion in metazoan cells (Chen and
Cubillos-Ruiz, 2021; Ren et al.,, 2021). The accumulation of
unfolded and misfolded proteins in the ER leads to ER stress, which
triggers UPR activation to alleviate ER burden and to restore ER
homeostasis. The UPR functions are initiated by three ER-localized
transmembrane proteins, which relay the cascades through distinct
major pathways. These signaling cascades include PERK/p-eIF20/
ATF4, ATF6, and IRE1-XBP1 (Hetz, 2012; Ron and Walter, 2007,
Walter and Ron, 2011; Wang and Kaufman, 2012). Because the
transcriptional levels of a#f4b and its target genes are upregulated in

the PA region after depletion of Hspa8, we next examined the
protein level of Atf4 and phosphorylated (activated) elF2a. Indeed,
both were increased (Fig. 7E), suggesting that the Perk/p-elF2o/
Atf4 signaling pathway was activated in the PA region after Hspa8
depletion.

Excision of the 26-bp intron from XBPI mRNA by
unconventional splicing is regarded as an indicator of activation
of the IRE1 signaling response to ER stress (Back et al., 2005;
Yoshida et al., 2001). We therefore visualized RNA-seq reads
mapped to the xbp! gene and determined the levels of the altered
splicing xbp I isoform by semi-quantitative RT-PCR. Although the
mRNA level of xbp 1 was increased, the xbp transcripts appeared
to be unspliced (Fig. 7F,G). These results suggested that Irel-
Xbpl signaling pathway likely does not function as a major
response pathway. Activation of PERK/p-elF20/ATF4 facilitates
the transcription of ATF6 (Teske et al., 2011). The transcriptional
levels of atf6 were also increased in the PAs of hAspad$
mutant embryos at 48 hpf (Fig. 7C). Collectively, these data
indicate that depletion of Hspa8 induces ER stress and the UPR, in
which Perk-p-elF2a-Atf4 likely functions as the major activated
pathway.

Inhibition of Perk/p-elF20/Atf4 activity counteracts the
effects of Hspa8 depletion in zebrafish embryos

If activation of the Perk/p-elF20/Atf4 signaling cascade is a major
contributor to the reduction in cell proliferation and induction of p53
signaling in PAs after depletion of Hspa8, inhibition of Perk/p-
elF20/Atf4 signaling would be expected to restore the development
of PAs. To investigate this hypothesis, we used a PERK/p-elF2a/
ATF4-specific inhibitor, integrated stress response inhibitor
(ISRIB), to treat hspa8~~ homozygous embryos from 24 to
96 hpf (Sidrauski et al., 2013). As expected, treatment with ISRIB
significantly restored normal development of PAs, pectoral fins and
eyes (Fig. 8A,B). Likewise, inhibiting Perk/p-eIF2o/Atf4 activity
with ISRIB also rescued the reduced expression of the NCC marker
gene sox9a in hspa8 mutant embryos at 96 hpf (Fig. 8C). Similar
results were observed in the Alcian Blue-stained cartilage of Aspa8
mutant embryos at 96 hpf after ISRIB treatment (Fig. 8D,E). The
rescuing of PA deficiency phenotypes on ISRIB treatment was also
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Fig. 4. See next page for legend.

observed at 96 hpf in Aspa8 mutant embryos with a Tg(flil:EGFP)
transgenic background (Fig. 8F). Additionally, ISRIB treatment
gradually increased the inhibitory effect on the induced p53 mRNA
levels in hspa8 mutant embryos at 48 and 96 hpf (Fig. 8G),
suggesting that inhibition of Perk/p-eIF2a/Atf4 pathway reduces
Hspa8 depletion-induced p53 activity. To further confirm that the

rescuing effects of ISRIB treatment are a result of a reduced UPR
response, we examined the protein levels of Atf4 in PAs after mutant
embryos were treated by ISRIB from 24 to 96 hpf. Indeed, treatment
with ISRIB reduced the Hspa8 depletion-induced increase in
protein levels of Atf4 in PAs (Fig. 8H). Taken together, these
results suggest that Hspa8 depletion leads to activation of the
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Fig. 4. Depletion of Hspa8 upregulates p53 signaling. (A) Protein levels
of p53 in WT siblings (sib) and homozygous (homo) hspa8 mutants (A10, A4
and -4 bp +14 bp, see Fig. 1A) at 96 hpf. Gapdh was used as a loading
control. Similar results were obtained from three experiments.

(B) Expression levels of p563 mRNA in WT siblings and hspa8 mutants at
96 hpf, as indicated by qRT-PCR analysis. Values are represented as
meanszs.d. (n=3). (C) Expression levels of p53 target genes in siblings and
hspa8 mutants at 96 hpf. Transcriptional levels of indicated genes were
determined using gRT-PCR. Values are represented as meansts.d. (n=3).
(D) The transcriptional levels of p53 in the PA region of WT sibling and
hspa8 mutant embryos at the indicated developmental stages. The PA
region was manually dissected, genotyped and subjected to gqRT-PCR
analysis. Values are represented as meanszts.d. (n=3). (E) Expression of
p53in WT sibling and hspa8 mutant embryos at 42 and 48 hpf. Lateral
views with anterior side to the left. Scale bars: 200 um. The proportion of
embryos with the indicated phenotypes is shown in the bottom left corner of
each panel. (F-H) Expression levels of p53 target genes in the PA region
of WT siblings and hspa8 mutants at indicated developmental stages.

The PA region was manually dissected, genotyped, and subjected to
gRT-PCR analysis. Values are represented as meansts.d. (n=3). *P<0.05;
**P<0.01; ***P<0.001; ****P<0.0001; ns, not significant (unpaired two-tailed
t-test).
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Perk/p-elF20/Atf4 signaling pathway, resulting in p53 activation as
well as aberrant development of PAs.

DISCUSSION

In the present study, we showed that genetic deletion of Aspad in
zebrafish embryos resulted in aberrant formation of PAs with
concomitant reduction of the head, eyes and pectoral fins. Although
Hspa8 disruption decreased the level of cell proliferation, it had little
effect on apoptosis in the PA region. Furthermore, we observed that
Hspa8 depletion led to p53 signaling elevation. However,
inactivation of p53 did not rescue the PA reduction associated
with Aspa8 mutants despite alleviating Hspa8 depletion-induced
p53 signaling. We found that Hspa8 depletion triggers ER stress and
then activates the UPR Perk/p-elF20/Atf4 signaling pathway,
thereby elevating p53 signaling. Inhibition of the Perk/p-elF2a/
Atf4 signaling cascade reduced the induced p53 activation and led
to significant recovery in the aberrant development of PAs, pectoral
fins and eyes in Hspa8-depleted embryos. Overall, our findings
reveal the essential role of Hspa8 in zebrafish embryos.
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Fig. 5. Inactivation of p53 does not rescue deficiency of pharyngeal arches caused by hspa8 deletion. (A) Western blotting analysis of the p53 protein
level in embryos at 96 hpf with each indicated genotype (A10 and A4, see Fig. 1A). Anterior structures (red box) were manually dissected and subjected to
western blotting analysis after embryos were genotyped. Similar results were obtained from three biological replicates. (B) Representative phenotypes of the
indicated genotypes (with p53*/" indicating p53*'* or p53*/M214K) The dashed lines define the pharyngeal regions. Scale bar: 200 ym. (C) Quantitative results
of the area of pharyngeal regions of embryos at 96 hpf for the indicated genotypes as shown in B. (D) Representative confocal sections showing PA
structures of indicated genotyped embryos with a Tg( fli1:EGFP) transgenic background at 96 hpf. Scale bars: 50 ym. (E) sox9a expression patterns as
detected using whole-amount in situ hybridization. Black asterisks indicate absent PAs in mutants. Scale bars: 200 ym. (F) Alcian Blue-stained head
cartilage and PA cartilage. m, Meckel’s cartilage; hs, hyosymplectic; bh, basihyal; ch, ceratohyal; pq, palatoquadrate; cb, ceratobranchial; pf, pectoral fin;

ep, ethmoid plate. Scale bars: 200 pm. (G) Quantitative results of the number of pharyngeal cartilages shown in F. Values are represented as meanss.d.
Groups labeled with different letters are significantly different from each other (P<0.05; one-way ANOVA followed by Tukey’s post-hoc test). The proportion of
embryos with the indicated phenotypes is shown in the bottom left corner of each panel for B, D, E and F.
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Fig. 6. Inactivation of p53 protein alleviates the effects on Hspa8
depletion-induced p53 signaling. (A) The p53 expression levels in
zebrafish embryos with indicated genotypes (A10 and A4, see Fig. 1A) at
96 hpf. The mRNA levels were determined using gRT-PCR. Values are
represented as meansts.d. (n=3). (B) Protein levels of p53 in zebrafish
embryos with indicated genotypes at 96 hpf. Gapdh was used as a loading
control. Similar results were obtained from three experiments. (C) Expression
levels of ccng? and A7113p53 in zebrafish embryos with indicated genotypes
at 96 hpf. The sib and homo labels refer to A10 and A4. Values are
represented as meansts.d. (n=3). *P<0.05; **P<0.01; ***P<0.001; ns, not
significant (unpaired two-tailed t-test).

In this study, we used a CRISPR/Cas9 knockout approach and
zebrafish as the model organism to investigate the developmental
role of Aspa8. Although HSPAS is involved in multiple processes
(Bonam et al., 2019; Stricher et al., 2013), we observed that
genetic deletion of Aspa8 only results in tissue-selective effects
during embryonic development. These observations raise an
interesting question about a rather tissue-specific defect in what is
thought to be a universally required constitutively expressed
protein. In WT zebrafish embryos, these specific regions are
enriched with Zspa8 transcripts at later developmental stages,
which is consistent with the defects observed in Aspa8 mutants. A
possible explanation is that there are tissue-specific requirements
for Hspa8 during embryogenesis. Additionally, although HSPAS-
knockout cells are nonviable, in zebrafish mutant embryos,
maternally deposited Hspa8 might first compensate for the lack of
the protein; as this protein is gradually turned over throughout
embryonic development, the observed phenotypes become more
evident. Given that Aspa8 zygotic mutants could not survive to
adulthood, we could not obtain maternal-zygotic mutant embryos
with eliminated maternally deposited mRNA or protein to evaluate
the effects of the complete loss of Hspa8. The contribution of
maternally deposited mRNA or protein might explain the genetic
deletion of ispad affecting the late but not early stages of PA cartilage
development. In addition, genetic deletion of Zspad likely induces the
activation of a compensatory network, which might compromise the
phenotype after hspa8 was deleted.

Increased mRNA levels of p53 and its target genes have been
reported in an hspa8”/357¢ mutant line, which contains a disrupted
promoter from a retroviral-mediated insertional mutagenesis

(Amsterdam et al., 2004; Danilova et al., 2010). This supports
the finding that disruption of Hspa8 in zebrafish embryos leads to
induction of p53 activation. We did not find that inactivation of
p53 rescued the PA deficiency caused by Hspa8 depletion. This
suggests that elevated p53 signaling likely does not contribute to
Hspa8 depletion-induced PA deficiency. In contrast, the eye and
pectoral fins in Aspa8 mutant embryos were partially rescued by
inactivation of p53. The distinct rescuing effects seen upon
inactivation of p53 suggest that Hspa8 depletion-induced p53
signaling has different effects in various tissues. These distinct
effects of p53 action need further investigation. It should be
mentioned that the effect of Hspa8 depletion on increased p53
protein level in zebrafish is different from the effect of HSPAS
reported in cultured HeLa cells (Rohde et al., 2005); in HeLa cells,
knockdown of HSPAS8 with siRNA has little effect on the p53
protein level (Rohde et al., 2005). Future studies will be needed to
determine whether the different roles of Hspa8/HSPAS are related
to cell type.

p53 is a stress response factor and commonly activated upon
stress stimuli. The activity of p53 is governed by a variety of distinct
regulators (Kastenhuber and Lowe, 2017). Recent studies have
identified Aspad as a direct pS3 target gene in both cultured cells and
zebrafish embryos (Mandriani et al., 2016; Mirza et al., 2003). In
addition, multiple studies have indicated that HSPAS8 and p53 are
part of the same complex. HSPAS likely masks the p53 nuclear
localization signal, resulting in the cytoplasmic retention of p53
(Akakura etal., 2001; King etal., 2001). Deficiency of cell-essential
genes frequently upregulates p53 signaling (Calo et al., 2018;
Danilova et al., 2010). Given the multifaceted roles of HSPAS, the
underlying molecular mechanism of the interaction between Hspa8
and p53 signaling was further explored. We narrowed our sights on
PA deficiency and used RNA-seq analysis as an unbiased
assessment to identify differentially expressed genes in WT
sibling and Aspa8 mutant embryos. Hspa8 depletion triggers ER
stress and activates a branch of the UPR signaling pathway, the
Perk/p-elF20/Atf4 signaling pathway, thus resulting in a tissue-
selective phenotype and p53 induction. In support of this view,
addition of a specific chemical inhibitor of the Perk/p-elF20/Atf4
signaling pathway abolished the induced p53 activation and rescued
PA deficiency in Aspa8 mutant embryos. It should be mentioned
that Perk/p-elF2o/Atf4 signaling functions as a master signaling
pathway but it is likely that is not only pathway involved in this
process because the phenotypes in mutant embryos were
significantly but not fully rescued. Future studies are needed to
elucidate additional signaling mechanisms.

In conclusion, here we show that depletion of Hspa8 in zebrafish
embryos induces tissue-specific deficiency, which triggers ER
stress and activation of a branch of the UPR signaling pathway,
Perk/p-elF20/Atf4 signaling, thus resulting in developmental
deficiency of PA (Fig. 8I). Overall, our findings have uncovered
an essential role for Hspa8 in zebrafish development and elucidated
the underlying mechanism. These findings deepen our
understanding of HSPAS dysregulation and its contribution to the
maintenance of cell homeostasis. Importantly, our findings provide
a unique Aspa8-deficient animal model for the in vivo evaluation of
specific selectivity of chemical compounds targeting HSPAS for
therapeutic application.

MATERIALS AND METHODS

Antibodies and reagents

Primary antibodies used were against: HSPA8 (HSC70) [B-6, 1:1000; sc-
7298; Santa Cruz Biotechnology (Santa Cruz, CA, USA)]; histone H3.1

9

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-



RESEARCH ARTICLE Journal of Cell Science (2022) 135, jcs259734. doi:10.1242/jcs.259734

A B vars polr3k C
qars _ dph3
I s S e
mars e da
S fush I S
hspa8+4'?incross wars [ ] isen34
I s I phgdh 10,00 hsp90aal
l cars — baail R serpinhlb gar9-00
T ] dars I aspg 50 . 33 8.00
manual dissection at 48 hpf e ars I psarl I atf3 7.00
— — o e S il 6.00
, . E— e w . aia 5.00
\ B dars | mihfe atfs 4.00
rars gnmt 200 ddit3 3.00
[ farsa I aldhl8al rib3 200
—— o — g2 om WT  A10/A10
g . 15 bsb
genotyping RNA extraction __ ZZ?;, 112 l:l_ ;,is
hagh cth
l [ N capdhs pyerlb
| R grcl N I cyp2j20
RNA-seq WT  AL0/A10 WT  ALO/AL0

I amino acid activation& tRNA aminoacylation& tRNA aminoacylation for protein translation
&tRNA metabolic process& cellular amino acid metabolic process& oxoacid metabolic process
& carboxylic acid metabolic process& organic acid metabolic process

[ tRNA metabolic process

I cellular amino acid metabolic process& oxoacid metabolic process& carboxylic acid metabolic
process& organic acid metabolic process

I oxoacid metabolic process& carboxylic acid metabolic process& organic acid metabolic process

B organic acid metabolic process

D atfb E
) 2.0 stk _q_(g 96 hpf
[5]
515 * 5
< = Al10 A4
% 1.0 % sb homo b homo  kDa
- —45
(9] o
.'E 03 ‘%’ P-Eif2a o mm— S — 35
& 0.0 & 0. —45
WTA10/A10 WTAIL0/A10 FEif2a mm—— W—— __ 15
ddit3 atf5a 65
" 4.0 sk o 8.0 . Af e sam— \——’——'_45
-;—g’ 3.0 I E 6.0
< A < I HSPa8 e e — TS
£ 20 2 40 =92
£ £
210d g ) Histone H3 —— — | 5
& £ 00
F WTAL0/A10 WTA10/A10
48 hpf RNA-seq tracks
reads count
1197
W o] e a1 | b,
D — VN
2241 <€—unspliced

AIO/AI0 0] _L M <—spliced

26 bp intron

Fig. 7. See next page for legend.

(1:1000; P30266; Abmart (Shanghai, China)]; B-tubulin (1:1000; 2146), type II (Col2) [1:150; II-116B3; Developmental Studies Hybridoma Bank
phospho-histone H3 (Ser10) (D2CS8, 1:1000; 3377), ATF-4 (D4BS, 1:1000;  (Iowa City, IA, USA)]. DIG-UTP and anti-digoxigenin (DIG)-AP were
11815), elF2a. (1:1000; 9722), phospho-elF2a (Ser51) (119A11, 1:1000;  purchased from Roche (Indianapolis, IN, USA). KOD DNA polymerase and
3597), and cleaved caspase-3 (Aspl75) (SA1E, 1:500; 9664) [all Cell ~KOD Plus DNA polymerase were purchased from Toyobo (Osaka, Japan).
Signaling Technology (Danvers, MA, USA)]; p53 [1:200; ab77813; Abcam  The restriction enzymes Eco1471 (FD0424) and T7 Endo I (M0302) were
(Cambridge, UK)]; GAPDH (1:5000; D110016) and GFP (1:1000, purchased from Thermo Fisher Scientific (Carlsbad, CA, USA) and New
D110008) were [both BBI Life Sciences (Crumlin, UK)]; and collagen  England Biolabs (Ipswich, MA, USA), respectively. ISRIB (S0706) and
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Fig. 7. Depletion of Hspa8 triggers ER stress and induces activation of
the Perk/p-elF20/Atf4 UPR signaling cascade. (A) Schematic
representation of the experimental design for the RNA sequencing (RNA-
seq) approach. Progeny of hspa8*'~ fish incrosses were raised to 48 hpf and
subjected to genotyping. RNA extraction was performed on manually
dissected PAs of embryos (indicated by the red triangle). (B) Heatmaps of
transcripts showing the expression-upregulated genes in hspa8 mutants
determined by gene ontology (GO) enrichment analysis. (C) Heatmaps of
transcripts showing the expression of indicated genes in hspa8 mutant
zebrafish. Heatmaps in B, C show results from two repeats. (D) Relative
expression of the indicated genes in the PAs of WT sibling and hspa8
mutant embryos at 48 hpf, as indicated by gRT-PCR analysis. Values are
represented as meansts.d. (n=3). **P<0.01; ***P<0.001 (unpaired two-tailed
t-test). (E) Western blotting analysis of the indicated protein levels of the PA
region in sibling and hspa8 mutant embryos at 96 hpf. Similar results were
obtained from three biological replicates. PAs were manually dissected and
subjected to western blotting analysis after embryos were genotyped.

(F) RNA-seq reads mapped to the xbp71 gene. Coverage tracks are
displayed for WT sibling and hspa8 mutant embryos at 48 hpf. The 26-bp
alternative intron related to the UPR is marked on the xbp 7 gene track.

(G) The splicing of xbp1 was determined by RT-PCR analysis. The xbp1
spliced isoform from the mRNA of adult WT fish ovaries was used as an
indicator. s-actin levels were used as an internal control. Similar results
were obtained from three biological replicates.

ISRIB (trans-isomer) (S7400) were purchased from Selleck Chemicals
(Houston, TX, USA).

Plasmid construction

The plasmids pCS2-Hspa8-GFP and pCS2-Hspa8b-GFP were generated by
amplifying the full open reading frame (ORF) of the target gene from cDNA
using PCR and subcloned into pCS2-eGFP (a gift from Dr Cunming Duan,
University of Michigan, Ann Arbor, USA). The plasmids pCS2-ispa8
and pCS2-Aspa8bh containing the ORF and the 3’ untranslated region of
the zebrafish target gene were generated as the positive controls with
the following primers: Aspa8 ORF forward, 5'-CCCATCGATGCCAC-
CATGTCCAAGGGACCAGCTGTTGG-3"; hspa8 UTR reverse, 5'-
TGCTCTAGAGGGAATAAGTCACCATTTTATTCTTGTC-3' and hspash
ORF forward, 5-CCGCTCGAGGCCACCATGTCAAAGGGACCAGCA-
GTTGGC-3'; hspa8b UTR reverse, 5'-TGCTCTAGAGAACAGCAAAGT-
CTTTATTGTGCATG-3".

Cell culture and transfection

The HEK293T cell line was obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA) and authenticated with short
tandem repeat profiling by ShCell-Bank (Shanghai, China). Cells were
cultured in DMEM (Hyclone, SH30243.01) supplemented with 10% (v/v)
FBS and 1% (v/v) penicillin/streptomycin in a humidified chamber with 5%
CO, at 37°C. Potential contamination by mycoplasmas in cultured cells was
tested by use of the EZ-PCR Mycoplasmas Detection Kit (BI, Kibbutz Beit-
Haemek, Israel) every 3 months. Plasmids were transfected in 3.5 cm
diameter dishes by using 5 ug polyethylenimine (#23966-2; Polysciences,
Warrington, PA, USA). Cells were harvested at 24 h after transfection and
then subjected to western blot analysis.

Experimental animals

The Tiibingen WT zebrafish (Danio rerio), p53-defective mutant zebrafish
tp53M214K and Tg (flil:EGFP)! transgenic zebrafish (obtained from
Dr Jingxia Liu, Huazhong Agricultural University, China) were raised at
28.5°C and maintained in a 14 h light/10 h dark cycle. Embryos were
staged according to standard methods (Kimmel et al., 1995). All protocols
were approved and conducted in accordance with the Ethical Committee of
the Experimental Animal Care, Ocean University of China.

Generation of hspa8 mutants

Zebrafish hspa8 mutants were generated using the CRISPR/Cas9 system.
Guide RNAs (gRNAs) were designed using the CRISPR design tool
CRISPOR  (http:/crispor.tefor.net/crispor.py). The hspa8 targeting
sequences in the second exon (5-GTCCAAGGGACCAGCTGT-3") and

third exon (5'-GGAAATTGCTGAGGCCTACC-3") were targeted. The
gRNA and Cas9 protein were prepared as previously described and co-
injected at the one-cell stage in WT embryos (Rong et al., 2017). The adult
FO fishes were outcrossed with WT fish to obtain the F1 generation, which
was genotyped and confirmed by sequencing of targeting sites. For
genotyping analysis, genomic DNA was isolated and used as a template
for amplification of gRNA targeted sequences with the forward primers
5’-TGACGCACATCCGCATATGC-3' and 5'-GCCCTCTAACTTGTA-
TATG-3" and reverse primers 5'-CAAAGACTGTGTTGGTGGGGTT-3’
and 5'-CCTGTCTTTGAGAGTCGTT-3'. PCR products were digested
using the restriction enzymes Ecol471 or T7 Endo I. To exclude off-target
effects, the heterozygous F1 zebrafish were outcrossed with WT zebrafish
for two generations. Then, the heterozygous adult fish were incrossed to
obtain embryos for phenotypic analysis. The Aspa8 and p53 double mutant
strains and Aspa8 mutants with a Tg(flil:EGFP)*! genetic background were
obtained through natural crossing.

RNA extraction and RT-PCR analysis

Total RNA was extracted from groups of 10 whole zebrafish embryos or
manually dissected PAs at indicated stages using the RNAiso Plus kit
(Takara Bio, Shiga, Japan), and 2.0 ug of total RNA was used as a template
for reverse transcription. The cDNA was reverse-transcribed using an All-
In-One 5X RT MasterMix Kit (Abm, Beijing, China). The cDNA was
diluted 10 times as the template. The RT-PCR was carried out with
25 cycles. RT-PCR was performed using Taq DNA polymerase (Takara
Bio) with the following primers: hAspa8-RT-forward, 5'-TGTTGC-
CCTCTGTTGTTGAACT-3'; hspa8-RT-reverse, 5'-AAGTCACCATTT-
TATTCTTGTC-3';  hspa8b-RT-forward, 5-GAGGAGGCTTTCCTG-
GAGCAGG-3'; hspa8b-RT-reverse, 5'-CAGCTACATATCAACCTGA-
TAAT-3"; xbpI-RT forward, 5'-GTGAGCGATTTAGGTTTG-3'; xbpl-
RT reverse, 5-TTCATTAAGGGCTTCCAG-3’; B-actin-RT forward, 5'-
ACAGGGAAAAGATGACACAG-3’; and S-actin-RT reverse, 5'-AGA-
GTCCATCACGATACCAG-3'. qRT-PCR was performed using an iCycler
iQ Multicolor Real-time PCR Detection System (Bio-Rad Laboratories,
Hercules, CA, USA). The primer sequences of zebrafish atf4b, atf3, ddit3,
atf5a as well as full-length p53 and its target genes, AI13p53, mdm2 and
cengl, as well as cdknla, cdknlbb, bida, and bbc3 were used as previously
described (Boglev et al., 2013; Chen et al., 2005; Essers et al., 2015; Hou
et al., 2017; Jiang et al., 2008; Miao et al., 2017; Qi et al., 2021). The
following primers were also used: baxa forward, 5'-GGCTATTTCAAC-
CAGGGTTCC-3'; baxa reverse, 5'-TGCGAATCACCAATGCTGT-3;
pmaipl forward, 5-ATGGCGAAGAAAGAGCAAAC; pmaipl reverse,
5’-CTCATCGCTTCCCCTCCATT; hspa8b forward, 5'-TCAGAGGTG-
TAATCAGGCCAG-3'; and hspa8b reverse, 5'-GAACAGCAAAGTCTT-
TATTGTGCATG-3’. The mRNA levels of the genes of interest were
calculated using the 2724 method and normalized to B-actin levels.

Whole-mount in situ hybridization

WISH using a DIG-labeled RNA riboprobe was performed as previously
described (Bai et al., 2014). Zebrafish embryos at different stages were fixed
in 4% paraformaldehyde (PFA) overnight before being processed for WISH
analysis. DIG-UTP-labeled antisense RNA probes for p53, sox9a, sox10,
foxd3, dix2a and crestin were generated and used for WISH analysis.
The plasmid DNA containing a partial ORF and the 3’ untranslated region
of zebrafish hspa8 was used to generate sense and antisense riboprobes.
Images were captured using a Leica M205 microscope (Leica
Microsystems, Wetzlar, Germany).

Alcian Blue staining

Alcian Blue staining was performed as previously described (Li et al.,
2018). Zebrafish embryos were fixed in 4% paraformaldehyde (PFA)
overnight at 4°C. After fixation, the embryos were washed with PBS for
10 min. Embryos were then stained with Alcian Blue staining buffer (0.15%
Alcian Blue, 80% ethanol, and 20% acetic acid; A600298, Sangon Biotech,
Shanghai, China) at room temperature for 90 min. Next, the embryos were
rehydrated through a graded series of alcohols to distilled water and then
treated with 50 mg/ml trypsin in supersaturated borax at room temperature
until the tissues were soft enough to dissect. Next, the embryos were
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Fig. 8. Pharmacological inhibition of Perk/p-elF2a/Atf4 signaling
counteracts the effects of Hspa8 depletion in zebrafish embryos.

(A) Representative images of WT sibling and hspa8 mutant embryos

(A10 and A4, see Fig. 1A) at 96 hpf treated with or without ISRIB or ISRIB
(trans-isomer). Scale bar: 200 yum. (B) Quantitative results of the area of
pharyngeal regions for embryos shown in A. (C) Expression of sox9 in WT
sibling and hspa8 mutant embryos at 96 hpf treated with or without ISRIB or
ISRIB (trans-isomer). Scale bar: 200 ym. (D) Representative images of
Alcian Blue-stained head cartilage and pharyngeal arch cartilage in WT
sibling and hspa8 mutant embryos shown in A. Scale bar: 200 pm.

m, Meckel’s cartilage; hs, hyosymplectic; bh, basihyal; ch, ceratohyal;

pq, palatoquadrate; cb, ceratobranchial; pf, pectoral fin; ep, ethmoid plate.
(E) Quantitative results of the number of pharyngeal cartilages shown

in D. (F) Representative confocal images of WT sibling and hspa8 mutant
embryos with a Tg(fli1:EGFP) transgenic background at 96 hpf treated with
or without ISRIB or ISRIB (trans-isomer). Scale bars: 50 pm. (G) Expression
of p53in WT sibling and hspa8 mutant embryos at 48 and 96 hpf treated
with or without ISRIB or ISRIB (trans-isomer). Scale bars: 200 ym.

(H) Treatment with ISRIB or ISRIB (trans-isomer) impeded Hspa8 depletion-
induced Atf4 protein levels in PAs. Similar results were obtained from three
experiments. Progenies of hspa8*'~ (A, C, D, G, H) or hspa8*'~; Tg(fli1:
EGFP) (F) incrosses were raised to 24 hpf and treated with 600 uM ISRIB or
ISRIB (trans-isomer) from 24 hpf to the indicated time points. Embryos were
harvested for indicated analyses and genotyped. Values are represented as
meanszs.d. Groups labeled with different letters are significantly different
from each other at P<0.05 (one-way ANOVA followed by Tukey’s post-hoc
test). The proportion of embryos with the indicated phenotypes is shown in
the bottom left corner of each panel for A, C, D, F and G. (I) Model
illustrating selective developmental deficiency of pharyngeal arches in hspa8
mutant embryos.

transferred into an 1% KOH solution for 20 min and then washed in distilled
water for 5 min. Finally, the embryos were dehydrated with a graded series
of glycerol solutions and dissected for imaging. The embryos were imaged
using a Leica M205 microscope.

Immunoblots

Immunoblotting was performed as previously described (Wang et al., 2021).
Whole embryos and manually dissected anterior structures or PAs from
embryos at indicated time points were collected and mixed in each
tube, frozen in liquid nitrogen for 2 min, and lysed in RIPA buffer (50 mM
Tris-HCI, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.1% SDS, pH 7.5)
with protease inhibitor containing PMSF (1 mM), Bestatin (10 uM),
Pepstatin A (15 uM), E-64 (14 uM), Aprotinin (0.8 uM) and Leupeptin
(10 uM) (BBI Life Sciences, Shanghai, China) at 4°C for 15 min. Next, the
samples were heated at 95°C for 5 min and centrifuged to remove the
precipitate. Following separation using 10% SDS-PAGE, the proteins were
transferred onto PVDF membranes and incubated with primary antibodies
overnight at 4°C after being blocked with 5% nonfat milk. Primary
antibodies were detected using an HRP-conjugated secondary antibody
(Beyotime Biotechnology, Shanghai, China). Full blot images are shown in
Fig. S6.

Whole-mount immunofluorescence staining
Whole-mount immunofluorescence staining was performed as previously
described (Laguerre et al., 2005; Vihtelic et al., 2001). Briefly, embryos
were fixed with 4% PFA overnight at 4°C. After fixation, the embryos were
washed in 0.2% Triton X-100 in PBS (PBST) for 10 min and blocked with
5% FBS in PBST with 1% BSA and 1% DMSO added before
immunostaining for at least 1 h. Rabbit anti-phospho-histone H3, rabbit
anti-cleaved caspase-3, and rabbit anti-Col2 primary antibodies were diluted
in the blocking solution and incubated at 4°C overnight. Next, the embryos
were washed in PBST, incubated with the secondary antibody anti-rabbit-
IgG conjugated to Cy3 or Cy$5, and incubated at 4°C overnight. After being
washed with PBST, the nuclei were counterstained with DAPI. All samples
were imaged using a Leica SP8 confocal or Leica M205 microscope (Leica
Microsystems).

AO staining was performed as previously described (Liu et al., 2014). The
living embryos were incubated for 30 min in 2 ug/ml AO (Sigma-Aldrich,
St Louis, MO, USA) at room temperature. The embryos were then washed

in distilled water three times and anesthetized with 0.03% tricaine. Images
were captured using a Leica M205 microscope.

RNA-seq transcriptome analysis

PA regions from 40 WT siblings or Aspa8 mutants were dissected
in biological duplicates, and total RNA was isolated using Trizol
according to standard protocols. We performed 2x150 bp paired-end
sequencing on an Illumina Novaseq™ 6000 by Lc-Bio following
the vendor’s recommended protocol (LC-Bio Technology Co., Ltd.,
Hangzhou, China). For data processing, the reads were mapped to the
reference genome index constructed by STAR (version 2.7.8a) using
Danio_rerio.GRCz11.104.chr.gtf and Danio_rerio.GRCz11.104.chr.fa.
The raw counts of the genes were obtained using featureCounts in the
subread version 1.6.1 package. Sample normalization and differential
expression analysis were performed using DEseq2. Then, the relative
expression level FPKM mapped reads of the differential genes were
calculated according to the traditional formula, and a gene expression
heatmap was obtained using TBtools (version 1.09852). The RNA-seq
data were deposited to the Sequence Read Archive database under
accession number SRP350317  (https:/www.ncbi.nlm.nih.gov/sra/
PRINA788011).

Pharmacological treatments

ISRIB and ISRIB (trans-isomer) were used to inhibit Perk/p-elF2o/Atf4
signaling activity. Progenies of hspa8*~ or hspa8*'~;Tg (flil:EGFPy’
incrosses were raised to 24 hpf and treated with 600 uM ISRIB or ISRIB
(trans-isomer) from 24 hpf to indicated stages. Embryos were harvested for
further analysis and then subjected to genotyping analysis.

Statistical analysis

All experiments were repeated three times. All experimental data were
analyzed using GraphPad Prism version 7 (GraphPad, San Diego, CA,
USA). Data are presented as meants.d. Unpaired, two-tailed Student’s
t-tests were used for comparisons between two groups; one-way analysis of
variance with Tukey’s post-hoc test was used for multiple comparisons, and
significance was defined as P<0.05.
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Fig. S1. Sequence alignment. (A) Comparison of the sequence of partial open-reading
frame and 3’ UTR region from /Aspa8 and hspa8b. The specific primers for RT-PCR
analysis and riboprobes generation were underlined. (B) Amino acid sequence alignment of
human HSPAS, mouse HSPAS, and zebrafish Hspa8 and Hspa8b. The epitope that anti-
HSPAS antibody was against is highlighted with a red box. Accession numbers are: human
HSPAS8 NP _006588.1, mouse HSPAS8 NP 112442.2, and zebrafish Hspa8

NP _001103873.1 and Hspa8b NP 001186941.1.
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Fig. S2. Spatiotemporal expression pattern of zebrafish Aspa8. (A) RT-PCR analysis of
zebrafish Aspa8 and hspa8b mRNAs at the indicated embryonic stages. Numbers indicate
different developmental stages as hours post fertilization (hpf). f-actin was used as an internal
control. PC, positive control; NC, negative control. (B) Antibody validation. Plasmids
encoding GFP-tagged Hspa8 or Hspa8b were transfected into HEK293T cells. After 24h, the
cell extracts were subjected to western blot analysis with an anti-GFP antibody or an anti-
HSPAS antibody. (C) Hspa8 protein level in the indicated embryonic stages. Numbers
indicate different developmental stages as hours post fertilization (hpf). B-Tubulin was used as
an internal control. (D) Whole-amount in sifu hybridization analysis of zebrafish Aspa8 mRNA
at the indicated stages. Panels represent the dorsal, top, or lateral views with animal pole up or
anterior to the left. e, eye; PA, pharyngeal arches; pf, pectoral fin; pt, posterior tectum. Scale
bar =200 pm.
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Fig.S3
A

Target 1 : GTCCAAGGGACCAGCTGTTGG Target 2: GGAAATTGCTGAGGCCTACCTGG

B
121%
WT (Exon 3) SMVLTKMKEIAEAYLGKTVSNAVITVPAYFNDSQRQATKDAGT ISGLNV... (649 aa)
allele 1: A10 SMVLTKMKEIAEAWERLEPTL~ (141 aa)
allele 2: A4 SMVLTKMKEIAEERLFPTL~- (139 aa)
llh
WT (Exon 2) MSKGPAVGIDLGTTYSCVGVFQHGKVEIIANDQGNRTTPSYVAFTDT... (649 aa)
allele 3: -4 bp+14bp  MSKGHCVGPCWY- (12 aa)

Fig. S3. Generation of hspa8 mutants using the CRISPR/Cas9 system. (A) Schematic
representation of the Aspa8 locus. Exons are shown as boxes, while introns are shown as lines.
Diagram showing the CRISPR/Cas9 target DNA sequence of zebrafish hspa8. Protospacer
adjacent motif (PAM) region is shown in red. (B) The predicted protein sequences of WT and mutant Aspa8
alleles (allelel, allele2, and allele3). The protein sequences of WT and mutants are shown.
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Fig. S4. Depletion of Hspa8 increases the transcription of Aspa8b. (A) The mRNA levels of Aspa8
or hspa8b in siblings and Aspa8 mutants as indicated by semi-quantitative RT-PCR analysis. S-actin
was used as an internal control. Similar results were obtained from three experiments. (B) Heatmaps
of transcripts show the expression of Zspa8 and Aspa8b in the PAs of WT sibling and Aspa8 mutant
embryos at 48 hpf. (C) Relative mRNA levels of hspa8b in the PAsof WT sibling and 2spa8 mutant
embryos at 48 hpf, as indicated by qRT-PCR analysis. Values are represented as means =SD.(n
= 3). ¥*** p <(.001. Unpaired #-test, two-tailed.
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sibling sibling

homo homo

48 hpf

Fig. S5. Detection of cell proliferation or apoptosis in the anterior structures of zebrafish
embryos. (A) Representative image of pH3-positive cells in the anterior structures of siblings
and hspa8?'”!” mutants at 48 hpf. Embryos were immunostained with an anti-pH3 antibody.
(B) Representative image of apoptotic cells in the anterior structures of siblings and hspa8?'”’
419 mutants at 48 hpf. Embryos were immunostained with an anti-cleaved caspase 3 antibody.
The white and blue dashed lines define the eyes and pharyngeal regions, respectively. Scale
bar =200 pm.
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Fig. S6
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Fig. S6. Blot transparency.

Table S1. List of downregulated and upregulated genes in the pharyngeal arch region
of Hspa8-depleted embryos at 48 hpf
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Click here to download Table S1
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