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Abstract

Activator of heat shock protein 90 (hsp90) ATPase (Ahal) is a Hsp90 co-chaperone required

for Hsp90 ATPase activation. Ahal is essential for yeast survival and muscle development in C.
elegans under elevated temperature and hsp90-deficeiency induced stress conditions. The roles of
Ahal in vertebrates are poorly understood. Here, we characterized the expression and function of
Ahal in zebrafish. We showed that zebrafish genome contains two ahal genes, ahalaand ahalb,
that show distinct patterns of expression during development. Under normal the physiological
condition, ahalais primarily expressed in skeletal muscle cells of zebrafish embryos, while ahaib
is strongly expressed in the head region. ahalaand ahalb expression increased dramatically in
response to heat shock induced stress. In addition, Ahala-GFP fusion protein exhibited a dynamic
translocation in muscle cells in response to heat shock. Moreover, upregulation of ahaZ expression
was also observed in Asp90a1 knockdown embryos that showed a muscle defect. Genetic studies
demonstrated that knockout of ahala, ahalb or both had no detectable effect on embryonic
development, survival, and growth in zebrafish. The ahalaand ahalb mutant embryos showed
normal muscle development and stress response in response to heat shock. Single or double
ahalaand ahalb mutants could grow into normal reproductive adults with normal skeletal muscle
structure and morphology compared with wild type control. Together, data from these studies
indicate that Ahala and Ahalb are involved in stress response. However, they are dispensable in
zebrafish embryonic development, growth, and survival.
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Introduction

Heat shock protein 90s (Hsp90s) are evolutionarily conserved molecular chaperones that
exist in almost all kingdoms except for archaea (Chen, 2006; Hendrick and Hartl, 1993;
Wang et al., 2004). Hsp90 proteins serve as key regulators of proteostasis under both
physiological and stress conditions (Geller et al., 2018; Hoter et al., 2018; Schopf et al.,
2017; Taipale et al., 2010). They play critical roles in protein folding, maturation, and
function (Buchberger et al., 2010; Vabulas et al., 2010). In addition, Hsp90s are also
involved in denatured protein degradation to prevent protein aggregation, thus are vital
components for maintenance of cellular homeostasis (Benjamin and McMillan, 1998; Geller
et al., 2018; Lackie et al., 2017).

Genetic studies in yeast, C. efegans and Drosophila demonstrated that Hsp90s are essential
for their longevity and viability (Borkovich et al., 1989; Picard et al., 1990). In C. elegans,
DAF-21/Hsp90 is required for C. elegans longevity (Somogyvari et al., 2018). Null mutation
of daf-21 gene (hsp-90 homolog) causes muscle defects and early larval lethal (Gaiser et

al., 2011). In Drosophila, Hsp83 (Hsp90 ortholog) is required for the development of many
different morphological structures (Rutherford and Lindquist, 1998). And mutant Hsp83
alleles are embryonic lethal (Cutforth and Rubin, 1994; van der Straten et al., 1997; Yue et
al., 1999).

Vertebrates have two cytosolic Hsp90 proteins, Hsp90a and Hsp90p that show different
functions and response to stress. Hsp90a is induced upon stress conditions, while Hsp90p is
constitutively expressed (Hoter et al., 2018; Sreedhar et al., 2004). Hsp90a and Hsp90p
have different functions in animal development and viability. Hsp90p knock-out mice

are embryonic lethal around E9/9.5 due to defective allantois and allantois-trophoblast
interaction (Moss et al., 2000). In contrast, loss of Hsp90a. has no effect on mouse survival.
The Hsp90a mutant mice showed defective spermatogenesis and spermatocyte survival
(Grad et al., 2010; Kajiwara et al., 2012), antigen cross-presentation (Ichiyanagi et al., 2010;
Imai et al., 2011), reduced myocardial fibrosis (Céceres et al., 2018; Garcia et al., 2016), and
retinitis pigmentosa (Wu et al., 2020). Genetic analysis in zebrafish revealed that Hsp90a 1
is essential for myosin folding and sarcomere assembly in skeletal muscles (Du et al., 2008;
Etard et al., 2007; Hawkins et al., 2008).

Hsp90s are dimeric molecular chaperones that function in an ATP-dependent activation
cycle. The Hsp90 dimer undergoes a series of structural rearrangements during its ATPase
cycle (Li et al., 2012; Li and Buchner, 2013). In the nucleotide-free form, the dimerized
Hsp90 chaperones adopts an open conformation, which closes upon ATP hydrolysis, a
process that promotes protein folding (Prodromou et al., 2000). A cohort of accessory
proteins called ‘co-chaperones’ play critical roles in the Hsp90 chaperone cycle by
participating in client recruitment, Hsp90 ATPase activity and conformational rearrangement
(Biebl and Buchner, 2019; Pratt and Toft, 2003; Zuehlke and Johnson, 2010). More than 20
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co-chaperones have been identified in eukaryotic cells that are involved in regulating Hsp90
function (Bhattacharya et al., 2020; Biebl et al., 2020; Chen et al, 1998; Li et al., 2011; Roe
et al, 2004; Sahasrabudhe et al., 2017). The co-chaperone Ahal is one of the most prominent
activators of Hsp90 (Panaretou et al., 2002). Ahal binds to the Hsp90 middle domain and
exerts stimulatory effect on Hsp90 ATPase activity (Armstrong et al., 2012; Lotz et al.,
2003; Horvat et al., 2014; Meyer et al., 2004; Retzlaff et al., 2010; Wolmarans et al., 2016).

Ahal is found in all eukaryotic cells, from yeast to human. Genetic analysis revealed

that Ahal is not essential for Hsp90 function and yeast survival under normal condition
(Panaretou et al., 2002). However, yeast strains with Ahal deletions showed compromised
Hsp90 function and survival in elevated temperatures (Panaretou et al., 2002). Similarly,
knockdown of Ahal (ahsa-1) expression in Caenorhabditis elegans had no apparent
phenotype under normal condition. However, under stress conditions from unc-45
temperature-sensitive mutation and Hsp90 deficiency, Ahal (ahsa-1) was found to be
required for muscle homeostasis and integrity (Frumkin et al., 2014). A recent study
demonstrated that overexpression of Ahal promotes tau pathogenesis in aged mice (Criado-
Marrero et al., 2021). Downregulation of Ahal rescues misfolding of CFTR in cystic fibrosis
(Wang et al., 2006). Genetic studies in zebrafish via overexpression and knockdown revealed
arole for Ahal in mediating the variability of craniofacial defects in GATA3 mutant

fish embryos (Sheehan-Rooney et al., 2013). All these studies were performed by using
overexpression or knockdown approaches, no vertebrate animal models have been generated
with null Ahal mutations, and thus the roles of Ahal in the development of vertebrate
growth and survival are largely unknown.

The aim of this study is to investigate the expression and function of Ahal in zebrafish.
We showed that zebrafish ahalaand ahalb genes have distinct patterns of expression.
Under normal physiological conditions, ahalais primarily expressed in skeletal muscles of
zebrafish embryos, while ahalb is strongly expressed in the head region. In response to heat
shock, ahalaand ahalbshowed a dramatic upregulation of expression in skeletal muscles
and in the whole body, respectively. In addition, disruption of muscle development from
knockdown of Asp90a 1 also resulted in muscle-specific upregulation of ahala and ahalb
expression in fish embryos. However, knockdown of Asp90a 2 without a muscle defect

had no effect on ahala and ahalb expression in developing muscle of zebrafish embryos.
Moreover, knockout of ahalaor ahalbin zebrafish had no detectable effect on embryonic
development and fish survival. Collectively, our studies indicate that Ahala and Ahalb are
involved in stress response, but they are dispensable in fish embryonic development and
survival.

Materials and methods

Ethics statement

This study was carried out according to Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. Fish embryos over 24 hours-post-fertilization (hpf) were
anaesthetized in 0.6 mM Tricaine (pH 7.0) before fixation in 4% paraformaldehyde (PFA)
for immunostaining and whole mount in-situ hybridization. The protocol was approved by
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the Institutional Animal Care and Use Committee of University of Maryland Baltimore
(Permit Number: 0516005).

Zebrafish lines and maintenance

Adult zebrafish were raised at the zebrafish facility at the Institute of Marine and
Environmental Technology, University of Maryland. Zebrafish were kept at 28.5°C in a
recirculating aquatic system at a photoperiod of 14/10 hour light/dark cycle in aquaria
supplied with freshwater and aeration. The /myom3™nGt0067 zeprafish line was obtained
from Steve Ekker’s laboratory at the Mayo Clinic (USA) which carried an insertion of red
florescent protein gene (RFP) in the myomesin-3 (myom?3) gene (Clark et al., 2011; Xu et
al., 2012). Myomesin-3-RFP specifically labels M-lines in the sarcomeres. The ahala and
ahalbsingle and double mutant alleles were generated in our laboratory.

Generation of TALEN targeted to Ahala

Mojo Hand (www.talendesign.org) was used to find candidate TALEN binding sites for
Ahala. Three criteria were used for TALEN design. First, TALEN binding sites were
selected that ranged from 15 to 18 bases in length. Second, the spacer length was initially
selected to be 15 to 16 base pairs (bps). Additionally, when possible, TALEN target
sequences were selected with a restriction enzyme centrally located in the spacer. DNA
sequences of the Tall and Tal2 target sites and restriction enzyme cutting site in the spacer
were listed in Table 1 (Supplemental material).

TALEN assembly of the 15 RVD-containing repeats was conducted according to the method
described by Cermak and colleagues (Cermak et al., 2011). The RVDs 1-10 were cloned
into pFUS_A and the RVDs 11-14 were cloned into pFUS_B. The resulting pFUS_A and
pFUS_B of TAL1 were cloned into pCS2TAL3_DD vector which contains the last RvD of
TALL. Similarly, pFUS_A and pFUS_B of TAL2 were cloned into pCS2TAL3_RR vector
which contains the last RvD of TAL2. TAL1 and Tal2 mRNAs were synthesized by in vitro
transcription using the SP6 MMESSAGE mMMACHINE Kit (Ambion).

Synthesis of ahala and ahalb targeting sgRNAs

SgRNA target sequences were identified using the program at http://zifit.partners.org/
ZiFiT/CSquare9Nuclease.aspx. Two sgRNA target sequences (ahala-sgRNA-4 and ahala-
sgRNA-6) were identified in the exon 5 and exon 7 of the ahala gene, whereas one
ahalb-sgRNA-3 target sequence was identified in the exon 2 of zebrafish ahalbgene. DNA
templates for synthesizing ahalaand ahalbsgRNAs were generated by PCR using pDR274
vector as a template (Hwang et al., 2013). The PCR was carried out using the Phusion DNA
polymerase (ThermoFisher) with ahalaor ahalb specific forward primers and a common
reverse primer (Cas9-P4) (Table 2). ahalaand ahalb-sgRNAs were synthesized in vitro by
using the MEGA shortscript T7 Kit (Thermo Fisher AM1354). The sgRNA transcripts were
purified using MEGAclear Transcription Clean-Up Kit (Thermo Fisher).

Construction of pTol2(efla:Ahala-GFP) and pTol2(efla:Ahalb-GFP) plasmids

DNA constructs, pTol2(efla:Ahala-GFP) and pTol2(efla:Ahalb-GFP), expressing the
Ahala-GFP or Ahalb-GFP fusion proteins were generated. Briefly, full-length Ahala and
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Ahalb coding sequence without the stop codon were generated by PCR using Pfu Turbo
DNA polymerase (Agilent) using Ahala-GFP-EF2/ER or Ahalb-GFP-EF2/ER in-fusion
primers (Table 2, Supplemental material). The PCR products of Ahala and Ahalb was
cloned into the BamHI site of pTol2 vector (Urasaki et al., 2006) using the In-Fusion
Cloning Kit (Takara Bio USA, Inc). The Ahala and Ahalb coding sequences were cloned
in-frame upstream of the EGFP coding sequence in the pTol2 vector. The DNA sequences
of pTol2(efla:Ahala-GFP) and pTol2(efla:Ahalb-GFP) plasmids were confirmed by
Sanger sequencing. Ahala-GFP and Ahala-GFP expression was directed by the Xenopus
elongation factor 1a (efla) gene enhancer—promoter (Johnson and Krieg, 1994).

Microinjection in zebrafish embryos

Morpholino antisense oligos were synthesized by Gene Tools (Carvalis, OR). The Hsp90a.1-
MO and Hsp90a.2-MO translation blockers were targeted to sequence near the ATG start
codon (Du et al., 2008). The standard control MO (Con-MO) from Gene Tools was used as
the negative control. Morpholino antisense oligos were dissolved in 1x Danieau buffer to a
final concentration of 0.25 mM (Nasevicius and Ekker, 2000). Approximately 1-2 nl (2.5-5
ng) were injected into each zebrafish embryo at the 1 or 2 cell stages.

For the TALEN approach, a pair of two TALENSs (TAL1 and TAL2) mRNAS was co-
injected into one-cell stage wild type zebrafish embryos. Each embryo was injected with
2 nl of solution containing about 50ng/ul of TALE mRNA. To knock out genes using
CRISPR, gene-specific sSgRNAs were mixed with equal volume of Cas9 protein (B25640,
ThermoFisher) and co-injected into wildtype zebrafish embryos at 1-2 cell stages. The
final concentrations of the mixed sgRNAs and Cas9 protein were 25 ng/ul and 250 ng/ul,
respectively. Each embryo was injected with approximately 2 nl of the mixed solution
containing approximately 60 pg sgRNA and 500 pg of Cas9 protein.

DNA isolation and genotyping of FO injected embryos by DNA sequencing

Genomic DNAs were extracted from injected embryo at 48 hpf using the alkaline method
(Cai et al., 2018). Genomic DNAs from randomly selected ten embryos for each group were
subjected to sequencing using the forward and reverse primers for each sgRNA of ahala
and ahalb (Table 2). Mutant alleles were identified by the presence of mixed population of
sequences compared to respective uniform DNA sequence from the wild-type embryos,

Genotyping F1, F2 and F3 fish using DNA from caudal fin clips

To genotype adult zebrafish at the F1 and following generations, caudal fin was cut from
individual zebrafish. DNA was extracted from the fin clip using the alkaline method

(Cai et al., 2018). The PCR reaction was carried out in a 15 pl reaction using GoTag®
DNA polymerase (Promega). DNA sequences at the ahalaand ahalbtarget sites were
amplified using respective gene specific primers (Table 2, Supplemental material). The
ahala*1’ allele targeted by ahala-sgRNA4 was amplified using ahala-sgRNAXx3/4-F and
ahala-sgRNAX3/4-R primers. The PCR products of ahalat1” was digested with Hae 111
restriction enzyme. The Hae 111 site was abolished in the afaZa*Z” mutant containing a
17 bp insertion at the ahala-sgRNA4 target site. The ahala=2? mutant allele generated
by ahala-sgRNA-6 was amplified using sgRNAX5/6-F and sgRNAX5/6-R primers. The
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ahala=?? mutant alleles containing a 20 bp deletion that was detected on a 2.5% agarose
gel and confirmed by DNA sequencing. The a#aib™! mutant allele was amplified with
ahalb-sgRNA234-F2 and ahalb-sgRNA234-R2 primers. The PCR products of ahalb was
digested with Bfual restriction enzyme. The Bfual site is in the ahalb™! mutant zebrafish
containing a 1 bp deletion, but no Bfual site in WT, thus simplifying the mutant screening
and genotyping. For genotyping of ahalb* (4 bp deletion) mutant, we designed two sets
of primers (Table 2, Supplemental material). One pair of primers (Fw/m and Rw) specially
amplified WT sequence at the ahalb-sgRNA4 target site. Another set of pairs (Fw/m and
Rm) specifically amplified the mutant sequence with the 4 bp deletion. Both WT and ahalb
mutant primers can amplify the heterozygous mutants (Table 2, Supplemental material). To
sequence the PCR products, the PCR products were treated with ExoSAP-IT (USB) and
sequenced directly using the PCR Fw/m forward primer.

Whole-mount phalloidin and immunostaining and in situ hybridization

Sarcomere organization was analyzed by antibody and phalloidin staining in zebrafish
embryos as previously described (Tan et al., 2006; Cai et al., 2019; Jiao et al., 2021).
Zebrafish embryos were fixed in 4% paraformaldehyde for 1 hr at room temperature.
Immunostaining of myosin thick filaments and a.-actinin at the Z-lines was caried out on
the fixed embryos using anti-myosin F59 antibody and anti-a.-actinin antibody, respectively.
Staining of actin thin filaments was performed by incubating the embryos with 200ng/ml
Phalloidin-TRITC (Sigma) for 60 min at room temperature in the dark. After immuno- or
phalloidin-staining, the embryos were washed with PBST three times (30 min each). The
trunk region of the embryos was dissected and mounted in Vectashied (Vector lab) for
observation and photographing using a Leica SP8 confocal microscope.

Whole mount /in situhybridization was carried out using digoxigenin-labeled RNA
antisense probes as previously described (Thisse et al., 2008). The DNA template for
ahala probe synthesis was generated by PCR using Ahala-probe-2F/2R-T7 primers,
whereas the DNA template for ahalb probe was generated by PCR using a pair of
ahalb-probe-2F/2R-T7 primers, respectively (Table 2). DNA template for synthesis of
hsp90al, hsp90aZ2 and hsp90p antisense probe was generated by PCR using a pair of
hsp90a.1-probe-F/PAR(T7), hsp90a2-probe-F/P5R(T7), and hsp90p-probe-F/R-T7 primers,
respectively (Table 2, Supplemental material). Digoxigenin-labeled antisense probes were
generated by /n vitro transcription using MAXIscript T7 kit (AM1314M, Thermo Fisher).
The images were acquired using a Leica dissecting microscope M12 equipped with a cool
CCD digital camera (DX8, Olympus).

Regular and Real-Time RT-PCR analysis

Total RNA was extracted from wild type zebrafish embryos at various developmental stages
from fertilization to 6 dpf and adult tissues using TRIzol Reagent (Life Technologies,
Carlsbad, CA). In addition, total RNA was isolated from various types ahalaand ahalb
mutant embryos at 24 and 48 hpf. cDNAs were generated using First-Strand cDNA synthesis
kit (ThermoFisher Scientific, K1621). Genomic DNA was eliminated by DNase | digestion.
The cDNAs were used as templates for PCR reaction. Primers for gPCR were designed
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at the junctions of two adjacent exons to eliminate potential problems with genomic DNA
contamination (Table 2, Supplemental material).

For real time PCR analysis, five 10-fold serial dilutions were applied to produce the standard
curves of cDNA samples (Fig. S1, Supplemental material). PCR reaction was carried out
using the standard SYBR Green PCR Mater Mix (Applied Biosystems) with 1 pl of 100x
diluted cDNA template on a 7500 Fast Real-Time PCR System (Applied Biosystems). Each
sample was performed in triplicate for PCR. Elongation factor 1a (ef-1a) was used as an
internal reference gene. The 2-A ACT method was calculated to determine the relative
levels of gene expression using the ef-Za for normalization. All results were expressed as
mean + SEM. Differences between WT and mutants were analyzed using a Student’s t test,
with a P value of <.05 as the level of significance.

Body weight and single fiber analysis

Results

To compare fish body weight, three families of fish were generated by in-crossing of single
or double mutants including ahalat1”*, ahalb=#*, or ahala*1”* :ahaibr*. At 10-month-old,
54 adult fish were randomly selected from each of these 3 families for genotyping and body
weight measurement.

For single fiber analysis, myofibers were dissected under microscope after digesting adult
fish muscle tissue with 5mg/ml collagenase for 1-2 hrs. Single fiber isolation was performed
as described (Roy et al., 2001; Ganassi et al., 2018; 2021; Shi et al., 2018). The dissected
myofibers were placed on a slide and fixed for 15 min in 4% PFA and permeabilized with
0.5% Triton X-100 for 10 min. The fibers were stained with 30 ng/ml of phalloidin-TRITC
conjugate (P1951, Sigma) and 1 pg/ml of Hoechst 32258. The fibers were mounted in
VECTASHIELD mounting medium (Vector Labs, H-1000) and photographed using a Leica
SP8 confocal microscope. All experiments were performed with at least three independent
replicates. Student’s t-test were performed among different groups. *P<0.05, **P<0.01 and
***P<(0.001 were considered statistically significant. The experimental data obtained in this
study were conducted by using the software Graphpad Prism.

1. Zebrafish genome contains two ahal genes

Zebrafish ahal genes were identified and characterized. Sequence analysis revealed that
zebrafish genome contains two ahal genes, ahalaand ahalb, located on chromosome 20
and 17, respectively. Phylogenetic analysis showed that in vertebrate groups, there are
three main clades including fish Ahala and Ahalb, mammalian Ahsal(Ahal) and Ahsa2
(Aha2) (Fig. 1). Among them, zebrafish Ahala and Ahalb are more closely related to
mammalian Ahsal rather than Ahsa2 (Fig.1). Ahsa2 has been identified in mouse, pig and
human genomes, and has yet to be identified in non-mammalian species. The two duplicated
ahalgenes, ahalaand ahalb, are unique to fish species. In lower eukaryotes, such as yeast,
C. elegans, and Drosophila, only one ahal gene was identified in their genomes although a
shorter homolog with sequence similarity to the N-terminus of Ahal has been identified in
yeast (Hchl) (Panaretou et al., 2002).
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2. ahalaand ahalb show distinct patterns of expression in zebrafish embryos and adult

tissue

The expression of ahalaand ahalbwas analyzed by RT-PCR and whole mount /n situ
hybridization. RT-PCR showed that only weak ahalaexpression was detected prior to 5
hours-post-fertilization (hpf) (Fig. 2A), while the expression of aha1b was throughout early
embryogenesis from fertilization up to 6 days-post-fertilization (dpf) analyzed (Fig. 2A).
The expression of ahalaexpression increased significantly around 8 hpf, and a strong
expression was maintained up to 6 dpf analyzed (Fig. 2A). Moreover, whole mount /n situ
hybridization showed that ahaZa expression was primarily restricted to developing somites
and skeletal muscles of fish embryos (Fig. 2B—F), whereas ahalb expression appeared to be
much broader with a stronger signal in the head region and otic vesicles (Fig. 2G-K). In
adult tissues, both ahalaand ahalbwere expressed in all tissues analyzed including skeletal
muscle, heart, gill, gut, eyes, liver, testes, ovaries, and brain (Fig. 2L). Collectively, these
data indicate that although ahaZaand ahalb have different patterns of expression during
early development with afhalaexpression primarily restricted to developing muscles and
ahalbmainly in the head region, both genes show a broader pattern of expression in adult
tissues.

3. ahala and ahalb expression in stress response

Upregulation of chaperone gene expression is a typical response to heat shock and

other stressing factors. Previous studies have shown that heat shock resulted in a strong
upregulation of Asp90 expression in zebrafish embryos (Krone et al., 1997; 2003; Li et al.,
2013; Etard et al., 2015; Cai et al, 2019). To determine whether expression of ahalaand
ahalb are responsive to stress, we analyzed their expression in zebrafish embryos subjected
to 1h-heat shock treatment (37°C) at 24 or 48 hpf. The data showed that ahalaand ahalb
expression was dramatically upregulated in heat shock treated fish embryos (Fig. 3B, D,

F, H, J, I, N, P). Interestingly, ahalaand ahalb exhibited distinct patterns of upregulation.
Compared with the untreated controls (Fig. 3A, E, I, M), upregulation of ahalaexpression
was mainly detected in skeletal muscle of the heat shock stressed embryos (Fig. 3B, F, D and
H), whereas a global upregulation of ahalbexpression was observed in the entire embryo
at 24 hpf (Fig. 3J, N). However, the increased ahalb expression was mainly observed in
the head region and pectoral fin bud of the heat shock treated embryos at 48 hpf (Fig. 3L,
P). These data indicate that Ahala and Ahalb are likely involved in stress response with a
temporospatial regulated patterns.

Given that Ahal is a Hsp90 cochaperone, we decided to test whether loss of Hsp90

could alter ahalaand ahalb expression. Gene specific antisense morpholino (MO) against
hsp90a 1 or hsp90a2was injected into zebrafish embryos. Expression of ahalaand ahalb
was determined by whole mount /n situ hybridization in the injected embryos (Fig. 4).
Compared with the control embryos (Fig. 4A, D, G and J), an upregulation of ahaZaand
ahalbexpression was observed in trunk skeletal muscle of Asp90a 1 knockdown embryos
(Fig. 4B, E, H and K). In contrast, no significant difference was detected in Asp90a2
knockdown embryos (Fig. 4C, F, I and L). qRT-PCR analysis further confirmed the data
from the whole mount /n situ hybridization (Fig. 4H, 1). Considering that ahalais normally
expressed in developing muscles of the zebrafish embryos, these data indicate that Ahala
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might be involved in Hsp90a.1 function in muscle cell differentiation under both normal and
stress conditions, while Ahalb might be only involved under stress conditions in muscle
cells.

4. Ahala showed a subcellular translocation in embryonic muscle fibers in response to

heat shock

Stress can induce chaperone subcellular translocation. Previous studies demonstrated that
Hsp90a protein displayed a dynamic translocation in zebrafish muscle cells in response

to stress (Etard et al., 2008). To characterize Ahala and Ahalb protein localization

and determine whether their localization was affected by stress, we generated two DNA
constructs expressing Ahala-GFP and Ahalb-GFP fusion proteins, respectively. The DNA
constructs were microinjected into zebrafish embryos for transient expression analysis.
Ahala-GFP and Ahalb-GFP protein localization were determined in muscle cells of injected
zebrafish embryos at 48 hpf. Under normal physiological condition, most Ahala-GFP and
Ahalb-GFP displayed a sarcomeric pattern of localization between the M-lines marked with
Myomesin-3-RFP (Fig. 5A-F), suggesting that they were likely localized at the Z-lines. This
was confirmed by the Z-line specific with anti-a-actinin immunostaining (Data not shown).
To assess whether Ahalb-GFP and Ahalb-GFP protein localization could be altered by
stress, the injected embryos were subjected to heat shock treatment at 48 hpf. Ahala-GFP
and Ahalb-GFP localization was determined at 2 hrs after the heat shock treatment. The
results showed a clear translocation of Ahala-GFP from Z-lines to myosin enriched A-bands
in myofibers of the heat shock treated embryos (Fig. 5G-I). In contrast, Ahalb-GFP did not
display such translocation from Z-line to A-bands (Fig. 5J-L). Together, these data indicate
that the Ahala might be involved in heat shock response by re-locating to myosin rich
A-bands to facilitate myosin folding and sarcomere assembly.

5. Loss of Ahala and Ahalb had no effect on muscle development

To assess Ahala and Ahalb function in muscle development, we generated zebrafish
mutants carrying indel mutations in ahala and ahalb genes using TALEN and CRISPR/Cas9
technologies Three mutant alleles, afala™, ahala*?3 and ahalat20, were initially generated
for ahalausing the TALEN technology targeted to exon 1 (Fig. S2, Supplemental material).
The ahala™ ahalat1®and ahalat?% mutant alleles carried a 4 bp deletion, 13 bp or 20

bp insertion, respectively (Fig. S2, Supplemental material). Bioinformatic analysis revealed
that ahalaencodes two distinct mMRNA transcripts that differ in the position of their ATG
start codons in exon 1. Sequence analysis revealed that the three TALEN induced ahala™,
ahala*13 and ahalat? mutants contained indels at position 49, 50 and 50 bp downstream
of the first ATG start codon but before the second ATG start codon, raising questions of
whether these mutants are completely null alleles.

To avoid the complexity from the second ATG start codon in ahala™ ahalat1sand
ahala*?0 mutant alleles produced by TALEN, we decided to generate new afala mutant
alleles using CRISPR targeted to exon 5 and exon 7. Two mutant alleles were generated
for ahala named ahalat?” and ahala=2? (Fig. 6A, B). The ahalat” and ahala2Y mutant
alleles carried a 17 bp insertion and a 20 bp deletion in ahala gene, respectively (Fig.

S3, Supplemental material). Using CRISPR, we also generated two afa1b mutant alleles,
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namely ahaib=* and ahaib™L (Fig. 6C). The ahalb™? and ahalb™ mutants carried a 4 bp and
1 bp deletions in ahalb gene, respectively (Fig. S4, Supplemental material). All these indel
mutations created reading frame shifts that resulted in premature translational termination
(Fig. 6). To assess whether these mutations lead to nonsense mediated mRNA decay, we
analyzed ahalaand ahalb mRNA expression by whole mount /n situ hybridization and real
time qRT-PCR. The results showed a clear nonsense mediated mRNA decay in ahala*17,
ahalb™ and ahalb~! mutant embryos (Fig. 7B, F-H), suggesting that they were most likely
null mutant alleles. Thus, ahala*?7and ahalb=? mutant alleles were mainly used in the
subsequent functional studies.

To test whether loss of ahala, ahalb, or both had any effect on muscle development, we
analyzed myofiber formation and sarcomere organization in ahaZa*l’ and ahaib™ single,

or double mutant embryos. Zebrafish embryos of WT, ahalatl’ and ahaib single, or
ahalatl’; ahalt* double mutants were stained with phalloidin and antibodies against MHC
and a-actinin. As shown in Fig. 8A—-H, myofibers with clear thick filaments and Z-line
organization were observed in slow fibers of both single and double mutant embryos.
Moreover, organization of thin filaments and Z-lines also appeared normal in fast myofibers
of the single or double mutant embryos (Fig. 81-P). Together, these data indicate that loss of
Ahala, Ahalb or both had little or no effect on muscle development and myofibril assembly
in embryonic skeletal muscles.

Given that ahalaand ahalb are cochaperones of Hsp90 required for muscle development

in C. elegans and zebrafish embryos (Du et al., 2008; Frnmkin et al., 2014), we tested
whether loss of ahalaand ahalbcould trigger an upregulation of heat shock protein

gene expression. Asp90a 1and hsp90a2 gene expression was analyzed during myogenesis

in ahala’;ahalb~* double mutant embryos by whole mount in situ hybridization and
gRT-PCR and WT. Compared with the WT control (Fig. 9A, C), the results showed that loss
of ahalaand ahalb did not affect the pattern of Asp90a 1 and hsp90a 2 expression in the
mutant embryos, respectively (Fig. 9B, D). gRT-PCR analysis confirmed similar levels of
hsp90a 1 or hsp90a2 expression in WT and ahalatl’;ahalb* mutant embryos (Fig. 9E, F).
Collectively, these data indicate that loss of ahalaand ahalb did not trigger a stress response
by upregulation of #sp90a 1 and hAsp90a2 expression in zebrafish embryos.

6. Effects of Ahal deficiency double mutant on heat shock response

Molecular chaperones and cochaperones play important roles in tress response. Given that
ahalaand ahalb expression was significantly upregulated in fish embryos in response to
heat shock, we decided to test whether loss of Ahala and Ahalb could affect fish embryo
survival under heat shock stress. Fish embryos from ahalat1"!*; ahaib=* in-cross and WT
control were heat shocked at 48 hpf for 2h at 37°C. Fish survival and overall morphology
were analyzed at 50 hpf. No significant difference was detected between heat shock treated
WT, heterozygous and homozygous mutant embryos with respect to embryonic survival and
morphology (Table 3, Supplemental material). Although pericardial edema was observed in
some of the heat shock treated embryos, the edema phenotype was also observed in the WT
group and showed no significant correlation between genotype and the edema phenotype
(Table 3, Supplemental material).
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To test whether muscle development could be affected in the ahala*1”:ahaib= double
mutants by heat shock treatment, we compared myofiber formation in WT and mutant
embryos with and without heat shock treatment. Fish embryos of the ahala*1’; ahalb™
double mutants and WT controls were subjected to 37°C heat shock treatment for 1

hr at 20 hpf or 31 hpf. Muscle development was analyzed at 1 hr post heat shock by
immunostaining with anti-myosin F59 antibody. No evident difference was detected in
myofibers between WT and ahalat1’;ahalb~# mutant embryos (Fig. 10A-D). Both groups
showed similar myofiber organization. The lack of significant effect from heat shock on
muscle development suggests that stress response might be normal in the absence of Ahala
and Ahalb in the double mutant embryos. To test this idea, we analyzed heat shock protein
gene expression in WT and ahalati’; ahaib™# mutant embryos under a heat shock condition
(Fig. 11A-P). Compared with WT control (Fig. 11, B, F, J and N), the data showed a similar
upregulation of 1sp40, hsp70, hsp90a 1, and hsp90B expression in ahalat1”:ahalb~ mutant
embryos in response to the heat shock treatment (Fig. 11D, H, L and P). Together, these
data indicate that loss of Ahala and Ahalb had no evident effects on heat shock response in
upregulation of heat shock protein gene expression.

7. Loss of Ahala and Ahalb had no effect on fish survival and muscle growth

A functional proteome is vital to cell and organismal survival. To determine whether

loss of Ahala or Ahalb affects fish viability and growth, we compared fish weights and
survival rates among WT, afala™” and ahalt* single and their double mutants. The
mutant fish displayed normal fish growth and rate of survival in adults. The distribution of
various genotypes agreed with the Mendelian’s law of inheritance (Table 4, Supplemental
material). Morphologically, the ahalat7and ahaib™ single and their double mutants were
indistinguishable from the WT siblings (Fig. 12A-C). Similar body weights were found in
homozygous and heterozygous mutants compared with WT siblings (Fig. 12D). Together,
these data indicate that Ahala and Ahalb are not essential for zebrafish development,
growth, and survival under the normal physiological condition.

To investigate whether there is any phenotype in adult muscle where ahalais strongly
expressed, we performed histological analysis on tissue sections of adult trunk muscle.
Compared with the WT control (Fig. 13A), no obvious difference was detected in skeletal
muscle tissue between WT and the afala*l’; ahaib double mutants (Fig. 13B). Myofibers
with similar ranges of diameters were observed in both WT and mutant skeletal muscles.
Single fiber analysis revealed comparable average myofiber volume (Fig. 13E), nuclear
count (Fig. 13F) and per nuclear volume (Fig. 13G) in multinucleated myofibers of WT

and mutant fish. Collectively, these data indicate that Ahala and Ahalb are not essential for
muscle development and growth in zebrafish.

Discussion

In this study, we characterized the expression and function of Ahala and Ahalb in zebrafish.
We demonstrated that ahalaand ahalbshowed distinct patterns of expression in zebrafish
embryos and adult tissues. Expression of ahalaand ahalbwas dramatically increased in
response to heat shock treatment and /sp90a 1 knockdown. The upregulation of ahala
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appeared to be muscle specific. Moreover, Ahala-GFP fusion protein exhibited a dynamic
translocation in muscle cells in response to heat shock. To our surprise, loss of ahalaand
ahalbdid not result in any visible phenotype in fish development, growth and survival.
Together, our studies indicate although Ahala and Ahalb are involved in stress response,
they are dispensable in zebrafish under normal physiological conditions

Ahal gene duplication

Gene duplication is the prime driving factor during evolution (Ohno et al., 1968, 1970).
Phylogenetic analysis showed that mammals contain two A#a paralogous genes, namely
Ahsal (Ahal) and Ahsa2 (Aha2). Ahsa2 (AhaZ) appears to be mammalian specific as
AhsaZ (AhaZ2) orthologs have yet to be identified in non-mammalian species. Two ahal
homologous genes, ahalaand ahalbwere found in fish species. The two ahal genes were
likely generated by the extra round of whole genome duplication in teleosts (Espinosa-Cant(
et al., 2015; Meyer and Schartl, 1999; Ohno, 1970). It has been shown that duplicated genes
from an ancestral gene could perform the same function. It is equally possible that two
duplicated genes could diverge during evolution by changing their patterns of expression to
fit the need of a certain cell-type-specific function at a given developmental stage (Espinosa-
Cantl et al., 2015; Meyer and Schartl, 1999; Ohno, 1970). Data from this study here indicate
that Ahala and Ahalb might have been evolved to have different functions due to their
different pattern of expression in trunk muscle and the head region. Ahala and Ahalb

may work in concert with distinct Hsp90 isoforms that are co-expressed with Ahala or
Ahalb. For example, Hsp90a 1 specifically expressed in muscle cells, may work with Ahal
to control protein homeostasis in muscle cells. In contrast, Hsp90p and Hsp90a.b1 that

are strongly expressed in the head region of zebrafish embryos may work with Ahalb to
regulate proteostasis in the nerve and other cells of the head region (Comyn and Pilgrim,
2012; Etard et al., 2007; Krone and Sass, 1994).

Ahal in stress response

Upregulation of heat shock protein gene expression is a common stress response, but

how Ahal react to stress in vertebrate systems is largely unknown. Previous studies have
demonstrated that heat shock of zebrafish embryos induced a large array of HSP gene
expression including Hsp40, Hsp70s and Hsp90s (Cai et al., 2019; Krone et al., 1997,
2003, 2007). We showed in this study that ahaZaand ahalb expression was dramatically
upregulated by acute heat shock treatment of zebrafish embryos. The upregulation of ahala
and ahalb expression in response to heat shock is consistent with their potential roles

as a Hsp90 cochaperones to participate in stress response. Interestingly, ahalaand ahalb
exhibited distinct patterns of upregulation of expression in response to heat shock. ahala
was predominantly upregulated in trunk muscles of fish embryos whereas a/a1b expression
was broadly upregulated with a stronger expression in the head region, especially at 2 dpf.
The distinct patterns of ahalaand ahalb upregulation were largely complementary and also
in agreement with their normal pattern of expression in the trunk muscle and the head
region, respectively. Additionally, we showed that knockdown of /sp90a1 but not Asp90a2
resulted in increased ahalaand ahalb expression at 24 hpf. Interestingly, the increased
expression was mainly restricted to trunk muscle of Asp90a 1 knockdown embryo. This

is consistent with previous reports that Hsp90a.1 but not Hsp90a.2 plays a critical role in
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myosin protein folding and sarcomere assembly in zebrafish skeletal muscles (Du et al.,
2008; Etard et al., 2007; Hawkins et al., 2008). Considering that ahalais normally expressed
in developing muscles of the zebrafish embryos, these data indicated that Ahala might be
involved in Hsp90a.1 function in muscle cell differentiation under both normal and stress
conditions, while Ahalb might be only involved under stress conditions in muscle cells.

In addition to the distinct pattern of gene expression in stress response, Ahala and Ahlb
differed in their protein subcellular localization in response to heat shock induced stress.
Ahala-GFP protein showed a dynamic translocation from the Z-line to the myosin enriched
A-bands when fish embryos were stressed by heat shock, while no dynamic translocation
was detected with Ahalb-GFP in response to heat shock. The Ahala-GFP translocation

is very similar to previous findings with Hsp90a.1 in zebrafish (Etard et al., 2008). Etard

and colleagues demonstrated that in response to stress or damage to the myofiber, myosin
chaperones, Unc45b and Hsp90a, dissociate from the Z line and transiently associate with
myosin, suggesting that the Z lines may serve as a reservoir for chaperone proteins from
which they can be mobilized in a reversible manner by damage to the myofibrils. Excitingly,
the chaperone translocation has been observed in skeletal myopathy. Unger and colleagues
showed that translocation of molecular chaperones to the titin springs is common in skeletal
myopathy patients and affects sarcomere function (Unger et al., 2017). Data from the
protein translocation and upregulation of expression further support idea that Ahala is likely
involved in Hsp90al function in muscle protein folding and sarcomere assembly in response
to stress.

Requirement of Ahal in organismal survival

Large bodies of evidence indicate that Ahal is essential for yeast survival under stress
conditions. Panaretou and colleagues demonstrated that although yeast mutant with Ahal
deletion grew normally under normal physiological temperatures, the Ahal mutant showed
compromised Hsp90 function and survival in elevated temperatures (Panaretou et al., 2002).
Similar findings were reported for Hchl, a shorter homolog pf Ahal in yeast (Panaretou

et al., 2002; Armstrong et al., 2012). As expected, deletion of and Ahal and Hchl

together further compromised yeast survival at higher temperatures (Panaretou et al., 2002),
especially under non-optimal growth conditions when Hsp90 levels were limited (Lotz et
al., 2003). Biochemical analysis showed that Ahal and Hchl were essential cochaperones
of Hsp90 and played a vital role in Hsp90 cycle and client protein activation (Lotz et

al., 2003; Panaretou et al., 2002). Genetic analysis in C. elegans revealed similar findings
with respect to Ahal function in muscle development and animal mobility (Frumkin et al.,
2014). Frumkin and colleagues reported that knockdown of Ahal (ahsa-1) expression in
Caenorhabditis elegans had no apparent phenotype under normal condition. However, under
stress conditions from wnc-45 temperature-sensitive mutation and Hsp90 deficiency, Ahal
was found to be critical for muscle homeostasis and integrity (Frumkin et al., 2014).

We showed in this study that loss of Ahala, Ahalb or both had no effect on zebrafish
embryonic development, growth and survival. The lack of a clear phenotype under normal
physiological condition is consistent with previous findings with a#aZ mutants in yeast and
C. elegans (Frumkin et al., 2014; Lotz et al., 2003; Panaretou et al., 2002). However, to our
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surprise, muscle development and fish survival also appeared normal in Aahala and Ahalb
double mutant subjected to acute heat shock stress. Currently, it is not clear why zebrafish
mutants showed no visible abnormality under stressed conditions. One possibility is that
the stress conditions used in this study were transient and not sufficient to cause visible
defects in the ahal mutants. Secondly, it is generally believed that Ahal acts as an activator
of Hsp90 ATPase that stimulates Hsp90 function in the proteostasis network. Although
ATPase activity is clearly necessary for efficient function of Hsp90 (Obermann et al., 1998;
Panaretou et al., 1998), the absolute requirement for ATP hydrolysis has been questioned in
a recent study (Zierer et al., 2016). Zierer and colleagues showed that some yeast mutants
with lower or undetectable Hsp90 ATPase activity were viable. Thirdly, it has been reported
that Hsp90 functions in nascent polypeptides folding process downstream from hsp70 is
independent of co-chaperone (Moran Luengo et al, 2019; Sun et al, 2012). The lack of
muscle phenotype in Ahala and Ahalb knockout mutant embryos is consistent with the
idea that Hsp90a 1 could function normally in myosin folding and sarcomere assembly
under normal physiological conditions. Loss of Ahal activity might only cause minor effects
and our limited phenotypical characterization might not reveal these minor impacts on fish
development, growth, and physiology. Lastly, we cannot rule out the possibility that other
factors may play a redundant role in the stress response in the absence of Ahal. Consistent
with this idea, we showed that loss of ahalaand ahalb did not affect the stress response in
the mutant fish embryos from heat shock. A clear upregulation of Hsp40, Hsp70 and Hsp90
gene expression was observed in the heat shock treated afala; ahalb mutant embryos.
These upregulated heat shock proteins might compensate for the lack of Ahal to maintain
proteostasis under the stress condition.

Ahal animal model in neurodegenerative and other diseases

Progressive accumulation of misfolded proteins is a common feature in neurodegenerative
disorders and aging. Protein aggregation and inclusion bodies formation have been reported
in the progression of Parkinson’s disease (PD), Alzheimer’s disease (AD), Huntington’s
disease (HD), Prion disease, amyotrophic lateral sclerosis (ALS) and spinal and bulbar
muscular atrophy (SBMA) (Ross and Poirier, 2004; Soto and Pritzkow, 2018; Sweeney
etal., 2017; Lashuel, 2021, Kumar et al., 2016). Many of the disease-causing proteins,
such as Tau, huntingtin (Htt), and polyglutamine androgen receptor are client proteins of
Hsp90/Ahal/Hsp70 chaperone machinery. It is generally believed that HSP chaperones and
cochaperones are important components of the proteostasis network that assists protein
folding, prevents aggregation, and promotes refolding of denatured model substrates.
However, recent studies demonstrated that under pathological conditions, Hsp90 and Ahal
can promote the accumulation of misfolded pathogenic Tau protein and drive the production
of pathological Tau aggregates in Tau transgenic mouse model and aged wild-type mice
(Criado-Marrero et al., 2021; Shelton et al., 2017). Histological analysis in postmortem AD
brain revealed that Ahal colocalized with pathogenic Tau (Shelton et al., 2017). Treatment
with Ahal inhibitors that block its interaction with Hsp90 could help reduce Tau fibril
aggregation. These studies raise the question of potential negative impact of Hsp90/Ahal
activity on neurodegenerative diseases.
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The negative impact of Hsp90/Ahal function has been observed in diseases progression

of other genetic diseases involved in protein quality control. Wang and colleagues showed
that downregulation of Ahal could rescue misfolding of CFTR in cystic fibrosis (Wang

et al., 2006), reduce tau accumulation in cultured cells (Shelton et al., 2017). A study

in zebrafish demonstrated that Ahsal and Hsp90 activity confers more severe craniofacial
phenotypes in a zebrafish model of hypoparathyroidism, sensorineural deafness and renal
dysplasia (HDR) (Sheehan-Rooney et al., 2013). Overexpression Ahsal in promoted severe
craniofacial phenotypes in zebrafish model of HDR syndrome, while knockdown of Ahala
could alleviate the severity of the craniofacial phenotypes (Sheehan-Rooney et al., 2013).
All these studies were performed with mammalian cells in culture or knockdown animal
models. Our ahalaand ahalb zebrafish mutants represent the first vertebrate model with
total loss of Ahal activity. The ahalaand ahalb mutant zebrafish thus provide useful models
to study their role neurodegenerative and other genetic diseases from dysfunction of the
proteostasis network.
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Figure 1. Phylogenetic analysis of Aha-type co-chaperones among different species.
Phylogenetic tree was developed based on Aha-type protein sequences from yeast to

mammals. The Aha-type cochaperones could be divided into four branches. The first branch
is made up of the Ahsal (Ahal), Fish Ahala and Ahalb subgroups. The other three
branches are Ahsa2 (Aha2), invertebrate Ahal and yeast Ahal and Hchl, respectively.
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Figure 2. Thetemporal and spatial patterns of ahala and ahalb gene expression in zebrafish
(Daniorerio) embryos and various adult tissues.

A. RT-PCR shows the temporal expression of ahalaand ahalb genes during embryonic
development at various stages from newly fertilized eggs to six days postfertilization (6 dpf)
zebrafish larvae. EF1la was included as an internal reference control. Two RT- RNA samples
from 5d and 6d and water (N) were included as negative controls. B-K. /n situ hybridization
shows the expression of ahalaand ahalbin zebrafish embryos during early embryogenesis
(10 - 48 hpf). Approximately 30-40 embryos were analyzed for each gene at each stage.
The expression of ahalawas restricted to developing somite and skeletal muscles (B-F) and
ahalbwas expressed broadly in the whole embryos with stronger signals in the head regions
(G-K) before 48 hpf. Scale bars =150 um. L. ahalaand ahalb are ubiquitously expressed

in adult tissues including skeletal muscle (Sm), heat (He), gill (Gi), gut (gu), eyes (Ey),

liver (Li), testes (Te), ovaries (Ov), and brain (Br). Primers for RT-PCR were designed at
the junctions of two adjacent exons to eliminate potential problems with genomic DNA
contamination. Two RT- RNA samples from ovaries and brain and water (N) were included
as negative controls.
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Figure 3. The effects of heat shock on ahala and ahalb mMRNA expression in wildtype zebrafish
embryos.

Wild type zebrafish embryos (n=50) were heat shocked for 1 hr at 37°C at 24 hpf or 48
hpf, respectively. The heat shocked embryos and respective untreated controls were fixed
and used for expression analysis of ahalaand ahalb mRNA transcripts by whole mount /n
situhybridization. The data show ahalaexpression in controls at 24 hpf (A, E) and 48 hpf
(C, G) and heat shocked treated groups at 24 hpf (B, F) and 48 hpf (D, H), respectively. A
strong muscle-specific upregulation of ahalaexpression was observed in heat shock treated
embryos at 24 and 48 hpf. The data show ahalb expression in controls at 24 hpf (I, M) and
48 hpf (K, O) and heat shocked treated groups at 24 hpf (J, N) and 48 hpf (I, 1), respectively.
A dramatic global upregulation of ahalb expression was observed in heat shock treated
embryos at 24 hpf (J, N). The upregulation was more pronounced at the head region at 48
hpf. A-D and I-L are side views. E-H and M-P are dorsal views. Scale bars = 100 um.
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Figure 4. Upregulation of ahala and ahalb expression in defective muscle of hsp90al knockdown
zebr afish embryos

Fertilized eggs were injected with control (Con-MO), Asp90a1-MO or hsp90a2-MO
morpholinos at 1 or 2 cell stages. The ahalaand ahalb gene expression was analyzed

by whole mount /n situ hybridization and gRT-PCR in the injected embryos (n=120 for

each MO) at 24 hpf. A-F, ahalaexpression in Con-MO (A, D), hsp90a1-MO (B, E) and
hsp90a2-MO (C, F) injected embryos, respectively. G-L, ahalb expression in Con-MO (G,
J), hsp90a 1-MO (H, K), and Asp90a2-MO (I, L) injected embryos, respectively. A-C, G-I:
side views. D-F, J-L: dorsal views. Scale bar = 100 pm. M and N, gRT- gPCR analysis shows
levels of ahala (M) and ahalb (N) mRNA expression in Asp90al, hsp90a’Z, and control
embryos at 24 hfp.

Comp Biochem Physiol B Biochem Mol Biol. Author manuscript; available in PMC 2023 June 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiao et al.

HS-Ahala Ahalb Ahala

HS-Ahalb

Page 25

Ahala-GFP Myomesin-3-RFP

Ahalb-GFP Myomesin-3-RFP

(&)

HS-Ahala-GFP ML

HS-Ahalb-GFP Myosin (F59)

Fig. 5. Subcellular localization of Ahala-GFP and Ahalb-GFP in myofibers of zebrafish embryos
under normal and heat shock conditions.

DNA constructs expressing Ahala-GFP or Ahalb-GFP fusion proteins were microinjected
into zebrafish embryos. Each group of the injected embryos were randomly divided into two
subgroups. One subgroup (~30 embryo) was subjected to heat shock (HS) treatment (37°C)
for 1 hr at 48 hpf, another subgroup (~30 embryo) was used as untreated control. Subcellular
localization of Ahala-GFP and Ahalb-GFP was determined in myofibers of control and heat
shock treated embryos together with M-line (Myomesin-3-RFP) and myosin (F59) markers.
A-C, Confocal analysis shows Ahala-GFP (A), Myomesin-3-RFP (B) and the merged (C)
localization in myofibers of control embryos. D-F, Ahalb-GFP (D), Myomesin-3-RFP (E)
and the merged (F) localization in myofibers of control embryos. G-I, Ahala-GFP (G),
myosin (F59, H) and the merged (1) localization in myofibers of heat shocked embryos.

J-L, Ahalb-GFP (J), myosin (F59, K) and the merged (L) localization in myofibers of

the heat shocked embryos. White arrows in (C) and (F) indicate sarcomeric Ahala-GFP

and Ahalb-GFP localization between the M-lines (Myomesin-3-RFP). Yellow arrows in

(1) indicate the Ahala-GFP colocalization with myosin (F59) in the A bands. Due to the
mosaic pattern of gene expression via DNA injection, myofibers labeled with Myomesin and
Myosin antibodies did not always express the ahala-GFP or ahalb-GFP transgene. Scale bar
=6 pm.
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Figure 6. Generation of ahala and ahalb zebr afish mutants using CRISPR/Cas9.
Gene specific sgRNAs targeted to ahalaor ahalb were co-injected with Cas9 protein into

fertilized embryos at 1-2 cells stages. Two mutant alleles were generated for each gene.
A and B, the ahala*™” and ahala=2? mutant alleles were generated using ahala-sgRNA-4
and ahala-sgRNA- 6 targeted to ahalagene exon 5 and 7, respectively. The afala*?” and
ahala=?alleles carry a 17 bp insertion and 20 bp deletion, respectively. C, the aha1b™!
and ahalt~* mutant alleles were generated using the same ahalb-sgRNA-3targeted to
exon 2 of ahalb gene. The ahalb~ and ahalb alleles carry a 1 bp and 4 bp deletion,
respectively. All these indel mutations created reading frame shift in ahalaor ahalb,
resulting in premature stop codons in their coding sequences.
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Figure 7. Comparison of ahala and ahalb mRNA expression in WT, ahala and ahalb mutant
embryos.

ahalaand ahalb mRNA expression was analyzed by whole mount /in situ hybridization
(A-F) and gRT-PCR (G, H) in WT, ahala™’, ahala?0, ahalb*and ahalb *mutant embryos
(approximately 30 embryos for each group) at 24 hpf. A-C, ahalaexpression in WT control
(A) and aha1a*l’ (B) ahaia=20 (C) mutant embryos. D-F, ahalb expression in WT control
(D), ahalb™(E) and ahalb 1(F) mutant embryos. All pictures are side views. Scale bar =
100 pm. G and H, qRT-PCR analysis of ahalaand ahalb mRNA expression in WT control
and ahala (G) and ahalb (H) mutant zebrafish embryos at 24 hpf. Expression of elongation
factor 1-alpha (Ef-1 a)was used an internal reference gene. Error bars are mean + SEM.
***pP<(0,001 were considered statistically significant. Nonsense- mediated mRNA decay was
detected in ahala*’, ahalb~*and ahalb ‘mutant alleles.
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Figure 8. Characterization of muscle cell differentiation and sarcomere organization in slow and
fast muscles of ahala and ahalb mutant embryos.

Myofibers in slow and fast muscles of WT, ahalatl’, ahaib-4single and ahalatl’; ahaib=4
double mutant embryos (~80 fish embryos for each group) were analyzed by phalloidin
and immunostaining that specifically label various sarcomere structures. A-D: Myaosin
organization in slow fibers revealed by F59 antibody staining of WT (A), ahala’(B),
ahalb~*(C) and ahalatl’; ahalb (D) mutant embryos at 28 hpf. E-H: Z-line organization
in slow fibers revealed by anti-a-actinin antibody staining of WT (E), ahala*l’(F),
ahalb~*(G) and ahala™’; ahaib*(H) mutant embryos at 28 hpf. I-L: a-actin thin filament
organization revealed by Phalloidin staining of WT (1), ahaZa*1’(J), ahait*(K) and
ahalat’; ahalb~*(L) mutant embryos at 60 hpf. M-P: Z-line organization in fast fibers
shown by anti-a-actinin antibody staining in WT (M), ahala™’(N), ahait=*(0) and
ahala™l’; ahalt~*(P) mutant embryos at 60 hpf. All pictures are side views of part of
trunk muscles. Scale bar = 25 pum.
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Figure 9. Knockout of ahala and ahalb has no effect on hsp90a1 and hsp90a.2 gene expression in

fish embryos.

Expression of Asp90al and hsp90aZwas determined by whole mount /n situ hybridization
(A-D) and gRT-PCR (E, F) in WT control (A, C) and ahala*"; ahalt-*double mutant
(B, D) zebrafish embryos at 24hpf, respectively. WT embryos (n=51) and ahala*l’;
ahalb-*double mutant embryos (n=50) were applied for /in situ hybridization. Total RNA
was extracted from zebrafish embryos (triplicates of 25 each) at 24 hpf in each group for
gRT-PCR, respectively. All pictures here are side views. Scale bar = 100 pum.
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Figure 10. The effect of heat shock on muscle development in Ahala and Ahalb double mutant
embryos.

WT (n=50) and ahala™’; ahaib *double mutant (n=50) embryos were subjected to heat
shock (HS) at 20 hpf or 31 hpf under 37°C for 1h. Muscle development in the treated
embryos was analyzed by immunostaining with F59 antibody that showed myosin thick
filament organization in WT (A, B) and ahalaand ahalb double mutant (C, D) embryos
at 20 and 31 hpf, respectively. No significant difference was detected between WT and
ahalatl’; ahalb~*mutant embryos. All pictures are side views of part of trunk muscles.
Scale bar = 25 um.
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Figure 11. Heat shock response in ahala and ahalb double mutant embryos.
WT (n=120) and ahala*l’; ahalb*double mutant (n=120) embryos were subjected to heat

shock (HS) at 24 hpf under 37°C for 1h. mRNA expression of Asp90a 1 (A-D), hsp9p
(E-H), hsp40(1-L) and Asp70 (M-P) were analyzed in untreated (A, E, | and M) and heat
shock treated (B, F, J and N) WT control group as well as untreated (C, G, K and O) and
heat shock treated (D, H, L and P) anaZa*l’; ahaib™* double mutant group. Comparable
upregulation of A5p90a.1, hsp90B, hsp40, and hsp70was observed in WT and ahalatl’;
ahalb~* mutant embryos. All pictures here are side views. Scale bar = 100 um.
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Figure 12. Knockout of ahala and ahalb has no effects on fish growth and survival.
A-C. Morphological comparison among WT, afalal’(A), ahaltb*(B) and ahalat’;

ahalt~4(C) mutant fish at 10-month-old. D. Body weight (g) comparison among

fish generated from in-cross of ahalat1”*, ahalb=#* or ahala*l"*; ahaib ** double
heterozygous mutants at 10-month-old. Adult fish (n=162) generated above were used for
body weight testing. Scale bar = 1.3 cm. Weight differences among different genotypes of
zebrafish were analyzed using a Student’s t-test. No significant difference was detected in
terms of body weight among these groups (P>0.05). Error bars are £ SEM.
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Figure 13. The Ahala and Ahalb double mutants displayed normal muscle growth.
Skeletal muscles were dissected from three WT and three ahaZat1’; ahalb*double mutant

fish at 5- month-old. A and B, Skeletal muscle structures were analyzed by haematoxylin
and eosin (HE) staining in cross sections of trunk muscles from WT (A) and ahala*l’;
ahalb-*double mutant (B), respectively. Scale bar = 50 um. C and D, single myofibers were
dissected from skeletal muscles of WT (C) and ahaZa™l’; ahaib*double mutant (D) fish at
5-month-old. The dissected single fibers (n=35, each) were stained with Hoechst 32258 and
Phalloidin-TRITC. Average myofiber volume (E), nuclear count (F) and per nuclear volume
(G) were calculated and compared between WT and ahala™’; ahaib“*double mutant. No
significant difference was detected between WT and ahala™’; ahaib*mutant fish. Error
bars are Median+ SEM. Differences between WT and mutants were analyzed using a
Student’s t test
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