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Abstract

Title of Dissertation: Expression and functional analyses of chaperones and co-
chaperones in zebrafish embryogenesis and proteotoxic stress response
Huanhuan Xiao, Doctor of Philosophy, 2023
Dissertation Directed By: Dr. Shaojun Du, Professor, Department of Biochemistry
and Molecular Biology

Molecular chaperones are highly demanded in cells for protein homeostasis,
especially in muscle cells. Our Previous studies demonstrated that Hsp90aal.1, UNC-
45b, and Smyd1b are essential for sarcomere assembly during myogenesis in
zebrafish embryos. Deletion of any of them resulted in increased myosin protein
degradation and embryonic lethality. However, little is known about the molecular
chaperone events except for Hsp90aal.1 and UNC-45b, which guide the stabilization
of sarcomere protein to keep cellular homeostasis and their regulatory mechanism in
muscle cells. To determine the function of Hsp90 co-chaperone, Ahal, in muscle
development, | generated ahala; ahalb double mutants in zebrafish using CRISPR.
The results showed that Ahala and Ahalb are intensely involved in stress response
from heat shock and muscle defects but are dispensable in zebrafish muscle
development and growth. Next, | defined gene expression changes induced by
Smyd1b deficiency and their regulation using transcriptomics and a genetic approach.
| found a dramatic muscle-specific upregulation of cytosolic hsp70, hsp90, and their
co-chaperones was observed in smyd1b mutants by in situ hybridization. And the
upregulated hsp70s is a common HSR shared in unc-45b and hsp90aal.l deficient

embryo. | further demonstrated that these Hsp70s could interact with myosin partners,



UNC-45b and Smyd1b, by Co-IP assay, and their upregulation depends on the
transcriptional factor, heat shock factor 1 (Hsf1). Knockout of hsfl blocked the
upregulation of hsp70s expression in smyd1b deficient embryos. Finally, to study the
function of the housekeeping Hsp70 (Hspa8), | generated hspa8 zebrafish mutants
using CRISPR. hspa8 knockout mutants displayed a pharyngeal arch structure and
myofibers loss in the craniofacial region. In addition, defective retinal ganglion cell
differentiation and reduction of photoreceptors were detected in the eyes of hspa8
mutants. It appeared that hspa8 is critical for cell proliferation and survival during eye
formation. Together, these studies provide novel insights into the expression and
function of hsp70s in stress response and the essential role of hspa8 in craniofacial
and eye development. Knowledge gained from these studies of chaperonopathies in
the zebrafish model may help develop new strategies for treating chaperonopathies in

human diseases.
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Chapter 1: General Introduction

Molecular chaperone and Heat shock protein (HSP)

Protein is the final product of gene expression, and it must be correctly folded
into specific spatial shapes to have its biological function (Alberts et al., 2002).
Therefore, protein biogenesis is one of the most important physiological processes,
ensuring the cell's correctly folded and maintained protein (Morales-Polanco et al.,
2022). Molecular chaperones are essential to ensure cellular protein homeostasis,
including assisting folding of newly synthesized polypeptides in gaining three-
dimensional structures and translocating to where they will have a function; On the
other hand, they can prevent partially denatured and misfolded protein from
aggregation followed by stress or direct the damaged or polypeptides to go proteolytic
pathway, thus, to get away of the risk of aberrant folding, aggregation and toxic
species to the cell (Vabulas et al., 2010; Hartl, 2011). Chaperones are mostly known
as heat shock proteins (HSPs), and wildly expressed in all organisms. However, some
molecular chaperones are not HSPs, e.g., cofactors A, C, D, and E are involved in
tubulin folding in the cytosol (Melki et al., 1996; Tian et al., 1999).

HSPs can be classified into five or six prominent families according to
different molecular weights, which are HSP100, HSP90, HSP70, HSP60, (HSP40),
and small HSPs (sHSP, also called a-crystallins). These HSPs cooperate and form a
molecular network to prevent cell harm by maintaining overall cellular protein
homeostasis (Hartl, 201). Generally, HSPs can be largely induced in response to heat

or other cellular stress conditions, including heat, oxidative stress, UV light, alcohols,



heavy metals, or other pathologic conditions such as viral infection and inflammation
(L. Nover, 1999). HSPs ensure polypeptide folding during and after its synthesis in
the ribosome, refolding the misfolded protein, disassociating aggregates, or targeting
the aggregates for proteasome degradation, thus, protecting the cells from damage
and disease-induced stress (Bozaykut et al., 2014; Hu et al., 2022). Mutations in
critical chaperones can lead to misfolded or aggregates in the cell, which may interact
aberrantly with other proteins, thus altering their normal biological functions (Ashraf
et al., 2014; Chiti & Dobson, 2017). Insufficient or dysregulated chaperone function
can lead to a subset of human diseases, including tauopathies, myopathies, cancer,
and prion diseases (Harms et al., 2012; Kovacs et al., 2001; Rappa et al., 2012; Tracz-
Gaszewska et al., 2017).

The chaperone function of the Hsp70 and Hsp90 is regulated by ATPase
activity and a group of non-substrate accessory proteins, called co-chaperones, which
are required, to a greater or lesser degree, to finely tune the chaperone’s function by
interacting with N-terminal domain of HSP70/HSP90 and adapt to different stages of
protein folding process (Mayer and Bukau, 2005; Prodromou, 2016; Calderwood,
2013). Even though the cytoprotecting function of HSPs are well known for its
critical role in protein folding or refolding, they can also work independently of the
N-terminal domain of the canonical chaperoning function during development and
stress conditions, such as functioning in cell differentiation and anti-apoptosis or cell
death pathway (Sun et al., 2006; Macario & Conway de Macario, 2007; Lanneau et

al., 2008; Fan, 2012).



Hsp90 and Hsp70 chaperone system in protein quality control

Hsp90 and Hsp70 are highly conserved and the most abundant proteins
present in the cells, and they are widely involved in almost all cellular processes to
keep protein homeostasis (Genest et al., 2019). Hsp90 collaborates with Hsp70 and
many co-chaperones to fulfill its functions in eukaryotic (Pratt et al., 2003; Jakob et
al., 1995; Hoter et al., 2018). In the protein folding process, Hsp70 stabilizes the
nascent peptide on the ribosome to initiate folding and Hsp90 associates with client
protein folding at a later stage for their stabilization or activation. Hsp90 is an
ATPase-dependent protein, and its aided protein folding pathway is conducted by
collaboration with Hsp70 for client protein recruitments and a large cohort of co-
chaperones mediated ATP binding, hydrolysis, and ADP release cycles to drive
Hsp90-client protein interactions (Pratt et al., 2003; Genest et al., 2019; Biebl and
Buchner, 2019). The collaborations of Hsp70 and Hsp90 are not only for de novo
protein folding, but they also function in misfolded protein degradation pathways by
working with ubiquitin-proteosome system for PQC (Prodromou et al., 2023;
Abildgaard et al., 2020; Jawed et al., 2023).
Hsp90 and its co-chaperone Ahal

Heat shock protein 90s (Hsp90s, also called HSPC) are conserved during
evaluation and highly abundant in almost all kingdoms (Chen, 2006). The ATP-
dependent chaperone function of Hsp90s is highly regulated by co-chaperones and
they are involved in a large set of client proteins activation (Obermann et al., 1998;
Panaretou et al., 1998; Wayne et al., 2011; Pearl, 2016; Li et al., 2018; Mahalingam et

al., 2009). In eukaryotes, Hsp90 promotes more than 200 clients for correct folding



and activation, such as many protein kinases, transcription factors, and E3 ubiquitin
ligases (Picard et al., 2002; Karagdz & Rudiger, 2015; Zuehlke & Johnson, 2010). As
a homodimer, its ATP binding, hydrolysis and release activity are essential in its
conformation transition process (Panaretou et al., 1998; LaPointe et al., 2020). The
Hsp90 chaperones experience a conformation change from an ATP-bound N-terminal
"open" state to ADP-bound "closed"” conformation for client protein binding and
interaction to facilitate the client protein folding and maturation. To achieve Hsp90s'
biological function, eukaryotic Hsp90 acts with numerous co-chaperones, and it has
over 20 co-chaperones (Chiosis et al., 2013; Genest et al., 2019; Zuehlke &Johnson,
2010; Chen et al., 1998; Li et al., 2011; Roe et al., 2004; Sahasrabudhe et al., 2017).
The client activation function of Hsp90 is tightly regulated by a group of co-
chaperones, including HOP/Sti1, Ahal, P50/Cdc37, P23/Shal, CyP40/Cpr6, and
Cpr7 for its specific conformation changes to achieve functional ATPase cycle. So
far, the most potent activator of the Hsp90 ATPase activity is Ahal(activator of hsp90
ATPase homolog 1), a co-chaperone that binds to the Hsp90 middle domain and
exerts a stimulatory effect on Hsp90 ATPase activity (Lotz et al., 2003; Meyer et al.,
2004; Armstrong et al., 2012; Horvat et al., 2014). Binding and hydrolyzing ATP is
essential for Hsp90 function in vivo. Deletion of hsp90 does not hydrolyze ATPase or
support viability in yeast (Obermann et al., 1998; Panaretou et al., 1998). Similarly,
another study showed that yeast strains that Ahal and its homolog Hchl are essential
components in the Hsp90s cycle and cannot survive without Ahal in restrictive
temperatures (Panaretou et al., 2002). Furthermore, genetic studies in yeast showed

that knockout of Ahal severely compromised the maturation of Hsp90 clients (Lotz et



al., 2003). Besides, a study in Caenorhabditis elegans (C. elegans) confirmed that
Ahal as an Hsp90 co-chaperone was required for muscle integrity in unc-45
temperature-sensitive mutants, which indicated that Ahal is involved in muscle
function under myosin-folding induced stressed condition (Frumkin et al., 2014). On
the other hand, some in vitro experiments showed that the upregulated Ahal in heat-
stressed conditions could prevent the aggregation of denatured proteins and be
involved in the ubiquitination pathway to avoid harm to the cell (Tripathi et al.,
2014). In addition, recent studies showed that Ahal is a potential drug target for
treating human disease. For example, the downregulation of Ahal can rescue the
misfolded transmembrane conductance regulator (CFTR) in cystic fibrosis (Wang et
al., 2006). A recent study on tau fibril suggested that inhibiting the function of Ahal
can dramatically reduce the accumulation of insoluble tau, which makes Ahal
becoming an appealing drug target for treating neurodegenerative diseases (Shelton et
al., 2017).

There are two forms of cytosolic Hsp90 in human cytoplasm, namely,
hsp90aal and hsp90abl. While in there are three homologs of Hsp90 in zebrafish,
including hsp90aal.1, hsp90aal.2, and hsp90abl.1. Among them, hsp90aal.l is a
myosin chaperone that plays an essential role in myosin folding and hence in
sarcomere assembly (Barral et al., 2002; Du et al., 2008; Ojima et al., 2018; Liu et al.,
2018; Thomas et al., 2008). Loss of hsp90aal.1 resulted in significant myosin protein
degradation and defective sarcomere organization in skeletal muscle, leading to early
larval lethality around five days-post-fertilization (dpf) (Wohlgemuth et al., 2007;

Etard et al., 2007; Du et al., 2008; Hawkins et al., 2008). A missense mutation that



compromises the ATPase activity of hsp90aal.l abolishes its biological function in
the organization of myosin in the thick filament in the skeletal muscle of zebrafish
(Hawkins et al., 2008). Ahal has the most pronounced activating effect on the
ATPase hydrolysis of Hsp90 (Panaretou et al., 2002; Lotz et al., 2003). However, the
functional significance of Ahal in Hsp90 chaperone cycling during early vertebrate
development is still unclear. Even though the heat shock response of Hsp90, Hsp70,
and some of its co-chaperone, e.g., Hop, has been well studied (Toribio et al., 2020;
Terrab &Wipf, 2020; Bhattacharya et al., 2022), the HSR of Ahal, the most potent
Hsp90 ATPase stimulator in vertebrate systems, is largely unknown.
Hsp70 and its co-chaperone Hsp40

Heat shock proteins 70 (Hsp70s, also called DnaK) are a family of conserved
and ubiquitously expressed chaperone proteins. There are four members in the Hsp70
family, HSC70 and HSP70 in the cytosol, GRP78 in ER, and HSP75 (mtHsp70) in
mitochondria (Rai et al., 2021). Moreover, they are differential in terms of expression
levels, stages, subcellular localization, and the specificity for substrate binding, which
are critical to achieving different aspects of cellular functions (Brocchieri et al., 2008;
Mayer& Bukau, 2005; Clerico et al., 2015). The constitutively expressed HSC70,
GRP78, and HSP75 provide a series of housekeeping functions. The inducible form
Hsp70s (e.g., hspala and hspa6 in humans and hsp70.1, hsp70.2, hsp70.3 and hspalb
in zebrafish) are hardly expressed in the normal cell but highly inducible under stress
conditions whose synthesis is controlled by the level of nonnative protein substrates

(Lindquist, 1986; Zorzi & Bonvini, 2011; Masser et al., 2019).



Like HSP90, Hsp70 is also an ATP-dependent chaperone. It interacts with a
hydrophobic peptide of substrate protein in an ATPase- dependent manner (Ridiger
et al., 1997; Rosenzweig et al., 2019). All Hsp70s contain an ATPase domain (or
called nucleotide-binding domain, NBD, ~44kDa) at N-termini and a conserved
substrate-binding domain (SBD) at C-termini that includes a B-sandwich hydrophobic
binding pocket (~18kDa) and a-helical lid domain (~10 k Da) (Jiang et al., 2005;
Sharma & Masison, 2009; Liu et al., 2020). To help client protein folding, the
ATPase domain of Hsp70 hydrolyzes the ATP to become ADP resulting in a higher
affinity for client protein binding and preventing aggregates; and then Hsp70
undergoes a conformational change and releases the substrate protein by its co-
chaperone, such as nucleotide exchange factor (NEF) and J-domain (JD) co-
chaperones (mostly are Hsp40), which results in an ATP-bind state (Mayer & Bukau,
2005). During this process, the co-chaperones are critical for the functional specificity
of Hsp70, especially nucleotide exchange factor (NEF), e.g., Hsp110, and J domain
protein (JDP), mostly is Hsp40. The Hsp70-NEFs can promote the dissociation of
ADP from Hsp70, and JDP can stimulate the ATPase activity of Hsp70 (Fan et al.,

2003; Clerico et al., 2019; Bracher & Verghese, 2015).

JDP, especially Hsp40, is essential for regulating the specificity of Hsp70
substrate binding, stimulating the ATPase activity of Hsp70 chaperone cycling, and
facilitating a distinct cellular localization (Fan et al., 2003; Faust et al., 2020). In this
way, Hsp40 can act as a critical mediator of protein folding in the Hsp70 chaperone
cycle, which is significant for protein quality control in the cell. Therefore,

understanding the mechanisms of how Hsp40 proteins function as specific regulators



of different Hsp70 will be significant for understanding the molecular chaperones
network and be suitable for developing therapeutic strategies of co-chaperones to
treat diseases associated with protein misfolding and aggregation.
The function of Hsp70 and Hsc70 in polypeptide chaperoning and antiapoptotic
signaling pathway

Cell encodes Hsp70s family members for diverse functions. Generally, Hsp70
has multiple functions during average growth and stress response. In the protein
folding pathway, the Hsp70/Hsc70 system can stabilize the nascent peptide on the
ribosome to initiate folding, followed by the Hsp90 chaperone system (Genest et al.,
2019). As a stress chaperone, Hsp70 is responsible for denatured protein stabilization
and degradation to keep protein homeostasis under cellular stress conditions such as
elevated temperature and disease (Mayer & Bukau, 2005), where the increased
abundance of Hsp70 can compete for binding to the hydrophobic regions and
assisting in refolding in ATP-driven manner or preceding degradation by the
ubiquitin-proteasome system(UPS) or chaperone-mediated autophagy (Fernandez-
Fernandez &Valpuesta, 2018; Young, 2010; Kohler & Andréasson, 2020;
Kandasamy & Andréasson, 2018). For example, overexpression of Hsp70 can
promote misfolded tau protein degradation and reduce cell death caused by insoluble
tau, thus suppressing the severe phenotype of neurodegenerative disease (Outeiro et
al., 2008; Gupta et al., 2020). Additionally, recent studies have regarded Hsp70 and
its co-chaperones as potential drug targets for diseases with misfolding defects, such

as ion-channel-misfolding disease (e.g., CFTR mutants) and neurodegenerative



disease due to its functions in protein folding and turnover (Jason, 2014; Duncan et
al., 2015; Shiber& Ravid, 2014).

Besides protein folding or refolding, the cytoprotecting function of Hsp70 for
inhibiting cell death via JUK pathway is independent of polypeptide binding activity
at C-terminal (Mosser, 2000). And, Hsp70 has been shown to co-localize with lipids
and possibly function in protein translocating and membrane protein folding (Arispe
et al., 2002). Moreover, in pathophysiological or disease conditions, such as cancer,
Hsp70 has been shown to localize in the lysosomal and plasma membrane, as well as
to the extracellular space to stabilize the lysosomal membrane and prevent the
subsequent cell death that is dependent on lysosome (Balogi et al., 2019). Also, under
cellular stress conditions such as heat stress, the function of Hsp70 is restricted to the
nucleus by re-localizing from cytoplasm to the nucleus (Kodiha et al., 2005). Once
the stress is removed, Hsp70s are supposed to localize from the nucleus to the
cytoplasm. If not, cell survival can be negatively affected by a secondary cell death
pathway (Gong et al., 2019).

More pieces of evidence showed that Hsp70 is also involved in inducing cell
survival and antiapoptotic signaling pathway, thus determine the death fate of cells
(Park et al., 2018; Martindale &Holbrook, 2002; Vasaikar et al., 2015). For example,
inhibition of Hsc70 protein expression directly led to cell apoptosis by activating the
JUNK signaling pathway and Hsc70, together with eEF1AL, protects the cerebral
ischemic injury in the brain by inhibiting endothelial cell apoptosis (Liu et al., 2016).
On the other hand, overexpression of Hsp70 or Hsc70 can protect cells from stress-

induced apoptosis by preventing the activity of procaspases 9 and procaspases 3, but a



continuous expression of Hsp70 has an effect on cell growth inhibition (Mosser et al.,
2000, Du et al., 2022). And hsp70 is often elevated in the cancer cell and associated
with increased proliferation; the overexpression of Hsp70 in cancer cells is thought to
be involved in caspase-dependent and independent apoptosis signaling by regulating
important apoptotic mediator BCL2 to induce proliferation (Buzzard et al., 1998;
Murphy, 2013; Vasaikar et al., 2015). In contrast, knockout hsc70 and hsp70 lead to
morphology changes in cancer cells (Rohde et al., 2005). The previous study on
hsc70 or hsp70 mainly focused on their functions in cell signaling pathways in human
cell lines. However, the function of the constitutively expressed HSC70 or inducible
Hsp70 in early vertebrate development or their roles under proteotoxic stress
conditions, especially in the muscle cell, still needs to be better understood.

Heat shock response (HSR) and heat shock factors (HSFs)

The discovery of Heat shock response (HSR) and HSPs was initiated by
Ritossa's observation of a "puffs™ pattern in the chromosome of the Drosophila
salivary gland in response to elevated temperatures in early 1960 (Ritossa, 1964).
HSR is a typical physiological process that occurs when cells suffer stressed
conditions, including environmental stress and disease, which leads to damaged
proteins prone to aggregation. Under cellular stress conditions, multiple HSPs are
induced in response to the increasing misfolded proteins, such as Hsp40, Hsp70,
Hsp90, and sHsp; meanwhile, the other protein production is inhibited during this
process (Pardue et al., 1992; Velichko et al., 2013). These highly induced HSPs and
their co-chaperones can help refold the misfolded protein and disassociate the

aggregates to facilitate the degradation to keep cell homeostasis. The synthesis of
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these HSPs is inhibited when the stress is removed (Houck et al., 2012). However,
there is a finely tuned balance of cell fate: if the stress persists for a long time or there
are too many aggregates in the cell, a cell death pathway will be activated (Galluzzi et
al., 2018).

The activation of HSP gene expression is controlled by a set of transcription
factors, namely heat shock factors (HSFs) with the highly conserved amino acid
sequences during evolution from yeast to mammalians. Four HSFs in vertebrate has
been identified, including HSF1, HSF2, HSF4, and HSF3, that is unique to avian.
These HSF all processed conserved DNA binding domain (DBD) at N- terminal for
binding with heat shock elements (HSEs) and hydrophobic oligomerization domain
(HR-A/B) in the middle for HSF monomers or dimers trimerization. Moreover, the
functional domain at C-terminal called heptad repeat (HR-C) can be found in HSF
protein of most species but not all (Amin et al., 1988; Morimoto, 1998; Pirkkala et al.,
2001). Of those, the HSF1 is the first identified in this group. It has been considered
the master regulator for HSPs following stress (Bjork & Sistonen, 2010) It also
functions in many aspects during vertebrate development (Xiao et al., 1999; Akerfelt
et al., 2007; Abane & Mezger, 2010). HSF3, unique to avians, is activated in response
to heat shock. It can also activate nonclassical heat-shock genes, e.g., PROM2, to
protect cells from severe and detrimental stress conditions. (Tanabe et al., 1998;
Fujimoto et al., 2010). In comparison, HSF2 is not activated in response to classical
stressors but is associated with HSR (Ostling et al., 2007; Bjork & Sistonen., 2010).
HSF4 is not ubiquitously expressed in most tissues, and it was reported to have a

lens-specific role (Nakai, 1999; Fujimoto et al., 2004).
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HSFL1 is the primary regulator for the activation of HSP gene expression, and
it is widely and constitutively expressed in most cells (Fiorenza et al., 1995). For
example, a previous study showed HSF1 is required for heat shock protein induction
for cellular protection under heat shock or inflammatory responses in hsfl mutant
mice (McMillan et al.,1998; Xiao et al., 1999). Similarly, the knockdown of hsfl
production can efficiently block Hsp70-GFP expression in zebrafish under heat shock
stress conditions (Wang et al., 2001). Furthermore, a study in zebrafish showed that
HSF1 is a mediator of the upregulation of myosin chaperones (unc-45b) in unc-45b
deficient embryos (Etard et al., 2015). However, another study in zebrafish reported
that the upregulation of heat shock gene expression (e.g., hsp27 and hsp70) could be
induced independent of HSF1 under hypoxia-induced stress conditions in the brain
and eyes (Tucker et al., 2011). The above conflicting results on the HSPs induction
by HSF1 may be due to the different regulatory roles of HSF1 under different stress
conditions, or the regulatory roles of HSF1 vary from tissues. To be mentioned that
HSPs and co-chaperones are highly demanding for the skeletal muscles since skeletal
muscle is a force-generating tissue susceptible to stress from outside, including
exercising, mechanical and oxidative stress. However, the roles of HSF1 in regulating
HSPs and co-chaperone inductions in muscle cells under various stress conditions
still need to be better understood.

Sarcomere protein quality control (PQC)
Sarcomere
Striated muscles consist of bundles of myofibers, each formed by the

alignment of several myofibrils. Each myofibril consists of highly organized and
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repeat structures called a sarcomere, which is the basic unit for muscle contraction.
Between two adjacent Z-lines is a sarcomere. The sarcomere has three essential
proteins: the abundant myosin in thick filament, actin in thin filament, and a giant
protein in titin filament. The myosin-containing thick filaments and actin-containing
thin filaments are arranged in a highly organized fashion, forming the A-bands (dark
region) and I-bands (lighter region) (Sparrow et al., 2009). The alternating pattern of
A-bands and I-bands gives the skeletal muscle a striated appearance. The force for
muscle contraction is generated by the sliding of the actin over the myosin within the
A-band (Sweeney & Hammers., 2018).

The three-dimensional structure of sarcomere proteins is arranged in the
sarcomere in a precise order, which is critical to muscle function. Sarcomere
assembly occurs through the sequential expression of sarcomeric genes and stepwise
addition of complex proteins, including the incorporation of titin, myosin, actin, etc.
This process must involve correct and regulated steps of protein folding and assembly
by molecular chaperones and co-chaperones (Willis et al., 2009), such as Hsp90aal.l,
UNC-45b, Smyd1, Hsp70 (Etard et al., 2015; Just et al., 2011; Qiu et al., 2006; Liu et
al., 2008). Furthermore, mutations in genes encoding chaperones and co-chaperones
involved in sarcomere assembly can lead to numerous myopathies (Laing, 2008).
Smyd1, UNC-45, Hsp90, and Hsp70 in myosin folding process

Chaperones and co-chaperones are essential and highly demanded in muscle
cells considering the crowded cellular environments occupied by the most abundant
myosin, titin, and the cell's giant protein(titin). For the first time, our lab discovered

that Smyd1b and Hsp90aal.1 are critical for sarcomere assembly. Deletion of any of
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them in zebrafish resulted in defective myofiber maturation, increased myosin protein
degradation, and led to paralyzed phenotype; the smyd1b or hsp90aal.1l mutant fish
can only survive for five days. (Tan et al., 2006; Li et al., 2011; Cai et al., 2018).
Smyd1 (also called m-Bop), a histone methyltransferase, is composed of a
SET, MYND, and TPR domain, and it is highly expressed in heart and skeletal
muscle during embryonic development (Hwang et al., 1997). The smyd1 null mutant
mouse cannot be generated due to embryonic lethality (Gottlieb et al., 2002), which
makes it challenging to study the Smyd1b function in skeletal muscle and cardiac
muscle in vivo. There are two smyd1 genes found in zebrafish due to gene duplication
in evolution, namely smydla and smydlb. Smyd1lb is localized to the M-line in
mature muscle fibers (Li et al., 2011). Our and Just's studies showed that smyd1b is
essential for the correct folding and assembly of sarcomeric protein, especially for the
integration of myosin protein into the thick filaments, and loss of smyd1b results in
loss of heart and skeletal muscle contraction (Just et al., 2011; Cai et al., 2019).
UNC-45 is currently the most characterized myosin chaperone. It is a
tetratricopeptide repeat (TPR) domain containing co-chaperones of Hsp90. It is
localized in the Z-line with Hsp90aal.1 under normal conditions and shuttling to the
A band under cellular stress conditions (Etard et al., 2008). Similar to Smyd1b, UNC-
45 is also specially expressed in skeletal muscle and heart (Wohlgemuth et al., 2006).
The phenotypes of the unc-45b mutant zebrafish remarkably resemble
to smyd1b mutants. Mutations of unc-45 lead to disruptive thick filament structure in
the body muscle of Caenorhabditis elegans (C. elegans) and shows disorganized

sarcomere protein assembly in heart and skeletal muscle in zebrafish (Epstein
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&Thomson, 1974; Venolia & Waterston., 1990; Frumkin et al., 2014; Comyn et al.,
2012). Furthermore, a recent study in C. elegans showed that mutation in the
conserved region of UNC-45b could decrease the stability of the UNC-45 protein,
which is the cause for the defective thick filament's organization and paralyzed
phenotype (Moncrief et al., 2021). The effects of disorganized myosin thick filament
integration in unc-45b mutant could be the result of the disruption of scaffold
constituted by Hsp90aal.1, UNC-45b, and myosin complex; and Smydlb may be
involved in this complex considering the multisite docking platform is built by UNC-
45, together with Hsp90 and Hsp70 during the sarcomere assembly (Gazda et al.,
2013).

Meanwhile, more evidence showed the close relationships of the Smyd1b with
myosin chaperone, UNC-45b, and Hsp90aal.1, suggesting Smyd1b may function as a
chaperone-like protein during myosin folding or assembly process. For example, the
unc-45b and hsp90 transcripts are significantly upregulated in smyd1b deficient
embryos, likely to compensate for the unstable myosin during sarcomere assembly.
Also, our in vitro study showed that Hsp90aal.1 and UNC-45b could physically form
a complex with Smyd1b_tv1 by co-immunoprecipitation (Li et al., 2013), which
further consolidate the idea that Smyd1b may also exist in the myosin folding
complex together with UNC-45b and Hsp90aal.1 in myosin protein folding process.
However, the mechanism of how Smyd1b work in sarcomere assembly is mainly
unknown.

The folding of the myosin head domain needs both general and myosin-

specific chaperones (Srikakulam &Winkelmann, 2004). Generally, Hsp70 and Hsp90
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are widely expressed and play a central role in the cellular protein folding process
with numerous substrate proteins (Bukau et al., 2006; Hartl & Hayer-Hartl., 2002).
Like Hsp90, Hsp70 and Hsc70 are also essential components in the myosin folding
process and abundant proteins in myoblasts and myotubes (Srikakulam &
Winkelmann, 2004; Kachur & Pilgrim, 2008). The co-chaperones, especially the
(tetratricopeptide repeat) TPR domain protein, can bind with Hsp70 or Hsp90 to
determine the clients' fate, either sending it for folding/refolding or degradation
(Assimon et al., 2015). It was suggested that UNC-45b and Smyd1b could be served
as muscle-specific partners for efficient folding of myosin in muscle cell (Ao &
Pilgrim, 2000; Barral et al., 2002; Price et al., 2002). The role of Hsp90/UNC-45 co-
chaperone complex and Smyd1b as muscle-specific partner in the myosin folding
process has been well established in zebrafish (Etard et al., 2007; Hawkins et al.,
2008; Du et al., 2008), mouse (Bazzaro et al., 2007) and nematode models (Liu et al.,
2008). Although previous in vitro studies showed that Hsc70 and Hsp90 are
associated with nascent myosin and can stabilize the intermediates complex
associated with UNC-45b during the myosin folding process (Srikakulam &
Winkelmann, 2004), little is known about the role of Hsp70 or Hsc70 and how can
they interact with myosin chaperones during the myosin thick filament formation.
Also, what types of Hsp70 can interact with TPR domain-containing Smyd1 and
UNC-45 in sarcomere protein quality control is still unknown.
HSP and myopathies

Sarcomere protein quality control (PQC) is a balance between protein

synthesis and degradation, which is essential for sarcomere protein homeostasis and
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function in muscle cells (Hnia et al., 2019). Numerous chaperones are needed to help
fold the actin in thin filaments, myosin in thick filaments, and titin filaments, such as
Hsp27, aB-crystallin, UNC-45b, Smyd1b, Hsp70, and Hsp90 chaperone system
(Smith et al., 2014). During the protein folding process, misfolded protein can also be
formed in the crowded cellular environment or triggered by external stress, e.g., heat,
heavy metal, and genetic alternations. In this case, the misfolded protein and
aggregates need to be refolded or eliminated from the cell by the conserved pathway
of heat shock proteins (HSPs), the ubiquitin-proteasome system (UPS), and
autophagy; however, when the balance of PQC is disrupted, the misfolded protein
cannot be degraded leading to proteotoxicity in the cell (Wang & Hill, 2015).

Dysregulated protein homeostasis or imbalanced protein quality control has
been reported to link to various human diseases, such as tauopathies, myopathies, and
cardiovascular diseases (Shelton et al., 2017; Sanbe et al., 2004; Rajasekaran et al.,
2007; Sciarretta et al., 2018). Various types of myopathies are associated with
mutations in HSPs or co-chaperones for sarcomeric protein folding or stability in
skeletal muscle termed chaperonopathies. For example, distal myopathy is associated
with a genetic mutation of HSPBS. In addition, variants of the human DNAJB6
(Hsp70 co-chaperones) can lead to severe limb-girdle muscular dystrophy that marks
the loss of ability to prevent aggregation, but it can be improved by inhibiting Hsp70-
DNAJ interaction (Palmio et al., 2015; Kley et al., 2016; Bengoechea et al., 2020).
Also, mutations in the genes coding Hsp70 co-chaperones, BAG3, led to progressive
limb and axial muscle weakness, cardiomyopathy, and severe respiratory or

peripheral neuropathy (Selcen et al., 2009). Also, a chaperonopathy of UNC-45b
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variants can cause progressive childhood-onset progressive muscle weakness
(Donkervoort et al., 2020).
Hypothesis, objectives, and importance of the problems

Molecular chaperones are highly demanded for the correct folding and
assembly of sarcomere protein in muscle cells. On the one hand, the sarcomere
contains abundant structural proteins (myosin and actin) and giant proteins (titin) in
the muscle cells that are essential for muscle contraction. On the other hand, skeletal
muscle is a unique force-generating tissue that is susceptible to lots of stress from
outside, such as exercising and oxidative stress. In this case, it requires extensive
expression of chaperones and co-chaperones to help misfolded protein refold,
assembly or direct them go degradation. Meanwhile, the chaperone function in
skeletal muscle is vulnerable to the constant stress from regular use, which may lead
to chaperonopathies (Weihl et al., 2018).

Sarcomere contains a myosin-containing thick filament located in the M-line
actin-containing thin filament and in Z-line. The correctly folded myosin is critical
during muscle cell differentiation, and how the muscle chaperones or chaperone-like
protein interacts with myosin protein folding or stability is still unclear. | mainly
focus on how chaperones and co-chaperones assisting myosin protein integrate into
sarcomere, especially the roles and mechanisms of Smyd1b and Hsp90aal.1 in
muscle cell differentiation and myofibril assembly in the zebrafish model system. Our
previous studies have demonstrated that loss of smyd1b or hsp90aal.l in zebrafish
resulted in defective myofiber maturation with no sarcomere formation and increased

muscle protein degradation, causing paralysis phenotype (Du et al., 2008; Li et al.,

18



2011; Cai et al., 2018). The knowledge gaps are that very little is known about the
molecular chaperone events except for Hsp90aal.1 and UNC-45b that guide the
stabilization of myosin, possibly other sarcomere proteins to keep cellular
homeostasis and their regulatory mechanism during stress response in muscle cells.
Thus, my central hypothesis is that other chaperones/co-chaperones may work
together with Smyd1b, UNC-45b, and Hsp90aal.1 and play a key role in muscle
development and embryogenesis. To test our hypothesis, | proposed three specific
aims as follows,

AIM 1: To identify Hsp90 co-chaperones and analyze their function in muscle
development and stress response - using the candidate target approach

a. Examining the heat shock response of Ahal under heat shock and defective
myosin-folding induced muscle stress conditions.

b. Determining whether Ahal(ahala, ahalb) is necessary for early muscle cell
differentiation, myofibril assembly, and physiology by generating ahala;
ahalb double mutants in zebrafish embryos.

c. Detecting the effects of losing ahal gene in heat shock stress condition in
zebrafish early development.

d. Examining the localization dynamics of Ahal in muscle cells under normal,
heat shock conditions.

AIM 2. To define global changes of gene expression induced by Smyd1b deficiency

and their regulation - using transcriptomics and genetic approach

a. RNAseq analysis of changes of gene expression profiles in smyd1b deficient

zebrafish embryos and determine their expression pattern.
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b. Exploring the common features of the upregulated hsp70 in terms of gene
structure and amino acid sequence.

c. Comparing the expression pattern of various hsp70s under HS conditions

d. Exploring the regulatory mechanisms of the upregulated chaperones and co-
chaperones in muscle defects and HS conditions.

e. Detecting the protein interaction of representative hsp70 with myosin
chaperones.

AIM 3: To perform functional analysis of differentially expressed genes in

embryogenesis - using the genetic approach (CRISPR)

a. Knockdown genes in the HSPAS8 group (hspa8, hspa8b, and ZF-hsc70) by
CRISPR, respectively.

b. Characterization of the muscle phenotypes and other developmental defects (if
any) of each mutant line.

c. Examining the genetic compensation effects of other cytosol hsp70 during
embryonic development.

d. Detecting the possible molecular mechanisms on the roles of hspa8 in early

zebrafish development.

Impact: Completing these specific aims will provide us with a fundamental
understanding of the role of the Hsp70 chaperone network and Hsp90 co-chaperone,
Ahal, in early muscle cell development or their other roles in vertebrate development.
Knocking these genes in zebrafish will expand our standing mechanistic role of heat
shock chaperones on whole organisms, which generally cannot be obtained for
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studying lethal genes in mice or humans. This research will advance the knowledge of
critical chaperones (Hsp70s) and co-chaperones (Hsp40, Ahal) in protein quality
control and cell survival. It may provide new insights for seeking biomarker and
therapeutic targets to fine-tune the chaperone cycle in scientific diseases such as

neurodegenerative and myopathies.

21



Chapter 2: Gene expression and functional analysis of

Ahala and Ahalb in stress response in zebrafish

Abstract

Ahal is essential for yeast survival under restrictive temperature and sarcomere
assembly in C. elegans when the function of UNC-45 is compromised. However, the
function of Ahal in vertebrate’s embryonic development is poorly understood. In this
study, I studied the stress response and function of Ahal in zebrafish. | showed that the
ahala, and ahalb show relatively complementary expression patterns and stress
response during embryonic development. ahala is specifically expressed in skeletal
muscle under normal, stress from heat shock and muscle defects, which seem like to
be a muscle specific factor during evolution. ahalb is mainly expressed in head region
under normal condition but transient HS can induce a mild upregulation in skeletal
muscle except for the high upregulation in head region during myofibrillogenesis but
not after myofibrillogenesis. Nevertheless, HS can lead to a muscle specific
upregulation for ahalb under muscle defects, suggesting the upregulation of ahalb is
tightly related to the unfolded muscle protein. Furthermore, the Ahala-GFP fusion
protein exhibited a A-band like subcellular localization in response to HS. However,
knockout of ahala, ahalb or both had no detectable effect on embryonic development,
survival, and growth in zebrafish. Moreover, the ahala and ahalb double mutant
embryos showed normal muscle development and stress response in response to HS.
Single or double ahala and ahalb mutant adults are fertile with normal morphology

and myofiber size compared with WT. It indicates that Ahala and Ahalb are involved
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in stress response. However, they are dispensable in zebrafish embryonic development,

growth, and survival.

Introduction

Hsp90 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). On the other hand, Hsp90s are also
involved in denatured protein degradation to prevent protein aggregation, and thus are
vital components for the maintenance of cellular homeostasis (Benjamin & McMillan,
1998; Geller et al., 2018; Lackie et al., 2017).

Genetic studies in yeast, C. elegans, 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 the daf-21 gene (HSP-90 homolog) causes muscle
defects and early larval is lethal (Gaiser et al., 2011). In Drosophila, Hsp83 (Hsp90
ortholog) is required for the development of many different morphological structures
(Rutherford & Lindquist, 1998). Mutant Hsp83 alleles are embryonic lethal (Cutforth
& Rubin, 1994; van der Straten et al., 1997; Yue et al., 1999).

In vertebrates, there are two cytosolic Hsp90 proteins, Hsp90aal.l and

Hsp90abl.1 that show different functions and responses to stress and they have
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different functions in the development and viability of animal. For example, loss of
Hsp90aal.l did not affect mouse survival but deletion of Hsp90ab1.1 is embryonic
lethal due to defective allantois and allantois-trophoblast interaction (Voss et al., 2000).
In contrast, loss of Hsp90aal.l did not affect the viability of animal but they showed
spermatocyte survival and defective spermatogenesis in mouse (Grad et al., 2010;
Kajiwara et al., 2012), antigen cross-presentation (Ichiyanagi et al., 2010; Imai et al.,
2011), reduced myocardial fibrosis (Céaceres et al., 2018; Garcia et al., 2016), and
retinitis pigmentosa (Wu et al., 2020). Moreover, previous studies in zebrafish revealed
that Hsp90aal.1 is essential for myosin folding and sarcomere protein organization in
skeletal muscles (Du et al., 2008; Etard et al., 2007; Hawkins et al., 2008).

Hsp90s function in an ATP-dependent activation cycle. In order to help client
protein folding and activation, Hsp90 undergoes conformation changes from an open
state to a closed state (Li et al., 2012; Li & Buchner, 2013). In the nucleotide-free form,
the dimerized Hsp90 chaperones adopt an open conformation, which closes upon ATP
hydrolysis, a process that promotes client protein folding (Prodromou et al., 2000). Co-
chaperonesplay critical roles in the Hsp90 chaperone cycle by participating in client
recruitment, Hsp90 ATPase activity, and conformational rearrangement (Biebl &
Buchner, 2019; Pratt & Toft, 2003; Zuehlke & Johnson, 2010). The co-chaperone Ahal
is the most prominent activators of Hsp90 (Panaretou et al., 2002). Ahal binds to the
Hsp90 middle domain and exerts a 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).
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Ahal is found in all eukaryotic cells, from yeast to humans. Genetic analysis
revealed that Ahal is not essential for Hsp90 function and yeast survival under normal
conditions (Panaretou et al., 2002). However, yeast strains with Ahal deletions showed
compromised Hsp90 function and survival in elevated temperatures (Panaretou et al.,
2002). Similarly, the knockdown of Ahal expression in C.elegans had no apparent
phenotype under normal conditions. However, under stress conditions from unc45
temperature-sensitive mutation, Ahal 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). Overexpression and knockdown of ahalrevealed a role for Ahal in mediating
the variability in craniofacial defects in zebrafish embryos (Sheehan-Rooney et al.,
2013). However, no vertebrate animal models have been generated with null Ahal
mutations, and thus the roles of Ahal in animal development, growth, and survival are
largely unknown.

This chapter aims to investigate the expression and function of Ahal in zebrafish.
I showed that zebrafish ahala and ahalb genes have distinct expression patterns under
normal and proteotoxic stress condition. Moreover, the knockout of ahala or ahalb in
zebrafish had no detectable effect on embryonic development and fish survival. Our
studies indicate that Ahala and Ahalb are involved in stress response, but they are

dispensable in fish embryonic development and survival.
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Materials and methods

Ethics statement

This study was carried out according to the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. Fish embryos over 24 hours-
post-fertilization (hpf) were anesthetized 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 the Institutional Animal Care and Use
Committee of the 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 arecirculating aquatic system at a photoperiod of 14/10 hour light/dark cycle
in aquaria supplied with fresh water and aeration. The myom3m©t007 zeprafish line was
obtained from Steve Ekker’s laboratory at the Mayo Clinic (USA), which carried an
insertion of the red fluorescent protein gene (RFP) in the myomesin-3 (myom3) gene
(Clark et al., 2011; Xu et al., 2012). Myomesin-3-RFP specifically labels M-lines in
the sarcomeres. The ahala and ahalb single and double mutant alleles were generated
in our laboratory.
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 exons five and 7 of the

ahala gene, whereas one ahalb-sgRNA-3 target sequence was identified in the exon
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2 of zebrafish ahalb gene. DNA templates for synthesizing ahala and ahalb sgRNAs
were generated by PCR using a pDR274 vector as a template (Hwang et al., 2013). The
PCR was carried out using the Phusion DNA polymerase (ThermoFisher) with ahala
or ahalb specific forward primers and a common reverse primer (Cas9-P4) (Table 2.2).
ahala and ahalb-sgRNAs were synthesized in vitro by using the MEGA shortscript
Kit (Thermo Fisher). 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 Ahalb coding sequence without the stop codon was generated by
PCR using Pfu Turbo DNA polymerase (Agilent) using Ahala-GFP-EF2/ER or
Ahalb-GFP-EF2/ER in-fusion primers (Table 2.2). The PCR products of Ahala and
Ahalb were cloned into the BamHI site of the 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.
Microinjection in zebrafish embryos

Morpholino antisense oligos was synthesized by Gene Tools (Carvalis, OR).
The Hsp90aal.1-MO and Hsp90aal.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
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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 one or 2-cell stages.

To knock out genes using CRISPR, gene-specific SgRNAs were mixed with an
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/pul, respectively. Each embryo was injected
with approximately two 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 the injected embryos 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 2.2). Mutant alleles were identified
by the presence of a mixed population of sequences compared to respective uniform
DNA sequences 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 ahala and ahalb target
sites were amplified using respective gene-specific primers (Table 2.2). The ahala*'’

allele targeted by ahala-sgRNA4 was amplified using ahala-sgRNAXx3/4-F and ahala-
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sgRNAX3/4-R primers. The PCR products of ahala*'’ were digested with Hae IlI
restriction enzyme. The Hae Il1 site was abolished in the ahala*!’ mutant containing a
17 bp insertion at the ahala-sgRNA4 target site. The ahala?® mutant allele generated
by ahala-sgRNA-6 was amplified using sRNAx5/6-F and sgRNAX5/6-R primers. The
ahala?® mutant alleles containing a 20 bp deletion were detected on a 2.5% agarose
gel and confirmed by DNA sequencing. The ahalb mutant allele was amplified with
Ahalb-sg234-F2 and Ahalb-sg234-R2 primers. The PCR products of ahalb were
digested with the Bfual restriction enzyme. The Bfua I site is in the ahalb* mutant
zebrafish containing a one bp deletion, but no Bfua | site in WT, thus simplifying the
mutant screening and genotyping. For genotyping of the ahalb™ (4 bp deletion) mutant,
| designed two primers (Table 2.2). One pair of primers (Fw/m and Rw) especially
amplified the 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. WT
and ahalb mutant primers can amplify the heterozygous mutants (Table 2.2). 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 carried out on the fixed embryos using an anti-myosin F59 antibody and anti-a-

actinin antibody, respectively. Staining of actin thin filaments was performed by
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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 thrice (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 situ hybridization was carried out using digoxigenin-labeled
RNA antisense probes as previously described (Thisse et al., 2008). The DNA template
for the ahala probe synthesis was generated by PCR using Ahala-probe-2F/2R-T7
primers, whereas the DNA template for the ahalb probe was generated by PCR
using Ahalb-probe-2F/2R-T7 primers, respectively (Table 2.2). DNA template for
synthesis of hsp90b antisense probe was generated by PCR using Hsp90b-probe-F/R-
T7 primers (Table 2.2). Digoxigenin-labeled antisense probes were generated by in
vitro transcription using MAXIscript T7 kit (AM1314M, Thermo Fisher). The
hsp90aal.1l and hsp90aal.2 antisense probes were described in our previous studies
(Du et al., 2008). 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
of ahala and ahalb mutant embryos at 24 and 48hpf. cDNAs were generated using the
First-Strand cDNA synthesis kit (ThermoFisher Scientific, K1621). Genomic DNA

was eliminated by DNase | digestion. The cDNAs were used as templates for the PCR
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reaction. Primers for gPCR were designed at the junctions of two adjacent exons to

eliminate potential problems with genomic DNA contamination (Table 2.2).

For real-time quantitative PCR reaction was carried out using the standard
SYBR Green PCR Master Mix (Applied Biosystems) with one pul 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-AACT method was calculated to determine the
relative gene expression levels using the ef-7a 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

To compare fish body weight, three families of fish were generated by in-
crossing of single or double mutants, including ahala*'”*, ahalb**, or
ahala*”*;ahalb™*. At 10 months old, 54 adult fish were randomly selected from
each of these three 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, 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 pug/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
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were performed with at least three independent replicates. Student t-tests were
performed among different groups. *P<0.05, **P<0.01and ***P<0.001 were
considered statistically significant. The experimental data obtained in this study were

conducted using the software GraphPad Prism.

Results

Zebrafish genome contains two ahal genes

Sequence analysis revealed that the zebrafish genome contains two ahal genes,
ahala and ahalb, located on chromosomes 20 and 17, respectively. Phylogenetic
analysis showed that in vertebrate groups, there are three main clades, including fish
Ahal, mammalian Ahal) and Aha2 group (Fig. 2.1). Among them, zebrafish Ahal
group is more closely related to mammalian Ahal instead of Aha2 (Fig.2.1). The two
duplicated ahal genes, ahala and ahalb, are unique to fish species. While Aha2 has
been identified only in mammalian species, such as mouse and pig. 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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Figure 2.1. 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 Hchil,

respectively.
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ahala and ahalb show distinct patterns of expression in zebrafish embryos and adult
tissue

The expression of ahala and ahalb was analyzed by RT-PCR and whole mount
in situ hybridization. RT-PCR showed ahalb was maternally expressed from
fertilization throughout early embryogenesis (Fig. 2.2A). In contrast, only weak ahala
expression was detected prior to 5 hours post-fertilization (hpf) (Fig. 2.2A). Ahala
expression increased significantly around 8hpf, and a strong expression was maintained
up to 6 dpf analyzed (Fig. 2.2A). Whole mount in situ hybridization showed that ahala
expression was primarily restricted to developing somites and skeletal muscles of fish
embryos (Fig. 2.2B-F), whereas ahalb expression appeared to be much broader with a
stronger signal in the brain, eye (head region) and otic vesicles (Fig. 2.2G-K). In adult
tissues, both ahala and ahalb were expressed in all tissues analyzed including skeletal
muscle, heart, gill, gut, eyes, liver, testes, ovaries, and brain, and ahala has a stronger
expression in heart and eye compared with ahalb in adults (Fig. 2.2L). Collectively,
these data indicate that although ahala and ahalb have different patterns of expression
during early development with ahala expression primarily restricted to developing
muscles and ahalb mainly in the head region, both genes show a broader pattern of

expression in adult tissues.
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Figure 2.2. The temporal and spatial patterns of ahala and ahalb gene expression
in zebrafish (Danio rerio) embryos and various adult tissues.

A. RT-PCR shows the temporal expression of ahala and ahalb genes during embryonic
development at various stages from newly fertilized eggs to six days postfertilization
(6 dpf) zebrafish larvae. EF1a 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. In situ hybridization shows the expression of ahala and ahalb in zebrafish
embryos during early embryogenesis (10 - 48 hpf). The expression of ahala was
restricted to developing somite and skeletal muscles (B-F) and ahalb was expressed
broadly in the whole embryos with stronger signals in the head regions (G-K) before
48 hpf. Scale bars =150 pum.

L. ahala and 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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The expression of ahala and ahalb in stress response

Upregulation of chaperone and co-chaperone gene expression is a typical stress
response to heat shock and other stressing factors. Previous studies have shown that
HS resulted in a strong upregulation of hsp90 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 ahala and ahalb are responsive to stress, | analyzed their
expression in zebrafish embryos subjected to 1h-heat shock treatment (37°C) at 24 or
48hpf, respectively. The data showed that ahala and ahalb expression was
dramatically induced in heat shock-treated fish embryos (Fig. 2.3B, D, F, H, J, I, N, P).
Interestingly, ahala and ahalb exhibited distinct patterns of upregulation. Compared
with the untreated controls (Fig. 2.3A, E, I, M), upregulation of ahala expression was
mainly detected in the skeletal muscle of the heat shock-stressed embryos (Fig. 2.3B,
F, D, and H), whereas a global upregulation of ahalb expression was observed in the
entire embryo at 24 hpf (Fig. 2.3 J, 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. 2.3L, P). These data indicate that Ahala and Ahalb are likely

involved in stress response with a temporospatial regulated pattern.
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Figure 2.3. The effects of heat shock on ahala and ahalb mRNA expression in
wildtype zebrafish embryos.

Wild-type zebrafish embryos 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 ahala and ahalb mRNA transcripts by whole
mount in situ hybridization. The data show ahala expression 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 ahala expression 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, I), 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 sided
views. E-H and M-P are dorsal views. Scale bars = 100 um.
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ahalb

Given that Ahal is an Hsp90 co-chaperone, | next sought to test whether loss
of Hsp90 could alter ahala and ahalb expression. Gene-specific antisense morpholino
(MO) against hsp90aal.l or hsp90aal.2 was injected into zebrafish embryos.
Expression of ahala and ahalb was determined by whole mount in situ hybridization
in the injected embryos (Fig. 2.4). Compared with the MO_control embryos (Fig. 2.4

A, D, G, and J), a muscle specific upregulation of ahala and ahalb was observed in

37



hsp90aal.1 knockdown embryos (Fig. 2.4 B, E, H and K), but was not detected in
hsp90aal.2 knockdown embryos (Fig. 2.4C, F, I, and L). qRT-PCR analysis further
confirmed the data from the in situ hybridization (Fig. 2.4 H, I). Considering that ahala
is normally expressed in developing somite of the zebrafish embryos, these data
indicate that Ahala might be involved in Hsp90aal.l function in muscle cell
differentiation under both normal and stress conditions, while Ahalb might be only

involved under muscle defects caused by initial unfolded protein.
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Figure 2.4. Upregulation of ahala and ahalb expression in defective muscle of
hsp90aal.1 knockdown zebrafish embryo.

Fertilized eggs were injected with control (Con-MO), hsp90aal.1-MO or hsp90aal.2-
MO morpholinos at 1~2 cell stages. The ahala and ahalb gene expression was
analyzed by whole mount in situ hybridization and gRT-PCR in the injected embryos
at 24 hpf. A-F, ahala expression in Con-MO (A, D), hsp90aal.1-MO (B, E) and
hsp90aal.2-MO (C, F) injected embryos, respectively. G-L, ahalb expression in Con-
MO (G, J), hsp90aal.1-MO (H, K), and hsp90aal.2-MO (I, L) injected embryos,
respectively. A-C, G-I: side views. D-F, J-L: dorsal views. Scale bar = 100 um. H and
I, gRT-gPCR analysis shows levels of ahala (M) and ahalb (N) mMRNA expression in
hsp90aal.1, hsp90aal.2, and control embryos at 24 hfp.
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Ahala showed a subcellular translocation in embryonic muscle fibers in response to
stress

Previous studies demonstrated that the Hsp90aal.l displayed a dynamic
translocation in zebrafish muscle cells from Z-line to myosin-containing A-band in
response to stress (Etard et al., 2008). To characterize the protein localization of Ahal
and determine whether their localization was affected by stress, | generated two DNA
constructs expressing Ahala-GFP and Ahalb-GFP fusion proteins, respectively.
Ahala-GFP and Ahalb-GFP protein localization were determined in muscle cells of
injected zebrafish embryos at 48hpf. Under normal physiological conditions (28.5°C),
most Ahala-GFP and Ahalb-GFP displayed a striated pattern of localization between
the M-lines marked with Myomesin-3-RFP (Fig. 2.5A-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 did not show). To assess whether Ahalb-GFP and
Ahalb-GFP protein localization could be altered by stress from HS, the injected
embryos were subjected to heat shock treatment (37°C) at 48hpf. Ahala-GFP and
Ahalb-GFP localization was determined at 2 hours after the HS treatment. It was
observed that Ahala-GFP translated from Z-lines to myosin-enriched A-bands in
myofibers of the heat shock-treated embryos (Fig. 2.5 G-I). In contrast, Ahalb-GFP
did not display such translocation from Z-line to A-bands. Together, these data indicate
that the Ahala might be involved in stress response by translocating to myosin-rich A-
bands to facilitate myosin folding and sarcomere assembly under the proteotoxic stress

from heat shock.
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Figure 2.5. 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 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 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 (I) indicate the Ahala-GFP
colocalization with myosin (F59) in the A bands. Scale bar = 6 um.

Loss of Ahala and Ahalb had no effect on muscle development

Normal muscle development requires chaperone-assisted muscle protein
folding (Du et al., 2008; Etard et al., 2007; Hawkins et al., 2008; Ojima et al., 2018).
To assess the roles of Ahala and Ahalb in muscle development, | generated zebrafish

mutants carrying indel mutations in ahala and ahalb genes using CRISPR/Cas9. The

41



ahala mutant alleles were generated using CRISPR targeted to exon 5 and exon 7 of
ahalagene. Two mutant alleles were generated for ahala, named ahala*'’ and ahala:
20 carried a 17 bp insertion and a 20 bp deletion in the ahala gene, respectively (Fig.
2.6 A, B). Using CRISPR, | also generated two ahalb mutant alleles, namely ahalb™
and ahalb carried a 4 bp and 1 bp deletions in the ahalb gene, respectively (Fig. 2.6).
All these indel mutations created reading frame shifts that resulted in premature
translational termination (Fig. 2.6). To assess whether these mutations lead to
nonsense-mediated mMRNA decay, | analyzed ahala and ahalb mRNA expression by
whole mount in situ hybridization and real-time gRT-PCR. The results showed a clear
nonsense-mediated MRNA decay in ahala*'/*17, ahalb®-4, and ahalb¥-! mutant
embryos (Fig. 2.7B, F-H), suggesting that they were most likely null mutant alleles.
Thus, ahala*”*17 and ahalb™#-* mutant alleles were mainly used in the subsequent
functional studies. ahala*'”*'"; ahalb“-* double mutant alleles were generated by

in-crossing the single mutant line of ahala*'”*17 and ahalb"4.
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Figure 2.6. Generation of ahala and ahalb zebrafish mutants using
CRISPR/Cas9.

Gene specific SgRNAs targeted to ahala or 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?® mutant alleles were generated using ahala-
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Figure 2.6 continued

SgRNA-4 and ahala-sgRNA-6 targeted to ahala gene exon 5 and 7, respectively. The
ahala*'’ and ahala?° alleles carry a 17 bp insertion and 20 bp deletion, respectively.
C, the ahalb* and ahalb** mutant alleles were generated using the same ahalb-sgRNA-
3 targeted 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 ahala
or ahalb, resulting in premature stop codons in their coding sequences.
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Figure 2.7. Comparison of ahala and ahalb mRNA expression in WT, ahala and
ahalb mutant embryos.

ahala and ahalb mRNA expression was analyzed by whole mount in situ hybridization
(A-F) and gRT-PCR (G, H) in WT, ahala*'7*17 ahala2%-20 ahalb¥* and ahalb/!
mutant embryos at 24 hpf. A-C, ahala expression in WT control (A) and ahala*l7/*17
(B) ahala29-20 (C) mutant embryos. D-F, ahalb expression in WT control (D), ahalb-
44 (E) and ahalbY-1 (F) mutant embryos. All pictures are side views. Scale bar =100
um. G and H, qRT-PCR analysis of ahala and 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-1a) was used an internal reference gene. Error bars are
mean = SEM. ***P<0.001 were considered statistically significant. Nonsense-
mediated mMRNA decay was detected in ahala*'”*17, ahalb#-* and ahalbY-1 mutant
alleles.
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To test whether loss of ahala, ahalb, or both had any effect on sarcomere
assembly and muscle development, | analyzed myofiber formation and sarcomere
organization in ahala*”*1” and ahalb-*single, or double mutant embryos. Zebrafish
embryos of WT, ahala*'"*17 and ahalb single, or ahala*"*1": ahalb*-* 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 ahal single and double mutant embryos. Moreover,
the organization of thin filaments and Z-lines also appeared normal in fast myofibers
of the single or double ahal mutant embryos (Fig. 2. 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 of zebrafish.
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Figure 2.8. 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, ahala**17 ahalb#+* single and
ahala**17: ahalb¥+* double mutant embryos were analyzed by phalloidin and
immunostaining that specifically label various sarcomere structures. A-D: Myosin
organization in slow fibers revealed by F59 antibody staining of WT (A),
ahala*”*1(B), ahalb“-*(C), and ahala*'"/*1"; 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*™"*17(F), ahalb™-* (G), and ahala*'”/*17; ahalb*-* (H) mutant embryos
at 28 hpf. I-L: a-actin thin filament organization revealed by Phalloidin staining of WT
(1), ahala*1*17(J), ahalb™- (K), and ahala*'”"*17; ahalb™-4 (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*'”*17(N), ahalb-4 (O), and ahala*"*17; ahalb-#-* (P) mutant embryos at
60 hpf.

All pictures side views of part of the trunk muscles. Scale bar =25 um.



Given that ahala and ahalb are co-chaperones of Hsp90 and they are required
for muscle development in C. elegans when the chaperone function is compromised
(Du et al., 2008; Frnmkin et al., 2014). To tested whether loss of ahala and ahalb
could trigger the transcriptional changes of hsp90, | analyzed hsp90aal.l and
hsp90aal.2 gene expression during myogenesis in ahala*”*17: ahalb“-* double
mutant embryos and WT by whole mount in situ hybridization and qRT-PCR.
Compared with the WT control (Fig. 2.9A, C), the results showed that loss of ahala
and ahalb did not affect the pattern of hsp90aal.1 and hsp90aal.2 expression in the
mutant embryos, respectively (Fig. 2.9B, D). gRT-PCR analysis confirmed similar
levels of hsp90aal.l or hsp90aal.2 expression in WT and ahala*'’*17; ahalb-4-4
mutant embryos (Fig. 2.9E, F). Collectively, these data indicate that the loss of ahala
and ahalb did not trigger a stress response by upregulation of hsp90aal.l and

hsp90aal.2 expression in zebrafish embryos.
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Figure 2.9. Knockout of ahala and ahalb has no effect on hsp90aal.l and
hsp90aal.2 gene expression in fish embryos.

Expression of hsp90aal.1 and hsp90aal.2 was determined by whole mount in situ
hybridization (A-D) and gRT-PCR (E, F) in WT control (A, C) and ahala*'"*'7; ahalb
4-4 double mutant (B, D) zebrafish embryos at 24hpf, respectively. All pictures here
side views. Scale bar = 100 um.
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Effects of Ahal deficiency double mutant on heat shock response

Molecular chaperones and co-chaperones play important roles in stress
response. Given that ahala and ahalb expression was significantly upregulated in fish
embryos in response to heat shock, | decided to test whether loss of Ahala and Ahalb
could affect fish embryo survival under heat shock stress. Fish embryos from
ahala*'"*; ahalb “*-*in-cross and WT control were treated with 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 2.3). 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 the genotype and the edema phenotype (Table 2.3).
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Figure 2.10. The effect of heat shock on muscle development in Ahala and Ahalb
double mutant embryos.

WT and ahala*'”*7; ahalb#-* double mutant embryos were subjected to heat shock
(HS) at 20 hpf or 31 hpfunder 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 ahala and ahalb double mutant (C, D) embryos at 20
and 31 hpf, respectively. No significant difference was detected between WT and
ahala*”*17: ahalb-* mutant embryos. All pictures are side views of part of the trunk
muscles. Scale bar =25 um.

To test whether muscle development could be affected in the
ahala*'’*17:ahalb“-* double mutants by heat shock treatment, | compared myofiber
formation in WT and mutant embryos with and without heat shock treatment. Fish
embryos of the ahala**”/*17; ahalb#-* double mutants and WT controls were subjected
to 37°C heat shock treatment for 1 h at 20 hpf and31 hpf, respectively. Muscle

development was analyzed at 1h post heat shock by immunostaining with anti-myosin
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F59 antibody. No evident difference was detected in myofibers between WT and
ahala*'”*7; ahalb“#-* mutant embryos (Fig. 2.10A-D). Both groups showed similar
myofiber organization. The lack of significant effect from HS 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, | analyzed heat shock protein gene
expression in WT and ahala*'”*'7; ahalb#* mutant embryos under a heat shock
condition (Fig. 2.11A-P). Compared with WT control (Fig. 2.11, B, F, J, and N), the
data showed a similar upregulation of hsp40, hsp70, hsp90aal.1l, and hsp90abl.1
expression in ahala*'”*7;ahalb#+* mutant embryos in response to the heat shock
treatment (Fig. 2.11D, H, L, and P). Together, these data indicate that loss of Ahala
and Ahalb had no evident effects on heat shock response in the upregulation of heat

shock protein gene expression.
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Figure 2.11. Heat shock response in ahala and ahalb double mutant embryos.
WT and ahala*'”*17; ahalb-#-* double mutant embryos were subjected to heat shock
(HS) at 24 hpfunder 37°C for 1h. mRNA expression of hsp90aal.1 (A-D), hsp90abl.1
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Figure 2.11 continued

(E-H), hsp40 (I-L), and hsp70 (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) ahala*'’; ahalb* double mutant group.
Comparable upregulation of hsp90aal.1, hsp90abl.1, hsp40, and hsp70 was observed

in WT and ahala*'’; ahalb* mutant embryos. All pictures here are side views. Scale
bar = 100 um.

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

A functional proteome is vital to the cell and organismal survival. To determine
whether loss of Ahala or Ahalb affects fish viability and growth, I compared fish
weights and survival rates among WT, ahala*'”*1". and ahalb*- 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 Mendelian's law of
inheritance (Table 2.4). Morphologically, the ahala*”*!" and ahalb*-*single and
their double mutants were indistinguishable from the WT siblings (Fig. 2.12A-C).
Similar body weights were found in homozygous and heterozygous mutants compared
with WT siblings (Fig. 2.12D). Together, these data indicate that Ahala and Ahalb are
not essential for zebrafish development, growth, and survival under normal

physiological conditions.
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Figure 2.12. Knockout of ahala and ahalb has no effects on fish growth and
survival.

A-C. Morphological comparison among WT, ahala*"*¥’(A), ahalb*-* (B) and
ahala**1: ahalb™-* (C) mutant fish at 10-month-old. D. Body weight (g)
comparison among fish generated from in-cross of ahala*'’”*; ahalb™* double
heterozygous mutants at 10-month-old. 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.

To investigate whether there is any phenotype in the adult muscle where ahala
is strongly expressed, | performed histological analysis on tissue sections of adult trunk
muscle. Compared with the WT control (Fig. 2.13A), no obvious difference was
detected in skeletal muscle tissue between WT and the ahala**"*'7; ahalb-* double
mutants (Fig. 2.13B). Myofibers with similar ranges of diameters were observed in
both WT and mutant skeletal muscles. Single fiber analysis revealed comparable
average myofiber volume (Fig. 2.13E), nuclear counts (Fig. 2. 13F) and per nuclear
volume (Fig. 2.13G) in multinucleated myofibers of WT and mutant fish. Collectively,
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these data indicate that Ahala and Ahalb are not essential for muscle development and

growth in zebrafish.
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Figure 2.13. The Ahala and Ahalb double mutants displayed normal muscle
growth.

Skeletal muscles were dissected from WT and ahala*'”*17; ahalb#-* double mutant
fish at 5 months old. A and B, Skeletal muscle structures were analyzed by
hematoxylin and eosin

(HE) staining in cross sections of trunk muscles from WT (A) and ahala*'*17; ahalb-
4-4 double mutant (B), respectively. Scale bar = 50 um. C and D, single myofibers
were dissected from skeletal muscles of WT (C) and ahala*"*17; ahalb“#-* double
mutant (D) fish at 5 months 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*’*'7: ahalb#-* double mutant. No significant difference was detected between
WT and ahala*"*'"; ahalb™-* mutant fish. Error bars are Mediant+ SEM. Differences
between WT and mutants were analyzed using a Student's t test.
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Discussion

In this study, | characterized the expression and function of Ahala and Ahalb
in zebrafish. I demonstrated that ahala and ahalb showed distinct patterns of
expression in zebrafish embryos and adult tissues. Expression of ahala and ahalb was
dramatically increased in response to heat shock treatment and hsp90aal.1 knockdown.
The upregulation of ahala appeared to be muscle specific. Moreover, the Ahala-GFP
fusion protein exhibited a dynamic translocation in muscle cells in response to heat
shock. To our surprise, the loss of ahala and ahalb did 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 Aha paralogous genes,
namely ahsal (ahal) and ahsa2 (aha2). ahsa2 (aha2) appears to be mammalian
specific as ahsa2 (aha2) orthologs have yet to be identified in non-mammalian species.
Two ahal homologous genes, ahala and ahalb were found in fish species. The two
ahal genes were likely generated by the extra round of whole genome duplication in
teleosts (Espinosa-Cantu et al., 2015; Meyer & 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-Cantu et al., 2015; Meyer and
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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. Ahalaand Ahalb may work in concert
with distinct Hsp90 isoforms that are co-expressed with Ahala or Ahalb. For example,
Hsp90aal.l specifically expressed in muscle cells may work with Ahal to control
protein homeostasis in muscle cells. In contrast, Hsp90b and Hsp90abl which 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 & Pilgrim,
2012; Etard et al., 2007; Krone & Sass, 1994).
Ahal in stress response

Upregulation of heat shock protein gene expression is a common stress
response, but how Ahal reacts 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). | showed in this study that ahala and 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 an Hsp90 co-chaperone to participate in stress
response. Interestingly, ahala and ahalb exhibited distinct patterns of upregulation of
expression in response to heat shock. ahala was predominantly upregulated in trunk
muscles of fish embryos, whereas ahalb expression was broadly upregulated with a
stronger expression in the head region, especially at 2dpf. The distinct patterns of ahala

and ahalb upregulation were largely complementary and also in agreement with their
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normal pattern of expression in the trunk muscle and the head region, respectively.
Additionally, I showed that the knockdown of hsp90al.1 but not hsp90aal.2 resulted
in increased ahala and ahalb expression at 24hpf. Interestingly, the increased
expression was mainly restricted to the trunk muscle of the hsp90aal.1 knockdown
embryo. This is consistent with previous reports that Hsp90aal.1 but not Hsp90aal.2
plays a critical role in myosin protein folding and sarcomere assembly in zebrafish
skeletal muscles (Du et al., 2008; Etard et al., 2007; Hawkins et al., 2008).

In addition to the distinct pattern of gene expression upregulation, Ahala and
Ah1b 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 Hsp90aal.l in
zebrafish (Etard et al., 2008). Etard and colleagues demonstrated that in response to
stress or damage to the myofiber, myosin chaperones, UNC-45b, and Hsp90aal.1,
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
reversibly by damage to the myofibrils. Excitingly, chaperone translocation has been
observed in skeletal myopathy. Unger and colleagues showed that the 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 the idea that Ahala is likely involved in
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Hsp90aal.1 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 Hch1l, a shorter homolog of
Ahal in yeast (Panaretou et al., 2002; Armstrong et al., 2012). As expected, the
deletion of 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 co-chaperones of Hsp90 and played a vital role in the
Hsp90 cycle and client protein activation (Lotz et al., 2003; Panaretou et al., 2002).
Genetic analysis in C. elegans revealed similar findings concerning Ahal function in
muscle development and animal mobility (Frumkin et al., 2014). Frumkin and
colleagues reported that the knockdown of ahal (ahsa-1) expression in C. elegans had
no apparent phenotype under normal conditions. However, under stress conditions
from unc-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 conditions is consistent with previous findings with ahal
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mutants in yeast and C. elegans (Frumkin et al., 2014; Lotz et al., 2003; Panaretou et
al., 2002). However, to our surprise, muscle development and fish survival also
appeared normal in Aahala and Ahalb double mutants 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 the efficient function of Hsp90 (Obermann et al., 1998; Panaretou et al.,
1998), the absolute requirement for ATP hydrolysis has recently 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 polypeptide 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 Hsp90aal.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, I 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, | showed that the loss of ahala and
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
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heat shock-treated ahala; 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 et al., 2017; Lashuel, 2021, Kumar
et al., 2016). Many of the disease-causing proteins, such as Tau, huntingtin (Htt), and
polyglutamine androgen receptors are client proteins of Hsp90, Ahal, and Hsp70
chaperone machinery. It is generally believed that HSP chaperones and co-chaperones
are important components of the proteostasis network that assists protein folding,
prevent 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 models and aged
wild-type mice (Criado-Marrero et al., 2021; Shelton etal., 2017). Histological analysis
in the 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 the

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), and reduce tau accumulation in cultured cells
(Sheltonetal., 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 of Ahsal promoted severe craniofacial
phenotypes in the 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 ahala and ahalb zebrafish mutants represent the first vertebrate
models with total loss of Ahal activity. The ahala and ahalb mutant zebrafish thus
provide useful models to study their role in neurodegenerative and other genetic

diseases from dysfunction of the proteostasis network.
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Table 2.1. Target site and Spacer sequence for Ahala TALEN target.

Gene name Ahala (exon 1)

Tall GGATTGTGGAAGAAC

Space GAGCAGACGCAACAA

Tal2 (Reverse) | GCCAATTATTAACAT

Tall RVD NH NH NI NG NG NH NG NH NH NI NI NH NI NI HD
Tal2 RVD NH HD HD NI NI NG NG NI NG NG NI NI HD NI NG
Restriction Hgal: GACGC|GCGTC

Enzyme

Table 2.2. Primers for Ahal-sgRNA synthesis and PCR analyses

Primers

Sequences, 5’-3°

ahala-sgRNA4

GATCACTAATACGACTCACTATAGAATCAGGAG
GCAAAGGCCAGTTTTAGAGCTAGAAAT

ahala-sgRNAG6

GATCACTAATACGACTCACTATAGGCGCTGCGG
TGGCAAATTCGTTTTAGAGCTAGAAAT

ahala-sgRNA4-F1

CGGCAGTGTTACACTATGTAAAGAT

ahala-sgRNA4-R1

GAGTGCATGTCGGTTACCAGAA

ahala-sgRNAG6-F1

GGTCAGGAACTTCCAGTGTACTTTC

ahala-sgRNAG-F1

GGTCACTATTCTTACCAGTTCTGCA

Cas9-P4

AAAAGCACCGACTCGGTGCC

ahalb-sgRNA3

GATCACTAATACGACTCACTATAGATCACAGAG
GTCAGCAAGGGTTTTAGAGCTAGAAAT

ahalb-sgRNA234-F2

GACGTCACAAGCTGGTCATCAGAGA

ahalb-sgRNA234-R2

TGATTTCAATCACAGTGTTCCTTAC

ahalb“-Fw/m

CAGAGAGGGACGTCACAAGCTG

ahalb-4-Rw

TCTCCCTCCACCTTGCTGAC

ahalb-4-Rm

AGCTTCTCCCTCCACCTGAC

ahala-sgRNAXx3/4-F

CGGCAGTGTTACACTATGTAAAGAT

ahala-sgRNAx3/4-R

GAGTGCATGTCGGTTACCAGAA

ahala-sgRNAX5/6-F

GGTCAGGAACTTCCAGTGTACTTTC

ahala-sgRNAX5/6-R

GGTCACTATTCTTACCAGTTCTGCA

Ahala-GFP-EF2

ATT CCT CGA CGG ATC GCC ACC ATG GCC
AAA TGG GGA GAA GGAGACC

Ahala-GFP-ER

GGCGACCGGTGGATCGTAGAGCAGTGCTCCAA
AACCAAAT

Ahalb-GFP-EF2

ATT CCT CGA CGG ATC GCC ACC ATG GCA
AAG TGG GGA GAA GGA GACC

Ahalb-GFP-ER

GGCGACCGGTGGATCGCAGAGTCGTGCGCCAT
AGCCAAAT

ahala-probe-2F

GATGTCACAAGCTGGTCTCAAGATG
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Table 2.2 continued

ahala-probe-2R(T7) GATCACTAATACGACTCACTATAGGCATTAAAG

TAGTATCTCTGCCAG
ahalb-probe-2F ATGGCAAAGTGGGGAGAAGGAGACC
ahalb-probe-2R(T7) GATCACTAATACGACTCACTATAGGTCTGTTTA
ATAGCGTGGCAGTAG
hsp90aal.1-probe-F GCAAGATGCCTGAGAAGTCGGC
hsp90aal.1-P4R(T7) GATCACTAATACGACTCACTATAGGTTAGAGTC
TTCATCTTCATCAG
hsp90aal.2-probe-F GATGCCTGAGGCTCACGAGCAG
hsp90aal.2-P5R(T7) GATCACTAATACGACTCACTATAGGACTCTTCG
TTGGTGATGTCATCA

hsp90ab1.1-Probe-F TTTCTTTCAAAAACAATGAGGCGG

hsp90abl.1-Probe-R(T7) | GATCACTAATACGACTCACTATAGGTAGAAGCC

CACACCGAACTGACC
hsp70-probe-F GACTGAATCATCGTTTCTCCCA
hsp70-probe-R CCTCCGTCCAATTAGCCTTT
TAL-ahala-F2’ AGTCTAACGTTACTGGTTCAACGTTC
TAL-ahala-R1 CTCAGTTTAGACTGTGATGCCAGCTG
TAL-ahala-R2 AACCTTCACTCATATACCCATCATC
ahala-qPCR-F TGTCAGTCTCTGCTTCTTTCGTATC
ahala-gPCR-R AAATCCTGTACAACTCTTCAGGTGA
ahalb-gPCR-F CGTGACAGACACATTCAGAGCGAGT
ahalb-gPCR-R TGCTGGTCTCAGTTATAGCCTGGCC
efla-gPCR-F CTTCAACGCTCAGGTCATCAT
efla-gPCR-R ACAGCAAAGCGACCAAGAGGA

The underlined sequences in ahala-sgRNA-4, ahala-sgRNA-6 and ahalb-sgRNA-3
are specific target sequences within the respective sgRNAs.
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Table 2.3. Effect of heat shock on embryonic survival and morphology on WT
group and Ahala, Ahalb single and double mutant group at 48hpf

Parent genotype | No. of Offspring | No. of heart
after/before genotype | edema/ all heart
stress edema

ahala 17+ 50/50 ahala**  13/36

In cross, n=50 ahala *'"* 16/36

ahala*’  7/36

WT1 49/50 WT1 39/39

ahalb 4+ 48/50 ahalb **  14/41

In cross, Nn=50 ahalb ¥+  17/41

ahalb 10/41

WT?2 50/50 WT2 35/35

ahala *1"*; ahalb 48/50 ahala **;  15/45

4 ahalb -4

In cross, n=50 ahala 22145

+17/+-

ahalb

ahala *'’;  8/45
ahalb -

WT3 47/50 WT3 31/31
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Table 2.4. Results of genotyping from various Ahala and Ahalb single and

double crosses

Genotype Expected Obtained
mendelian (%)
(%)
ahala *17* ahala "1+ 41.5(50%) 45(54.5%)
X ahala *"* n=83 ahala *%’ 20.75(25%) 18(21.8%)
ahala ** 20.75(25%)  20(23.6%)
ahala v ahala *17* 9.5 (50%) 10
X ahala 17+, (52.6%)
n=19 ahala *%’ 9.5(50%) 9 (47.4%)
ahalb 4+ ahalb 4+ 28.5(50%) 29(50.9%)
X ahalb %+, n=57 ahalb 14.25(25%)  17(29.8%)
ahala */* 14.25(25%) 11(19.3%)
ahala *'"; ahalb - ahala *'*; ahalb * 77.5 (50%) 86(55.5%)
4% ahala *17*; ahala*'’; ahalb*  77.5(50%) 69(44.5%)
ahalb - n=155
ahala *'*; ahalb- ahala*'*;ahalb-  16.5(1/4) 18(27.2%)
4+ 4+
X ahala *17/*: ahala **; ahalb **  4(1/16) 7(10.6)
ahalb -4+ ahala *'’; ahalb 4  4(1/16) 4(6.1%)
n=66 ahala *'"*; ahalb * 8.25(1/8) 10(15.2%)
ahala*'*; ahalb *  4.125(1/16) 0(0%)
ahala *17; ahalb -#* 8.25(1/8) 6(9.1%)
ahala **; ahalb #* 8.25(1/8) 8(12.1%)
ahala *'7; ahalb **  4.125(1/16) 6(9.1%)
ahala *'"*; ahalb  8.25(1/8) 7(10.6%)

+/+
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Chapter 3: The upregulation of HSF1-mediated a specific
group of cytosol Hsp70s in smyd1b-deficient zebrafish

embryos

Abstract

Hsp70s are the general chaperones implicated in protein folding/refolding and
rapid degradation under normal and stress conditions. However, what types of Hsp70
function in sarcomere protein quality control and their regulatory mechanisms under
muscle stress conditions are poorly understood. In this study, | found cytoplasmic
inducible hsp70 in family 1 (hsp70.1.2.3. L, hspalb), family 8 (hspa8b) and hsc70 are
the top upregulated genes in smyd1lb mutant. In muscle cells, this upregulated hsp70
is primarily in response to misfolded myosin in stress conditions,
including hsp90aal.1, unc-45b deficient, or heat shock-treated embryos during
myofibrillogenesis (24hpf). However, they cannot be induced in BTS (N-benzyl-p-
toluene sulphonamide) incubated embryos where myosin folding is unaffected.
Further study showed that the shared EEVD motifs of these Hsp70s are critical for
physically binding with TPR-containing myosin partners, UNC-45b and Smyd1b, in
the stress-induced myosin refolding process. Surprisingly, | found the induction of
these hsp70s and hsc70 are significantly regulated by Hsfl under both defective
myosin-folding induced stress and heat shock conditions, suggesting the HSF1 plays
a crucial role in regulating the upregulation of hsp70 for dealing with misfolded
protein in muscle cells or even non-muscle cells. In summary, our studies, for the first

time, identified a transcriptional response of a specific group of EEVD-containing
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Hsp70 for myosin refolding under stress conditions and provided a strong link
between misfolded myosin and HSF1 regulated hsp70 induction for cytosol protein
quality control. It may have important implications for further studies on the
mechanisms underlying muscle diseases caused by protein misfolding and

aggregation.

Introduction

Muscle fibers contain large subcellular assemblies known as myofibrils that
are formed by repetitive structures called sarcomeres, which is the basic structure for
muscle contraction. At the center of the sarcomeres, M-lines hold the thick myosin
filaments together (Reece & Campbell, 2002). Although extensive research has
focused primarily on the structure and composition of the sarcomere, very little is
known about the molecular events guiding the newly synthesized myofibrillar protein
folding and their subsequent assembly into the sarcomere complex during
myofibrillogenesis (Srikakulam & Winkelmann, 2004).

Genetic and biochemical studies show that chaperone-mediated protein
folding is critical in sarcomere assembly (Smith et al., 2014). It has been increasingly
recognized that sarcomere formation does not occur simply through a sequential
expression of sarcomere proteins and their stepwise addition into the sarcomere

complex (Rui et al., 2010; Myhre & Pilgrim, 2012). Various molecular chaperones

65



and co-chaperones have been identified that facilitate the concrete and regulated steps
of sarcomere protein folding and assembly. Notably, myosin, the most abundant
contractile protein in muscle cells, requires specialized chaperone activity of Hsp90
and its cofactor, UNC-45b, for sarcomere protein folding and assembly (Chow et al.,
2002; Srikakulam & Winkelmann, 2004; Liu et al., 2008). Loss of hsp90aal.l or unc-
45D resulted in increased myosin protein degradation and disorganized sarcomere
structure in muscle cells (Barral et al., 2002; Borkovich et al., 1989; Willis et al.,
2009; Etard et al., 2015; Just et al., 2011; Qiu et al., 2006; Liu et al., 2008).

Genetic mutations that compromise chaperone and co-chaperone functions are
often associated with disorganized musculature and myopathies (Sarparanta et al.,
2020). For example, UNC-45b variants can lead to human myopathy with muscle
weakness (Donkervoort et al., 2020). Mutations in members of the Hsp40 family,
namely DNAJB2, DNAJB4, and DNAJBG, are associated with autosomal dominant
limb-girdle muscular dystrophy and myofibrillar myopathies (Ruggieri et al., 2016;
Bengoechea et al., 2020; 2023; Sarparanta et al., 2020; Qian et al., 2021). Mutations
in HSPB8 causing rimmed vacuolar myopathies (Al-Tahan et al., 2019; Ghaoui et al.,
2016). Genetic studies in animal models demonstrated that loss of the inducible
Hsp70 in mice resulted in impaired cardiac contractions and muscle regeneration
(Kim et al., 2006; Senf et al., 2013). Overexpression of Hsp70 can mitigate
sarcopenia in old mice (Nascimento et al., 2020).

Generally, HSPs gene expression is primarily controlled by HSF1 for
mediating cellular stress response and protein quality control. A previous study

showed knockdown HSF1 production can efficiently block Hsp70-GFP expression in
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zebrafish under thermal stress (Wang et al., 2001). Furthermore, a recent study in
zebrafish showed that HSF1 is a mediator of the upregulation of unc-45b in unc-
45D deficient embryos (Etard et al., 2015). However, another study in zebrafish
suggested that hsp27 and hsp70 expression could be induced independently of HSF1
activation under hypoxia-induced stress conditions in the brain and eyes (Tucker et
al., 2011). The above conflicting results may be due to the different regulatory roles
of various hsp70s in different tissues or stress conditions.

Hsp70 is the center of the molecular chaperones network and can be rapidly
induced for cellular protein refolding or degradation under stress conditions (Mayer
& Bukau, 2005). A previous study on Hsp70 in skeletal muscle mainly focused on its
function of protecting against muscle damage (McArdle et al., 2004), promoting
muscle regeneration and recovery (Moresi et al., 2009; Senf et al., 2013), and
maintaining skeletal muscle mass (Senf et al., 2013). Given the diversity and
functional redundancy of Hsp70s in vertebrate cells (Brocchieri et al., 2008; Radons,
2016), however, few studies are identifying what kind of Hsp70 is involved in
sarcomere protein quality control under pathological and environmental stress
conditions and addressing their roles in the myosin refolding process.

In light of this, our study aimed to identify the global changes of gene expression
induced by Smyd1b deficiency using RNAseq, to compare the HSR between loss of
Smyd1 and heat shock (HS), and to determine the regulatory role of HSF1 on the
upregulation of HSP gene expression and functions of HSF1 and the possible
functions of upregulated HSP in embryogenesis and muscle development. |

demonstrated that loss of smyd1b induced a robust muscle-specific expression of
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cytosolic hsp70s and hsp90s that associate with smyd1b and unc-45b. HSF1 mediates
the muscle-specific HSR of HSP gene expression. Knockout of hsfl blocked the
upregulation of HSP gene expression in smyd1 deficient and heat-shocked embryos.
hsf1l mutant embryos showed delayed development, larval lethality, and compromised
stress response. These studies uncovered a close interaction between Smyd1b and
HSF1-HSP chaperone system in protein quality control of muscle cells during

myofibrillogenesis and muscle development.

Materials and methods
Synthesis of hsc70 and hsp40 targeting sgRNAs

One sgRNA target sequence of hsp40-sgRNA7 was identified in exon 3 of
the hsp40 gene. DNA templates for synthesizing hsp40 and hsc70 sgRNAs were
generated by PCR using the pDR274 vector as a template (Hwang et al., 2013). The
PCR was carried out with hsp40-specific forward primers and a standard reverse
primer (Cas9-P4) (Table 3.1). Hsp40 sgRNAs transcripts were synthesized and
purified as described in last chapter.
Microinjection in zebrafish embryos

The hsp90al.1-MO, unc-45b-MO, and hsf1-MO translation blockers were
targeted to sequence near the ATG start codon (Du et al., 2008; Bernick et al., 2010,
(Evans et al., 2007)). Gene-specific SgRNAs were mixed with an equal volume of

Cas9 protein and co-injected into wildtype zebrafish embryos at the one-cell stage.
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The final concentrations of the sgRNAs were hsp40-sgRNA-7 (25 ng/ul).
Approximately two nl of the sgRNA/Cas9 protein mixture was microinjected in each
zebrafish embryo.
DNA isolation and genotyping of FO injected embryos by DNA sequencing

Genomic DNAs from randomly selected ten embryos for each group were
subjected to sequencing using the forward primers (Dnaja-sgRNA-P2) of hsp40,
respectively (Table 3.1). Mutant alleles were identified by the presence of a mixed
population of sequences compared to respective uniform DNA sequences from the
wildtype embryos.
Genotyping F1, F2, and F3 fish using DNA from caudal fin clips

DNA sequences at the hsp40 target sites were amplified using gene-specific

primers (Table 3.1). The hsp40-2allele targeted by hsp40-sgRNA7 was amplified
using Dnaja-sgRNA-Pland Dnaja-sgRNA-P2(RC) primers. The PCR products
of hsp40-8 were digested with BsaHI restriction enzyme. The BsaHI site was
abolished in the hsp40-% mutant containing 8 bp deletions at the hsp40-sgRNA7 target
site. The mutation types were confirmed by Sanger sequencing.
Whole mount in Situ Hybridization

The methods for making the hsp40 probe were described in Chapter 2. The
DNA template for hsp70.1.2.L and hsp70.3 probe synthesis was generated by PCR
using Hsp70.12.L-F/R(T7) primers, and Hsp70.3-F/R(T7) primers, respectively. The
DNA template for hspa8, hspa8b, and hsc70 probe were generated by PCR using a
pair of Hsp70-8-F/R(T7), Hsp70-8b-F/R(T7) and Hsc70-F/R(T7) primers,

respectively (Table 3.1).
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Whole mount phalloidin and immunostaining

Zebrafish embryos were fixed in 4% paraformaldehyde for 1-2 hour at room
temperature. Immunostaining of myosin thick filaments, a-actinin, and myomesin was
carried out on the fixed embryos using anti-myosin F59(DSHB), antibody, anti-a-
actinin (Sigma, USA) and anti-myomesin (mMaC, DSHB) antibody
respectively. Thin actin filaments were stored by incubating the embryos with
200ng/ml Phalloidin-TRITC (Sigma) for 1h at room temperature in the dark. After
immuno- or phalloidin-staining, the embryos were washed with PBST thrice (30 min

each).
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Table 3.1. Primers for hsp40 sgRNA and hsp70 probe synthesis and PCR

analyses.

Primers

Sequences, 5°-3’

Dnaja-sgRNA-P1

GGAGAAGATTGTAAGCAAACGT

Dnaja-sgRNA-P2(RC)

GAATTATTGTGCGTCTGACCTTTCC

Hsp40-sgRNA-7-F

GATCACTAATACGACTCACTATAGGAA
GCCTACGACGTCCTGTGTTTTAGAGCT
AGAAAT

Cas9-P4

AAAAGCACCGACTCGGTGCC

Hsp70-8b-prob-F

TCCTACTCCTTCAACATGAAGTCCA

Hsp70-8b-prob-R(T7)

GATCACTAATACGACTCACTATAGGTA
TGCATATGCACTATTTCTGACAA

Hsc70-probe-F

CTGGAGTCCTTGGCCTTTAACATGA

Hsc70-probe-R(T7)

GATCACTAATACGACTCACTATAGGTT
ATTTTTGTTGGGTCACACCGGAA

Hsp70.3-prob-F

CCAGTCATCTCCAAACTCTACCAGG

Hsp70.3-prob-R(T7)

GATCACTAATACGACTCACTATAGGTC
ACAAATTTGTCACATGTAACAAC

Hsp70.12.L-prob-F

CCCACCATTGAAGAGGTGGACTAAA

Hsp70.12.L-prob-R(T7)

GATCACTAATACGACTCACTATAGGAT
TTTTTTTACATAAAAGTTTTTTG

Hsp70-8-ProbeF

TAAGCTGTACCAGAGTGCTGGAGGC

Hsp70-8-ProbeR

GATCACTAATACGACTCACTATAGGCA
TCAAGGCAGTTGGAAAAAAAAG

Hsp70L1-1-F

ACAGGATGTCAAAAGGTCCAGCAGT

Hsp70L1-1-R

GGCAGCATCTCCAATCAGTCTCTCT

Hsp70L1-1-sgR1

GATCACTAATACGACTCACTATAGGGA
CCACCTACTCCTGTGTGTTTTAGAGCT
AGAAAT
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Results
RNAseq analysis of changes of gene expression profiles in smyd1b knockdown and
loss of function mutant zebrafish embryos

Our previous studies have demonstrated that loss of smyd1b in zebrafish
resulted in defective myofiber maturation, increased myosin protein degradation and
a robust upregulation of heat shock protein gene expression (Li et al., 2011; Cai et al.,
2018). The regulatory pathways after knockout and knockdown are different
including genetic robustness caused by nonsense-mediated decay after losing a gene
(Wang et al, 1996; Cohen et al, 1987; Nedvetzki et al, 2004; Santamaria et al, 2007)
and the off-target effects that caused by induce p53-dependent apoptosis after
morpholino injection (Ekker and Larson, 2001, Pickart et al., 2006, Robu et al.,
2007). To increase the accuracy of the transcriptional changes that more related to
smyd1b gene function, | compared the gene expression changes in smyd1b-MO and
loss of function smyd1b mutant zebrafish embryos relative to the respective control
groups at 24hpf by RNAseq. | chose 24hpf for sequencing because this is the time
period when smyd1b is actively expressed and clear muscle phenotype was early
observed with minimal side effects due to losing functional smyd1lb. RNA-Seq
libraries were prepared from the total RNA of group 1, 2, 4, 5 (smyd1b morphants,
Con_morphant, smyd1b mutants, Con_non-smyd1b-/- mutants, respectively) and
sequenced at a depth of at least 76 million 150bp long paired-end reads per sample.
Data were subjected to normalization and quality control. In total, 596 genes and 454
genes were differentially expressed with a fold change of at least 1.5-fold (false

discovery rate (FDR) < 0.05), including both up-and down-regulated genes in the
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smyd1b morphants (groupl vs.2) and smyd1b mutant group (group4 vs.5),
respectively. It appeared that the response to smyd1b deficiency appears to require
strong and comprehensive changes of transcriptional activity in muscle cell (Fig.3.1

A, B).
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Figure 3.1. The differential expressed genes in smydlb-deficient RNA-seq data.
A. The significantly up-regulated (red) or down-regulated (green) in each
independent group, which are group-1 (smydlb_MO), group-2 (Con_MO), and group
4 (smyd1-/-), group 5 (Con_non-smyd1b-/-) was described by Hierarchical clustering.
Group 1 and group 4 were embryos deficient of smydlb more closely to each other
compared with their respective control groups.

B. Heat maps profiles for comparing the fold changes of differentially expressed
genes in two independent MRNA samples from smydlb MO embryos relative to
Con_MO and smyd1-/- mutant relative to non-smyd1b-/- control embryos at 24hpf,
respectively.

C. The numbers of common upregulated and downregulated genes found to be more
than 1.5-fold changes in smyd1b_MO and smyd1b-/- relative to their respective
control groups are presented in the Venn diagram.

D. The top common-upregulated chaperones and co-chaperones in smydlb RNA-seq.
The most common upregulated gene in two smyd1b-deficient groups was Zf-hsc70.
These genes are all chaperones or co-chaperones that encode genes of hsp70
(hsp70.1.2.3.L, hapalb, hapa8b, hsphl, and dnajal/hsp40) or hsp90 (hsp90aal.1,
hsp90aal.2, and unc-45b) chaperone cycles.
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Hierarchical clustering indicated that the differentially expressed genes in
smydlb-Mos and smyd1lb mutants were almost different, even though the similarity of
gene expression profiles between smydlb-Mos and smyd1b mutants themselves
(group 4) was higher than that of other control groups (Fig.3.1 A, B). Strikingly, the
common top upregulated genes in both smydlb-Mos injected and smyd1lb mutant
groups are chaperones and co-chaperones encoded hsp70, including hsc70, hsp70.1,
hsp70.2, hsp70.3, hsp70.L and hspalb and hspa8b, as well as hsphl, hsp40,
hsp90aal.l, hsp90aal.2 and unc-45h. These two genes, unc-45b and hsp90aal.1(Fig
3.1 C, D), which have been reported to be up-regulated in smyd1lb mutants, were also
detected in our RNA-seq data serving as positive controls of our RNA-seq dataset. On
the other hand, there are only two common down-regulated genes including
calcineurin binding protein 1(cabinl) and cardiac troponin T2d (tnnt2d) (Fig 3.1 C).
Gene ontology (GO) analysis showed the shared GO pathways of co-regulated gene
groups between groupl vs.2 and group 4 vs.5 are genes involved in a myofibril,
contractile fiber, myosin complex and I band, muscle cell development, and
hemoglobin complex.

Validation of upregulated chaperone and co-chaperone expression in smyd1b
mutants

To verify the data from the RNA-seq, | carried out gene expression analysis of
most significantly upregulated genesby in situ hybridization and gRT-PCR. The
results confirmed that all these up-regulated hsp70 identified by RNAseq indeed
showed a dramatic upregulation in smydlb mutant embryos (Fig. 2 A-F’). On the one

hand, our gRT-PCR results showed the top significantly up-regulated HSPs and co-
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chaperones from high to low are hsc70 (~100 folds), hspa8b (~70 folds), hsp701.2.L
(~40 folds), hsp70.3(~17 folds), hspalb (~8 folds) (Fig. 3.2 a-f). However, | did not
observe the upregulation of hspa8, which is constitutively expressed hsp70 and not
stress-inducible. (Fig. 3.2 G, G’). Furthermore, our instu hybridization results showed
that all hsp70 tested here showed strong muscle-specific upregulations in smydlb
mutant embryos at 24hpf and 48hpf even though all hsp70 tested here showed basal
expression levels in skeletal muscles under normal conditions (Fig. 3.2 A-E). Among
them, all members in hsp70 family 1(hsp70.1.2.3. L, hspalb) showed a very weak
even undetectable expression under normal conditions with the exception of hsp70.3
that has a strong expression in the lens at 48hpf (Fig. 3.4 A). In contrast, hsc70 is
mainly expressed in skeletal muscle (Fig. 3.4 C) and hspa8b is mainly expressed in
the head region (Fig. 3.4 D). Taken together, even though the expression patterns of
this hsp70 and hsc70 are different under normal conditions, they all showed an

evident muscle-specific upregulation in smyd1b mutants.
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Figure 3.2. Validation of upregulated Heat shock protein expression in smydlb
mutants.

Both in situ hybridization and qRT-PCR were applied to verify the common
upregulated hsp70 and hsp40(dnaja) in smyd1b-RNAseq data at 24hpf.

All the regulated hsp70s and hsp40 displayed a muscle-specific upregulation in
smyd1b mutant embryos at 24hpf(A-F’). In contrast, the constitutively expressed
hspa8 that are not upregulated in smyd1b-RNAseq were not shown evident
upregulation.

A-G: wild-type siblings; A’-G’: smyd1b mutant embryos.

A-A’, B-B’, C-C’, D-D’, E-E’, F-F’, and G-G’ represent the antisense probes of
hsp70.3, hsp70.1.2. L, ZF-hsc70, hspa8b, hspalb, dnaja and hspa8, respectively. a, b,
c, d, e,f represents the relative levels of hsp70.3, hspa70.1.2.L, hsc70, hspa8b, hspalb
and hspa8 mRNA transcripts in WT control and smyd1b mutant embryos at 24 hpf by
RT-qPCR.

All larvae are a side view, with anterior left and dorsal up.
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The classification and amino acid sequence analysis of the top upregulated hsp70
genes

Genome analysis revealed that zebrafish and human genome contains 17 and
13 hsp70 genes, respectively. Of which, Hspa5 and Hspa9 are in ER and
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mitochondria, respectively. And the other Hsp70s are in the cytosol. To identify the
common feature of all the upregulated hsp70 above, | did the amino acid sequence
alignment and phylogenetic analysis. Phylogenetic analysis showed that the
upregulated hsp70 belongs to hsp70-family 1 and family 8 of the 10 main clades in
the phylogenetic tree including the common family -1, -2, -4, -5, -8, -9, -12, -13, -14
of zebrafish, mouse and human (Fig.3.3A). | can also see that hsp70 genes are
conserved within the same family of 1, 4, 5, 8, 9, 13, and 14 among zebrafish, mice,
and humans. Differentially, hspa6 and hspa2 are specifically expressed in humans
and mice, but not in zebrafish. hspa7 is a pseudogene in humans but is not found in
mice and zebrafish after the divergence of zebrafish, mice, and humans (Fig.3.3A).
Amino acid sequence alignment showed that all the upregulated genes of hsp70
family 1 and family 8 and hsc70 in smyd1b deficient embryos all terminate with the
same EEVD motif at their C-termini, which is different from the other un-upregulated
hsp70 in the cell, e.g. hspa5 and hspa9 (Fig.3.3B). Upregulated genes in hsp70 family
1 (hsp70.1.2.3.L and hspalb) shared high amino acid similarity to each other,
especially hsp70.1.2.3.L with only 4 amino acid differences among these four genes.
In contrast, hspalb has ~70 amino acid differences compared to hsp70.1.2.3. L with
the difference mainly in the lid of the C-terminal substrate-binding domain
(Fig.3.3B). In hsp70 family 8, hspa8b is the significantly upregulated gene, and it also
shares high amino acid similarity (83.4%) with the other gene in the same family,
hspa8. Similarly, the difference between hspa8b and hspa8 is also at the C-terminus

(Fig.3.3B).
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Figure 3.3 continued
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Figure 3.3 continued
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Figure 3.3. Phylogenetic, sequence comparison, and gene structure analysis of all
upregulated hsp70s in Smydlb-RNAseq.

A. Phylogenetic tree was developed based on Hsp70 protein sequences from yeast
humans. B. Amino acid sequence alignment of all hsp70 members in zebrafish.

C. Gene structure analysis of all upregulated hsp70s in zebrafish smyd1b-/-RNA
sequencing data. hsp70.1, hsp70.2, hsp70.3, hsp70.L, hspalb(D) are all intron-less
gene in coding sequence. And hspa8b, ZF-hsc70, and hspa8 share similar gene
structures with eight introns and nine exons (D). The ATG start codon is marked in a
red arrow. D. Syntenic analysis of genes of all the upregulated hsp70 in this study. All
the upregulated genes are not syntenic among zebrafish, mice, and humans. However,
the conserved hspa8 gene among these three species not upregulated in smyd1b-/- are
all adjacent to a gene named bsx during evolution.
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Gene structure analysis showed the upregulated genes in hsp70 family 1 are
intron-less genes (Fig.3.3 C) while the upregulated genes in the hsp70 family 8
groups have a similar exon-intron structure (Fig.3.3 D). Syntenic analysis of all the
gene members in hsp70 family 1 and 8 showed that the inducible form of zebrafish
hsp70 family-1 and hspa8b are not syntenic genes among zebrafish, mouse and
human but constitutively expressed hspa8 are syntenic genes among these three
species (Fig.3.3 E). Of which, hsp70.1.2.3 are tandem duplicated genes that are
proximal to each other on chromosome 3(Chr. 3), meanwhile hsp70L and hspalb are
located far away from each other on the same Chr.8. And hspa8 and hspa8b in hsp70
family 8 are located on Chr.10 and Chr.15, respectively (Fig.3.3 E).

The upregulation of Hsp70s is specific to mutants with myosin folding defects

Similar to smyd1b, hsp90aal.1l or unc-45b mutated or deficient can lead to
disorganized sarcomere protein and increased myosin protein degradation in the
cytoplasm of zebrafish embryos (Berick et al., 2012). To test whether these up-
regulated hsp70 in smydlb mutants can also show increased expression in hsp90aal.l
or unc-45b deficient embryos during and after myofibrillogenesis, | then examined
the expression patterns of these hsp70s in hsp90aal.1 or unc-45b knockdown
embryos by in situ hybridization at 24hpf and 48hpf. The results showed that a robust
muscle-specific upregulation of this hsp70 can also be detected in hsp90aal.l or unc-
45h knockdown embryos at the period I tested (Fig. 3.4 A-F’”). To get more evidence
for the interactions of these three key muscle factors (Smyd1b, Hsp90aal.1, and
UNC-45b), | also test the expression of smyd1b in unc-45b KD embryos by in situ-

hybridization and qRT-PCR at 24hpf, 48hpf, and 72hpf, respectively. Not
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surprisingly, a significant upregulation of smyd1b can also be detected in unc-

45b knockdown embryos at the period | tested (Fig. 3.4 G-I"). These results further
suggested Smy1b may work in the same pathway as UNC-45b and Hsp90aal.l in
myosin folding, and the up-regulated chaperones may function as specialized muscle

chaperones when myosin folding fails.
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Figure 3.4. The upregulated hsp70s, hsp40, and smyd1b expression in
hsp90aal.l or unc-45b knockdown embryos.

In situ hybridization showed a muscle-specific upregulation of the upregulated hsp70s
and hsp40 in WT control (A-F), hspa90aal.l MO (A’-F’), and unc45 MO (A’’-F”’),
zebrafish embryos at 24hpf and 48hpf. A-F: wild-type siblings; A’-F’:
hsp90aal.l Mo embryos; A’’-F’’: UNC-45b_Mo embryos at 24hpf and 48hpf,
respectively. A-A’’, B-B”’, C-C”’, D-D”’, E-E”’, F-F*’, G-G’’ represents for the
antisense probes of hsp70.3, hspa70.1.2. L, hsc70, hspa8b, hspalb, Dnaja and hspa8
at 24hpf and 48hpf, respectively. G’-I": In situ hybridization showed the expression of
Smyd1b transcripts in WT control (G, H, I) and unc45 MO (G’, H,” I’) zebrafish
embryos at 24hpf, 48hpf, and 72hpf, respectively. Smyd1b transcripts are
significantly upregulated in UNC-45b knockdown embryos at 24hpf, 48hpf, and
72hpf compared with their controls (G-1), respectively. The strong upregulation of
smyd1lb mRNA expression can be detected septically in the skeletal muscle of 48hpf
and 72hpf embryos. This upregulation can also be detected in craniofacial and
extraocular muscles at 72hpf. Side view. Anterior left, dorsal up.

.
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Comparison of the gene expression pattern of various hsp70 with myosin-folding
factors under HS conditions

Stress from increased temperature can also trigger misfolded protein when
HSPs are highly induced to prevent protein misfolding and aggregation. In order to
detect whether all the upregulated hsp70s that response to misfolded protein is heat-
inducible or not and how they are responding to HS, | detected the mRNA expression
of this hsp70 after 37°C incubated of WT zebrafish embryos at 24hpf and 48hpf for
one h, respectively, and compared their expression level under average condition.
Curiously, hsp70 family one and hspa8 exhibited distinct HSR in mature skeletal
muscle (48hpf) (Fig.3.5 A-K’). There is strong upregulation of hspa8b in skeletal
muscle at 24hpftested (Fig. 3.5 D, D’) but no detectable upregulation of hspa8b in
skeletal muscle of 48hpf under heat shock conditions (Fig. 3.5 I, I’) when compared
the upregulation of hsp70 family 1 in mature skeletal muscle fiber (Fig. 5 F-G),
which suggested that genes in hsp70 family 1 are more responsible/sensitive for

denatured muscle protein refolding compared with hspa8b after myofibrillogenesis.
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Figure 3.5. The Heat shock response of all upregulated hsp70s in Smyd1b-
RNAseq.

All the upregulated hsp70s and hsp40 displayed a strong HSR (A’-B’,D’-F’; F’-G’;
I’-K’) under HS treatment at 24hpf and 48hpf, respectively, except for ZF-hsc70(C’,
H’). A-F (24hpf): WT siblings; A’-F’: WT_HS embryos (37 °C, 1h); F-K (48hpf):
WT siblings; F’-K’: WT_HS embryos (37 °C, 1h); a, b, c, d, e, f represents for the
relative levels of hsp70.3, hspa70.1.2. L, hsc70, hspa8b, hspalb and hspa8 mRNA
transcripts in WT control and HS embryos at 24 hpf. Side view. Anterior left, dorsal

up.

Previous studies showed the myosin-folding partners, smyd1b, unc-45b, and
hsp90aal.l, are also significantly upregulated under defective myosin-folding
induced muscle stress conditions like these hsp70s above (Li et al., 2013; Etard et al.,
2015). However, whether smyd1b and unc-45b are responsive to HS in mature
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skeletal muscle is still unknown. To test which hsp70 family (1 and 8) has a similar
HSR with myosin folding partners (Smyd1b and UNC-45b) considering the
difference of upregulation of Hsp70 family 1 and 8 under HS, | detected the
expression of unc-45b, smydlb and hsp90aal.l under the same HS conditions by in
situ hybridization and gRT-PCR. The results showed that unc-45b and smyd1b
displayed a muscle-specific upregulation at 24hpf and 48hpf as hspalb and hsc70
(family 1) (Fig.3. 6 A-B’; D-E’), but not hspa8b, in skeletal muscle, whereas
hsp90aal.l exhibited a similar broad upregulation under HS conditions as
hsp70.1.2.3. L in family 1 (Fig. 3.6 C, C’; F-F’), suggesting that hsp70 family 1 may
interact together with myosin-folding partners in denature myosin protein refolding
process. Taken together, the induction of various hsp70 showed different HSR in
mature skeletal muscle fibers with hsp70 family 1 seemed to work more closely with
myosin partners than hspa8b in family 8 under HS conditions even though all the
hsp70 tested above showed a strong muscle-specific upregulation in three DMF

models.
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Figure 3.6. The Heat shock response of myosin folding partners smydlb, unc-
45b, and hsp90aal.l.

In situ hybridizaton showed the heat shock response (HSR) of smyd1b and myosin
chaperone (hsp90aal.1 and UNC-45b) before (A-C; D-F) and after (A’-C’; D’-F’) HS
treatment (37 °C, one h) at 24hpf and 48hpf, respectively. Similar to the strong
upregulation of hsp90aal.1(B’, E’) and UNC-45b (C’, F*) compared to their
respective controls (B, E and C, F), Smyd1b also showed detectable upregulation
under HS condition at 24hpf (A’) and 48hpf (D), respectively. G, H, I represent the
relative mMRNA expression levels of smydlb, hsp90aal.1l, and UNC-45b in WT
control and HS_treatment embryos at 24 hpf, separately. Side view. Anterior left,
dorsal up.

Note: The enzymatic reaction during the whole mount in situ hybridization was
carried out for only 20 mins, and for the other types of embryos, it is for 2h.
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Table 3.2. The fold changes of the upregulated chaperones in smydl1b-/- and HS
condition at 24hpf according to qRT-PCR results.

Fold changes in smyd1b -/- | Fold changes in HS

Hsc70 100+ 20

Hspa8b 70 900

Hsp70.1,2, L 40 1700

Hsp70.3 17 700

Hsp70-b 8 40

UNC-45b 7 6-7

Hsp90aal.l 6 5-6

The protein interaction of hsp70 family 1 with smyd1b and UNC-45b

Our previous studies showed that Smyd1b can physically interact with critical
myosin chaperones, Hsp90aal.1 and UNC-45b, in sarcomere assembly by ColP (Li et
al., 2013). Based on the results above, Hsp70 family 1 seemed to interact more
closely with myosin partners considering they has a similar HSR with myosin folding
partners in mature myofiber compared with hspa8b. Then | hypothesized these
upregulated genes in Hsp70 family 1 can also bind with UNC-45b and Smyd1b for
the myosin folding process. To determine whether genes in Hsp70 family 1 might be
involved in myofibrillogenesis by forming a complex with myosin chaperone UNC-
45b, Smyd1b, | performed ColP analysis using HEK293 cells expressing FLAG-
tagged UNC-45b, myc-tagged Smyd1b tvl or Smydlb_tv2, and myc/FLAG-tagged
Hspalb, Hsc70 and Hsp70.3. The results show that these Hsp70s in family

1(Hsp70.3, Hspalb) and Hsc70 can be coimmunoprecipitated with FLAG-tagged
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UNC-45b and myc-tagged Smyd1b tvl but cannot be coimmunoprecipitated myc-
tagged Smyd1b tv2 (Fig.3.7 A, B). However, a mitochondrion Hsp70, Hspa9, cannot
bind with myosin partners, UNC-45b and Smyd1b. Taken together, the ColP results
showed that cytoplasmic Hsp70.3, Hspalb and Hsc70 coexist in a protein complex

with myosin partners, UNC-45b and Smyd1b.

|szspa1b-Myc| -+ - = =]+ -|- Hsp70.3-Flag| - - [+]|+
ZfHSC70-Mvc | - - + = - |- +|- Hspa1b-Flag| - - |-| -
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Figure 3.7. Coimmunoprecipitation shows the protein interaction of EEVD-
containing Hsp70(hspalb, hsp70.3, and hsc70) and non-EEVD Hsp70 (Hspa9)
with myosin partners UNC-45b and Smyd1b-tv1.

(A) ColP shows that myc-tagged EEVD-containing Hspalb and Hsc70 but not
Hspa9(non-EEVD) can bind with myosin partners FLAG-tagged UNC-45b
coexpressed in HEK?293 cells.

(B) ColP shows that FLAG-tagged EEVD-containing Hspalb, Hsc70, and hsp70.3
but not non-EEVD Hspa9 be pulled down by myc-tagged Smyd1b-tv1, but not
Smyd1b-tv2, in HEK293 cells.

HSF1 is required for the upregulation of hsp70, hsp90aal.1 and UNC-45b in
smyd1b-/- and HS conditions, but not smydlb

HSF1 has generally believed to be a primary factor that coordinated for
activating the HSP expression under stress conditions. To examine the regulatory role

of hsfl on the upregulation of hsp70s (hsp70.1.2.3.b, L, and hsc70)expression in DMF
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and HS conditions, | injected smyd1b morphants into hsfl-/- embryos at a 1-cell stage
or the dame embryos incubated at 48hpf in 37°C for 1h, respectively. And then
compare these hsp70s expressions in hsfl-/- and control groups at 48hpf by in situ
hybridization and gRT-PCR. | found that the upregulations of these hsp70s are
significantly compromised in hsfl1-/- embryos in both smyd1b morphants injected or
HS groups when compared with their respective WT (Fig.3.8 a0-f5). To detect
whether myosin folding partners unc-45b, hsp90aal.1, and smyd1b are regulated in
the same way as these hsp70s, | treated both WT and hsfl-/- embryos at 48hpf with
heat shock. However, | did not observe an obvious downregulation of smyd1b in hsfl-
/- HS embryos than in WT-HS embryos (Fig.3.8 C”’, C’; C), even though the
upregulation of the other two, unc-45b and hsp90aal.1, are abolished in hsfl-/- under
the same HS condition (Fig.8 A’’, B*’; A’, B”), suggesting sSmyd1b are not regulated
in the same way with myosin chaperones under HS condition. To sum up, the stress
response of hspalb, hsp70.12.3. L, hspa8b, and hsc70 can be significantly blocked by

knockdown hsfl under DMF and HS stress conditions.
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Figure 3.8. HSF1 mediates the stress response of the upregulated hsp70s, unc-
45b, and hsp90aal.1 but not hspa8 and smyd1b.

The HSR of these upregulated hsp70 transcripts was blocked in hsfl-/- embryos. In
situ hybridization with hsp70.3 probe on either wild-type embryo (a0), hsf1-/-
mutants(al), smyd1lb_MO (a2), smydlb_MO in hsfl-/- (a3), HS (a4), HS in hsfl-/-
(@5). In situ hybridization with hsp70.1.2.L probe on either wild-type embryo (b0),
hsfl-/- mutants(bl), smydlb MO (b2), smydlb_ MO in hsfl-/- (b3), HS (b4), HS in
hsf1-/- (b5). In situ hybridization with hspalb probe on either wild-type embryo (c0),
hsfl-/- mutants(cl), smydlb MO (c2), smydlb MO in hsfl-/- (c3), HS (c4), HS in
hsf1-/- (c5). In situ hybridization with hsc70 probe on either wild-type embryo (d0),
hsf1-/- mutants(dl1), smydlb MO (d2), smydlb_MO in hsfl-/- (d3), HS (d4), HS in
hsf1-/- (d5). In situ hybridization with Hspa8b probe on either wild-type embryo (e0),
hsfl-/- mutants(el), smydlb MO (e2), smydlb_ MO in hsfl-/- (€3), HS (e4), HS in
hsf1-/- (€5). In situ hybridization with hspa8 probe on either wild-type embryo (f0),
hsfl-/- mutants(fl), smydlb_MO (f2), smydlb_MO in hsfl-/- (f3), HS (f4), HS in
hsf1-/- (f5).

A-C’’: The distinct regulatory effects of hsfl on the upregulation of smyd1b (C’’)
compared with unc-45b(A’’) and hsp90aal.1(B’’) in smyd1b-deficient embryos.

In situ hybridization with unc-45b, hsp90al.1, and smyd1b probe on wild-type
embryos (A, B, and C), respectively. In situ hybridization with unc-45b, hsp90al.1,
and smyd1b probe on HS embryo (A’, B’, and C’), respectively. In situ hybridization
with unc-45b, hsp90aal.1, and smyd1b probe on hsfl-/- embryos with HS treatment
embryo (A”’, B’” and C”’), respectively. All embryos are 48hpf with the position of
the anterior left and dorsal up.

90



Loss of Dnaja (Hsp40) had no effect on early muscle development and muscle growth

The functional specificity of Hsp70 is achieved by interacting with multiple
Hsp40 and facilitating a distinct localization (Ungermann et al., 1994; Liu et al., 1998;
Horton et al., 2001; Kampinga and Craig., 2010; Faust et al., 2020). Dnaja is the only
known hsp40 with high expression in skeletal muscle so far. A mutant allele was

generated for hsp40 targeting exon3, namely hsp40-8-8, which carried 8 bp deletions in

the hsp40 gene (Fig.3.9).
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Figure 3.9. Knockout of hsp40 by CRISPR and Nonsense-mediated mRNA
decay.

(A) A hsp40-specific SgRNA was targeted to exon 3 of hsp40. The hsp40-sgRNA was
co-injected with Cas9 protein into WT zebrafish embryos at 1- 2 cell stages. (B, C)
represents the effects of nonsense mutation of hsp40 mMRNA expression in WT(B)
hsp40-/- mutant (C) by in situ hybridization at 24hpf. (D) The mutant lines of hspa40-
/- mutants by Sanger sequencing.

To figure out the effects of losing highly muscle-expressed hsp40, | did
myosin(F59), myomesin, a-actinin antibody staining and phalloidin staining hsp40-8/-8

mutants and WT embryos to see if the sarcomere structure is well-organized. Our
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results showed that the organization of thick and thin filaments appeared normal in fast
myofibers of the mutant embryos at early developmental stages (Fig.3.10 A-H). To
examine whether any phenotypic differences exist in the adult muscle where hsp40 is
highly expressed, | carried out a histological analysis of adult trunk muscle tissue
sections. Our results showed that there were no significant differences between the WT
control and the hsp40-®-® mutants in terms of skeletal muscle tissue morphology
(Fig.3.10 1, J). Both the WT and mutant skeletal muscles exhibited myofibers with
comparable diameter ranges. In conclusion, our results suggest that the highly muscle-
expressed hsp40 is not crucial in early muscle cell differentiation and growth of muscle

in zebrafish.
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Figure 3.10. Organized sarcomere assembly in slow and fast muscle of Hsp40
mutants.

Immunostaining shows slow and fast muscle sarcomere protein assembly in WT
control and hsp40-/- mutant zebrafish embryos.

Slow fiber specific F59 antibody staining of WT control (A) and hsp40 mutant (B)
embryos at 30 hpf, respectively.

Phalloidin staining of WT control (C), and hsp40 mutant (D) embryos at 60hpf,
respectively.

Anti-myomesin antibody staining shows fast muscle myomesin expression in WT
control (E) and hsp40 mutant (F) at 60 hpf, respectively.

Anti-a-actinin antibody staining shows fast muscle a-actinin expression in WT control
(G) and hsp40 mutant (H) at 60hpf, respectively.

Skeletal muscles dissected from WT (1) and hsp40 mutant adult fish (J) at five months
old were analyzed by hematoxylin and eosin (HE) staining in cross-sections of trunk
muscles, respectively.



Discussion

Hsp70 are the general chaperones implicated in protein folding/refolding and
rapid degradation under normal and stress conditions. Moreover, how different
hsp70s function in muscle cells is largely unknown. Here, | found the top upregulated
genes in smyd1b loss-of-function zebrafish embryos are cytoplasmic inducible hsp70
in family one and family 8, muscle-specific expressed hsc70, as well as some myosin
folding chaperones, hsp90aal.1, and unc-45b. I also found that all the upregulated
Hsp70s here have the same EEVD motifs in their C-termini. The induction of these
hsp70s in the three DMF models is probably due to the accumulated misfolded
myosin in the cytosol but not caused by paralyzed phenotype. Then, I found the
muscle-specific expressed hspalb and hsc70 displayed a similar HSR as muscle
factors, unc-45b, and the other hsp70s in family 1 showed a similar muscle
upregulation in skeletal muscle as hsp90aal.1 under HS conditions, suggesting genes
in hsp70 family one may work together with myosin-folding partners in denatured
myosin protein refolding.

Further ColP analysis confirmed Hsp70 in family 1(Hsp70.3, Hspalb) and
Hsc70 can form in a protein complex with UNC-45b or Smyd1b_tv1, respectively.
However, a mitochondrion Hspa9 without EEVD cannot bind with myosin partners,
UNC-45b or Smyd1b_tv1, suggesting EEVD may be necessary for binding with
myosin partners for cytosol protein quality control. Surprisingly, | found that HSF1 is
the critical regulator of all the upregulated Hsp70 in Smyd1b mutants and under heat
shock conditions. These findings extended the current knowledge of the roles of

specific Hsp70s and their interaction with myosin chaperones in myosin refolding

94



under stress conditions. Furthermore, for the first time, | identified the essential role
of HSF1 in regulating the induction of these Hsp70s for cytosol protein quality
control in muscle cells.
The upregulation of hsp70 in skeletal muscle is specifically in response to initial
misfolded myosin.

Previous studies showed that loss of function smyd1b, unc-
45Dh, and hsp90aal.l genes could lead to similar disruptive sarcomere organization
and paralyzed muscle phenotype in zebrafish (Wohlgemuth et al., 2007; Du et al.,
2008; Tan et al., 2006). Our Smyd1b RNA-seq data showed the top upregulated genes
are chaperone proteins, including genes in hsp70 family 1(hsp70.1.2.3. L. 1b), hsc70,
hspa8b, hsp90aal.1, and unc-45b. Meanwhile, the upregulation of unc-45b and
various hsp70 can be found in our smyd1lb morphants microarray results, which are
Hsp70A, B, C, and Hsc70.1l and Hsc70 (Li et al., 2013), and also in the microarray
data of hsp90aal.1 mutant (Thomas et al., 2008). However, the same upregulated
hsp70 genes in the previous microarray data are confusing due to many zebrafish
hsp70 being renamed or merged in recent years, making interpretation of the reported
results very difficult. Not surprisingly, the upregulation of these hsp70s can also be
found in the recently published RNA-seq data of unc-45b mutants or hsp90aal.l
mutants, which is consistent with our in situ-hybridization results that showed a solid
muscle-specific upregulation of these hsp70s.

Moreover, the differential expressed genes in smyd1lb mutants share an
overlapping GO pathway in muscle structure development compared to the RNA seq

data in unc-45b mutants or hsp90aal.1 mutants (Etard et al., 2015). However, these
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upregulated hsp70s cannot be detected in a BTS-induced paralyzed zebrafish model
where myosin ATPase activity is inhibited. However, myosin assembly is unaffected,
suggesting the accumulated misfolded myosin in the cytosol is a direct cause of the
upregulated hsp70. In line with this, a study showed no heat shock elements of the
genes upregulated in ache mutants that lack functional acetylcholine esterase and
develop progressive muscle defects starting at 72hpf (Etard et al., 2015). This
consistent transcriptional chaperone repose in the three DMF models provides strong
evidence for the idea that Smyd1b may function as a chaperone-like protein and work
in the same pathway as UNC-45b and Hsp90aal.1 in sarcomere protein folding, and
the upregulated hsp70 may function as specialized muscle chaperones when myosin
folding fails. Our observations may have important implications for further studies on
the mechanisms underlying muscle diseases caused by protein misfolding and
aggregation.
The interaction of the upregulated EEVD-containing hsp70 with smyd1b and
UNC-45b for protein refolding under stress conditions

The Hsp70 chaperones play a crucial role in facilitating newly synthesized
protein folding and denatured protein refolding during stress (Mayer et al., 2005;
Young, 2010); however, what types of Hsp70 and the binding domain for the myosin
folding process are largely unknown. In our study, the consistent heat shock response
of the hsc70 and hsp70 family with myosin folding partners suggested that these
Hsp70s may act together with Smyd1b and UNC-45b under stress conditions
condition for denatured protein refolding. Supported by this idea, our ColP results

showed that the Hsp70 above with EEVD motifs at C-termini could physically bind
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with UNC-45b or Smyd1b, respectively. However, Hspa9 without EEVD motifs
cannot bind with UNC-45b or Smyd1b. Importantly, | found the genes upregulated in
smyd1b mutants are all EEVD-containing proteins in the cytosol, but other
cytoplasmic Hsp70s without EEVD motif as well Hsp70s in the ER and mitochondria
lack EEVD that are not upregulated in smyd1lb mutants. Our finding proved that
protein substrates may also bind to the C-terminus of Hsp70s and the canonical
substrate-binding groove in the N-termini. A previous mutagenesis study also
revealed the importance of these four amino acid sequences for binding with TPR
domain-containing protein (Russell et al., 1999; Carrello et al., 1999; Scheufler et al.,
2000).

Our results show that binding these specific groups of Hsp70 with TRP
domain-containing UNC-45b and Smyd1b contributes to the client specificity of
Hsp70 chaperoning activity of myosin refolding under stress conditions. Consistently,
previous results also showed that C. elegans Hsp70 could bind with the N-terminal
TPR domain UNC-45b (Barral et al., 2002; Gazda et al., 2003). However, they did
not clarify the types of Hsp70 above, considering there are at least nine genes in the
Hsp70 multigene family of C. elegans (Heschl., 1990). Besides, more evidence in C.
elegans showed that Hsp70 and Hsp90 systems, together with UNC-45b, can form a
linear protein chain for mediating myosin folding (Gazda et al., 2003; Hellerschmied
& Clausen, 2014). In conclusion, | identified a specific group of Hsp70
in smyd1lb mutant zebrafish models. In vitro, ColP results suggested that EEVD
motifs of these Hsp70s are critical for interacting with TPR-containing UNC-45b and

Smyd1b. This interaction is probably for making the “decision” of denatured protein
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refolding under stress conditions, which is a fundamental understanding of the nature
of Hsp70 chaperone and substrate interactions to have their related physiological
functions under stress conditions.
The regulatory effects of hsp70 by hsfl in muscle cells under both HS and muscle
defects conditions

In general, HSF1 is considered the primary factor that coordinated for
activating the HSR to enhance physiological resistance against the potentially
deleterious consequences of environmental changes and pathological conditions
(Wang & Morgan, 1994; Anckar & Sistonen, 2011; Thonel et al., 2012; Evans et al.,
2007; Shamovsky & Nudler, 2008; Akerfelt et al., 2007). Importantly, | found that
HSF1 is the essential regulator for hsc70 and all hsp70s induction in DMF models,
including smyd1b-/- and unc-45b morphants. However, hsfl is dispensable for the
induction of smyd1b in unc-45b morphants. Our result on the regulatory effects of
HSF1 is consistent with previous studies that many genes of misfolded myosin
response are the direct target of HSF1 but not all genes of transcriptome response
in unc-45b mutants (Etard et al., 2015). Furthermore, our study showed that all the
hsp70 tested here (hsp70.1.2.3. L, hspalb, and hspa8b) also displayed the
upregulation of transcription in hsfl-/- during HS condition, which is consistent with
a previous study that knockout hsfl abolished the HSP induction for cellular
protection in various tissues under HS condition (Xiao et al., 1999). Curiously,
another study suggested that hsp27 and hsp70 expression could be induced
independent of HSF1 activation under hypoxia-induced stress conditions in the brain

and eye tissues in zebrafish (Tucker et al., 2011). The above conflicting results are
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probably due to the different regulatory roles of hsp70s in different tissues or under
different stress conditions. One explanation for the difference is that other heat shock
factors (e.g., HSF3) may compensate for the function of hsfl to require
thermotolerance in severe stress conditions(Tanabe et al. 1997, 1998;). In addition,
increasing studies highlight the importance of HSF2 in HSR. For example, some
studies showed HSF2 can regulate HSP gene induction together with HSF1 during
stress (He et al., 2003; Ostling et al., 2007), and a recent study in lunger cancer
showed HSF2 could also promote the HSPs expression (Zhong et al., 2016).
It is considered that HS can lead to lots of protein misfolding and milder heat-related
diseases (Becker & Stewart, 2011). Even though there is a misfolded protein in both
HS incubated embryos and in smyd1b -/-, the regulation mechanisms of the same
Hsp70s by HSF are mainly different in our study. The consistency of the regulatory
roles of hsfl for this upregulated hsp70 in smyd1b-/- suggested that the misfolded
protein in muscle cells or non-muscle of DMF model or HS models are the cause of
the HSR pathway triggered by HSF1 as the previous study suggested (Etard et al.,
2015). The similar regulatory mechanism by hsfl in two different stress models
provides a strong link between misfolded protein induced Hsp70 responses and
HSF1.
The distinct regulatory mechanism of the upregulation of Smyd1b compared with
HSP70 under stress

To ensure the formation of sarcomere occur efficiently and correctly, a large
number of molecular chaperones, such as Hsp90aal.1, UNC-45b, and Hsp70, are

likely to be recruited to support protein folding and prevent misfolding or aggregation
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of the newly synthesized proteins. Our study, for the first time, demonstrated Smyd1b
can be significantly induced, especially in muscles by HS and in defective myosin-
folding induced stress condition, unc-45b deficient embryos, at 24hpf and 48hpf. In
this study, the mMRNA expression level of smyd1b was doubled under heat stress at
24hpf compared with normal conditions but increased by 2.5 times at 48hpf.
However, a significant upregulation of smyd1b in skeletal muscles was not detected
in the previous study, even though it did show some upregulation after HS treatments
(Li et al., 2013). One explanation for the different HSR of smyd1b between this and
the previous study is that smyd1b is already highly expressed at the period (24hpf)
tested, as supported by the transcriptional profiling of zebrafish developmental stages
(White, 2017). Myofibrillogenesis is a complex process involving the precise
alignment and assembly of sarcomeres and building the myofibrillar apparatus in
muscle cells, a significant challenge or stress to the cell that requires a high demand
for protein folding and assembly of substantial protein complexes.

Moreover, protein chaperones are highly demanded sarcomeric protein
folding or assembly. Smyd1b seemed to be a myosin chaperone-like protein also
highly induced under the development-induced stress condition. In this context, it is
probably hard to induce too many times of fold changes of smydlb m RNA
expression, even though the misfolded protein and HSP induction are a consequence
of HS stress conditions. The lower upregulation changes of 24hpf make the detection
tricky sometimes. Moreover, the mMRNA expression of smyd1b is primarily reduced
by 48hpf compared with the high expression from myofibrillogenesis to 48hpf in

early developmental stages (White, 2017). Thus, it is easy to find that smyd1b can be
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involved in stress response when the basal expression level is low under normal
conditions. However, | also find that the fold changes of Smyd1b mRNA expression
(~2, 4) under HS condition are much lower than that of unc-45b (~6, 26 folds)
upregulations at 24hpf and 48hpf, respectively. Heat shock can also lead to protein
misfolding and induce the expression of HSPs or co-chaperones for protein refolding
or degradation. Combined with our results that the induction of smyd1b is
independent of HSF1, I inferred that recruiting smyd1b is not a classic HSR like
hsp70 and hsp90, and it is most likely a stress response to help misfolded protein
refolding and assembly of sarcomeric proteins, thereby ensuring proper sarcomere

function.
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Chapter 4: Identifying the distinct functions of a
housekeeping Hsp70 (HSPAS8) in regulating embryonic
craniofacial muscle and neuronal retina cell growth and

survival in zebrafish

Abstract

Hsp70 is one of the most abundant proteins in cells and has general
cytoprotective properties. The inducible expressed hsc70 and hspa8b in zebrafish
HSPAS8 group ranked the top two significant upregulated genes in response to muscle
defects caused by mutation of myosin chaperone-like protein, Smyd1b, suggesting
genes in HSPAS8 group might be necessary for sarcomere protein quality control
under stress from severe muscle defects. However, the function of HSPAS8 group in
muscle cell homeostasis is mainly unknown. Here, | investigated the function of three
closely related genes, hspa8, hspa8b, and hsc70, in HSPAS8 group, starting from their
roles in sarcomere protein assembly and homeostasis to other aspects of vertebrate
development. However, depletion of any of these genes does not affect the sarcomere
protein assembly at earlier stages. However, genetic lack of hspa8 showed increased
apoptotic cells in skeletal muscle at later stages, indicating hspa8, hspa8b and hsc70
are dispensable for the early differentiation of skeletal muscle, but may be essential
for the muscle cell survival. Unexpectedly, | found that hspa8 mutant zebrafish
embryos displayed microcephaly and microphthalmia phenotypes. Further

characterization showed that depletion of hspa8 severely affects the differentiation of
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head skeleton, craniofacial muscle, and neuronal retina including the formation of
retina ganglion cells (RGCs) and the maintenance of photoreceptor cells. Intriguingly,
there are significantly reduced proliferation signals where hspa8 transcripts was
expressed and increased cell death signals mainly in this region, suggesting hspa8
appears to be critical for cell proliferation and survivals during eye formation. On the
other hand, by analyzing the expression of key regulators that function upstream of
eye and brain development, | observed there is no evident differences between hspa8
mutant and controls, suggesting the microcephaly and microphthalmia phenotypes is
not due to patterning defects of neural cells in early brain and eye development.
Meanwhile, | detected the strong upregulation of the other cytosolic Hsp70s in the
head region. However, they could not fully compensate for the proliferation and
morphogenesis of Pharyngeal arches (PA), craniofacial muscle, and eye, originating
from cranial neural crest (NC). In conclusion, our results reveal the distinct and
unique functions of a house keeping Hsp70 (HSPAS) in regulating a specific group of
cell differentiation. Therefore, identifying the functional specificity of HSPAS is

crucial for developing effective therapeutic strategies while minimizing side effects.
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Introduction

Cells encode different Hsp70 (heat shock protein 70) families for diverse
cellular functions. They are essential chaperones in various cellular processes,
including folding or refolding, assembly, transportation of polypeptides into the
membrane of organelle, disassembly of the protein complex, stabilizing protein
intermediates, and promote misfolded protein degradation (Balchin et al., 2016;
Nillegodaetal., 2018; Craig et al., 2018; Mogk et al., 2018). Hsp70 is highly conserved
on domain structures across different species, ranging from bacteria to humans (Kabani
& Martineau., 2008). In humans, up to 17 hsp70-encoding genes were classified into
functionally distinct groups based on their amino acid sequence, expression level, and
sub-cellular localization (Tavaria et al., 1996; Brocchieri et al., 2008). In zebrafish,
there are at least 20 identified hsp70. Among them, Hspa5 (Bip or Grp78) is localized
to ER lumen, and Hspa9 (mtHsp70 or Grp75) is restricted to the mitochondrial matrix,
while the other Hsp70 is localized mainly in cytosol and nucleus (Murphy, 2013).

Cytosolic hsp70s are expressed at various levels in different tissues and
developmental stages, making them distinct (Daugaard et al., 2007; Brocchieri et al.,
2008). The cytosolic hsp70 can be classified into constitutively expressed hsp70 that
play important housekeeping function, i.e., hspa8 and stress inducible hsp70, such as
hspalb, which is hardly expressed in the normal cell but highly inducible under
proteotoxic stress condition (Daugaard et al., 2017). However, the specific function of
constitutively expressed hsp70 in different tissue types and how other hsp70
functionally interact with the constitutively expressed hsp70 still needs to be

discovered.
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Our previous RNAseq results of smydlb-/- mutant zebrafish that lead to
disorganized sarcomere structure showed multiple cytosolic hsp70s are significantly
upregulated, including highly resembled hsp70.1.2.3.L, hspalb, and two inducible
hsp70, ZF-hsc70 and hspa8bthat showed a high similarity of amino acid sequence with
the constitutively expressed hspa8. Here, | define this three hsp70 (ZF-hsc70, hspa8b,
and hspa8) with similar amino acid sequences as the HSPAS8 group, which is
orthologue to hspa8 (HSC70) in humans. Specifically, ZF-hsc70 and hspa8b ranked
the top two significant upregulated genes in smydlb mutants suggesting they might be
necessary for sarcomere protein quality control or muscle cell homeostasis under stress
from severe muscle defects. Like Hsp90, Hsp70 and Hsc70 are also essential
components in the myosin folding process and abundant proteins in myoblasts and
myotubes (Srikakulam & Winkelmann, 2004; Kachur & Pilgrim DB, 2008). The
essential roles of Hsp90al and its co-chaperone UNC-45 for myosin protein folding
have been well established in C. elegans, zebrafish, Drosophila, and Xenopus (Barral
et al., 2002; Du et al., 2008; Geach & Zimmerman, 2010; Melkani et al., 2011; Ni et
al., 2011). Given the essential roles of hsp70 chaperone in protein folding and
degradation pathway,hypothesized that the solid muscle-specific upregulation of
hspa8b, ZF-hsc70 in smydlb mutant and the constitutively expressed hspa8 during
myofibrillogenesis are significant in early muscle cell differentiation or they may play
some other essential roles in early vertebrate development.

So far, no report of genetic mutation of hspa8 is directly associated with human
diseases, but only the mutation of its co-chaperone bag3 or dnjb6 can lead to hereditary

myopathies. However, the low expression level of hspa8, genetic variations, and
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overexpression of hspa8 are closely related to many human diseases, especially brain
and heart-related diseases. For example, HSPAS8 is significantly decreased in
Alzheimer's Disease and is 30-50% lower in multiple sclerosis (MS) lesions when
compared to normal brain tissue (Dong et al., 2022; Brosnan & Raine, 1996; Turturici
et al., 2014). Moreover, a study showed that genetic variations of hspa8 in promoter
region contribute to Coronary Heart Disease susceptibility in a Chinese Population (He
et al., 2010). Overexpression of HSPAS8 can relieve oxidative injuries and enhance cell
survival in cardiac muscle cells (Chong et al., 1998).

On the other hand, hspa8 was overexpressed in various cancer cells, and it
played an indispensable role in cancer cell growth (Rohde et al., 2005). Furthermore,
depletion of hspa8 can reduce human tumor cell proliferation by cell cycle arrest and
induce apoptosis (Nirdé et al., 2010). Therefore, developing intervention strategies
aimed at targeting hspa8 could be a valuable therapeutic strategy, by reducing the
abnormally elevated expression of HSPAS8 or activating the low level of HSPAS.

Due to its critical cellular functions, it has been reported that depletion of the
constitutively hspa8 is lethal in mouse is lethal, as well as human cell lines and fruit
flies (Daugaard et al., 2005; Elefant & Palter, 1999; Florin et al., 2004) making it is
difficult to study its function in various tissue or organ in whole physiology. In our
study, I have successfully generated mutant zebrafish by CRISPR in the HSPAS group,
including hspa8, hspa8b and ZF-hsc70, and investigated their function starting from
early muscle development to the effects of various tissues in the context of whole-body
physiology. By understanding the specific roles that HSPA8 group proteins play in

different cells or tissues, researchers can develop more targeted and effective drugs that
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selectively modulate the activity of these proteins without affecting vital cellular

processes.

Materials and methods

Zebrafish lines and maintenance

The adult zebrafish used in this study were raised at the zebrafish facility
located at the Institute of Marine and Environmental Technology, University of
Maryland. The fish were maintained in a recirculating aquatic system at a temperature
of 28.5°C and under a photoperiod of a 14/10-hour light/dark cycle. The aquaria were
supplied with fresh water and aeration.
Synthesis of hsc70, hspa8, and hspa8b targeting sgRNAs

One Hsp70L1&3sgRNAL was designed to target the exon-2 of the hspa8 and
hspa8b gene, and another sgRNA, Hspa8-sgRNA2-F, was designed for especially
targeting to hspa8 but not hspa8b, whereas one hsc70-sgRNAL was for targeting the
exon 2 of hsc70. DNA templates and methods for synthesizing hspa8, hspa8b, and
hsc70-sgRNAs were described in as described in Chapter 2.
Microinjection in zebrafish embryos

The synthesized sgRNAs were mixed with Cas9 protein (1:1) and co-injected
into wildtype zebrafish embryos at the one or two-cell stage. The injected

concentrations of the sgRNAs were Hsp70L1&3sgRNA1 (30 ng/ul), Hspa8-sgRNA2-
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F (30 ng/ul), and Hsc70-sgRNA-1-F (30 ng/ul). Approximately 2 nl of the
sgRNA/Cas9 protein mixture was microinjected in each zebrafish embryo.
Genotyping of FO injected embryos by DNA sequencing

Genomic DNAs from randomly selected ten embryos for each group were
subjected to sequencing using the forward primers hspa8b-sgR1/2F, hspa8-sgRNA12-
F, and hsp70L1-1-F (hsc70), respectively for their respective sgRNA (Table 4.1).
Mutant FO alleles were identified by Sanger sequencing.
Genotyping F1, F2, and F3 fish using DNA from caudal fin clips

DNA was extracted from the fin clip using the alkaline method as described in
previous study (Cai et al., 2018). DNA sequences at the hspa8, hspa8b, and hsc70 target
sites were amplified using respective gene-specific primers (Table 4.1). The hsc70+%°
and hsc70** mutant allele was amplified with Hsp70L1-1-F(hsc70) and Hsp70L1-1-
R(hsc70) primers. The PCR products of hsc70 were digested with the Hinfl restriction
enzyme. The Hinfl site is in the hsc70** mutant zebrafish containing a 4 bp insertion,
but no Hinfl site in WT, thus simplifying the mutant screening and genotyping. The
PCR products of hspa8 were digested with BstN1 restriction enzyme. The BstN1 site
was abolished in the hspa8= mutant containing a 5bp deletion at the hsp40-sgRNA7
target site, respectively.
Whole mount in Situ Hybridization

The methods for making hspa8, hspa8b, hsp70.1.2. L, hsp70.3, shh, pax2,
pax6, zicl, her5, egr2b, and dix2 probes were described in the previous Chapter (Xiao
et al., 2022). Digoxigenin-labeled antisense probes and the methods for taking images

were generated as described in previous chapters.
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Whole mount phalloidin and immunostaining

Zebrafish embryos before 3dpf were fixed in 4% paraformaldehyde for 1 hr at
room temperature. After washing for 3 x 10 minutes with PBST, the embryos were
digested with 1 mg/mL collagenase for different times (30hpf for 8 min, 50hpf for
45min) and 2 mg/mL Proteinase K (4dpf for 30min and 5dpf for 40min). The primary
antibodies are diluted as follows: anti-MHC for slow muscles (F59, DSHB, 1:10),
anti-myomesin (mMaC myomesin B4, DSHB, 1:10) for fast muscles, and anti-a-
actinin (Sigma, USA, 1:1000) for both slow and fast fibers. Secondary antibodies
were Alexa Fluor® 488- or Alexa Fluor 555-conjugated anti-1gG secondary
antibodies as described in previous chapters. Phalloidin-TRITC (Sigma P1951,
50 ng/mL in PBST) was used for labelling the thin filament in slow and fast muscle
fibers.
Cryosectioning and immunostaining

Embryos for cryosection were fixed in 4% PFA/PBS overnight at 4°C. Then
washed with PBS for 15min/twice and placed into 25% and 35% sucrose/PBS for two
hours for dehydration, respectively. Embryos were next embedded in OTC medium
and placed in dry ice until solidified. These slides were dried and stored at -20°C. The
tissue sections were blocked with 5% goat serum/BSA at room temperature for 1h and
incubated with their respective primary antibody overnight at 4°C. The dilution of zn-
5 (ZIRC) is 1:250, zpr-1 (ZIRC) is 1:200. Zns-2 (ZIRC) is 1:200, ZI-1(ZIRC) is 1:500
and anti-PCNA is 1:1,000 (Dako). After washing, all samples were incubated for 1 hour
with the Alexa Fluor 552-conjugated anti-lgG secondary antibodies (A11001 and

A31630, ThermoFisher Scientific). The tissue sections were covered with Mounting
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Medium and photographed by Leica SP8 confocal microscope after the final washing
with PBST.
Alcian blue staining

Alcian Blue staining was performed as the previous study described (Jiao et al.,
2021; Walker&Kimmel., 2007). Zebrafish larvae at 5dpf were fixed in 4% PFA/1XPBS
overnight. The fixed larvae were washed for 1 x 10 min with 100 mM Tris pH7.5/10
mM MgClz. The detailed steps for staining and bleaching were described in our
previous study (Jiao et al., 2021).
TUNEL assay

TUNEL assay was conducted using a TMR Red in situ cell death detection kit
(Roche) according to manufacturer instructions. For whole mount in situ cell death, the
fish larvae were fixed, and digest as described for in whole mount immunostaining.
And then the digested embryos were incubated in the mix solution made by a situ cell
death detection kit overnight. The picture was captured by Leica SP8 confocal

microscope.
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Table 4.1. Primers for Hspa8 group-sgRNA synthesis, PCR analyses.

Primers

Sequences, 5°-3°

hspa8-sgRNA2-F:

GATCACTAATACGACTCACTATGAATTCCCG
TCCCAAGGTCCGTTTTAGAGCTAGAAAT

hspa8-sgRNA12-F

AGC TGGCTAATAGACATCCTGGTTG

hspa8-sgRNA12-R

TTC ATC ATAGCG AAT AATTTT TGG GAA A

hspa8b-sgR1/2F

GTGCCATTATATCTGTTTGTTTGTC

hspa8b-sgR1/2R:

ACTGTGTTTGTAGGGTTCAGCGCTA

hsp70a8b-sgR12F2

AAA CAA AGC ATTGAGCTATCT TTAGAAA

Cas9-P4

AAAAGCACCGACTCGGTGCC

hspa8b-prob-F

TCCTACTCCTTCAACATGAAGTCCA

hspa8b-prob-R(T7)

GATCACTAATACGACTCACTATAGGTATGCA
TATGCACTATTTCTGACAA

hspa8L (hsc70)-prob-F

CTGGAGTCCTTGGCCTTTAACATGA

hspa8L (hsc70)-prob-R(T7)

GATCACTAATACGACTCACTATAGGTTATTTT
TGTTGGGTCACACCGGAA

hsp70.3-prob-F

CCAGTCATCTCCAAACTCTACCAGG

hsp70.3-prob-R(T7)

GATCACTAATACGACTCACTATAGGTCACAA
ATTTGTCACATGTAACAAC

hsp70.12.L-prob-F

CCCACCATTGAAGAGGTGGACTAAA

hsp70.12.L-prob-R(T7)

GATCACTAATACGACTCACTATAGGATTTTTT
TTACATAAAAGTTTTTTG

hspa8-ProbeF

TAAGCTGTACCAGAGTGCTGGAGGC

hspa8-ProbeR

GATCACTAATACGACTCACTATAGGCATCAA
GGCAGTTGGAAAAAAAAG

hsp70L1-1-F

ACAGGATGTCAAAAGGTCCAGCAGT

hsp70L1-1-R

GGCAGCATCTCCAATCAGTCTCTCT

hsp70L1-1-sgR1

GATCACTAATACGACTCACTATAGGGACCAC
CTACTCCTGTGTGTTTTAGAGCTAGAAAT

hsp70L1&3sgRNA1L

GATCACTAATACGACTCACTATAGGGACCAC
CTACTCCTGTGTGTTTTAGAGCTAGAAAT

egr2b-probe-F

CAGATGGCATCACAGTGAACGCTAA
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Table 4.1 continued

egr2b-probe-R GATCACTAATACGACTCACTATAGAGTGGCT
GGGGGAGACTGAGGATGC

pax6a-probe-F GTTTTGCTATCGGAACGGGTTTATT

pax6a-probe-R GATCACTAATACGACTCACTATAGATCCTCA
GCTTTTCATACATGCCAT

shha-probe-F TGAACCGAGGAGACGGCAAGGACAT

shha-probe-R GATCACTAATACGACTCACTATAGGGTCTGT
GAACATGATGAAGTCGCT

pax2a-probe-F TTTTACTCAACGACTGATTACGCTA

pax2a-probe-R GATCACTAATACGACTCACTATAGTAGTGTG
TCCCGCTGTGGAAAGAGG

dIx2a-probe-F ACAATCACAGTTCTGCTTTGCGTCG

dix2a-probe-R GATCACTAATACGACTCACTATAGAACCCGA
GTTTACAGTGTTCATTCT

her5-probe-F TGGTAGAAGATCATGGCCTAAGTCC

her5-probe-R GATCACTAATACGACTCACTATAGGTTTCCC
AGAAGAACACAAATACAT

zicl-probe-F AGTAAATAGGAATAGGGGATCGGAG

zicl-probe-R GATCACTAATACGACTCACTATAGATAGCCG
TGCAACTGAGTCGAAGCG

Results

Zebrafish contains three closely related genes, hspa8/8b and ZF-hsc70

Our previous study showed that the inducible hspa8b and ZF-hsc70 are the
most two significantly upregulated genes in smyd1b mutant (Xiao et al., 2023
unpublished data). Genome sequence analysis revealed that zebrafish contains three
highly related genes om HSPAS8 group, hspa8, hapa8b and ZF-hsc70. To figure out
the common features, | analyzed them from the aspects of their location on

chromosome, gene structure, amino acid sequence alignment and their early
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expression. | found that hspa8b and ZF-hsc70 that are upregulated in smyd1b-/- is on
the same Chromosome (Chr. 15), but the constitutively expressed hspa8 that is not
upregulated is on the Chr.10. hspa8b, ZF-hsc70 and hspa8 encode a protein of 647,
648 and 649 amino acid, respectively. Sequence comparison revealed that zebrafish
hspa8b, hspa8 and hsc70 share 69.4% identity at the mRNA level and 87.7% identity
at the protein level. The major difference between Hspa8 and Hspa8b lies between
positions 634-640 at C-termini substrate binding domain (Fig.4.1 A). Phylogenetic
analysis revealed that hspa8 is more closely related to human and mouse hspa8 (Fig.
4.1 B) and thus likely represents the ortholog of hspa8 in zebrafish. hspa8b and
ZFhsc70 represents a more diverse homolog of hspa8 in zebrafish. Gene structure
analysis showed that the exon-intron organization is similar to each other in terms of
the number of exons and introns (Fig. 4.2 A). All these three gene contain 8 exons
and 7 introns in CDS region. The variation is the nucleotide length between introns,
the intron length ranges from 77 bp to 234 bp for hspa8, from 78 bp to 5280 bp for
hspa8b and from 90bp to 2349 bp for ZF-hsc70. Syntenic analysis among zebrafish,
mouse and human showed zebrafish hspa8 orthologs to hspa8 of human and mouse
(Fig. 4.2 B), but zebrafish hspa8b are not in the genome of human and mouse. In
these three species, the conserved hspa8 gene in each species is all adjacent to a gene

named bsx (Fig. 4.2 B), suggesting this gene is highly conserved during evolution.
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Figure 4.1. Phylogenetic analysis and amino acid sequence alignment of hsp70
among zebrafish, mice, and humans.
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Figure 4.1 continued

(A) Sequence comparison showed the high similarity of hspa8, hspa8b, and Zf hsc70
in zebrafish. And the region with more diverged sequences in Hspa8, Hspa8b, and Zf-
hsc70 proteins at C- termini.

(B) The phylogenetic tree was developed based on Hsp70 protein sequences. The
HSPAS8 (hspa8, hspa8b, and Zf hsc70) group in zebrafishstudied here shared high
amino acid similarity with hspa8 of mice and humans, and also in the same clade with
hspala and hspalb of mouse and human.
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Figure 4.2. Gene structure and syntenic analysis of zebrafish hspa8, hspa8b, and
Zf-hsc70.

(A) Zebrafish Hspa8, Hspa8b, and Zf-hsc70 share similar gene structures with nine
exons and eight introns. The ATG start codon is marked in a red arrow.

(B) Syntenic analysis of genes of Hspa8 in zebrafish, mice, and humans. There is
only one hspa8 in the HSPAS8 group in mice and humans, while there are three genes
of the HSPAS8 group in zebrafish. In these three species, the conserved hspa8 gene is
adjacent to a gene named bsx.

Family A, member 8
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The early expression pattern and heat shock response (HSR) of hspa8, hspa8b, and
hsc70 in zebrafish

To detect the temporal and spatial expression patterns of hspa8, hspa8b, and
ZF-hsc70 that showed high similarity of amino acid sequence with each other, |
analyzed the mRNA expression pattern in early developmental stages by whole
mount in situ hybridization during embryogenesis. At 20hpf, both hspa8b and
hspa8 genes are expressed throughout the whole body, including smites, with higher
expression levels in the eyes and midbrain (Fig. 4.3 A, C). | also noticed the
expression of hspa8 is stronger than the expression of hspa8b, and its expression can
be found in the pharyngeal arch (PA) region (Fig. 4.3 C, D), suggesting hspa8 may
potentially play a critical role in these tissues and developmental processes.
Differently, hsc70 was only expressed in skeletal muscle (Fig. 4.3 F).

We then sought to test if hspa8, hspa8b, and hsc70 have distinct roles in
response to stress from HS, considering their high amino acid similarity with each
other.found that hspa8b transcripts displayed strong upregulation under HS (Fig. 4.3
B’), and hspa8 was not responsive to HS (Fig. 4.3 D’). Interestingly, there was slight
induction of hsc70 only in skeletal muscle (Fig.4.3 B). In contrast, it displayed strong
induction in smyd1b-/-, which indicates hsc70 is specifically induced under more
severe or prolonged stress conditions. Taken together, hspa8 and hspa8b have similar
expression patterns. However, they differ in expression levels and HSR, but hsc70

differs in its expression pattern and can only be slightly induced under HS stress.
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Figure 4. 3. The expression and heat shock response (HSR) of hspa8b, hspas,
and hsc70 genes in zebrafish embryos.

A. In situ hybridization showed the expression of hspa8 zebrafish embryos under
normal and HS condition. Both hspa8 and hspa8b are highly expressed in the eye and
midbrain region of 20hpf embryos (A, C). In contrast, there is a non-detectable
expression of hsc70 under 20hpf (E). At 3dpf, the expression of hsc70 was restricted
to skeletal muscles under both normal (F) and HS conditions (F”), but hspa8 showed
strong expression in the head region under both normal(D) and HS (D’) conditions at
this time. Hspa8b displayed strong HSR only under HS condition (B’) but not for
normal conditions (B). The overall expression level of hspa8 is much higher than that
of hspa8b at the same stages(A-D).

ZF-hsc70 mutants or hspa8; hspa8b double knockouts embryos displayed
organized sarcomere structure

Evidence showed that Hspa8 can interact with myosin intermediates together
with Hsp90 during myosin folding process in human C2C12 myocytes (Srikakulam
and Winkelmann, 2004). Considering genes in HSPAS8 group of zebrafish are all
expressed in skeletal muscle during embryogenesis, | next investigate their role of
them in skeletal muscle by generating ZF-hsc70 single and hspa8; hspa8b double
mutants due to the similar expression of these two genes, respectively. A ZFhsc70-

specific SgRNA was targeted to a sequence in exon 2 and another sgRNA was
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targeted to the common sequence of hspa8 an hspa8b to generate hspa8; hspa8b
double mutant considering the high similarity of these two genes in mRNA level
(Figd .4 A, B), but this sgRNA could not work on the hsc70 gene. | finally got the

hsc70+19*10 single and hspa8-°-%; hspa8b*1%*+10 double mutant lines (Fig. 4.4).
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Figure 4.4. Knockout of hspa8, hspa8b, and hsc70 by CRISPR.

(A, B) One common sgRNA for targeting the exon-2 of hspa8 and hspa8b at the same
time for generating hspa8 single mutant, hspa8b single mutant, and hspa8; hspa8b
double mutant lines, respectively. (C) A hsc70-specific SgRNA was targeted to the
exon 2 of the ZF-hsc70 gene. The sgRNA-hspa8/8b and sgRNA-hsc70 were co-
injected with Cas9 protein into WT zebrafish embryos at 1~2 cell stages, respectively.
The mutant lines of hspa8(A), hspa8b(B), and hsc70(C) are listed, respectively.

To determine whether knockout of hspa8, hspa8b together, or hsc70 can
affect sarcomere organization in muscle cells,analyzed the thick filament organization
in slow muscles using a slow fiber-specific anti-MyHC antibody (F59) staining; in
fast muscle using a fast fiber-specific anti-Mac myomesin staining, anti-actinin
antibody and Phalloidin staining for observing sarcomere assembly in fast muscle. An

organized myosin thick filament, myomesin, actinin, and actin organizations were
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observed in the slow fibers and fast fibers in WT (Fig.5.5 A, B, E, F), hsc70 single
(Fig.5.5 C, D, G, H) and hspa8; hspa8b double mutant embryos (data did not shown),
respectively, suggesting either depletion of hsc70 or hspa8; hspa8b together did not
have detectable effects on sarcomere protein assembly and there may be other hsp70
have a redundant function with them in early sarcomere protein folding or assembly.
These data indicate that hspa8, hspa8b, and hsc70 do not play a critical role in early

sarcomere organization in both slow and fast muscles of zebrafish embryos.

WT-30h Hsc70-/- WT-50h Hsc70-/-

myosin
myomesin

F-actin
a-actinin

Figure 4.5. Organized sarcomere assembly in slow and fast muscle of Zf-hsc70
mutants.

Immunostaining shows slow and fast muscle sarcomere protein assembly in WT
control, hsc70 mutant zebrafish embryos.

A, C: Slow fiber specific F59 antibody staining of WT control (A) and hsc70 single
mutant(C) embryos at 30 hpf.

B, D: Phalloidin staining of WT control (B) and hsc70 single mutant (D) embryos at
60 hpf.

E, G: Anti-myomesin antibody staining shows fast muscle myomesin expression in
WT control (E), and Zf-hsc70 single mutant (G) at 60hpf, respectively.

F, H: Anti-a-actinin antibody staining showed a-actinin expression in WT control (F),
hsc70 mutant (H) at 50 hpf, respectively.
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The variable microcephaly and microphthalmia phenotype and increased cell
apoptotic in hspa8 -/- mutant fish

Even though knockout hspa8 and hspa8b have no detectable phenotype on
early muscle cell differentiation, | found about one-quarter of fish showed small
heads and eyes, severe heart edema from 4dpf, and underdeveloped bladder and
eventually died at 8~12dpf. Further genotyping confirmed that these underdeveloped
fish are all hspa8 single mutant fish (Fig. 4.6 A, B). Curiously, there are variations
between individual mutants, such as the different ranges of small eye size, the
severity of heart edema, the defects of craniofacial muscle development (Fig.4.6 B),
and the longevity of larvae. To eliminate the possible off-target effects, | designed
another sgRNAZ2 that specifically targets hspa8 but not hspa8b. However, | can still
observe the variation of these developmental defects above with the newly generated
mutant line hspa8*!4. | even designed primers to amplify the possible off-target genes
for single hspa8-sgRNAL with the tolerance of 1 or 2 mismatches, which are hsp70.1,
hsp70.2, hsp70.3, hsp70L, hspalb, hspa5 and hsc70, hspa8b. Similarly, I did not
detect the mutation site of these possible off-target genes, as confirmed by Sanger
sequencing.

A previous study reported that hspa8 has particularly abundant maternal
expression, which exceeds those of actin and tubulin (Dworniczak & Mirult, 1987).
Therefore, after excluding the possible off-target effects, | speculated that this
phenotypic variation could be due to the maternal expression of hspa8 in
heterozygote mutants. To detect whether hspa8 is also maternally expressed in

zebrafish, I analyzed its mMRNA expression by RT-PCR during embryogenesis and
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found that hspa8 mRNA is maternally expressed in the zygote (Fig. 4.6E). Together, |
inferred that the phenotype variation is not due to the off-target effects of other genes
and probably because of the particularly abundant maternal expression of hspa8 in the
female heterozygote parent.

To investigate whether cell death could be the reason behind the observed
microphthalmia and microcephaly, | examined the whole mount cell death by
applying terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling
(TUNEL) in both WT and hspa8 mutants at 5dpf. It appeared that the hspa8 mutant
displayed a significant increase in TUNEL-positive signals, mainly in the eye, PA,
and the belly of skeletal muscle (Fig. 4.6. C). As TUNEL can label apoptotic cells
and other cell death mechanisms such as necrosis (Grasl-Kraupp et al., 1995), | next
evaluated whether there is a difference in apoptotic cells by detecting Cleaved
Caspase-3 (Aspl75) via Western blot in both WT and hspa8 mutant zebrafish
embryos. | found levels of activated caspase are increased in hspa8 mutants (Fig.4.6.
D), suggesting more cells undergo apoptosis after knocking out hspa8. Our results
suggested that hspa8 as a housekeeping gene is essential for early zebrafish
development, and the increased apoptosis is likely a cause for these developmental

defects.
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Figure 4.6. The early expression, viable phenotypes and increased apoptosis in
hspa8 mutant larvae.

(A) Representative pictures of hspa8-/- mutants and WT control siblings from 3pf to
9dpf.

(B) The hspa8 mutants exhibited different severity of microcephaly, microcephaly,
pericardial edema, and pectoral fin.

(C) Representative confocal images of TUNEL assay in WT sibling (a-c) and hspa8
mutant(a’-c’) embryos at S5dpf. An increase in TUNEL staining was observed in
hspa8 mutants with remarkably high levels in the retina and craniofacial region(b’),
and moderately increased levels in the skeletal muscle(c’) region of hspa8 mutant
embryos; arrowheads indicate sites of increased TUNEL-positive signals in the eye,
craniofacial region; cr: craniofacial region le, lens; r, retina. The dashed lines mark
the eye regions. Panels a and a’ represent top views, whereas panels b, c and b’, ¢’
represent lateral views.Scale bars: 200 pm.

(D) Western blot analysis of activated caspases in whole embryos of both WT and
hspa8 mutant embryos.

Lanes 1 and 2, activated caspase 3 protein levels in WT control and hspa8 mutant
larvae at 5 dpf by Western blot using anti-cleaved caspase 3 antibodies. y-Tubulin
was used as a loading control.

(E) RT-PCR showed the temporal expression of hspa8 genes during embryonic
development at various stages from newly fertilized eggs to six days
postfertilization(6dpf) zebrafish larvae. EFla was included as an internal reference
control. Hspa8 is ubiquitously expressed in adult (12-month-old) skeletal muscle,
eyes, heart, gill, gut, liver, ovaries, testes, and brain.

Primers for RT-PCR were designed at the junctions of two adjacent exons to
eliminate potential problems with genomic DNA contamination.
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Defective growth of craniofacial muscles and branchial arch cartilage patterning in
hspa8 mutant fish

We showed that hspa8 is highly expressed in PA, skeletal muscle, and heart at
early developmental stages. To detect whether loss of hspa8 in zebrafish affected
myosin heavy chain (MHC) protein expression in craniofacial muscles, skeletal
muscle, and heart, | performed immunostaining on hspa8 heterozygote in-crossed
embryos by using the anti-myosin heavy-chain (A4) antibody at 5dpf, respectively. |
found that the hspa8 mutant embryos displayed dramatically reduced levels of MHC
protein expression in craniofacial muscles but seemly minor effects in heart and
skeletal muscles after being confirmed by genotyping (Fig. 4.7 A b-f"). Again, the
vibrate defects and patterning of residual MHC in craniofacial muscles can be seen
(Fig. 4.7 A b-f"). These data indicated that hspa8 is required for making or stabilizing
MHC protein or stability in craniofacial muscle but is less important for heart and
skeletal muscle.

Craniofacial muscles and head skeletons develop in a concerted stereotyped
pattern in zebrafish embryos (Schilling & Kimmel, 1997). Given the interdependent
nature of craniofacial muscles and head skeletons in their development and
patterning, | analyzed the effect of knocking-out hspa8 on cartilage patterning in
branchial arches. The cranial arches were analyzed by Alcian blue staining in hspa8
mutants and control siblings at 5dpf. All cranial cartilages, including the mandibular
arch (Meckel's cartilage, palatoquadrate), hyoid arch (basihyal, ceratohyal, interhyal,
and hyosymplectic), and branchial arches (basibranchial, hypobranchials,

ceratobranchial 1-5) were detected in the WT larvae (Fig. 4.7 B g- g"). By contrast,
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the cartilage patterning and sizes of branchial arches in hspa8 mutant larvae were
distinguishable from WT (Fig. 4.7 B h- i""). Consistently, there are some variations of
defective branchial arch cartilage among the individuals of hspa8 mutant. Primarily,
most hspa8 mutants displayed less development of the ceratohyal and ceratobranchial
cartilages, shortening of the palatoquadrates & Meckel's cartilage, and missing
basibranchial and ceratobranchials I-V (Fig. 4.7 B h", i"). In addition, most branchial
arch cartilage was dramatically reduced or even undetectable, including first arch
derivatives (Meckel's cartilage, ethmoid plate, and quadrate), second arch derivatives
(basihyal, ceratohyal, and hyosymplectic) and Gill arch derivatives (basibranchial and
ceratobranchials I-V) (Fig. 4.7 B h", i""). However, the ethmoid plate cartilage of the

upper jaw appeared largely unaffected (Fig. 4.7 B h", i").

124



WT

@——-.-

S C
’ o

|
= o g _ N E = LG <
Ny & -
; o p— s | i‘
3| -r' s
i % S . .
3 & o —3
2 2
2

#-”i'w | g

D 4dpf_factin 5dpf_factin E 4dpf_factin 5dpf_factin

.

Figure 4.7. Defective craniofacial muscle and branchial arch patterning but
organized sarcomere assembly in loss-of-function mutations of hspa8 genes.

A: Immunostaining (IHC) by anti-MHC (myosin heavy chain) A4 monoclonal
antibody. The MHC protein expression in skeletal muscles, craniofacial muscles, and
heart of WT (Fig. 7 a-a’”) and viable levels of hspa8 mutants (Fig. 7 b-f>*) at 5dpf.
Scale bars, 50 um. Side views (a—f). top views (a’—f"), ventral views (a”’—f");

B: Representative images of WT sibling and hspa8 mutant branchial arch cartilage by
Alcian Blue staining. Panels g-i’ represent lateral views, whereas panels g’’— 1"
represent ventral views. m, Meckel’s cartilage; hs, hyosymplectic; bh, basihyal; ch,
ceratohyal; pq, palatoquadrate; cb, ceratobranchial; pf, pectoral fin; ep, ethmoid plate.
Scale bar: 100 um.

C: In situ hybridization showed a major type of slow myosin heavy chain (SMHC),

smyhc2 mRNA expression of wildtype (WT) (j, j’), and hspa8 mutant embryos (k, k”)
at 72 hpf in craniofacial muscles. Side views (j, k), ventral views (j°, k).
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hspa8-/-
hspa8-/-
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Figure 4.7 continued

D: Phalloidin staining shows sarcomere protein assembly of craniofacial myofiber in
WT control (I, m) and hspa8 mutant (1, m”) zebrafish embryos at 4dpf and 5dpf,
respectively.

E: Phalloidin staining shows sarcomere protein assembly fast skeletal myofiber of WT

control (n, 0) and hspa8 mutant (n’, 0”) zebrafish embryos at 4dpf and 5dpf,
respectively.

Our previous study showed that losing MHC protein leads to disorganized
sarcomere structure (Xu et al., 2012; Li et al., 2020), and MHC was evidently reduced
in hspa8 mutant embryos. To detect whether sarcomere assembly affects hspa8
mutants, | applied phalloidin staining in WT and hspa8 mutant embryos at 4dpf and
5dpf, respectively. | found that WT embryos contained highly organized thin
filaments in craniofacial myofibers at 4dpf and 5dpf (Fig. 4.7 D I-m). By contrast,
loss of hspa8 abolished the sarcomere assembly in residual craniofacial myofibers
and even no craniofacial myofibers of hspa8 mutant fibers (Fig. 4.7 D I’-m’).
Furthermore, | assayed the mRNA expression pattern of a significant type of
craniofacial muscle cell differentiation marker, slow myosin heavy-chain 2 (smyhc2),
in both WT and hspa8 mutant embryos at 72hpf by in situ hybridization. It revealed
there is no detectable hspa8 mMRNA expression in the mutant embryos in contrast to
the well-formed patterns of mtermandibularis posterior, interhyoideus, hyohyoideus,
and sternohyoideus in WT control (Fig. 4.7 C j-k’), suggesting principal cells in the
craniofacial region are diminished, and hspa8 may play a significant role in
craniofacial muscle differentiation or stabilization. However, | did not observe a

severe phenotype in skeletal muscle in hspa8 mutants (Fig. 4.7 E n’-0’) compared to
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WT (Fig. 4.7 E n-0) siblings at 4hpf and 5dpf. The data above indicated that hspa8 is
required for the early branchial arch cartilage and craniofacial muscle formation and
patterning and is less critical for the differentiation of skeletal muscle.
Organized sarcomere structure of hspa8 mutant and the HSR of the other hsp70s
in hspa8 mutants

Our in-situ hybridization results showed that hspa8 is highly expressed in the
developing smites during early muscle cell differentiation, and hspa8 mutants
displayed a thinner body muscle (Amsterdam et al., 2004). Therefore, | hypothesized
that the early expressed hspa8 might be involved in early muscle cell differentiation.
To detect the role of hspa8 in myofibrillogenesis, | detected the sarcomere protein
organization by phalloidin staining in both WT and hspa8-/- embryos from 4 dpf to 8
dpf, respectively. Our results showed an organized sarcomere structure in WT and
hspa8 mutant embryos during the period tested (Fig.4.8 A, B). It seemed there was
less myofiber in skeletal muscle from 5dpf to 8dpf when the fish larvae were
dying (Fig.4.8 A-b’-c”’, B-¢’-f”’), suggesting hspa8 maybe not be crucial for early
muscle cell development. There might be other genes induced during

myofibrillogenesis in hspa8 mutants.
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Figure 4.8. Organized sarcomere assembly but progressively decreased muscle
fibers in skeletal muscle of hspa8 mutants.

A, B: Plastic section and phalloidin staining were applied to detect the more
prolonged effects of hspa8 loss-of-function mutants on skeletal muscles. The skeletal
muscle still showed organized sarcomere assembly at Sdpf (b’’, ¢’”) and 8dpf (e’’,
f*”), even though the muscle fibers tended to be loose and twisted at a later stage (e’’,
), compared with WT (a’’, d”’).

C. In situ hybridization showed the muscle-specific expression of myoD, myf5, and
myoG) in somite of WT(a-c) and hspa8 mutant (a’-c’) embryos at 13hpf embryos.
D: The effects of heat shock response of other cytosolic inducible hsp70 in hspa8
mutant zebrafish embryos. In situ hybridization showed the heat shock response
(HSR) hsp70.3 in WT (a-d) and hspa8 mutant (a’-d”) from in 11hpf, 19hpf, 24hpf,
and 48hpf, respectively. And the HSR of hspa8b in WT (e-h) and hspa8 mutant (e’-
h’), also the HSR of hsp70.1.2. L in WT(i-l) and hspa8 mutant zebrafish embryos(i’-
1’) at the same developmental stages above. All pictures here are side views.
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The cytosol inducible hsp70s are almost non-detectable in skeletal muscle
under normal physiological conditions and can be significantly induced under cellular
stress. To detect whether losing hspa8 can lead to a stress condition and which
cytosolic hsp70 can compensate for the function of hspa8 in the mutant embryos, |
examined the expression of inducible hsp70 expression in hspa8 heterozygote in-
crossed groups before 48hpf. In all cytosolic hsp70 tested, | found only hsp70.3
showed strong upregulation in hspa8-/-. Strikingly, the induced expression of hsp70.3
can replicate the expression pattern of hspa8 from somitogenesis to 48hpf (Fig.4.8 D
a’-d”). However, there is no detectable upregulation of other inducible hsp70,
including hspa8b and hsp70.1.2. L and hspalb after losing hspa8 during the
myofibrillogenesis completion (~24hpf) (Fig. 4.8 D e’-h’; I’-I’), even the highly
resembled hspa8b. It suggested the functional similarity of hsp70.3 with hspa8 during
differentiation. Meanwhile, the expression of crucial regulators (myod, myf5, and
myoG) of vertebrate muscle gene expression during early myogenesis is non-changed
in WT and hspa8 mutant embryos (Fig. 4.8 C). Taken together, losing hspa8 has non-
detectable effects on muscle cell differentiation in terms of the organization of
sarcomere protein, which is different from the severely defective myofiber in
craniofacial hspa8 mutants. Besides, the upregulated hsp70.3 may compensate for the
function of hspa8 in skeletal muscle but not in craniofacial muscle, even though all

hsp70s tested here displayed a strong upregulation in the head region.
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Reduced swimming velocity and disorganized acetylcholine receptor (AchR)
maintenance in hspa8 mutant larvae

Since the hspa8 mutant displayed progressively reduced myofiber in skeletal
muscle, | asked whether the movement capacity was affected after the loss of hspa8.
For this purpose, | measured the locomotion of hspa8 mutant larvae using the
DanioVision. | randomly put the offspring of hspa8 heterozygous in-cross fish at 7dpf
into 24-well plates and cultured individually in a 24-well plate for simultaneous
tracking of fish mobility for 3 hours under the DanioVision. | found that those fish
with small heads and small eyes displayed a significantly reduced velocity during the
period tested. It was confirmed that these larvae are hspa8 mutants by following
genotyping results. Especially the control group showed a mean swimming velocity
of 0.298 cm/s,0.263 cm/s, and 0.247 cm/s in the first one, two, and three hours,
respectively (Fig. 4.9.A-C). While the hspa8 homozygous mutants showed reduced
motility velocity, with an average velocity of 0.187cm/s(p=0.0171), 0.175
cm/s(p=0.0037), and 0.169 cm/s (p = 0.0007) during the same time slots (Fig. 4.9.A-

Q).
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Figure 4.9. Comparison of swimming velocity and AchR structure from WT and
hspa8 mutant larvae.

A-C: The Statistical analysis of the average swimming velocity in the first one, two,
and three hours detected, respectively. It revealed a significant reduction of
swimming velocity in the hspa8 mutants. Error bars are + SEM. * means P value
<.05, ** means P value < .01, *** means P value < .005.

D, E: Muscles from WT and hspa8 mutant larvae were treated with rhodamine-a-
bungarotoxin(a-BTX). The structure labeling by red fluorescence in WT(D)
corresponds to the location of ACh receptors. The clustered structure in hspa8 mutant
(E) is largely missing. Scale bars = 50uM.

Synaptic transmission at the skeletal neuromuscular junction is essential for
muscle movement, and a lower density of acetylcholine receptors (AchR) can lead to
muscle weakness (Abdillahi Omar et al., 2020). To detect whether the formation of
structure in the neuromuscular synapse is affected in hspa8 mutants, | detected the
distribution of the post-synaptic AchR by using a-bungarotoxin (BTX) staining at
6dpf. It appeared that AchR showed organized structures along the somite boundary
in WT embryos (Westerfield, 1992) (Fig. 4.9 D). However, in hspa8 mutant embryos,
the BT X-positive signals are significantly reduced in hspa8 mutants (Fig. 4.9 E). | did
not see a well-clustered distribution of AchR as in controls, suggesting that Hspa8 is
essential for maintaining acetylcholine receptors and that its mutation may affect the

formation of structure in the neuromuscular synapse, leading to muscle weakness.
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Hspa8 mutant displayed a small eye, decreased cell proliferation, and increased cell
death

To investigate whether the cell patterning or number is altered in the small eye
of the hspa8 mutant, the plastic sections of WT and hspa8 homozygote mutant were
collected and analyzed at 5dpf (Fig. 4.10 A-C’). The lens formation of the hspa8
mutant appears unaffected, but the corneas and retinal pigment epithelium (RPE)
layers are thicker than WT siblings (Fig. 4.10 C, C’). Also, the segmentation of
different layers in the retina is not developed well in the hspa8 mutant eye (Fig. 4.10
B’-C’) when compared WT sibling that displayed clear boundary of different layers
in the retina, including gangling cell layer (GCL), inner nuclear layer (INL), inner
plexiform layer (IPL), outer nuclear layer (ONL), outer plexiform layer (OPL) and
photoreceptor layer (PL) and retinal pigment epithelium (RPE) at 5dpf (Fig. 4.10 B-
C). Next, I counted cells in the dorsal and ventral retina, including GCL, proliferative
marginal zone, INL, and photoreceptor region with ONL. Significant differences in
each category were detected in these two groups, indicating that the cells in small eye

phenotypes may undergo extensive cell death during retinal neurogenesis.
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Figure 4.10. Histological, apoptotic, and proliferating cell analysis of zebrafish
eyes in WT and hspa8 mutant larvae.

A-C’: Histological analysis was conducted on plastic sections of control larvae (A-C)
and hspa8 (A’-C’) at 5dpf. The number of different cell types was counted. There are
significant differences in the counts for all cell types. CMZ: ciliary marginal zone,
GCL.: ganglion cell layer, INL: inner nuclear layer, ONL: outer nuclear layer. Scale
bar = 50 mm.

D, D’: Terminal deoxynucleotidyl dUTP nick end labeling (TUNEL) labeling (Red)
of death cells in WT(D) and mutant(D’) at 5dpf. It showed more TUNEL-positive
signals in the lens epithelium (lep) and retina (r). DAPI for staining nuclei.

E, E’: Proliferating cell nuclear antigen (PCNA) expression in WT(E) and mutant
(E’) at 5dpf. Hspa8 mutant eye showed an abnormal proliferative pattern. The PCNA-
positive signals are concentrated in the lens epithelium and CMZ region. In contrast,
hspa8 mutants showed missed proliferative signals in the lens epithelium and fewer
signals in CMZ.

To detect this, | applied TUNEL (terminal deoxynucleotidyl transferase dUTP
nick end labeling) assay to detect the cell death in the eyes with DAPI for visualizing
nuclei at 5dpf. An increased number of TUNEL-positive cells was observed hspa8
mutant eye, mainly in the anterior retina region (around CMZ and INL) and in the
lens epithelium (Fig. 4.10 D’) that was not detected in WT siblings (Fig. 4.10 D). To
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determine whether the loss of hspa8 affects proliferative cells in the eye, | applied
immunohistochemistry with PCNA (Proliferating Cell Nuclear Antigen) to compare
proliferative patterns and intensity in WT and hspa8 mutant eye at 5dpf. A strong
PCNA-positive signal was seen in the retinal marginal zone (germinal zone) and
anterior lens epithelium of control at 5dpf (Fig. 4.10 E), indicating a robust
proliferative capacity in these areas. By contrast, | observed an abnormal proliferation
pattern and a lower intensity of PCNA staining in the hspa8 mutant eye (Fig. 4.10
E’). In addition, no PCNA immunoreactivity was detected in the anterior lens
epithelium of hspa8 mutants (Fig. 4.10 D’), suggesting the lost proliferative activity
in this region and retina. Together, these results indicate that loss of hspa8 affects
both cell proliferation and survival in the developing eye, leading to disrupted retinal
development, increased cell death, and abnormal proliferation patterns.
Abnormal neuronal differentiation in the retina of hspa8 mutants

Since there were increased cells undergoing cell death in hspa8 mutant
embryos, especially in the eye, it is logical to hypothesize that some types of cells
were missing in hspa8 mutant embryos. We, therefore, sought to determine
if hspa8 mutants possessed any defects in retinal neuron differentiation or
maintenance. From the plastic section at 5dpf, it seems cells close to RPE are
disorganized (Fig.4.10 C’). Therefore, to detect whether cells in the photoreceptor
layer are affected in the hspa8 mutant, | examined rod photoreceptors by 1D1
antibody staining and labeled cone photoreceptors with and Zprl antibody. The

results showed that the number of both retina rod and cone receptors is significantly
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reduced in the mutant eyes (Fig.4.11 A’, B”) compared to the well-organized
photoreceptor cells in WT controls (Fig.4.11 A, B).

Previous studies showed that RGCs are essential for retinal cell survival (Mu
et al., 2005; Moshiri et al., 2008). In addition, it can serve as a developmental nexus
and enhance progenitor proliferation to influence visual system development (Wang
et al., 2002, 2005; Bai et al., 2014). we, therefore, sought to determine whether the
significantly reduced photoreceptors in the hspa8 mutant were caused by the
developmental defects of GCs by detecting the structure of the retina gangling cell
using ZN-5 monoclonal antibody. Strikingly, there were only a few ganging cell
precursors in hspa8 mutant eyes (Fig. 4.11 C’). However, it can be well detected in
WT at 2dpf (Fig. 4.11 C). In later stages, the ganglion cell bodies, their dendrites,
axons passing through the nerve fiber layer and into the optic nerve, and some
amacrine cell in IPL can be labeled by ZN-5 In WT (5dpf) (Fig.4.11 D). By contrast,
there are only some residual Zn5 signal in GCL and IPL, and Zn5-positive signals in
the optic nerve is abolished (Fig.4.11 D’), suggesting the neural connection between
the eye and the brain is largely disrupted. Our results indicated that hspa8 mutant
embryos have defects in retinal neuron differentiation and maintenance. Moreover,
the reduced number of ganglion cell precursors in hspa8 mutant eyes indicates a
developmental defect in RGCs, which could be responsible for the reduced number of

photoreceptors.
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Figure 4.11. The severe defects of hspa8 mutants in retinal neuron
differentiation.

A-B’: Staining of rod and cone photoreceptor cells and gangling cells in both WT and
hspa8 mutant zebrafish larvae. Retinal sections from WT (A) and mutant larvae (A”)
were labeled with 1D1 for rod photoreceptor and counter-staining with DAPI for
nuclei at 5dpf. Reduced cone photoreceptor markers of Zprl staining can be seen in
hspa8 mutants (B’) compared to WT(B). Retinal ganglion cell marker zn-5 staining
was mostly abolished in hspa8 mutant at 48hpf (C*) and 5dpf (D’) when compared
that in WT (C, D), respectively, especially the optic nerve is missing in hspa8 mutant
eye (D’). The red fluorescent signals of 1D1, Zprl, and Zn5 partly overlap with those
of DAPI (blue). Scale bars = 75um.

The minor effects on lens formation and retina lamination in the hspa8 mutant

We examined the phenotype of lens formation and retina segmentation in
the hspa8 mutant. ZL-1 monoclonal antibody was used to assess zebrafish lens cell
differentiation at 2dpf and 5dpf (Fig. 4.12 A-B’). The immature lens was seen
in hspa8 mutant embryos, with the absence of a nuclear-free zone at 2dpf (Fig.4.12
A’), which was evident in the WT controls (Fig.4.12 A). At 5dpf, although the lens
size was reduced, the hspa8 mutant lens structure (Fig.4.12 B’) closely resembled that

of the WT (Fig.4.12 B), indicating a delayed development in the mutant lens but
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unaffected lens differentiation. On the other hand, neither WT controls nor hspa8
mutant embryos displayed ZNS-2 staining for detecting INL/ONL at 2dpf (Fig.4.12
C, C’). At 5dpf, the majority of hspa8 mutant embryos (Fig.4.12 D) showed a
relatively intact structure of the INL and ONL similar to the WT (Fig.4.12 D), albeit
with differences in size as detected by ZNS-2 staining. These findings suggest

that hspa8 may not be essential for the formation of the lens, INL, and ONL during

early zebrafish development, at least up to 5dpf.

WT hspa8-/- WT hspa8-/-

Figure 4.12. Hapa8 mutants do not possess defects in lens formation and retina
laminations.

A-D’: WT (A, B, C, D) and hspa8 mutant (A’, B’, C’, D) sections stained for
markers of the lens and retinal cell types at 2dpf and 5dpf. In 2dpf, the nuclear-free
zone began to appear in the lens of WT as detected by ZI1 staining (A) but not in
hspa8 mutant eyes (A”). Lens protein marker (ZI1) staining is similar in WT (B) and
hspa8 mutant (B’) at 5dpf. Retinal inner plexiform layer (INL) and outer plexiform
layer (ONL) staining is similar in WT (D) and hspa8 mutant at 5dpf (D’). Retinal
ganglion cell marker zn-5 staining is not detected in both WT(C) and hspa8 mutant
(C’) eye at 2dpf. Scale bars = 75um (A, A’, C, C°), scale bars = 75um (B, B’, D, D”).
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Hspa8 mRNA is concentrated in proliferative cells during zebrafish ocular
development

To further investigate the role of hspa8 during ocular development, in situ
hybridization was performed to evaluate the mRNA expression of hspa8 in zebrafish
embryos. At 20hpf, expression was detected in the presumptive eye field, especially
lens mass (Fig. 4.13 A). Moreover, hspa8 expression was seen mainly in the lens and
ganglion cells (GCs) at 31hpf (Fig. 4.13 B). By 48hpf, hspa8 transcripts were mainly
detected in the lens epithelium located in the anterior portion of the lens and ciliary
marginal zone (CMZ) (Fig. 4.13 C), which consists of retinal stem and progenitor
cells. In addition, some signals were also observed in the inner nuclear layer (INL)
and outer nuclear layer (ONL) of the retina at 48hpf (Fig. 4.13 C), indicating a
potential role in retina cell differentiation, as the intensity of proliferative cell signals
was concentrated where hspa8 transcripts were expressed. Taken together, the
expression of hspa8 transcripts suggested that hspa8 may affect the fate of lens and

retinal progenitor cells.
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20hpf
Figure 4.13. The mRNA expression of hspa8 during zebrafish early ocular
development.

A-C. Expression pattern of hspa8 transcripts in zebrafish eye at 20hpf, 31hpf, and
48hpf embryos by cryosection, respectively.

A. At 20hpf, hspa8 mRNA expression in the presumptive eye field, especially in lens
mass is observed.

B. At 31hpf, hspa8 expression is seen mainly in the developing lens and gangling cell
region.

C. At 48hpf, hspa8 transcripts are mainly expressed in the ciliary marginal zone

(CM2), inner plexiform layers (IPL), outer plexiform layers (OPL), and lens
epithelium.

The expression of critical eye and neural patterning markers in early
developmental events was normal in hapa8 mutants

Sonic hedgehog (shh) emanating from the ventral midline control the key
ocular marker of pax2 and pax6 expression in vertebrate eye development
(Macdonald et al., 1995), and enhanced Shh can exert a negative effect on eye
development, such as reduced eye size, increased apoptotic cells in lens and eye

growth defects (Yamamoto et al., 2004). pax6 is a crucial regulator for the formation
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of neural retina and retina pigment epithelium (RPE), and pax2 is essential for
forming the optic stalk (Macdonald et al., 1995). To determine whether the small eye
phenotype observed in hspa8 mutant zebrafish is linked to changes in the expression
of critical ocular development genes, such as shh, pax2, and pax6. To determine
whether the small eye phenotype observed in hspa8 mutant zebrafish is linked to
changes in the expression of crucial ocular development genes, such as shh, pax2, and
pax6, | assayed the expression of genes encoding shh and transcription factors, pax2
and pax6, that function upstream of ocular development. It appeared that there are no
evident differences in terms of their expression patterns between WT

and hspa8 mutant embryos during early eye development (Fig.4.14 E, E’, H, H’, 1,
I”), suggesting mutation of hspa8 could be affecting other genes or pathways that are

not directly related to the expression of these critical ocular development genes.
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Figure 4.14. The expression of critical markers for neural and eye patterning is
normal in the hspa8 mutant. Expression of critical ocular development genes, shha
(i, "), pax2a (h, h*), and pax6(e, €”) in WT and hspa8 mutant embryos at 24hpf,
respectively. Expression of critical transcription factors for neural patterning, zicl
marker (d, d”) for midline and forebrain patterning, her5(a, a’) for midbrain
patterning, egr2b (f, ) for hindbrain patterning. Expression of dIx2a markers for
neural stem cells (g, g’). Both WT and hspa8 mutants showed a similar expression
pattern to the markers detected above. Dorsal views with anterior to the left side (d,
d’, f, f°), whereas the panels show lateral views.
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To detect whether the microcephaly phenotypes in hspa8 mutant fish are due
to abnormal neuronal patterning, |1 examined the expression of critical transcription
factors for brain patterning, with zicl for controlling midline formation and forebrain
patterning, her5 for midbrain patterning, egr2b for hindbrain patterning and dix2 for
markers of neural stem cells. Similarly, | did not observe the differences in expression
of these neural patterning marker genes (Fig. 4.14), indicating neural cells have
successfully undergone the initial patterning stages and are progressing towards
further differentiation and specialization. Taken together, depleting hspa8 in zebrafish
does not affect the patterning and identities of neural cells for early eye and brain

development.

Discussion:

In this study, |1 demonstrated the function of three hsp70 of high similarity in
the HSPAS8 group (hspa8, hspa8b, and ZF-hsc70) in skeletal myofibrillogenesis and
other aspects of zebrafish development by generating respective null mutation. |
showed that ZF-hsc70 hardly induced by HS was specifically expressed in skeletal
muscle, hspa8 and hsa8b was wildly expressed in the whole body during
myofibrillogenesis and mainly expressed in the eye, brain, and PA region at later
stages. Unexpectedly, knockout hsc70 or losing hspa8; hspa8b together had no
detectable effects regarding sarcomere protein organization, even though hspa8 and

hspa8b were constitutively expressed in developing somites and can physically bind
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with myosin folding chaperones, UNC-45b. However, losing hspa8 has a deleterious
effect on the formation of PA and craniofacial muscle cells in the craniofacial region.
Importantly, | found that hspa8 is essential to cells in the lens epithelium and
neuronal retina proliferation and survival in the eye, as also AchR maintenance in
skeletal muscle. The results above suggested that hspa8 played a significant role in
forming or maintaining cells that mainly originated from neuron crest (NC). At the
same time, it is dispensable in skeletal muscle differentiation that drives from
mesoderm. Furthermore, | demonstrated that the microcephaly and microphthalmia
phenotypes in the hspa8 mutant are not due to patterning defects of neural cells in
early brain and eye development.

Moreover, our further analysis showed that the strong upregulation of
cytosolic hsp70, especially the constitutively upregulated hsp70.3 during zebrafish
embryogenesis, may compensate for the function of hspa8 in skeletal muscle
differentiation. Nevertheless, hsp70.1.2.3. L and hspa8b cannot be totally
compensated for the role of hspa8 for the proliferation and maintenance in
craniofacial muscle, PA, and eye that all originating from cranial neural crest (NC) at
later stages, suggesting the distinct role of a cytosol housekeeping gene in regulating
a particular group of cell differentiation. Our study provided a comprehensive
understanding of the Hspa8 protein's cellular functions and identified the functional
specificity of hspa8 in a vertebrate model, which is crucial for developing effective

and safe therapeutic strategies.
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Generation of hspa8, hspa8b, and hsc70 mutant lines and study of their functions
in skeletal muscle

For the first time, | studied the function of three highly related genes (hspa8,
hspa8b, and ZF-hsc70) in the HSPAS8 group in zebrafish by generating different
CRISPR mutant lines, starting from skeletal muscle. Compared with other zebrafish
mutant lines of hspa8 in the previous study (Amsterdam et al., 2004; Wang et al.,
2022), the advantages of our genetic models are that I rule out the possible off-target
gene in the hsp70 gene family and the functional analysis of hspa8b and hsc70 are
incorporated into our study. In our study, | characterized the gene function of hspa8
in different cell types considering that hspa8 is widely expressed in early
developmental stages and different tissues (data do not show) instead of only focusing
on a particular tissue or organ. It is mentioned that the phenotype of losing hspa8 may
be severer after ruling out the maternal-deposited Hspa8 in the zygote by
microinjecting morpholino or two sgRNAs at 1-cell stages since hspa8 is a highly
maternal expressed gene.

Our previous study showed that hspa8b and hsc70 are the two most
upregulated genes in smyd1lb mutants that showed defective sarcomere organization,
and they are also massively upregulated in two other similar defective muscle
models, hsp90aal.1-/- and unc-45b -/- mutant embryos (Etard et al., 2015). Even
though these genes in the HSPAS8 group displayed somite expression during
myofibrillogenesis, two of which are highly induced in defective muscle disease
models; however, it showed organized sarcomere structure after

knockout hsc70 or hspa8;8b together. Furthermore, after knockout hsc70 or hspa8b, |
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did not detect the HSR of other inducible hsp70 (data not shown), suggesting this
gene may be dispensable in the initial sarcomere protein folding process. However,
for the hspa8 knockouts, | can detect the strong upregulation of hsp70.3, suggesting a
genetic compensation for the function of hspa8 in early muscle cell differentiation.
However, the possibility of other HSP that may have redundant functions with Hspa8
during embryogenesis cannot be ruled out. For example, besides hspa8b and hsc70,
there is also another gene that showed high similarity with hspa8 according to the
released ZF-sequence, namely hspa8L. Consistently, a previous study also found
hspa8L showed 150- to 160-fold upregulation in hsp90aal.1 mutant (Thomas et al.,
2008), suggesting hsc70 may have redundant functions with hspa8 in muscle cell
hemostasis control in a similar defective muscle model. I omitted hspa8L for gene
function analysis in this study because its whole sequence is still unknown; no certain
sgRNAs can be designed for specific targeting to hspa8L considering the high amino
acid sequence similarity of genes in the HSPAS group.
The different muscle phenotypes in the craniofacial region and skeletal muscle of
the hspa8 mutant

Craniofacial muscles develop from the neural crest cells (NCCs) and
mesoderm during embryonic development. Mesodermal cells and neural crest cells
migrate to the pharyngeal arches, where they differentiate into myoblasts, which are
the precursors to muscle cells (Noden & Francis-West, 2006). In hspa8 mutants, |
showed a loss of craniofacial myofibers or defective sarcomere organization in some
residual myofibers in craniofacial muscle by phalloidin staining. Also, a non-

detectable show muscle heavy muscle chain (SMHC) Il mRNA expression in the
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craniofacial region in hspa8 mutant embryos at 3dpf suggests the differentiation of
craniofacial cells is affected. The craniofacial muscles are derived from the second
pharyngeal arch (PA), which is a part of craniofacial cartilage, and they are
innervated by facial nerve for movements of facial expression (Noden et al., 1983;
Minoux & Rijli, 2010). Therefore, the loss of PA structure in hspa8 mutant embryos
could be a reasonable explanation for the loss of differentiated muscle fibers in of
craniofacial region. The phenomenon of lacking differentiated craniofacial muscles is
also supported by the evidence that there are significantly fewer proliferative signals
in this area in a recent study (Wang et al., 2022).

Even though the severe phenotype in the craniofacial muscle region was
observed, | can still detect an organized sarcomere structure in skeletal muscle during
the lifespan of hspa8 mutant larvae. Unlike the craniofacial muscles that need the
migration of neural crest cells arising from the embryonic ectoderm, the skeletal
muscle originates from the paraxial mesoderm. The paraxial mesoderm gives rise to
somites and dermomyotome, the progenitor of skeletal muscle cells (Tani et al.,
2020). The different origins of craniofacial muscles and skeletal muscle could be the
causes of the severe defects of craniofacial muscle fiber instead of skeletal muscle
fiber in hspa8 mutants. The reduced skeletal muscle fiber of hspa8 mutant at later
stages could be a secondary effect because the fish cannot eat due to the defects in the
craniofacial region. Hspa8 played an essential role in cell differentiation in
craniofacial that originated from neural crest cells, but it is dispensable for the
myofibrillogenesis in skeletal muscle, indicating a functional specificity of Hspa8 in

early vertebrate development.
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The critical role of hspa8 in regulating lens epitheliums cell and neuronal retina
cell proliferation and survival

Hspas8 is a constitutively expressed molecular chaperone that plays a crucial
role in maintaining cellular proteostasis by assisting with various protein-related
processes such as protein folding, translocation across membranes, assembly and
disassembly of protein complexes, and degradation of misfolded or damaged proteins
(Liu et al., 2012). However, only some studies pay attention to the role of hspa8 in
early ocular development. Although a recent study showed the coloboma phenotype,
thickened developing cornea, and absent anterior chamber space in a retroviral-
mediated insertional hspa8 mutant, they did not characterize and analyze it in detail
(Seese et al., 2022). | found that hspa8 is important for lens and retinal development
in zebrafish embryos, with reduced cell proliferation and increased cell death in the
anterior lens epithelium and abnormal neuronal differentiation in the retina observed
in hspa8 mutants.

The distributions of hspa8 transcripts in different regions of the zebrafish eye
are likely to be associated with the developmental needs of hspa8 for the formation of
the lens and retinal structure. Here, | showed the transcripts of hspa8 are concentrated
from earlier lens mass, lens, and retina GCs, to later lens epithelium, CMZ, IPL, and
OPL, indicating its possible function earlier in lens cell differentiation and later in
retina cell proliferation and lamination. Studies of cell death and proliferation in WT
and hspa8 homozygous identified several deviations from standard patterns. The most
striking finding was that the proliferative cells stained with PCNA mostly overlapped

with hspa8 mRNA expression in 48hpf detected, suggesting hspa8 may have an
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essential role in regulating precursor cell proliferation in the lens and retina during
differentiation. Intriguingly, a marked increase in TUNEL staining in the lens
epithelium and the anterior region of the hspa8 mutant retina (seemed like in the
CMZ and INL) at 5dpf, which is also partially overlapped with the mRNA expression
of hspa8, suggesting hspa8 may have a function in stabilizing anti-apoptosis pathway
during early ocular development.

Furthermore, | showed increased cell death signals and loss of proliferative
cells in anterior lens epithelium at 5dpf, which indicates that hspa8 may have a
function on future lens cell differentiation and could be the reason that
the hspa8 mutant larvae displayed a delayed lens morphogenesis and smaller lens.
Additionally, the maturation of optic cups necessitates the proper proliferation and
differentiation of retinal progenitor cells (RPCs) to generate neurons and glia. The
abnormal neuronal differentiation in hspa8 mutants may be due to the abolished
proliferative capacity in hspa8 mutant embryos leading to defective RGCs formation
and reduced photoreceptor cells. Likewise, increasing studies have addressed that
hspa8 plays a vital role in promoting cell growth and antiapoptotic effects. For
example, a recent study showed that downregulating the level of hspa8 expression
could significantly inhibit the cell proliferation, increasing the apoptosis rate in HD11
cells (Tian et al., 2023). Another finding unraveled that HSPAS8 ablation inhibits IR-
CML cell proliferation via downregulating the BCR-ABL signaling pathway (Zhen et
al., 2021). However, no current study indicated the role of hspa8 in regulating cell
proliferation and survival in the vertebrate eye. Numerous studies focus on the

positive role of inducible hsp70 instead of hspa8 on the induction of RGCs and
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photoreceptor cell survival. For example, increasing the expression level of hsp72 by
heat shock or zinc can provide positive effects on the survival of RGCs (Park et al.,
2001). Similarly, the induction of hsp70 by the inducer of geranylgeranylacetone
(GGA) can attenuate the photoreceptor cell death caused by MNU in mice model
(Koriyama et al., 2014; Furukawa and Koriyama, 2016).
The genetic compensation of other cytosolic hsp70 in ocular development

Many studies have demonstrated that overexpression of Hsp70 can decrease
cell death caused by various stressors (Jaattela, 1999; Buzzard et al., 1998). Besides
the functional analysis of hspa8 in early ocular development, I also sought to figure
out the distinct roles of hspa8 compared to other cytosolic hsp70. Here, | found all
cytosol inducible hsp70 tested, including hsp70.1.2.3. L and hspa8b showed
significant upregulation in the retina at 2dpf. Of those, only hsp70.3 showed strong
upregulation from the beginning of lens differentiation, consistent with a previous
study in zebrafish, showing it is essential for lens formation (Evans et al., 2005). In
this study, | observed a severe phenotype in neuronal retina cell differentiation and
morphogenesis, but it was fine in the lens even though hspa8 is mainly expressed in
both lens and retina during ocular development. One possible explanation is the
genetic compensation effects and redundant functions from other inducible hsp70 in
lens development. However, | can still detect increased cell death signals in
the hspa8-/- mutant eye by 5dpf in the anterior lens epithelium and neuronal retina,
indicating the high induction of the expression of other hsp70s was unable to
compensate for the lack of hspa8. Therefore, it is logical to infer that hspa8 may have

distinct and non-overlapping functions on the proliferation and cell survival in the
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lens epithelium and retina that are also driven from cranial neural crest compared
with other hsp70 that was generally believed to have similar functions. The distinct
function of hspa8 with other cytosolic hsp70 is possibly due to their differential
interaction with client proteins (Daugaard et al., 2007). The distinct function of hspa8
zebrafish eyes development will provide a better understanding of the chaperone
networks in maintaining retinal structures.
HSPA8 and MAB21L2 in human eye diseases

Pathogenic variations in the mab2112 gene have been demonstrated to cause
ocular developmental disorders in humans, which are characterized by coloboma,
microphthalmia, or anophthalmia phenotypes. These conditions may lead to
significant visual impairment or even blindness. (Aubert et al., 2020; Deml et al.,
2015; Horn et al., 2015; Patel et al., 2018; Rainger et al., 2014). Even though genetic
mutation or variants of hspa8 are not directly associated with human eye disease
currently, however, a very recent study claimed a possible role for HSPAS8 in
stabilization or correct folding of MAB2112 proteins, and they claimed mab2112
zebrafish mutant showed a similar eyes phenotype with hspa8 mutants, including
small and underdeveloped eye with coloboma defects (Seese et al., 2022).
To be mentioned that all the phenotypes they characterized mainly focused on
studying the role of mab2112 in early ocular development in mab21I2 zebrafish
mutants before 3dpfs but significantly less focused on hspa8 mutants (Deml et al.,
2015; Gath & Gross., 2019; Seese et al., 2022). Differently, | am more focused on the
long-term effects of fish development by 5dpf to prevent some secondary effects,

such as autophagy resulting from starvation. After further characterization of the
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ocular defects of hspa8 mutants, | found some differences

between hspa8 and mab2112 mutants in zebrafish (Deml et al., 2015; Gath and
Gross., 2019). The most remarkable difference between hspa8 and mab2112 mutants
is that neuronal differentiation in the retina of hspa8 homozygote mutants is seriously
affected, while the differentiation of RGCs and cone photoreceptors was normal

in mab2112 mutant (Gath & Gross., 2019). In addition, hspa8 did not show a
disorganized lens by 5dpf compared to mab2112 knockouts in zebrafish, suggesting
the HSPAS tends to have more critical functions during neuronal retina differentiation
compared with MAB21I2 that give a severe defect in the lens but not retina. One
possible explanation for the difference is that Hspa8 may bind with other client
proteins during the neuronal retina differentiation process besides MAB2112.
Therefore, HSPAS has an indispensable role during neuronal retina differentiation,
and another explanation could be other hsp70s, such as hsp70.3, may compensate for
the function of hspa8 in lens formation, but may not be enough for retina

differentiation.
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Chapter 5: Conclusion and future direction

5.1 General conclusion

In this dissertation, | studied the functions of Hsp90 co-chaperone, Ahal (the
activator of Hsp90 ATPase), in stress response and muscle development by using the
candidate target approach; and defined changes of gene expression induced by
Smyd1b deficiency and their regulation by using transcriptomics and genetic
approach; as well as performed functional analysis of HSPAS8 group including the
most differentially expressed genes in Smydlb RNAseq and constitutively expressed
hspa8 by using genetic approach (CRISPR). I sought to fill the knowledge gaps of
chaperone or co-chaperone that might be involved in sarcomere protein homeostasis
under normal and muscle stress conditions considering the high demand for protein
synthesis and folding in muscle cells requires extensive chaperone network during
myogenesis. Eventually, | found that the chaperone (a certain group of cytosolic
EEVD-contained Hsp70s) and Hsp90 and Hsp70 co-chaperone (Ahala and Ahalb,
Dnajal and Hsphl) network are actively involved in proteotoxic stress response
during early muscle development in zebrafish; And HSF1 plays a crucial role in
regulating HSP gene expression in response to genetic mutations and environmental
stressors. The functional study of the upregulated genes showed that the
representative cytosolic Hsp70s in this study could form a complex with myosin
chaperone, UNC-45b, or chaperone-like protein, Smyd1b. Furthermore, knockout of
the inducible highly upregulated hsp70 family 8(hspa8b and hsc70) does not give a
muscle phenotype during embryogenesis. However, from the functional study of the

constitutively expressed hspa8 in Chapter 4, | demonstrated that HSPs function not
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only in stress response but also play a crucial role in particular groups of cell
differentiation and tissue formation in early developmental stages. Overall, this
research project provides us with a fundamental understanding of the molecular
chaperone events for sarcomere protein homeostasis and cell survival under normal
and proteotoxic stress conditions (Fig. 5.1), as well as their roles in other aspects of
vertebrate development. Especially studying the gene function of hspa8 in zebrafish
will help us reveal its function in whole organisms, which generally cannot be
obtained in mice or humans since deletion of hspa8 is lethal in mammals.
Furthermore, studying the chaperone and co-chaperone network induced by
proteotoxic stress from thermal and muscle defects will provide new insights for
seeking biomarkers and therapeutic targets to fine-tune the chaperone cycle in

diseases such as myopathies and neurodegenerative diseases.
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Figure 5.1. Schematic diagram summarizing the proteotoxic stress response and
cell survival in muscle cell.

Based on the schematic diagram in above, our in vivo experiment has indisputably
demonstrated that EEVD-containing Hsp70 is highly induced in the cytoplasm of
zebrafish muscle cells in response to proteotoxic stress caused by heat shock or
muscle defects due to compromised chaperone function. HSF1 regulates the induction
of cytosolic Hsp70, Hsp90, and UNC-45b under stress, while Smyd1b is not affected.
Furthermore, the upregulated Hsp70 can effectively form a complex with Smyd1b or
UNC45b for muscle protein quality control. Nonetheless, if the number of aggregates
in the cell exceeds its capacity, the cell may trigger the cell death pathway, such as
apoptosis.

5.2. The study of Aha-type co-chaperone in stress response and vertebrate

development

5.2.1 The importance of studying ahal function for misfolding disease

Hsp90 has a series of housekeeping functions in the cell, including protein
folding, stabilizing many cytosolic proteins, signaling transduction, cell cycle
regulation, and survival (Queitsch et al., 2002; Picard., 2002). Due to Hsp90s having

diverse client proteins, the dysfunctions of Hsp90 are involved in a subset of diseases;
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the most well-studied are neurodegenerative disease (tauopathies) and cancer (Gupta
and Bansal., 2020; Birbo et al., 2021). Thus, Hsp90s have been recognized as a drug
target for reducing tau levels or slowing down tumorigenesis. However, inhibition of
hsp90 can cause detrimental side effects since Hsp90s are also abundant proteins in
normal cells (Peterson et al., 2012), on the other hand, the Hsp90 inhibitors are not
permeable in blood—brain barrier. Recently, small molecule regulators for its co-
chaperone -Ahal, have been proposed as a new and promising drug target for treating
diseases caused by dysregulated Hsp90 functions (Shelton et al., 2017). Although the
inhibition of Ahala can alter the activation of Hsp90 clients in yeast or human cell
lines (Lotz et al., 2003; Holmes et al., 2008; Shelton et al., 2017), the effects of losing
Ahal in vertebrate development or the stress response of ahal under proteotoxic
stress from thermal or genetic mutations are mainly unknown. Therefore, for the first
time, generated ahal null-mutant vertebrate models and studied its function in whole
physiology, which will provide the fundamental understanding of the functions of
Ahal in vertebrate development and probably produce support for evaluating the side
effects by selecting Ahal as a drug target for regulating misfolding disease.
5.2.2 Ahal is highly involved in stress response and Ahala is a specialized muscle
chaperone in fish species

Phylogenetic analysis showed there is only one ahal gene in the mammalian
genome and two ahal genes in fish species due to gene duplication. Our study
highlights that ahala and ahalb are highly involved in environmental stress from
heat shock and stress from gene alternation of myosin partners (Unc45b, Hsp90aal.1,

and Smyd1b). Under normal conditions (before and after myofibrillogenesis, 24hpf,

154



and 48hpf, respectively), ahala is expressed explicitly in the skeletal muscle, and
ahalb is mainly expressed in the eye, brain, and otic vesicles that are compensatory
for the expression of ahala under normal conditions. The significant upregulation of
ahala and ahalb under global stress conditions from heat shock (HS) and muscle
defects caused by gene alternation of myosin partners suggests that both Ahala and
Ahalb function significantly under stress conditions. Specifically, ahala displayed a
muscle-specific upregulation under two different stress conditions before and after
myofibrillogenesis, which indicated that Ahala might be highly involved in the
sarcomere protein homeostasis of skeletal muscle. While ahalb showed a global
upregulation during myofibrillogenesis under HS conditions and the expression
pattern of ahalb can be altered in response to tissue-specific damages, here, caused
by initial misfolded protein, thus expressed more in the tissue that is seriously
affected. In contrast, the muscle-specific expressed ahala cannot exchange its
expression pattern under global stress conditions, meaning that the expression of
ahalb is more dynamics dependent on the severity of stress in different tissues, and
ahala is a specialized co-chaperone in skeletal muscle during evolution under both
normal and stress conditions.

There are two Ahal-type Hsp90 co-chaperones (ahal and ahalb) and three
hsp90 genes (hsp90aal.l, hsp90aal.2, and hsp90abl.l) in zebrafish. For the
following study, it is interesting to detect what types of ahala have a similar stress
response with what types of hsp90 under proteotoxic stress conditions, including

stress from HS and muscle defects. After then, ColP experiments can be designed to
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test what type of Ahal can bind with specific types of Hsp90, which will be important
for understanding the chaperone and co-chaperone cycle of Hsp90.

5.2.3 The explanations on phenotypes of ahala; ahalb double mutants and future
directions

Here, we, for the first time, generated ahala; ahalb mutant lines in
vertebrates and showed that the knockout of ahala and ahalb does not affect fish
survival, sarcomere assembly, and muscle development. | concluded that the Ahal is
not essential for ATP hydrolysis of Hsp90 in the de novo sarcomere protein folding
process in early zebrafish development.

Since Ahala and Ahalb are strongly induced under stress conditions, |
inferred that ahal might function importantly under stress conditions. Unexpectedly,
an apparent effect on sarcomere protein assembly after losing ahal under stress
conditions from HS was not seen, meaning that HS stress does not accurately the
muscle damage after losing ahala and ahalb in zebrafish. However, the roles of
ahal on eukaryote survivals and sarcomere assembly showed different results in
invertebrate species. For example, a previous study in Caenorhabditis elegans showed
that ahal is essential for yeast survival under restrictive Temperatures (Panaretou et
al., 2002), and another study demonstrated that Ce-ahal is critical for muscle
homeostasis and integrity from unc-45 temperature-sensitive mutation in C. elegans
(Frumkin et al., 2014). There are some explanations for the different phenotypes of
losing ahal in our study compared to the studies in yeast and C. elegans; one possible
reason is that the severity of HS stress applied in this study is not enough to detect the

effects of losing ahal on sarcomere assembly. To address this issue, HS treatment
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applied in ahal mutant zebrafish should be optimized for future study. Another
explanation is that the type of stress is critical for studying the function of co-
chaperone Ahal. The function of Ahal in zebrafish may be detected when the
proteostasis network is mildly compromised, e.g., by partial knockdown of unc45b
and hsp90aal.1 or by applying Hsp90 inhibitors (geldanamycin, radicicol, or
17AAGQG) in zebrafish embryos.

Lastly, Similar to the roles of Ahal in the Hsp90 working cycle, the Dnal is
vital for regulating the ATPase activity of Hsp70 (Fan and Lee., 2003). Considering
both ahal and dnajal are upregulated in proteotoxic stress from compromised
chaperone function, it is reasonable to generate ahal; dnajal double lines to study the
function of these two genes that have similar roles in Hsp90 or Hsp70 working cycle.
5.3 The differential expressed genes in Smyd1b deficiency and their regulation

Hsp90aal and UNC-45 are well established myosin chaperones by
biochemical and structural study, as well as in vivo study in Caenorhabditis elegans,

zebrafish, Drosophila, and Xenopus. During the myosin folding process, UNC-45 can

be organized into tandem lines, with its UCS domain for interacting with the myosin
motor domain and its TPR domain for binding with Hsp90 or Hsp70 (Ni et al., 2011;
Gazda et al., 2013). Without Hsp90aal or UNC-45, myosin protein cannot be
assembled into sarcomere and shows increased degradation, leading to paralyzed
phenotypes (Barral et al., 2002; Du et al., 2008; Geach and Zimmerman, 2010;
Melkani et al., 2011; Ni et al., 2011). Similarly, Smyd1b-deficient embryos showed
disorganized sarcomere structure and increased myosin protein degradation (Li et al.,

2013). Also, our previous study showed that smyd1b could form a complex with

157



unc45b and hsp90aal.1 by ColP (Li et al., 2013), suggesting Smyd1b may work with
myosin chaperone, Unc-45b and Hsp90aal.1 for myosin folding however, whether
the other chaperones or co-chaperones can function with myosin chaperones or
chaperone-like protein Smyd1b during myofibrillogenesis is still unknown.

To address this, | detected the differentially expressed genes induced by
Smyd1b deficiency using RNAseq and studied how they are regulated. | chose the
commonly upregulated genes from the smyd1b-knockdown and knockout group for
further analysis to find the transcriptional changes directly related to the smyd1b
function. Strikingly, the most commonly upregulated transcripts are chaperones and
co-chaperones encoding hsp70 and hsp90, which are inducible genes in hsp70 family
8 (hspa8b, hsc70), hsp70 family 1 (hsp70.1, hsp70.2, hsp70.3, hsp70 L and hspalb),
and hsp70 co-chaperones (dnajal and hsphl), as well as hsp90aal.1, hsp90aal.2 and
their co-chaperone, unc-45b. Of those upregulated chaperones or co-chaperones, the
hsp90aal.1l and unc-45b have been well-studied as myosin chaperones during
myofibrillogenesis, and | hypothesized that this upregulated hsp70 and co-chaperones
might work together with myosin chaperones (Hsp90aal.1 and UNC-45b) and
chaperone-like protein (Smyd1b) for the protein quality control of myosin protein,
possibly other sarcomeric proteins.

In this study, I found that all upregulated HSP and co-chaperones displayed a
muscle-specific upregulation in smyd1b-deficient and also in hsp90aal.1 and unc-45b
deficient embryos (some data do not show), indicating the upregulation of these
upregulated hsp70s is a typical stress response in muscle defects and smyd1b possibly

work in the same pathway with Hsp90aal.1 and Unc-45b for myosin folding.
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However, different from the muscle-specific upregulation of these hsp70s from
muscle defects, | found these hsp70s showed distinct expression patterns under HS
conditions. Some of them showed a muscle-specific induction (strong upregulation of
hspalb and weak upregulation of hsc70), and the others (hsp70.1, hsp70.2, hsp70.3,
hsp70 L, hspa8b and dnajal) showed a global upregulation at 24hpf (during
myofibrillogenesis). In contrast, hspa8b did not display an upregulation in skeletal
muscle under HS condition after myofibrillogenesis (48hpf), which differs from the
expression pattern of HSR at 24hpf. The results above suggested that hsc70 and
hspa8b in family 8 are susceptible to stress induced by initial myosin folding, a more
severe and prolonged stress condition than transient HS treatment. This stress
response also applies to hsp90aal.2 and ahalb, that did not display an upregulation
in skeletal muscle under HS in mature myofiber but showed strong upregulation in
skeletal muscle under stress from initial defective myosin-folding.

Furthermore, I found that all the upregulated Hsp70s are cytoplasm forms
with a conserved EEVD-motif at C-terminal. To investigate the roles of these
cytosolic Hsp70s, | firstly determined whether these upregulated Hsp70 are involved
in myosin folding complex by ColP assay. | found that these representative hsp70s
(Hspalb, Hsc70, and Hsp70.3) that are less similar to each other in terms of amino
acid sequence can all physically bind with myosin chaperone UNC-45b and
chaperone-like protein, Smyd1b, suggesting these Hsp70s may work together with
myosin partners (UNC-45b and Smyd1b) for sarcomere protein quality control.
However, Hspa9 located in mitochondria does not process EEVD motif, and it cannot

bind with myosin partners, which indicated the EEVD-contained cytosolic Hsp70s
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are critical for sarcomeric protein quality control under both normal and muscle stress
conditions. Further experiments are still needed to verify the essential roles of EEVD
motif of Hsp70s for binding with myosin partners by detecting the interactions of
myosin partners with this cytosol Hsp70 after mutating their EEVD motif.
Finally, I showed that heat shock factor 1 (HSF1) could control the upregulation of a
group of hsp70 under two types of proteotoxic stress conditions, including stress from
muscle defects and HS. The regulatory mechanisms by HSF1 on the induction of
myosin factors are different under stress conditions. Specifically, the upregulation of
unc-45b and hsp90aal.1 can be regulated by HSF1 under stress conditions from HS.
However, the induction of smyd1b is independent of HSF1 under stress conditions,
suggesting smyd1b is not regulated similarly by HSF1 and is not a classical heat
shock protein as inducible hsp90s and hsp70s.
5.3.1 Future directions on the upregulated chaperones and co-chaperones in
Smydlb mutant zebrafish

In smyd1b-/- mutant, a group of cytosolic hsp70 shows a strong and muscle-
specific upregulation. Hsp40 regulates the functional specificity of Hsp70s. However,
only one hsp40 is upregulated here among 53 different hsp40 in zebrafish. Thus, it is
important to figure out whether the muscle-specific upregulation of hsp40 (dnajal)
can specifically bind with all the upregulated cytosolic Hsp70 instead of other non-
unregulated Hsp70 (e.g., Hspa9 in mitochondria). Doing this will help us understand
the functional specificity of this Hsp70 regulated by Hsp40 under muscle stress
conditions and also help reveal the working network of the Hsp70 chaperone and co-

chaperone system in skeletal muscle.

160



To further understand the functions of the group upregulated hsp70 in
smyd1b-/- embryos, then it is logical to study the function of the upregulated hsp70
by knockout of hsfl in smyd1b-/- mutant or HS condition since | found that knockout
of hsfl can significantly block a group of cytosolic Hsp70 induction under these
stress conditions. Thus, further characterization of the phenotypes of smyd1b; hsfl
double mutant or hsfl-/- mutant treated with HS is necessary for studying the function
of the upregulated hsp70 or the function of hsfl under proteotoxic stress conditions.
Moreover, since hsp90aal.l and unc-45b also have high levels of expression during
myofibrillogenesis and are essential for myosin folding, for future study, it is also
necessary to figure out whether the expression of hsp90aal.l, unc-45b, and smyd1b
are dependent on hsfl under non-stress condition. Addressing this will help us
understand the possible molecular pathway they might be involved in for initial

myosin folding and assembly.

5.4 The functional study of the HSPAS8 group (hspa8, hspa8b, Zf-hsc70) in
zebrafish

In the last part of dissertation, | characterized the essential roles of
housekeeping hspa8, not hspa8b or ZF-hsc70, in early PA formation and craniofacial
muscle development, as well as in cell proliferation and survival of lens epitheliums
cell and neuronal retina. However, it is dispensable for skeletal cell differentiation.
This finding challenges the commonly held notion that Hspa8, a member of the

Hsp70 family of molecular chaperones, serves solely as a constitutive housekeeping
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protein responsible for facilitating the folding of nascent polypeptides as they are
synthesized. The multifaceted roles of Hspa8 in various cellular processes have
increasingly come to light in recent years, suggesting that its functions may be more
complex than previously thought. Further research is needed to elucidate the precise
mechanisms by which Hspa8 exerts its effects and the range of cellular processes it is
involved in. These findings have broad implications for our understanding of cellular
biology and may have translational potential for the development of novel therapeutic
strategies.

Specifically, | performed a functional analysis based on the differentially
expressed genes from smyd1b-deficient RNA seq using a genetic approach
(CRISPR). The sequencing results showed that the two inducible hsp70 belonging to
hsp70 family 8 are the most upregulated genes in smyd1b-/- mutant. There is another
hsp70 in family 8, called hspa8, which is constitutively expressed in the same family
and showed high amino acid sequence similarity with the inducible forms (hspa8b
and hsc70). Unlike the inducible hsp70, hspa8 displayed a relatively high somite
expression during myofibrillogenesis; our preliminary results showed that HSPA8
could physically bind with UNC45b, and Smyd1b suggests this gene may function in
early muscle development. Thus, | studied the function of the top two upregulated
hsc70, hspa8b, and constitutively expressed hspa8 (Hspa8 group) during early
development.

Although I did not find the effects on sarcomere protein folding and assembly
after losing these three genes, | found increased apoptotic cells at later stages of

muscle development (~5dpf). In contrast, severe effects can be seen on the tissue or
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organ morphogenesis of branchial arch, craniofacial muscle, and retina gangling cells
(RGCs). Meanwhile, the maintenance of cone and rod photoreceptor cells is seriously
affected. However, the formation of skeletal muscle fiber, lens, inner/outer plexiform
layer (IPL/OPL) is not affected, suggesting the distinct roles of hspa8 on the
differentiation and maintenance of a specific group of tissue or organ. Furthermore, |
found that the expression of genes that function upstream of eye and brain
development is not affected, which indicates that early patterning events during
embryogenesis are not affected. To detect the cause of these developmental defects in
the eye, | applied TUNEL for labeling apoptotic cells and PCNA for labeling
proliferation cells. | found that the defective formation of retina gangling cells and the
reduced photoreceptor cells are not only due to the increased apoptotic cells in the
retina but also the reduced proliferation signals mainly in the ciliary margin zone
(CMZ) region of the retina, which is overlapped with where hspa8 mRNA is
concentrated. Thus, I concluded that hspa8 may maintain the survival of proliferative
cells during ocular development.

On the other hand, during myofibrillogenesis (before 24hpf), hsp70.3, but not
other types of inducible hsp70, is strongly induced in skeletal muscle, suggesting
proteotoxic stress is induced after knockout hspa8 and the upregulated hsp70.3 may
compensate the function of hspa8 for muscle cell differentiations. Even though there
is strong upregulation of multiple inducible hsp70s (hsp70.1.2.3. L and hspa8b) in the
head regions during embryogenesis, this upregulated hsp70 cannot fully compensate
for the proliferation and morphogenesis of craniofacial muscle, PA and eye that

originates from cranial neural crest (NC). Taken together, this study revealed the
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distinct function of hspa8 in the proliferation and morphogenesis of a specific group
of tissue or organ, and it seemed to be achieved by maintaining the homeostasis of
proliferative cells that derives from the cranial neural crest. To confirm this, it is
crucial to determine the dynamic changes of proliferative and apoptosis cells and their
MRNA expression in the eye or other tissues during the early developmental stages.
5.4.1 The future directions for analyzing the hspa8 mutant phenotypes

A previous study revealed the essential roles of hspa8 in chaperoning the
degradation of myosin-binding protein C (MYBPC3), whose mutation can lead to
hypertrophic cardiomyopathy (HCM) (Glazier et al., 2018). Moreover, an in
vitro study showed that Hspa8 is involved in the myosin intermediates during the
myosin folding process (Rajani and Donald et al., 2004). So far, there is no vertebrate
model to generate to study the functional importance of Hspa8 during early heart
development due to the deletion of HSPAS8 being lethal in mammals. For the next
step, I will take advantage of hspa8 mutant zebrafish model to study how hspa8
function in maintaining the homeostasis of cardiac muscle cells since hspa8 mRNA is
highly expressed in the heart and hspa8 mutants shows a severe heart edema
phenotype after 3dpf. Characterizing the global phenotypes (including the heart) may
help us determine the shared functions of this gene in different tissues, which is vital
for understanding the role of hspa8 during vertebrate development. Finally, to study
the possible pathway that hspa8 is involved in specific tissue or organ, it is necessary
to find more proteins that can interact with HSPAS8 by Yeast two-hybrid (Y2H)

screening.
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