Kinase-mediated regulation of CryAB in muscle: from NUAK-dependent signaling to
extracellular vesicle—driven amyloid secretion

by

Ziwei Zhao

B.S., Inner Mongolia Medical University, 2016
M.S., Emporia State University, 2020

AN ABSTRACT OF DISSERTATION

submitted in partial fulfillment of the requirements for the degree

DOCTOR OF PHILOSOPHY

Department of Biochemistry and Molecular Biophysics
College of Arts and Sciences

KANSAS STATE UNIVERSITY
Manhattan, Kansas

2025



Abstract

This thesis examines the role of NUAK kinase and CryAB in muscle proteostasis,
addressing two key questions: (1) how does NUAK activity prevent protein aggregation, and (2)
how do pathogenic CryAB alleles perturb proteostasis and promote amyloidogenesis?

NUAK is a member of the AMP-activated protein kinase (AMPK) family, a conserved
group of serine/threonine kinases with broad regulatory functions. To define the requirement for
NUAK catalytic activity, I introduced point mutations at residues essential for phosphotransfer
activity. Three independent loss-of-function alleles abolished enzymatic activity, leading to
aberrant protein accumulation and progressive muscle degeneration, thereby establishing NUAK
kinase activity as indispensable for muscle integrity. A prior yeast two-hybrid screen identified a
physical interaction between NUAK and CryAB. To test whether CryAB is a direct substrate, I
overexpressed NUAK, which enriched for phosphorylated CryAB species. Mass spectrometry of
HA-tagged CryAB purified from muscle tissue identified serines 68 and 70 as phosphorylation
targets. Alanine substitutions at these positions eliminated the modification, confirming NUAK-
dependent regulation of CryAB through site-specific phosphorylation.

The second half of this work delineates how CryAB pathogenic mutations perturb
proteostasis and promote inclusion formation. Mutational analyses revealed two phenotypic
classes: conventional aggregates and distinct inclusion-like structures. CryAB aggregates
colocalized with canonical protein quality control markers including ubiquitin, p62/SQSTM1, and
Bag3, consistent with impaired proteostasis. In contrast, CryAB inclusions were characterized by
a unique association with desmin, extracellular vesicle (EV)-associated proteins (Rab27, CDS81,
Alix, TSG101), and localized preferentially at fiber peripheries. Transmission electron microscopy

and Congo red staining confirmed that these inclusions are amyloidogenic. Preliminary genetic



perturbations demonstrated that depletion of EV biogenesis components in CryAB mutant flies
reduced both the size and abundance of amyloid inclusions, implicating EV pathways in their
assembly.

Collectively, these findings define NUAK as a critical kinase that maintains muscle
proteostasis through phosphorylation of CryAB and establish that pathogenic CryAB mutations
induce amyloidogenic inclusions whose formation is modulated by extracellular vesicle pathways.
This work uncovers new mechanisms linking kinase signaling, molecular chaperones, and vesicle

biology to amyloid pathology in muscle disease.
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Chapter 1 - Myofibrillar Myopathy and Drosophila

1.1 Basic structure of Muscle

When you read this work, your eyes shift across the page, your eyelids blink, and your
fingers turn the paper. Each of these actions, though seemingly effortless, depends on the
coordinated activity of muscle. Skeletal muscle is fundamental to human life. It generates
movement, enables breathing, supports posture, and contributes to thermoregulation and energy
balance. In addition to these mechanical roles, muscle acts as an endocrine organ through the
secretion of myokines, serves as the body’s largest reservoir of amino acids, and plays a central
role in glucose and lipid metabolism [1, 2]. Maintaining muscle integrity is therefore essential not
only for locomotion but also for systemic physiological stability. In humans, skeletal muscle
represents 40—-50% of total body weight, a proportion comparable to that observed in model
organisms such as mice, Drosophila melanogaster, and zebrafish [1-5]. Muscle is also a major
protein reservoir: it contains approximately 50—75% of total body protein in humans, 25-50% in
mice, and 40-50% during the larval stages of Drosophila [3, 5, 6]. Given its scale and metabolic
contribution, any disruption of muscle function—whether due to disease, injury, or aging—has
profound consequences for health and survival.

Structurally, skeletal muscle consists of long, multinucleated fibers formed during
development through the fusion of myoblasts. These fibers are densely packed with myofibrils,
which are organized into repeating contractile units called sarcomeres. The sarcomere is the
fundamental structural and functional unit of contraction. Its highly ordered arrangement produces
the characteristic striated appearance of skeletal muscle. Sarcomeres are defined by Z-discs at
either end, from which thin filaments of actin extend. These filaments, together with regulatory

proteins such as tropomyosin and the troponin complex, form the I band region. Thick filaments



composed primarily of myosin occupy the A band, with the M line at the center. The H zone
surrounds the M line and contains only thick filaments. This intricate architecture allows
sarcomeres to convert molecular interactions into the force necessary for muscle contraction

(Figure 1.1) [1, 2].

=== —
Sarcomere
Z disk M line Z disk

| H band Thick filament

(Myosin)

Thin filament
a-actinin, (Actin, nebulin)
desmin

Titin
Figure 1.1 Basic muscle structure.
A skeletal muscle is organized hierarchically. The whole muscle is composed of bundles of
fascicles, each fascicle contains multiple muscle fibers (cells). Muscle fibers contain myofibrils,
which are made up of repeating sarcomeres, the fundamental contractile units. Thin filaments

(actin) are anchored to the Z-lines, while thick filaments (myosin) are positioned in the center. Key
regions include the I band, A band, H band and the M line.

The ordered interactions between actin and myosin filaments, powered by ATP hydrolysis
and regulated by calcium signaling, drive the contraction-relaxation cycles of muscle. In
mammalian, key structural proteins such as titin, nebulin, a-actinin, and desmin maintain the

alignment and elasticity of sarcomeres, ensuring the force generated by contraction is transmitted



uniformly across the fiber [7-10]. This intricate architecture allows skeletal muscle to withstand
repeated mechanical stress while maintaining both strength and flexibility.

During development, skeletal muscle plays a critical role not only as a structural
component of the musculoskeletal system but also as a signaling hub that influences the formation

and maturation of other tissues. Myogenesis, the process by which muscle tissue forms, begins

early in embryogenesis and involves the tightly regulated proliferation, migration, and
differentiation of mesoderm-derived precursor cells known as myoblasts. These cells undergo a
complex series of gene expression changes, guided by key transcription factors such as MyoD,
Myf{5, and myogenin, ultimately leading to their fusion into multinucleated myotubes that mature
into functional muscle fibers (Figure 1.2) [11-13]. Defects in muscle development can result in
congenital myopathies, impaired movement, and systemic developmental delays [14-16].
Furthermore, proper sarcomere assembly during this time is essential, as errors in the initial
organization of contractile structures often have long-lasting consequences, predisposing muscle
tissue to instability and disease later in life [17, 18]. Thus, skeletal muscle is not only essential for
adult physiology, but also for orchestrating the complex morphogenetic events that shape the

organism during early life.

Proliferation

Late
Early m W\

. y differentiation Maturation
differentiation Withdrawal of cell
cycle #
— —a 4 —
&
Amplifying myoblast MKAOy%ySes Myotube Mature
MyoD, Myf5 Myogenin MyHC, MCK myofiber

Figure 1.2 Myoblast Fusion and Key Regulatory Factors in Myogenesis.



During skeletal muscle development, mononucleated myoblasts align and fuse to form elongated,
multinucleated myotubes. This process is tightly controlled by myogenic regulatory factors
(MRFs), including MyoD, Myf5, myogenin, MyHC and MCK.

1.2 Protein quality control

Proteins, once translated from mRNAs, must fold correctly to function properly.
Misfolding can occur due to translation errors, cellular stress, or genetic mutations, leading to loss
of function and potential toxicity. To maintain intracellular health, cells employ protein quality
control (PQC) systems: molecular chaperones, the ubiquitin—proteasome system, and autophagy
[19, 20].

Molecular chaperones are essential for maintaining protein quality within the cell. They
detect misfolded proteins and either assist in restoring their proper shape or direct them for
degradation [21]. Among these chaperones, heat shock proteins (Hsps) are the most extensively
studied. Hsps are rapidly induced under stress conditions such as heat, oxidative damage, or
exposure to toxic agents. They are categorized mainly by molecular weight: larger ATP-dependent
Hsps (including Hsp70, Hsp90, Hsp60, and Hsp40) and smaller ATP-independent proteins known
as small heat shock proteins (sHsps) [22-25]. One example of an sHsp is aB-crystallin (CryAB or
HSPBS5), which has a molecular weight of approximately 20 kDa (more details in Chapter 1-1.9)
[26, 27]. Despite belonging to the same family, Hsps perform distinct cellular functions. Large
Hsps like Hsp70 and Hsp90 act as “foldases.” They use ATP hydrolysis to unfold misfolded
proteins, allowing them another chance to fold correctly into their functional state [28, 29]. By
contrast, sHsps act as “holdases.” Rather than refolding proteins, they bind to misfolded species,
keeping them in a soluble state and preventing toxic aggregation. These bound proteins are then

directed to degradation pathways for removal (Figure 1.3) [30].



Protein degradation is primarily carried out through two interconnected systems: the
ubiquitin—proteasome pathway and the autophagy—lysosome pathway. In the ubiquitin—
proteasome system, proteins targeted for removal are tagged with ubiquitin molecules through the
action of El, E2, and E3 ligases. These ubiquitinated proteins are then degraded by the 20S
proteasome (Figure 1.3) [31, 32]. However, when misfolded proteins accumulate and form
aggregates, they can inhibit this pathway [33]. This limitation highlights the need for additional
mechanisms to maintain protein balance.

Autophagy provides this complementary safeguard. The term, derived from the Greek for
“self-eating,” refers to a conserved cellular process in plants, yeast, and mammals. Autophagy
sequesters damaged proteins, organelles, or other cellular components into double-membrane
vesicles called autophagosomes [34, 35]. These vesicles subsequently fuse with lysosomes, where
their contents are degraded and recycled. This process not only clears harmful material but also
helps sustain cellular energy balance under stress. The formation of autophagosomes is
orchestrated by the ATG (autophagy-related) protein family [36, 37]. These proteins regulate steps
such as initiation, cargo recognition, and vesicle expansion. Many ATG proteins are recycled after
completing their roles, ensuring efficiency. A central marker of autophagosome biogenesis is
ATGS, a ubiquitin-like protein that conjugates to phosphatidylethanolamine (PE) on the
autophagosomal membrane, enabling its growth and closure [37, 38]. In mammalian cells, the LC3
proteins, homologs of ATGS, also bind to PE and are widely used as markers of autophagosome
formation [39, 40]. In addition, adaptor proteins such as Ref(2)p (alternative name: p62) link
misfolded protein aggregates to the autophagy machinery and are themselves degraded in the

process, serving as indicators of autophagic turnover (Figure 1.3) [41, 42].



Together, molecular chaperones, the ubiquitin—proteasome system and the autophagy—
lysosome pathways form the backbone of cellular protein quality control. Their coordinated
activity is vital for preventing the toxic buildup of misfolded proteins. When these systems are
disrupted, protein aggregates accumulate, contributing to the development of muscle diseases and

other disorders linked to impaired proteostasis.
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Figure 1.3 Protein Quality Control Pathways: Chaperones, the Ubiquitin—Proteasome
System, and Autophagy

This schematic illustrates the major cellular pathways responsible for maintaining protein
homeostasis (proteostasis). Molecular chaperones assist in protein folding, prevent aggregation,
and facilitate refolding of misfolded proteins. Proteins that fail to attain their native conformation
are often targeted for degradation by the ubiquitin—proteasome system (UPS), which selectively
tags substrates with ubiquitin chains for proteasomal breakdown. Larger protein aggregates or
damaged organelles that cannot be handled by the UPS are eliminated through autophagy, where
cytoplasmic material is sequestered into autophagosomes and delivered to lysosomes for
degradation. Together, these interconnected quality control systems preserve cellular function and
protect against proteotoxic stress.



1.3 Myofibrillar Myopathy

Maintaining the structural and functional integrity of muscle requires not only the proper
assembly of sarcomeres during development but also lifelong protein quality control. Because
skeletal muscle cells are post-mitotic, they do not readily divide to replace damaged fibers.
Preserving protein quality is therefore essential for muscle health and performance. Declining
muscle function is a hallmark of aging, but even in younger individuals, muscle fibers are
constantly exposed to mechanical strain and high metabolic demands [43, 44]. These stresses make
them particularly vulnerable to protein damage and misfolding. To counteract this, muscle cells
rely on robust proteostasis systems that monitor, refold, or eliminate misfolded proteins. When
these mechanisms are compromised—whether by genetic mutations or overwhelming stress—
misfolded proteins can accumulate and form toxic aggregates, disrupting sarcomere structure and
impairing muscle function [45]. Disrupted proteostasis is a central feature of several muscle
diseases, including Duchenne muscular dystrophy (DMD), sarcopenia, and amyotrophic lateral
sclerosis (ALS) [46-50]. DMD, for example, is an X-linked disorder affecting roughly one in every
5,000 boys [46]. Symptoms typically appear between ages three and five, with progressive muscle
weakness leading to severe disability and death from cardiopulmonary complications in the second
decade of life. These conditions illustrate how muscle integrity is directly tied to quality of life and
survival.

Myofibrillar myopathies (MFMs) represent another major group of protein aggregate
diseases, first recognized as a distinct category in 1996 [51]. MFMs are defined by disorganization
of myofibrils combined with the accumulation of insoluble protein aggregates. Clinically, they are

marked by progressive muscle weakness, which often begins in distal muscles and worsens with



age. Some patients also develop early-onset cataracts, typically in their 40s, while severe genetic
variants can result in life-threatening outcomes in infancy [52, 53].

Genetic studies have linked MFMs to mutations in multiple genes, most of which encode
Z-line associated structural proteins [53]. At least 12 causative proteins have been identified in
patients, including desmin [54-56], CryAB [57, 58], myotilin (MYOT) [53], LDB3 (ZASP) [59,
60], filamin C [61, 62], BAG3 [52], FHL1 [63], titin [64], DNAJB6 [65], and HSPBS8 [66].
However, this list is likely incomplete. Advances in genetic testing have improved diagnostic
precision, but the high cost and limited availability of sequencing remain barriers. Muscle biopsy
can provide insights, yet variability in lesions and overlap with other myopathies complicate
interpretation. The absence of disease-specific patient registries further limits systematic data
collection and research progress. As a result, understanding of MFMs remains partial, and no

targeted or effective therapies are currently available.

1.4 Advantages of Drosophila melanogaster as a genetic model

Drosophila melanogaster is a powerful in vivo model for investigating the genetic
mechanisms underlying muscle diseases. Approximately 75% of human disease-related genes
have functional counterparts in flies, making them highly relevant for translational research. Their
short life cycle—about 10 days from embryo to adult—enables rapid generation of experimental
data. Flies are inexpensive to maintain, require minimal laboratory space, and thrive under
standard culture conditions [67]. In addition, the Drosophila research community has built
extensive genetic resources, including mutant and transgenic lines readily available through
repositories such as the Bloomington Drosophila Stock Center (https://bdsc.indiana.edu/) and

FlyBase (https://flybase.org/).



When compared with mammalian models such as mice, Drosophila differs in lifespan,
body size, and muscle architecture. Nevertheless, it remains a valuable system for muscle research
because of its conserved processes of myogenesis, functional parallels in muscle degeneration, and
shared molecular components of muscle structure [68-70]. Insights generated from fly studies
frequently inform mammalian systems, and conversely, discoveries in mammals can be modeled
and tested in flies.

During embryogenesis, Drosophila muscle development follows a well-defined sequence:
myoblast fusion begins at stage 12-14, myotubes form by stages 15-16, and mature myotubes are
established by the end (stage 16-17) of embryogenesis. Each stage progresses within about an hour,
providing a rapid developmental timeline (Figure 1.4, upper image). Genetic manipulation in
flies allows straightforward functional analysis of genes involved in these steps. Because embryos
are transparent, live imaging can capture dynamic processes such as myoblast fusion in real time,
offering valuable insights into muscle development [68, 71].

In the larval stage, each abdominal hemisegment contains 30 well-defined muscles. The
third instar larva (L3), with its larger body size compared to earlier stages, is commonly used for
structural studies (Figure 1.4, middle image) [72, 73]. During metamorphosis, larval muscles are
remodeled, and new fibers are synthesized in the pupal stage. Severe muscle defects often lead to
contraction failure in pupae, producing lethal phenotypes that prevent flies from reaching
adulthood. In adults, the indirect flight muscles (IFMs) are the largest and most widely studied,
owing to their structural similarity to mammalian skeletal muscle, including clearly defined Z-
lines and M-lines (Figure 1.4, bottom image). Additional thoracic muscles, such as the dorsal
longitudinal muscles (DLMs) and dorsal ventral muscles (DVMs), also provide accessible models

for structural and functional analyses [73-75]. Muscle performance can be assessed at multiple



stages: crawling assays and muscle contraction tests in larvae, and flight, climbing, and jumping
assays in adults. Advanced microscopy, coupled with specific molecular labeling, enables detailed
analysis of muscle architecture and protein localization.

Genetic tools further enhance the utility of Drosophila as a model. The GAL4-UAS system
allows precise spatial and temporal control of gene expression (Figure 1.4) [76]. For muscle-
specific studies, drivers such as Mef2-Gal4 are commonly used, while additional lines such as C57-
Gal4 or G7-Gal4 provide temporal regulation [77, 78]. CRISPR—Cas technology now permits
precise endogenous editing of genes of interest, further expanding experimental possibilities [79].
In our laboratory, Drosophila serves as a versatile model to study genetic muscle diseases, offering

detailed insights into muscle development, structure, degeneration, and aging-related decline.

O ‘\i’/ﬁ
HooEs>- (AT
g2 L
I\ g

GAL4>UAS

L \ &

Figure 1.4 Drosophila Muscle as a Model for Genetic Muscle Diseases

This schematic outlines the application of immunohistochemical staining in Drosophila
melanogaster muscle as a model to investigate genetic muscle diseases. The workflow illustrates
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the key stages of muscle staining, enabling visualization of muscle fibers, sarcomeric organization,
and cellular architecture. The use of the Gal4-UAS system facilitates targeted gene expression in
muscle tissues, providing a versatile platform to study muscle development, structure, and disease-
associated alterations. This approach highlights how Drosophila serves as a powerful genetic
model for dissecting the molecular mechanisms underlying muscle pathology.

1.5 NUAK Proteins and Cytoskeletal Regulation in Muscle Disease

AMPK and the AMPK-Related Kinase Family

Skeletal muscle is one of the most metabolically active tissues in the human body, relying
primarily on adenosine triphosphate (ATP) for energy. During exercise, ATP is rapidly consumed,
increasing the cellular ratio of adenosine monophosphate (AMP) to ATP. This shift activates a
kinases known as AMP-activated protein kinases (AMPKs), which act as central regulators of
energy homeostasis [80, 81]. Closely related to AMPK is the AMPK-related kinase (ARK) family,
which shares a highly conserved catalytic a-domain across species. Unlike AMPK, ARKs
generally lack the B and y regulatory subunits and thus do not directly sense cellular AMP/ATP
ratios [82]. Instead, they function as serine/threonine kinases activated by phosphorylation. The
ARK family consists of 12 members, including NUAK1, NUAK?2, BRSK1, BRSK?2, QIK, QSK,
SIK, MARKI1-4, and MELK, all of which, along with AMPKal and AMPKa2, can be
phosphorylated by the upstream kinase LKB1 in vitro (Figure 1.5) [83-85]. Phosphorylation sites
of serine and threonine were highly conserved in ARK family proteins (Light yellow box of
phosphorylation peptide and green box labelled conserved serine and threonine residues in figure

1.5). In this manuscript, we primarily discuss NUAK proteins.
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Figure 1.5 AMPK-related protein kinase and kinase domain alignment

The schematic illustrates the protein length and conserved kinase domain (yellow) of AMPK-
related protein kinases. The top panel depicts the overall domain organization of each family
member, highlighting the conserved kinase domain within variable protein lengths. The lower
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panel shows sequence alignment of the kinase domains, emphasizing conserved motifs and
serine/threonine residue (green box) shared across the AMPK-related kinase family.

In mammals, the NUAK subfamily consists of two isoforms: NUAKI1 (also known as
ARKS) and NUAK?2 (also known as SNARK). NUAKI1 shows high RNA expression in the
cerebral cortex, skin, heart, and skeletal muscle, while NUAK?2 is expressed at lower levels in
heart and skeletal muscle (The human protein: https://www.proteinatlas.org/). This differential
expression pattern suggests that the two isoforms may serve distinct physiological roles.

The distribution of NUAK isoforms varies across model organisms [86]. Mice, for example,
possess two isoforms, whereas C. elegans and Drosophila melanogaster each contain only one.
Zebrafish, by contrast, express three isoforms. The presence of a single NUAK ortholog in C.
elegans and Drosophila makes these organisms particularly useful for genetic studies, as they
simplify in vivo functional analyses (Figure 1.6 A). Comparative sequence studies demonstrate
that the NUAK kinase domain is highly conserved across species, underscoring its evolutionary
and functional importance. For instance, human NUAKT1 kinase domain shares 99% identity with
mouse NUAK1 and 62-66% identity with orthologs in Drosophila, C. elegans, and zebrafish
(Figure 1.6 B). NUAK2 exhibits similarly high levels of conservation. Beyond the kinase domain,
the C-terminal region contains a conserved GILK motif responsible for binding protein
phosphatase PP1 (see Chapter 1.7) [87]. Interestingly, this GILK motif is absent in C. elegans
and Drosophila, suggesting that the C-terminal domain is more dynamic and may engage with
different binding partners depending on the species (Figure 1.6 A, green box). Overall, the strong
evolutionary conservation of the kinase domain highlights the fundamental role of NUAK proteins,
while variation in the C-terminal region suggests adaptability to species-specific cellular contexts.

These features make NUAK an attractive focus for studying conserved and divergent mechanisms
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of muscle biology and disease.
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Figure 1.6 Conservation of NUAK Proteins and Kinase Domains Across Species

(A) Schematic representation of NUAK proteins from different species, illustrating variability in
total protein length but conservation of the kinase domain and the GILK motif, which mediates
binding to the phosphatase PP1p.

(B) Comparative analysis of NUAK kinase domains across species, highlighting the high degree
of sequence similarity and identity within the catalytic core.

(C) Multiple sequence alignment of NUAK kinase domains from representative species, showing
conserved phospho-regulatory peptides. Key threonine and serine residues critical for kinase
regulation are boxed in green, underscoring their evolutionary conservation.

Structural Features of NUAK Proteins

Despite advances in structural biology, full-length NUAK protein structures remain
unresolved. NUAK proteins in Drosophila and C. elegans have notably longer C-terminal domains
than their human counterparts (Figure 1.6 A). AlphaFold predictions reveal high-confidence

models for the kinase domains (blue color) of human NUAKI1 (AlphaFold ID:AF-060285-F1),

mouse NUAK1 (AF-Q641K5-F1), and Drosophila NUAK (AF-Q7KSS0-F1), while the N- and C-
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terminal regions appear largely disordered (Figure 1.7 A). The functions of these disordered
regions and their interactions with partner proteins remain important open questions. In the kinase
domain sequencing alignment, which clearly see the conserved serine and threonine residues
(Figure 1.6 C, green box) cross the species. The conserved threonine phosphorylation residue in
the predicted NUAK structure is conserved in these three species (Figure 1.7 B, green labeled

residue).

A

hNUAK1 T211 mNUAK1 T212 dNUAK T226

Figure 1.7 AlphaFold-predicted structures of NUAK Kkinases across species reveal conserved
activation loop threonine residues

(A) Predicted three-dimensional structures of NUAK proteins from human (hNUAKT), mouse
(mNUAKIU), and Drosophila melanogaster (AINUAK) generated by AlphaFold. The core kinase
domains  are  shown,  highlighting  structural  conservation  across  species.
(B) Detailed view of the activation loop in each NUAK structure. The conserved threonine residues
critical for phosphorylation and activation are indicated: Thr211 in hNUAKI, Thr212 in
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mNUAKI, and Thr226 in dNUAK. These residues occupy equivalent positions within the
activation loop, underscoring evolutionary conservation of NUAK regulatory mechanisms.

1.6 NUAK is critical for development

NUAK kinases play essential roles in mammalian embryonic development, particularly in
cytoskeletal organization. Loss-of-function mutations can cause severe congenital disorders [88].
In mice, NUAKI deletion results in incomplete ventral body wall closure, a condition known as
omphalocele, leading to embryonic lethality [89]. This phenotype suggests a role for NUAKI in
actomyosin contractility and epithelial sheet closure. NUAK1/NUAK2 double knockout mice
exhibit neural tube defects such as exencephaly, facial clefting, and spina bifida [90]. Normally,
phosphorylated myosin light chain 2 (MLC2), F-actin, and cortactin are enriched at the apical
surface of neuroepithelial cells during neural tube closure, supported by stable microtubules. In
double mutants, these cytoskeletal components are mislocalized, and microtubule stability is
reduced [90].

Human genetic studies further support NUAK function in development. In one case,
multiple fetuses from the same family presented with anencephaly due to NUAK2 mutations [89].
Neural progenitor cells derived from these patients exhibited loss of apical NUAK2 localization,
reduced MLC2 phosphorylation [90], enlarged neuroepithelial cells, and diminished nuclear YAP,
indicating impaired Hippo-YAP signaling—a pathway critical for organ size control and cell
proliferation (more detail see chapter 1.8) [91].

Together, findings highlight NUAK kinases as regulators of cytoskeletal dynamics. Their
functions span embryonic morphogenesis, tissue homeostasis, and cytoskeletal integrity—

processes that are disrupted in both developmental disorders.
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1.7 NUAK Kinases and Cytoskeletal Regulation

NUAK kinases are frequently amplified in several cancers, including adenocarcinomas,
uterine corpus endometrial carcinoma, and melanoma (TCGA). These kinases participate in
multiple signaling pathways that regulate cytoskeletal dynamics, cell polarity, and motility [86,
88]. Proteomic analysis in HEK293 cells identified NUAKI interaction partners within the myosin
phosphatase complex (MCLP), which consists of the catalytic subunit protein phosphatase 1 (PP1),
the myosin phosphatase target subunit 1 (MYPT1), and a small regulatory subunit (M20). MCLP
normally dephosphorylates myosin light chain (MLC), inactivating myosin and reducing
contractility (Figure 1.8, normal condition) [92]. In contrast, myosin light chain kinase
phosphorylates MLC to activate it. NUAKI1, once phosphorylated by the upstream kinase LKB1,
binds PP1 through conserved Gly-lIle-Leu-Lys (GILK) motifs and phosphorylates MYPT1 at
S445, S472, and S910. These modifications promote MYPT1 binding to 14-3-3 proteins, inhibit
MCLP activity, and sustain MLC phosphorylation—enhancing myosin activity and cell

contractility (Figure 1.8, NUAK overexpression) [87].
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Figure 1.8 NUAK-Mediated Regulation of Myosin Activation Through Inhibition of MLCP

Schematic illustrating the role of NUAK in modulating myosin activity. Under normal conditions
(top), myosin activity is dynamically regulated by phosphorylation via myosin light chain kinase
(MLCK) and dephosphorylation via myosin light chain phosphatase (MLCP), composed of PP1
and MYPT, maintaining a balance between inactive and active myosin. In contrast, during NUAK
overexpression (bottom), LKB1 activates NUAK, which binds to the MLCP complex. This
interaction, stabilized by MYPT phosphorylation and 14-3-3 binding, inhibits MLCP-mediated

dephosphorylation of myosin. As a result, phosphorylation by MLCK dominates, leading to
sustained myosin activation.
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In the same year, the actin-binding protein MPRIP (myosin phosphatase Rho-interacting
protein) as a binding partner of NUAK2. MPRIP normally interacts with MLC through its N-
terminal domain to promote MLC dephosphorylation, leading to actin fiber disassembly. NUAK?2
binding to MPRIP via its C-terminal region increases MLC phosphorylation, promoting stress fiber
formation and cell adhesion [91]. Together, NUAK1 and NUAK2 enhance MLC activation,
supporting cytoskeletal organization and force generation.

From nematodes to mammals, NUAK kinases emerge as guardians of muscle architecture,
ensuring that myosin filaments remain precisely aligned during growth and stress. A genetic screen
in Caenorhabditis elegans identified NUAK (UNC-82) as essential for body wall muscle
contraction during embryonic development. They further showed that while early cytoskeletal
patterning and initial filament assembly occur normally in UNC-82 mutants, defects in thick
filament structure progressively worsen during embryonic elongation and growth [93, 94]. Recent
research in 2024 demonstrated that UNC-82 plays a selective role in myosin isoform utilization
during thick filament assembly in striated muscle. Specifically, they found that UNC-82 is required
for myosin A, but not myosin B, to properly assemble and function within the thick filament arms,
revealing an isoform-specific regulatory mechanism. Loss of UNC-82 disrupted myosin A
incorporation and organization, leading to structural and functional defects, while myosin B
assembly remained largely unaffected [95]. These findings highlight how NUAK kinases
contribute not only to general myosin filament stability, as previously shown, but also to the fine-
tuned isoform-specific regulation of contractile apparatus assembly in muscle. This work
demonstrates that UNC-82 is not required for filament initiation but is essential for stabilizing and

preserving filament organization under the mechanical demands of muscle development.
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In mice, global Nuakl knockout is embryonic lethal [89]. Muscle-specific knockdown
resulted in no obvious muscle structural abnormalities, functional redundancy with NUAK2 or
other AMPK-related kinases. However, muscle-specific Nuakl-deficient mice were smaller in
adulthood, even on a high-fat diet, implicating NUAKI1 in skeletal muscle glucose metabolism via
negative regulation of insulin signaling [96].

In 2020, it was demonstrated that NUAK plays a critical role in maintaining muscle
integrity in Drosophila by working with the BAG3 ortholog Starvin (Stv) and molecular
chaperones such as Hsp70 to regulate chaperone-assisted selective autophagy (CASA).
Drosophila lacking NUAK show severe muscle degeneration, impaired contraction, and the
buildup of insoluble protein aggregates containing Filamin and CryAB, accompanied by
autophagy markers like ubiquitin, Ref(2)p/p62, and Atg8a. The study shows that NUAK physically
associates with Stv, CryAB, and Filamin, phosphorylates Filamin, and requires its kinase activity
for normal function, suggesting phosphorylation is a key step in marking cytoskeletal proteins for
degradation. In the absence of NUAK, aggregates accumulate but fail to be cleared by lysosomes,
indicating a block in autophagic protein turnover. Genetic interactions further confirm that NUAK
and Stv act together in this pathway, with Stv overexpression able to partially rescue NUAK loss
(Figure 1.9) [97]. Collectively, the work identifies NUAK as an essential regulator that links
kinase signaling to selective autophagy in muscle, highlighting its potential relevance to human
myopathies and other protein-aggregation diseases.

Although NUAK’s contribution to cytoskeletal organization is now well established, its
precise kinase-dependent functions in muscle remain incompletely understood. This gap forms the

rationale for the first project of this thesis (Chapter 2).
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Figure 1.9 NUAK-Starvin/BAG3 Cooperation in Autophagic Protein Turnover

Schematic summarizing the functional interaction between Drosophila NUAK and Starvin (BAG3
ortholog) in the regulation of autophagic protein turnover. NUAK works together with
Starvin/BAG3 to promote the clearance of protein aggregates (damaged filamin) through the
autophagy pathway. This cooperative mechanism highlights a conserved role for NUAK and
BAG3-family proteins in maintaining proteostasis, particularly in muscle tissue, by ensuring
efficient removal of damaged or misfolded proteins.

1.8 Additional functions of NUAK

PI3K/AKT Signaling Pathway
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The PI3K/AKT signaling pathway, often dysregulated in cancer, is a central regulator of
cell growth, survival, and proliferation. Cancer cells can adapt remarkably well to nutrient-poor
environments. In pancreatic cancer cells, NUAK1 is phosphorylated at serine 600 by AKT (protein
kinase B), a serine/threonine kinase [98]. Activated NUAKI1 subsequently phosphorylates the
tumor suppressor ATM (ataxia-telangiectasia mutated), which increases the phosphorylated form
of p53, enhancing cell survival through PI3K/AKT-mediated DNA repair mechanisms [99]. In
addition to promoting survival, activated NUAK1 stimulates matrix metalloproteinases MMP2
and MMP9, which degrade the extracellular matrix, thereby facilitating cancer cell invasion [100,
101]. In 2006, a novel NUAK1 phosphorylation site, threonine 211, was identified. This site is
phosphorylated by nuclear Dbf2-related kinase 2 (NDR2, also known as STK38L), linking

NUAKI1 to PI3K-associated signaling events (Figure 1.10) [102].
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Figure 1.10 Integration of NUAKI1 into the Insulin/PI3K Signaling Pathway

Schematic representation of NUAKI1 regulation within the insulin signaling pathway. Insulin
receptor activation stimulates PI3K, which signals through downstream kinases Ndr2 and Akt.
Ndr2 phosphorylates NUAKI1 at threonine 211 (T211), while Akt phosphorylates NUAK1 at
serine 600 (S600), leading to NUAKI activation. Activated NUAK 1 mediates two major cellular
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outcomes: (1) induction of MMP2/MMP9 activity to promote cell invasion, and (2) stabilization
of p53, which upregulates p21 expression and drives cell cycle arrest. This highlights NUAK1 as
a key effector of insulin/PI3K signaling, linking metabolic cues to pathways that control both cell
proliferation and invasive behavior.
Hippo Signaling Pathway

The Hippo pathway regulates organ size, cell proliferation, apoptosis, and tissue
regeneration, functioning as a tumor suppressor by inhibiting proliferation and promoting cell
death [103]. NUAKI1 phosphorylates large tumor suppressor kinase 1 (LATSI) at serine 464,
activating YAP/TAZ-mediated protein degradation in the cytoplasm [104]. Overexpression of
NUAKI1 reduces LATSI protein levels through this degradation pathway (Figure 1.11 Hippo
"ON"). When Hippo signaling is inactive, unphosphorylated YAP/TAZ translocate to the nucleus,
where they activate transcription of target genes, including NUAK itself. NUAK expression is also

influenced by the TGF-f signaling pathway, indicating cross-talk between these regulatory

systems (Figure 1.11 Hippo "OFF") [91, 105].
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Figure 1.11 Regulation of NUAK1 by the Hippo Pathway
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Schematic representation of NUAKI1 regulation through the Hippo signaling pathway. When
Hippo is “ON,” NUAKI1 promotes phosphorylation of LATS1 and YAP/TAZ, leading to
YAP/TAZ cytoplasmic retention and degradation, thereby suppressing NUAK gene expression. In
contrast, when Hippo is “OFF,” YAP/TAZ remain unphosphorylated, translocate into the nucleus,
and interact with TEAD transcription factors (TEAD1-4) to activate NUAK gene expression. This
highlights the reciprocal regulation between NUAK1 and Hippo signaling in controlling cell fate
through transcriptional programs.

Regulation of NUAK Expression by TGF-§ Signaling

TGF-p signaling affects embryonic development and continues to play roles throughout
the lifespan of multicellular organisms [106]. It interacts with various intracellular signaling
pathways; however, here we focus on how TGF-f signaling induces the expression of hNUAK
genes, which were discovered in mammalian cancer cell lines such as lung and liver fibroblasts.
[105]. The TGF-B signaling pathway is known to modulate NUAK transcription. The TGF-f3
signaling pathway is triggered by the heterotrimer of ligand, TGF- receptor II (TBRII), and
phosphorylated TGF-f3 receptor I (TBRI) [107, 108]. The traditional downstream proteins small
mother against decapentaplegic (SMAD) 2 and 3 can be phosphorylated, recruiting SMAD4 to
form heterotrimer complexes [108, 109]. This SMAD2-SMAD3-SMAD4 complex has the ability
to translocate into the nucleus and activate the NUAK2 gene transcription (Figure 1.12) [105,
110]. NUAK2 also participate the Hippo pathway (described above) to control the NUAKI1
expression level to form feedback loop [91]. NUAK2 as an upstream protein of LATS 1/2 protein,
which can through phosphorylation to activate LATS 1/2 and then further stimulate the HIPPO
signaling pathway to enhance the NUAKSs expression which controlled by the HIPPO effectors

YAP1 and TAZ (Figure 1.11 and 1.12) [91, 104, 105, 110].
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Figure 1.12 TGF-p/SMAD Signaling Regulates NUAK2 Gene Expression
Schematic representation of NUAK regulation by the TGF-f signaling pathway. Binding of TGF-

B to its receptor complex (TBRI and TPRII) induces phosphorylation of receptor-regulated SMADs
(SMAD2/3). Activated SMAD2/3 form a complex with SMAD4 and translocate into the nucleus,
where they bind to target gene promoters. This transcriptional complex drives NUAK?2 gene
expression, linking extracellular TGF-f signals to the regulation of NUAK2 kinases and
downstream cellular responses.
PLK1 Signaling Pathway

NUAKI1 and polo-like kinase 1 (PLK1) are connected through a feedback loop that governs
both activation and degradation [111]. In 2014, Banerjee et al. reported that cyclin-dependent
kinase (CDK) phosphorylates NUAKI1 at serine 445, a site outside its kinase domain. This
modification enables PLK1 binding, which in turn phosphorylates NUAKI at serines 476 and 480

within a conserved ESGYY'S motif. These phosphorylations recruit the SCF-BTRCP E3 ubiquitin
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ligase complex, targeting NUAK for degradation [111].
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Figure 1.13 Dual Regulation of NUAK1 by PLK1: Balancing Protein Degradation and Cell
Proliferation

Schematic representation of NUAKI1 regulation by PLKI1 through distinct phosphorylation-
dependent pathways. On the left, CDKs phosphorylate NUAK1 at S445, facilitating PLK 1 binding
and subsequent phosphorylation at S476 and S480. This modification recruits the SCF—BTrCP
ubiquitin ligase complex, leading to ubiquitination and NUAKI protein degradation.
On the right, LKB1 phosphorylates NUAK1 at T211, enabling interaction with PP13 and MYPTI.
This complex supports additional phosphorylation events (S445, S472, S473) and recruitment of
PLK1 at T210, which collectively stabilize NUAK 1 and promote cell proliferation. Together, these
pathways highlight the dual role of PLK1 in either targeting NUAKI for proteasomal degradation
or supporting its function in growth signaling.

NUAKI1 can also regulate PLK1 activity via the LKBI-NUAKI1-PP13-MYPT1 pathway
[87]. PLK1 activation is promoted by MYPT1 phosphorylation at serine 473, facilitating the G2/M
transition in the cell cycle [111]. PP1 dephosphorylates PLK1, inactivating it. NUAKI activation
of PPIB—MYPT1 indirectly maintains PLK1 activity, supporting cell cycle progression and

proliferation (Figure 1.13) [112].
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NUAK in Neurodegenerative Diseases

NUAK kinases may also contribute to the pathology of neurodegenerative disorders such
as Alzheimer’s and Parkinson’s diseases, both of which involve accumulation of misfolded
proteins in the brain [113]. In a Drosophila genetic screen, NUAK was shown to phosphorylate
Tau at serine 356, stabilizing the protein [114]. In mouse models, loss of NUAK function alleviated
tauopathy-related pathology, suggesting NUAK inhibition as a potential therapeutic strategy in

neurodegenerative disease [113].

1.9 a~Crystallin B related-Myofibrillar myopathy

Cellular stress refers to changes in the intracellular environment that threaten cell health
[115]. Such stress can arise during normal development or in pathological conditions, triggered by
factors such as heat, nutrient deprivation, pH fluctuations, or ultraviolet radiation [116]. To survive
and adapt, cells activate a protective network of proteins known as heat shock proteins (HSPs) [22,
116]. These molecular chaperones are critical for maintaining protein homeostasis by binding
misfolded or unfolded proteins, facilitating their refolding, or targeting them for degradation.

In humans, the heat shock protein family includes five major conserved groups—HSP110,
HSP90, HSP70, HSP60, and DNAJ (HSP40)—alongside ten small heat shock proteins (sHSPs;
HSPB1-HSPB10)[25]. Many sHSPs are abundantly expressed in the heart and skeletal muscle,
reflecting their specialized role in maintaining structural and functional integrity in contractile

tissues[117, 118].
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Table 1.1 Small heat shock protein (HSPB) family members and their tissue-specific

expression

HSPB1 HSP27, HSP28, SRP27

HSPB2 MKBP

HSPB3 HSP 17, HSP27, HSPL27
PB4 CRYAA CRYAT

HSPBS CRYAB, CRYA2
hseee | HSP20

HSPB7 CVHSP

HSPB8 CRYAC, E2IG1, HSP22

HSPBY CTST

HSPB10 ODF1, ODFP

Ubiquitous

Ubiquitous, mainly in eye lens and
muscle

Ubiquitous, mainly in smooth and
cardiac muscle

One of the most studied sHSPs is HSPBS, also known as a-Crystallin B (CryAB), first

identified in the eye lens [119]. CryAB is essential for lens transparency, and mutations in this

protein are linked to cataracts [120]. However, its high expression in skeletal and cardiac muscle

also associates CryAB dysfunction with myofibrillar myopathies (MFMs), inclusion body

myositis and cardiomyopathies [27, 121]. Clinically, CryAB-related disorders present a broad

spectrum. While many cases manifest later in life with progressive muscle weakness, stiffness,

cataracts [57, 122, 123]. Notably, autosomal dominant infantile hypertonic muscular dystrophy

can present within the first year of life, often leading to early mortality due to diaphragmatic

weakness and respiratory failure, sometimes requiring mechanical ventilation [53, 124, 125].
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Since the first pathogenic CryAB mutation was reported in 1998, at least 18 variants have
been identified in patients [57]. These mutations span different regions of the protein: N-terminal
domain: RI11H [126], P20S [127], S21A (S21AfsX24) [125], R56W [128], R69C [129]. a-
Crystallin domain (ACD): D109H (A or G mutation) [123, 124, 130], S115fsX128 [125], R120G
[57], R123W [131], D140N [132]. C-terminal domain: R151X [58], G154S [133], L155fsX163
[58], R157H [134], A171T [135] (Figure 1.14 A and B). These mutations are clinically
heterogeneous, producing variable disease onset, severity, and tissue involvement (Figure 1.14
B). Muscle biopsy samples from affected individuals typically reveal disorganized myofibrillar
structures and electron-dense, granular protein aggregates—hallmarks of impaired chaperone

function and disrupted cytoskeletal integrity[58, 136].

CryAB Protein Structure

Human a-Crystallin B (CryAB; HSPBS) is a 17.5 kDa small heat shock protein composed
of a highly flexible N-terminal domain, a conserved central a-crystallin domain (ACD), and a
flexible C-terminal domain [123]. While the complete structure of human CryAB was resolved in
2010 (PDB:2KLR) (Figure 1.15 A) [137]. The ACD adopts a characteristic -sandwich structure
consisting of six antiparallel B-strands (B3, B4, B3, p6+7, B8, B9) and mediates CryAB dimerization

and oligomerization (Figure 1.15 B) [137, 138].
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= Cataract
A mm Myofibrillular myopathy

= Multisystemic diseases

= Cardiomyopathy

$115fsX129 K150fsX184 | 155fsX163

R151X | R157H AT

R11H P20S RS6W

S21A Re9C D140N G154S
B D109G
Mutation Cataracts Myofibrillar myopathy Cardiomyopathy Respiratory failure Dysphonia/ Ref.
dysarthria
R11H v X X X X Chen et al. 2009
P20S v X X X X Liu et al., 2006a
S21AfsX24 X v X v X Del Bigio et al., 2010
R5S6W v X X X X Safieh et al., 2009
R69C v X X X X Sunetal,, 2011
D109H v v X v v Sacconi et al., 2012
D109A v v v X X Fichna et al., 2017
D109G X v v X X Brodehl et al., 2017
$115fsX129 X v X v X Forrest etal., 2011
R120G v v v X v Vicart et al., 1998
R123W (Non- - - v - - Chou et al., 2023
clinical report)
D140N v X X X X Liu et al., 2006b
K150fsX184 v X X X X Berry et al., 2001
R151X X v X X X Selcen et al., 2003
G154S X v v X X Pilotto et al., 2006
L155fsX163 X v X v v Selcen et al., 2003
R157H X X v X X Inagaki et al., 2006
A171T v X X X X Devi et al., 2008

Figure 1.14 Disease-associated mutations in HSPB8 and their clinical manifestations

(A)Schematic representation and summary table of reported mutations in the small heat shock
protein HSPBS&. The top panel shows the location of identified missense and nonsense mutations
along the HSPBS8 protein sequence, color-coded by associated pathology: cataract (blue),
myofibrillar myopathy (red), multisystemic diseases (green), and cardiomyopathy (purple).
(B)The table summarizes the clinical consequences of each mutation, including cataracts,
myofibrillar myopathy, cardiomyopathy, respiratory failure, and dysphagia/dysarthria, with
corresponding literature references. This highlights the diverse and tissue-specific disease
outcomes caused by HSPB8 dysfunction.
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hCryAB dimer

Figure 1.15 Structural Organization of Human aB-Crystallin (hCryAB) Oligomer and
Dimer

(A) Structural representation of the human oB-crystallin (hCryAB) 24-mer, showing the
oligomeric assembly characteristic of the small heat shock protein family. The arrangement
highlights [-strand interactions forming the core architecture.
(B) Structural view of the hCryAB dimer, the fundamental building block of the oligomer. Key -
strands (B3—P9) are labeled, along with critical residues D109 and R120 that mediate dimer
stabilization through electrostatic interactions. This structural organization underlies the dynamic
assembly of higher-order oligomers and contributes to the chaperone function of hCryAB.

Within the ACD, the B6+7 strand contains two key residues—Asp109 (negatively charged)
and Argl20 (positively charged)—that form a salt bridge and ionic interaction between adjacent

monomers, with Tyr122 contributing additional stabilization [123]. Mutations at these sites, such
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as D109A, D109H, or R120G, disrupt this interface, leading to loss of hydrogen bonding, altered
B-sheet conformation, and impaired chaperone activity (Figure 1.15 B) [123, 139]. Molecular
dynamics simulations and biochemical assays show that D109 mutations reduce protein refolding
capacity, degradation efficiency, and cell survival under heat stress, while promoting
oligomerization and amyloid fibril formation in vitro [139]. This highlights the central role of the
ACD in maintaining CryAB chaperone function and preventing pathogenic aggregation.

The N-terminal domain (residues 1-65) contains a-helices (a1, a2) and B-strands (B1, $2)
important for higher-order oligomer assembly and client protein binding [137]. The C-terminal
domain in mammalian system contains a conserved IXI (Ile-X-Ile) motif that forms a hydrophobic
groove for substrate interaction [140]. Recent findings suggest that IXI-like motifs also exist in
the N-terminal domain, with AXA (Ala-X-Ala) substitutions altering chaperone activity and
promoting dynamic fibril formation in vitro [141]. While the IXI motif is not conserved in
Drosophila, the C-terminal residue Argl57 is highly conserved across species. Mutation R157H,
associated with myofibrillar myopathy, reduces oligomerization and fibril formation in vitro while

enhancing chaperone activity, likely by increasing the proportion of functional dimers [134, 142].

Mammalian Transcriptional Regulation

CryAB expression in non-ocular tissues is governed by cis-regulatory elements upstream
of its promoter. Five main elements—aBE1 (-420/-396), aBE4 (-394/-369), aBE2 (-360/-327),
aBE3 (-320/-302), and the muscle regulatory factor (MRF) site (-300/-270)—coordinate tissue-
specific transcription (Figure 1.16) [143]. aBE1 binds the glucocorticoid receptor (GR) and is
essential for broad CryAB expression during development, except in the lens and cornea [144].

aBE4 contains a reverse CArG box (5'-GG(A/T)sCC-3"), part of the serum response element,
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which recruits a transcriptional complex including NFAT, Nished, and STAT3 [145]. The MRF
site contains an E-box motif that binds myogenic transcription factors such as MyoD and
myogenin, driving CryAB expression in skeletal muscle and adult heart [143, 146, 147]. However,
full transcriptional activity requires cooperation between MRF and other upstream elements. aBE2
and aBE3 remain less characterized. The CryAB promoter contains two TATA boxes, with the -

76/-69 element predominantly driving lens-specific expression compared to muscle and heart

[148].
Intergenic region
Promoter region
aBE4 aBE2 aBE3 MRF CryAB
5. MOROVIVIVR VOVIVOVIVOVI ! VOVL 3
-394 -369 -360 327 -320 -302-300 270 +1
GR « Contain reverse
CArG box L

« Complex NFAT, * MyoD or myogenin

Nished and
STAT-3

Figure 1.16 Regulatory Elements in the Mammalian CryAB Promoter

Schematic representation of the mammalian CryAB transcriptional regulatory region, including
both intergenic and promoter elements. Upstream enhancer elements (aBE1-aBE4 and aBE3) and
the MRF binding site coordinate transcriptional control. aBE1 interacts with the glucocorticoid
receptor (GR), while aBE4 contains a reverse CArG box and binding motifs for NFAT, Nished,
and STAT3. The MRF site harbors an E-box recognized by MyoD or myogenin, linking Cry4B
expression to myogenic regulation. The proximal promoter contains multiple TATA boxes that
drive transcription initiation at the Cry4B start site (+1). Collectively, these elements integrate
signaling and transcription factor inputs to regulate tissue-specific and stress-responsive CryAB
expression.

Post-Translational modification: Phosphorylation

Phosphorylation of serine residues is the most studied post-translational modification of
CryAB [138]. In bovine lens, six serine residues (S19, S21, S43, S45, S53, S59) have been
identified as potential phosphorylation sites [149]. Among these, S45 and S59 are well-

characterized targets of p44/42 MAP kinase and MAPKAP kinase 2, respectively [150].
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Phosphomimetic substitutions (e.g., S to E) at S19, S45, and S59 destabilize CryAB, increase
subunit exchange dynamics, and shift oligomer populations [151]. Triple phosphomimetic
mutations (S19E/S45E/S59E) reduce chaperone activity for lactate dehydrogenase and luciferase
but enhance protection of other substrates such as citrate synthase, malate dehydrogenase, catalase,
p53, and B-crystallin [138, 151-155]. These findings suggest substrate-specific effects of CryAB
phosphorylation. However, the precise structural changes that alter chaperone activity and

oligomerization following phosphorylation remain unknown.

CryAB’s Cellular Function and related diseases
Apoptosis

Apoptosis, or programmed cell death, is a tightly regulated process essential for
maintaining tissue homeostasis [156-158]. It can be activated by two main pathways: the extrinsic
pathway, triggered by external signals, and the intrinsic pathway, initiated by intracellular stress
[156, 158]. Both converge on the activation of cysteine proteases known as caspases, the central
executioners of apoptosis. The intrinsic, or mitochondrial, pathway is particularly important in
stress response s[157]. Under cellular stress, the mitochondrial outer membrane becomes
permeable (MOMP), allowing proteins such as cytochrome c¢ to leak into the cytoplasm.
Cytochrome c, together with other mitochondrial proteins, promotes the activation of caspases,
leading to cell death [158]. CryAB, a small heat shock protein and molecular chaperone, plays a
protective role in stressed cells [115, 116, 150, 159]. Its anti-apoptotic function was demonstrated
by Mao and colleagues in 2004. CryAB can directly bind pro-apoptotic proteins, including Bax
and Bcl-xS, preventing their translocation to mitochondria and thereby inhibiting caspase

activation [160, 161]. Through this mechanism, CryAB effectively suppresses apoptosis. However,
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mutations in CryAB compromise this protective role. For example, the R120G mutation reduces
CryAB’s binding affinity for Bax and Bcl-xS, weakening its ability to block apoptosis [160].
CryAB also interacts with p53, a key tumor suppressor responsible for maintaining genomic
stability. By modulating p53 activity, CryAB further contributes to the balance between survival

and programmed cell death [162, 163].

Neuron diseases

Altered expression of CryAB has been reported in several neurodegenerative disorders,
including Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, and amyotrophic lateral
sclerosis [164-167]. In most cases, CryAB levels are elevated within affected brain regions,
suggesting a compensatory response to cellular stress [164]. Research on CryAB in neurological
conditions has largely centered on its role in protein quality control, reflecting its function as a
molecular chaperone [134, 167]. However, recent studies also highlight its involvement in
neuroinflammation [168]. In a mouse model of multiple sclerosis, CryAB demonstrated not only
anti-apoptotic activity but also anti-inflammatory effects, reducing the production of inflammatory
cytokines. Consistently, CryAB has been detected in the cerebrospinal fluid of both mouse models
and human patients with multiple sclerosis [168, 169].

Therapeutic administration of CryAB protein in mouse model further supports its
protective role. In a mouse model of stroke, injection of CryAB within 12 hours reduced infarct
volume and suppressed inflammatory cytokine levels [166, 169]. Mass spectrometry of CryAB-
binding proteins from human and mouse plasma revealed associations with more than 70 pro-
inflammatory mediators, including acute-phase proteins, complement components, and clotting

factors. Importantly, CryAB administration lowered the concentrations of innate immune proteins
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such as complement factors C3 and CS5, thereby limiting complement activation and dampening
neuroinflammation [168]. However, CryAB is a double-edged sword. Whether it can enter the

clinical treatment of patients after stroke is still a long way to go.

Heart diseases

The first disease-associated mutation in aB-crystallin (CryAB), R120G, was identified in
cardiomyopathy and has since been a focus of extensive research [170]. Mutations in CryAB are
primarily linked to desmin-related cardiomyopathy and hypertrophic cardiomyopathy (HCM), and
less frequently to dilated cardiomyopathy (DCM) and restrictive cardiomyopathy (RCM) [130,
131, 134, 139, 142, 170, 171]. Despite this progress, most studies on CryAB in heart disease have
concentrated on protein aggregation, with less emphasis on dissecting the underlying molecular
mechanisms.

Desmin, an intermediate filament protein, is critical for maintaining muscle structure by
connecting Z-disks across myofibrils [51, 57]. CryAB associates with desmin in vitro and
contributes to amyloid-like fiber formation, although the precise binding structure remains
unknown [170, 172, 173]. Mutations in desmin further influence this interaction: the 1451M
mutation shows reduced binding affinity for CryAB compared with the R454W mutation [173].
These findings highlight how distinct desmin mutations may differentially shape the pathological
consequences of CryAB—desmin interactions in cardiomyopathy.

In 2001, transgenic mouse models expressing CryAB R120G provided key insights into
disease pathology [170]. These animals exhibited severe myofibrillar disruption, protein
aggregation, and aggregates co-localizing with desmin [170, 172]. Similar studies of R120G and
DI109A mutations revealed increased autophagic vesicle accumulation and higher levels of

insoluble proteins, as confirmed by histological and ultrastructural analyses [124, 170].
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Subsequent work identified BAG3, a proteostasis regulator, as a binding partner of mutant CryAB
[174]. BAG3 overexpression reduced protein aggregation in muscle cells, suggesting a protective
role in CryAB-related proteotoxic stress.

Drosophila models have provided complementary evidence. Knockdown of CryAB in fly
muscle resulted in thin L3 muscle fibers, irregular Z-lines, and disorganized actin filaments [175].
Expression of GFP-tagged CryAB or CryAB-R120G in these models revealed abnormal sarcomere
organization, with the R120G mutation producing more severe phenotypes. Targeted expression
of mutant CryAB in cardiac tissue further impaired heart performance, closely paralleling human
cardiomyopathy phenotypes [175].

Together, these studies underscore the pathological importance of CryAB mutations in
cardiac disease, particularly through mechanisms involving protein aggregation and cytoskeletal
disruption. However, the precise molecular pathways linking CryAB dysfunction to
cardiomyopathy progression remain unresolved, leaving critical gaps in our understanding of how

these mutations drive disease.

1.10 Amyloid fiber formation and diseases

Protein misfolding and aggregation are central to many degenerative diseases [176]. While
most research in this area focuses on neurodegenerative disorders—such as Alzheimer’s disease,
Parkinson’s disease, and amyotrophic lateral sclerosis (ALS)—muscle diseases, including CryAB-
related myopathies, also display pathological protein aggregation [123, 177]. In
neurodegeneration, hallmark proteins such as amyloid-p, Tau, a-synuclein, and huntingtin form

insoluble fibrillar deposits known as amyloid plaques [177-179]. Similar amyloid-like deposits
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have been observed in the muscle tissue of CryAB-related myopathies, though evidence remains
limited.

Amyloid fibril formation can occur through several mechanisms: 1) Self-association of
monomers. 2) Aggregation of conformationally altered proteins. 3) Nucleation-dependent
pathways. 4) Nucleation-independent pathways. 5) Aggregation via chemical modifications or
degradation. The nucleation-dependent pathway is the most common and involves a lag phase
(nucleation), a rapid elongation phase (fibril growth and fragmentation), and a stationary phase
(mature fibril accumulation) [177, 180, 181]. CryAB, under physiological conditions, acts as a
molecular chaperone; however, under pathological stress or mutation, it can misfold and enter
amyloidogenic pathways—particularly mechanisms 1, 2, 3, and 5.

Mutations such as R120G and DI109A destabilize CryAB’s structure, exposing
hydrophobic residues that promote aggregation [123, 139]. These misfolded species serve as seeds
for nucleation-dependent fibrillogenesis. Chemical modifications—including oxidation,
phosphorylation, and truncation—further exacerbate aggregation, particularly in aged or stressed
cells. In vitro, both wild-type CryAB and its R120G mutant can form amyloid fibrils , though wild-
type CryAB generally maintains dynamic oligomers with chaperone activity [182]. Stress can shift
this balance toward monomer release and misfolding. In parallel, desmin mutants have been shown
to form amyloid fibrils that physically interact with CryAB oligomers [183].

In vivo, CryAB aggregates frequently co-localize with desmin and ubiquitin, indicating
impaired proteostasis involving both the ubiquitin-proteasome system and autophagy [184].
Notably, desmin amino acids 117-348 form a core amyloidogenic region, explaining its strong
pathological synergy with CryAB mutations in disrupting cardiac function [173]. Different CryAB

mutations associate with distinct cardiomyopathy subtypes—including restrictive, hypertrophic,
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and dilated forms—in animal models [185]. However, clear evidence of bona fide amyloid fibrils
in CryAB-related diseases in vivo is still lacking, and the amyloid characteristics of CryAB

aggregates in muscle remain poorly defined.

1.11 Multi-vesicular bodies and extracellular vesicles related to the amyloid
pathogenic propagation.

Extracellular vehicles (EVs) are membrane-bound particles that mediate intercellular
communication by transporting proteins, lipids, and nucleic acids between cells [186-188]. They
are classified primarily by size: exosomes (30—150 nm), microvesicles (100—1,000 nm), apoptotic
bodies (100-5,000 nm), and oncosomes (up to 10 pm). EVs originate either from the endosomal
pathway—forming multivesicular bodies (MVBs)—or from plasma membrane budding, before
being released into the extracellular space [187, 188]. Beyond normal signaling, EVs also play
pathogenic roles by transferring toxic or misfolded proteins to healthy cells. In neurodegenerative
diseases, EVs have been shown to transport amyloid species between neurons, contributing to
disease spread; such vesicles can even be detected in blood as potential biomarkers [189, 190]. In
cardiovascular disease, EV-mediated communication between cardiomyocytes and fibroblasts
contributes to cardiac hypertrophy, with EV protein cargo serving as diagnostic markers for
hypertrophy or heart failure [191, 192].

Given that CryAB mutations cause cardiomyopathies—including hypertrophic and dilated
forms—there is growing interest in their potential relationship with EV biology. However, only
limited studies have explored this link. In age-related macular degeneration disease (AMD),
studies conducted in 2010 using human polarized retinal pigment epithelium cell noticed CryAB

could be secreted through exosome pathway which plays the protection role in adjacent cells [193].
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In 2016, one study reported that CryAB phosphorylation negatively regulates exosome release in
glioma cells. Single-cell transcriptomics of cardiac exosomes from diseased mouse hearts later
revealed an enrichment of stress-related proteins, including CryAB [194]. Nevertheless, EV
involvement in CryAB-related muscle diseases remains largely unexplored.

Several factors contribute to this gap: muscle lesions in myopathies are often focal and
difficult to capture via biopsy; conventional muscle sampling typically targets longitudinal fiber
sections, missing surface pathology; and research focus tends to prioritize upstream nervous
system defects over intrinsic muscle pathology. As a result, the relationship between CryAB
amyloid pathology and EV-mediated protein transfer in myofibrillar myopathies remains poorly

understood, which is the focus of my investigation in Chapter 4.

Characterization of Muscle Driver Expression Patterns:

During the investigation of NUAK protein mutations and their effects on muscle growth and
development, various genetic drivers were employed to precisely control the temporal expression
of the mutant genes. However, during the manuscript review process, the reviewers requested
citations specifying the exact temporal expression patterns of these muscle drivers (Mef2-GALA4,
C57-GAL4 and G7-Gal4). At that time, only textual descriptions from early literature—dating
back to the 19th century—were available, lacking accompanying visual or quantitative data. To
address these data gaps, Chapter 3 presents comprehensive spatiotemporal expression data for the
muscle drivers utilized in this study, thereby providing a foundational reference for future research

employing these drivers.
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2.1 Abstract

Phosphorylation reactions performed by protein kinases are one of the most studied post-
translational modifications within cells. Much is understood about conserved residues within
protein kinase domains that perform catalysis of the phosphotransfer reaction, yet the identity of
the target substrates and downstream biological effects vary widely among cells, tissues, and
organisms. Here we characterize key residues essential for NUAK kinase activity in Drosophila
melanogaster myogenesis and homeostasis. Creation of a NUAK kinase-dead mutation using
CRISPR/Cas9 results in lethality at the embryo to larval transition, while loss of NUAK catalytic
function later in development produces aggregation of the chaperone protein CryAB in muscle
tissue. Yeast two-hybrid assays demonstrate a physical interaction between NUAK and CryAB.
We further show that a phosphomimetic version of NUAK promotes the phosphorylation of
CryAB and this post-translational modification occurs at two previously unidentified phosphosites
that are conserved in the primary sequence of human CryAB. Mutation of these serine residues in
D. melanogaster NUAK abolishes CryAB phosphorylation, thus proving their necessity at the
biochemical level. These studies together highlight the importance of kinase activity regulation

and provide a platform to further explore muscle tissue proteostasis.

2.2 Introduction

Protein kinases have broad functions in regulating molecular aspects of cell signaling as
well as imparting diverse outputs in biological processes. While many substrates of kinase activity
have been identified, there are hundreds of kinase-substrate pairs still waiting to be uncovered.

Since the deregulation of kinase activity leads to cancer and other diseases, dissecting kinase-

52



substrate relationships is of great importance for the development of therapeutic targets. However,
it is difficult to predict or extrapolate generalized phosphorylation events as many kinases are
activated in response to varied extracellular insults and/or have tissue-specific targets.

Multiple approaches, each with their own advantages and limitations, exist to identify and
verify protein kinase substrates [1]. Genetic screens can be performed to uncover candidate
substrates that mimic and/or modify kinase mutant phenotypes. While genetic methods will
identify kinase-substrate pairs that are physiologically or functionally relevant, these experiments
must be followed up with biochemical verification. High throughput methods include peptide
arrays, phage display, or mass spectrometry (MS)-based phosphoproteomic profiling [2-4].
Alternatively, computational approaches to predict phosphorylation motifs in addition to protein
interaction-based screens such as yeast two-hybrid (Y2H) or affinity purification have been
successfully utilized to uncover kinase substrates [1]. The gold standard for kinase-substrate
verification is the in vitro kinase assay, whereby purified kinase is incubated with candidate
substrate in the presence of ATP to detect phosphotransfer activity [5, 6]. Ultimately, all of these
lines of inquiry are necessary to uncover and validate kinase-substrate pairs.

AMP-activated protein kinase (AMPK) is a phylogenetically conserved serine/threonine
(S/T) kinase that senses cellular ATP levels and redirects metabolism based upon energy
requirements [7-9]. Twelve additional AMPK-related protein kinases (NUAK1/2, BRSK1/2, QIK,
QSK, SIK, MARK1/2/3/4, and MELK) have been identified that share extensive sequence
homology with the catalytic kinase domain of AMPK, yet lack the regulatory subunits that mediate
energy homeostasis [10, 11]. Phosphorylation of a conserved threonine in the T-loop region in the
kinase domain of all AMPK-related protein kinases promotes activation of downstream

physiological processes. With the exception of MELK, this phosphorylation can be mediated by
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Liver kinase B1 (LKB1) [12, 13] or a handful of other kinases, although this regulation may be
protein or context-dependent [10].

Mammalian NUAK1/ARKS and NUAK2/SNARK can impact cytoskeletal rearrangement,
insulin signaling, cell death, and cancer migration and metastasis [11, 14]. Based upon published
literature and expression databases (https://www.proteinatlas.org/), both NUAK1 and NUAK?2
show overlapping mRNA expression in multiple tissues [11, 14, 15]. However, NUAKI mRNA is
more highly enriched in brain and muscle, while NUAK2 mRNA is more predominant in the
gastrointestinal tract and blood cells. Thus, expression alone does not provide insight into unique
or redundant functions of NUAKI1 or NUAK2. While TGF- transcriptionally induces both
NUAK]I and NUAK?2 expression, each has opposing roles on outputs of this signaling pathway
[16]. Independent roles for both proteins have been identified in skeletal muscle, whereby NUAK 1
suppresses insulin-mediated glucose uptake and NUAK?2 regulates contraction-stimulated glucose
transport [17, 18]. These biological differences may be mediated by distinct phosphorylation
events.

A handful of NUAKT1 and/or NUAK2 kinase targets have been uncovered in various cell
types, each with diverse downstream consequences. Shared substrates of both NUAKI1 and
NUAK?2 kinase activity include Large tumor suppressor kinase 1 (LATS1) in human embryonic
kidney (HEK) 293 cells and the Protein phosphatase 1 (PP1) subunit myosin phosphatase targeting
protein (MYPT) in multiple cell types [19-21]. Ataxia telangiectasia-mutated (ATM) and p53 are
additional target substrates of NUAKI1 upon glucose starvation, among others [22, 23]. Despite
this knowledge, many targets of NUAK activity remain to be identified.

Our lab has focused on deciphering biological roles of the D. melanogaster ortholog of

mammalian NUAK1/2 [24, 25]. Relevant to this manuscript, NUAK mutants exhibit progressive
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muscle degeneration concomitant with the impairment of autophagy [24]. In this study we further
examined candidates that arose from a Y2H screen using NUAK as a bait protein and identified
aB-crystallin, or CryAB/I(2)efl. We further show that NUAK kinase activity promotes CryAB
phosphorylation and is essential to prevent CryAB accumulation in muscle tissue. Together, these
data expand the spectrum of NUAK kinase targets and provide a molecular role for NUAK in the

regulation of CryAB function.

2.3 Results

NUAK kinase activity is required throughout muscle development and growth

We previously characterized an ethyl methanesulfonate (EMS)-induced stop codon allele in the
Drosophila NUAK (NUAK®82°) gene for its role in autophagic protein degradation [24]. Since this
mutation results in a stop codon that lies outside of the evolutionarily conserved kinase domain
(Figure 2.1 A), we sought to evaluate the contribution of NUAK kinase activity. CRISPR/Cas9
techniques were utilized to create a kinase-dead form of NUAK by mutating a conserved lysine
residue required for catalytic activity (NUAKX??F) [31, 32]. Sanger sequencing of PCR-amplified
genomic DNA from heterozygous NUAKX?*%/+ individuals confirmed the presence of the desired
nucleotide alteration (AAA->CGC) that resulted in a lysine to arginine (K->R) mutation in the
active site (Figure 2.1 B). This new allele provides an entryway to examine the direct contribution

of NUAK kinase activity during Drosophila development.
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Lethal phase analysis was performed to compare the relative allelic strength of the
NUAKRS?* or NUAKX?°F mutations (Figure 2.1 C). Both WT (w!!/8/w!!!8 or w!!8/Canton-S) and
heterozygous NUAK (NUAK®5?°"/+ and NUAKX?’R/+) controls largely eclosed as adults, with
some lethality occurring at the embryonic to L1 transition. The majority of homozygous
NUAKFR27"/NUAKR®?%* individuals were lethal at the pupal stage, consistent with our previous
characterization [24]. In contrast, approximately 60% of homozygous NUAKX?R/NUAKK?R
embryos failed to hatch into L1 larvae and did not survive to pupation. To assess if this embryonic
lethality in our kinase-dead embryos may be due to abnormal myogenesis, we analyzed the
musculature of stage 16 embryos. The stereotypical muscle pattern present in W7 embryos (Figure
2.1 D, left panel) was largely preserved in NUAKX*?/NUAKX*’R embryos (Figure 2.1 E, left
panel), while occasionally we observed muscles that were narrower in width in mutant embryos
(asterisks, inset). With no obvious defects in myoblast fusion or muscle patterning, we next
assessed sarcomere formation. Analysis of WT L1 larvae soon after hatching revealed a regular
spacing of sarcomeres marked by sls-GFP (Figure 2.1 D, right panel). NUAKX”R/NUAKX*R L1
larvae also showed relatively normal sarcomeres, but a higher prevalence of thinner muscles than
observed in mutant embryos of the same genotype (Figure 2.1 E, asterisks, inset). Embryonic
muscles marked by sls-GFP showed no obvious difference in contractile ability in live imaging
experiments (Supplementary videos do not provide in this thesis). These data together argue that

during embryogenesis, muscle development largely proceeds as normal, with minor contributions
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of NUAK to the final width of individual muscles.
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Figure 2.1 A kinase-dead mutation in NUAK causes early lethality.

(A) Schematic of the D. melanogaster NUAK protein isoform PD showing the conserved kinase
domain spanning AA 70-321. The location of the K99R and R829* alleles are shown. (B)
Sequence verification of the KR change at residue 99 in NUAKX??/+ flies. Top panel shows
WT and donor sequences. Sanger sequencing chromatogram of WT or NUAKX??R/+ flies verify the
desired nucleotide change. (C) Lethal phase of NUAK mutants. Either WT or NUAK heterozygous
controls largely survive until adulthood. Homozygous NUAK?$?7"/NUAK®®?°* individuals are
lethal at the pupal stage, while more than 50% of the NUAKX*F/ NUAKX*’R mutants die at the
embryo/L1 transition. Drosophila life cycle stage abbreviations - Emb, Embryo; L1, 1st larval
stage; L2, 2nd larval stage; L3, 3rd larval stage; P, pupal stage; A, adult. (D,E) Stage 16 embryos
stained with anti-MHC (left panel) or L1 muscles marked with sls-GFP (right panel). The third set
of lateral transvserse muscles is enlarged in each panel (inset). (D) Three hemisegments of the WT
embryonic musculature adopt a stereotypical organization. This muscle pattern is preserved in L1
muscles and sarcomeres are marked by sls-GFP labeled Z-discs. (E) Embryos homozygous mutant
for the NUAKX?°R allele exhibit an overall normal muscle pattern, although some muscles appear
thinner. This thinning phenotype is exacerbated in L1 muscles. Emb scale bar, 20 pm. L1 scale
bar, 50 um.

Since most homozygous NUAKX*’R/NUAK**’R 1arvae do not survive until the L3 stage for

the analysis of muscle morphology, we leveraged the spatial and temporal control of the Gal4/UAS
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system to assess the impact of mutations that alter kinase activity. Three independent amino acid
changes were generated within the kinase domain: (1) K99R within subdomain II; (2) E197K
within subdomain VIb; and (3) T226A in the T-loop region of the kinase domain (Figure 2.2 A).
The glutamic acid at position 197 was mutated to mimic a missense mutation that disrupted muscle
architecture in C. elegans unc-82 mutants [33]. Finally, the conserved threonine located within the
T-loop of NUAK was altered to an alanine (T226A) to abolish phosphorylation by upstream
kinases [11, 34].

We first tested whether overexpression of each mutation on its own caused dominant
effects by monitoring pupal length as a proxy for muscle contraction [24, 35]. During the larval to
pupal transition, shortening of the body wall muscles ensures a stereotypical pupal case axial ratio
(length/width) of ~3 for WT (Figure 2.2 B). Under control of the Mef2 promoter, expression of
two irrelevant UAS lines (Mef2>GFP RNAi or Mef2>lacZ) exhibited normal muscle contraction.
In contrast, Mef2>NUAK RNAi individuals showed an increased axial ratio in the range of 4.6-5.9
and thus served as a positive control [24]. Myofiber expression of transgenes that abolish key
residues required for NUAK catalytic activity (Mef2>NUAK K99R, Mef2>NUAK EI197K) or
activation of kinase activity (Mef2>NUAK T226A4) each showed a range of pupal case lengths that
were increased compared to controls, indicating defective muscle contraction.

To examine if these mutant transgenes also cause morphological defects similar to those
we previously described for NUAK RNAi [24], we examined the distribution of F-actin in L3
muscles. Indeed, expression of NUAK K99R, NUAK E197K, or NUAK T226A using Mef2-Gal4 in
a WT background caused a range of sarcomere abnormalities, including thinning muscles and/or
a loss of sarcomere patterning (Figure 2.2 C). The average percentage of muscles that exhibited

morphological abnormalities in Mef2>NUAK K99R or Mef2>NUAK E197K L3 larvae was greater
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than 80%, with a penetrance similar to Mef2>NUAK RNAi (Figure 2.2 D). Expression of the
NUAK T226A transgene exhibited milder defects, whereby approximately 40% of muscles showed
aberrant muscle morphology. Similar results were obtained for dominant overexpression of kinase
mutations using the muscle driver C57-Gal4 (Appendix Figure D.1 A-D).

Since Mef2 turns on transgene expression at embryonic stage 12 and remains elevated in
muscle tissue throughout larval development [36], we next utilized the post-embryonic muscle G7-
Gal4 driver to assess if NUAK kinase activity is required in contractile larval muscles. Few
abnormalities were observed in G7>NUAK RNAi muscles, likely due to the relatively late temporal
expression of the G7 driver in knocking down NUAK mRNA compared to Mef2 (Figures 2.2 C,
D). Both G7>NUAK K99R or G7>NUAK E197K showed extensive muscle phenotypes, while
those observed with expression of the NUAK T226A4 were weaker. Post-embryonic expression of
the G7 promoter was confirmed with a UAS-based mCherry::NLS (mCh::NLS) construct. Mef2>
mCh::NLS was apparent in all muscles by the end of myogenesis in stage 16 embryos, while G7>
mCh::NLS was undetectable (Figure 2. 2E). These data together confirm that key residues in the
kinase domain of NUAK are essential to maintain normal muscle structure during larval muscle

growth and/or contraction.
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Figure 2.2 Kinase activity is essential to maintain the architecture of contractile muscles.

(A) Schematic of the NUAK protein showing the location of UAS-based kinase domain mutations.
(B) Box and whisker plot quantifying the relative amount of muscle contraction at the L3 to pupal
transition. Control pupae (WT, Mef2>GFP RNAi, or Mef2>lacZ) exhibit a standard axial ratio
(length to width ratio) consistent with normal muscle contraction. RNAi knockdown of NUAK or
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expression of individual kinase domain mutations (K99R, E197K, or T226A) in a WT background
under control of the Mef2 promoter significantly impairs muscle contraction, resulting in increased
axial ratios. N>20 for each genotype. (C) Representative maximum intensity projections of L3
larval muscles stained with phalloidin to visualize F-actin. UAS-based constructs expressing either
NUAK RNAi or NUAK kinase domain mutations with Mef2-Gal4 or G7-Gal4. Cyan lines indicate
muscle attachment sites and asterisks are located next to regions that show abnormal F-actin
morphology. Scale bar, 25 pm. (D) Violin plot with individual data points showing the percentage
of muscles in panel C exhibiting abnormal muscle morphology. (E) Maximum intensity
projections of Mef2>mCh::NLS (top panels) or G7 mCh::NLS (bottom panels) embryos stained
with anti-Tropomyosin (TM) confirm that the G7 promoter is not expressed during embryogenesis.
Scale bar, 50 pm.

NUAK promotes CryAB phosphorylation

We previously conducted a Y2H screen with full-length NUAK and identified physical
interactions between NUAK-Filamin and NUAK-Stv [24]. Two additional proteins that emerged
as high confidence interacting proteins were Paramyosin (Prm) and 1(2)efl/CryAB. In C. elegans,
Prm genetically interacts with the NUAK ortholog Unc-82 [37]. Clones containing the smallest
region of either Prm (AA589-671) or CryAB (AA79-154) that physically associated with NUAK
were verified in a 1 by 1 interaction assays. The previously published SMAD-SMUREF interaction
was used as a positive control [30]. Empty bait vector with Prm or CryAB yielded no yeast growth,
while an interaction between NUAK-Prm or NUAK-CryAB could be reproduced in 3 independent
biological replicates (Figure 2.3 A).

We next tested if a disruption in NUAK function altered the distribution of CryAB or Prm
in muscle tissue. CryAB is detected at the Z-disc and largely excluded from other regions that are
enriched for F-actin in Mef2>lacZ control muscles (Figure 2.3 B) [38]. In both Mef2>NUAK RNAi
[24] or Mef2>NUAK kinase mutants, larger areas that lack F-actin instead accumulate CryAB in
an abnormal pattern. The specificity of the CryAB antibody was confirmed with immunostaining

and Western blotting of CryAB RNAi muscles (Appendix Figure D.2). In contrast,

immunostaining for Prm did not reveal similar results. In NUAK RNAi or upon expression of
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NUAK kinase domain mutations, areas of muscle tissue without F-actin also lacked Prm
(Appendix Figure D.3). Thus, while NUAK physically interacts with both proteins, the

subcellular fate of CryAB or Prm is different when NUAK function is compromised.

A -Trp - Leu -Trp - Leu -His CryAB F-actin CryAB

F-actin

SMAD_SMURF

lacZ

Empty pB66_Prm

NUAK_Prm

Empty pB66_ CryAB

NUAK_CryAB

NUAK T226A NUAK E197K NUAK K99R  NUAK RNAi

Figure 2.3 CryAB physically interacts with NUAK and accumulates abnormally in NUAK
mutant muscles.

(A) Y2H experiments test for an interaction between bait and prey proteins. Yeast growth on media
lacking Trp and Leu verify the presence of the bait and prey plasmids. Colony growth on selective
media plates (-Trp —Leu —His) indicate a physical interaction between SMAD SMURF (positive
control), NUAK Prm, and NUAK CryAB. No growth was observed for the empty bait vector
with Prm or CryAB. Three independently transformed yeast clones were tested for each bait-prey
pair. (B) L3 larval muscles stained with phalloidin to visualize F-actin or an antibody raised against
CryAB. F-actin and CryAB overlap at the Z-disc and can be observed in complementary patterns
in control Mef2>lacZ muscles. Muscle expression of NUAK RNAi or NUAK kinase domain
mutations (K99R, E197K, or T226A) all show abnormal accumulation of CryAB in regions that
lack F-actin. Scale bar, 50 pum.
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The necessity of NUAK kinase activity obviates the question of whether CryAB could be
a target substrate. To examine if phosphorylation could be detected, we first overexpressed NUAK
in muscle tissue and assessed the migration pattern of CryAB by Western blotting. Slower
migrating bands suggestive of a post-translational modification (PTM) were apparent for CryAB
upon overexpression of full-length NUAK (NUAK FL) (Figure 2.4 A). These putative phospho-
CryAB bands were either reduced in intensity or not present after induction of NUAK RNAi or
upon dominant expression of kinase-dead (NUAK K99R) or inactivated (NUAK T2264) NUAK
proteins. Next we treated lysates derived from muscles overexpressing NUAK with A-phosphatase
and observed the disappearance of higher migrating bands corresponding to phosphorylated

CryAB species (Figure 2.4 B), thus proving that NUAK influences CryAB phosphorylation.
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Figure 2.4 NUAK promotes CryAB phosphorylation.

(A) Western blot showing the migration pattern of CryAB bands in the indicated genotypes.
Overexpression of NUAK FL result in higher migrating forms of CryAB. Knockdown of NUAK
protein using RNA1 or dominant expression of NUAK K99R or NUAK T226A reduces the amount
of slower migrating CryAB bands. (B) The multiple bands observed upon Mef2>NUAK FL
expression collapse into a single band upon A-PPase treatment. ATPS5a is used as a loading control.
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Since the T226A mutation in NUAK abolished phosphorylation of CryAB, we tested if
changing this threonine to a glutamic acid (T226E) could functionally mimic NUAK activation.
First we tested the specificity of the threonine mutation using a phospho-specific antibody
generated against the corresponding threonine (T211) residue in a synthetic human ARKS peptide.
Seven of the eight amino acids, in addition to T211/T226, are conserved between HsARKS,
HsSNARK, DsNUAK (Figure 2.5 A). This NUAK phospho-specific antibody (pNUAK) did not
detect endogenous protein in control /acZ muscle lysates, but effectively recognized elevated
levels of K99R, E197K (Figure 2.5 B), or NUAK FL (Appendix Figure D.4) driven by Mef2-
Gal4. As expected, the T226A or T226E mutations failed to be recognized by the pT211 Ab
(Figure 2.5 B), but expression of each produced different outcomes. Consistent with Figure 4A,
T226A lysates reduced CryAB phosphorylation, while expression of T226E mimicked
phosphorylation events on CryAB similar to that of FL overexpression (Figure 2.5 C).
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Figure 2.5 Phosphomimetic NUAK T226E rescues NUAK K99R mutant phenotypes.

(A) Location of the pT residue in the conserved T-loop region of HsNUAKI/ARKS,
HsNUAK2/SNARK, and DsNUAK. (B) Confirmation of the 72264 or T226F mutation by
Western blotting. The pNUAK Ab, raised against HsSNUAKI1, recognizes overexpressed NUAK
K99R and NUAK E197K, but not mutation of the 7226 residue. (C) Phosphomimetic 7226F is
sufficient for CryAB phosphorylation and 72264 reduced this modification. NUAK FL was used
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as a positive control. (D-F) Rescue of NUAKX?R/NUAKX?*? mutants with muscle expression of
NUAK FL or NUAK T226E. (D) Western blotting confirms expression of NUAK FL or NUAK
T226E. ATP5a is used as a loading control. (E) L3 larval muscles stained for F-actin have largely
WT sarcomeres. Scale bar, 50 pm. (F) Table summarizes lethality and muscle phenotype.

We next tested whether T226E is sufficient to rescue NUAKX’R/NUAKX*’F mutants.
NUAK FL was used as a positive control since we previously demonstrated that muscle expression
of this transgene rescued the generative muscle phenotype in NUAK?$27"/NUAKR8?°* mutants [24].
First we confirmed protein expression of the NUAK FL or T226E transgenes in larval lysates
(Figure 2.5 D) and then assessed the extent of rescue in L3 muscles. Indeed, Mef2-induced
expression of NUAK FL or T226E in homozygous NUAKX**?R/NUAKX*’F muscles was largely
normal (Figure 2.5 E). Moreover, this muscle expression produced viable adults (Figure 2.5 F),
showing that T226E can functionally rescue aspects of NUAK biology throughout all of muscle
development.

Next we took advantage of an HA-tagged version of CryAB to map phosphorylation sites.
First we needed to confirm that the 3xHA affinity tag did not interfere with the in vivo NUAK-
CryAB complex. Therefore, we performed proximity ligation assay (PLA) experiments using a
rabbit antibody against NUAK and a mouse antibody that detects the HA tag on the C-terminus of
CryAB. LacZ control muscles showed an average of ~ 2 puncta/50 um? (Figure 2.6 A). The
number of PLA(+) structures representing the NUAK-CryAB complex was increased upon muscle
expression of CryAB::3xHA alone and in the presence of NUAK FL overexpression (Figure 2.6
B). Controls for the PLA plus or minus probes only did not produce any signal.

While expression of CryAB::3xHA alone in muscle induced more phosphorylation than
controls, this PTM was further enhanced upon co-expression with NUAK (Figure 2.6 C). Hence,

this hyper-phosphorylated CryAB was isolated from muscle tissue using anti-HA beads and run
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on an SDS-PAGE gel followed by Coomassie staining. Bands corresponding to CryAB were
removed, trypsin digested and subjected to mass spectrometry (MS) analysis (Figure 2.6 D). Total
CryAB sequence coverage was ~88% after three independent biological replicates. Attempts to
improve peptide coverage corresponding to the extreme N- and C-termini with chymotrypsin were
not successful. Nevertheless, the trypsin digest experiments revealed two putative phosphorylation

sites on serine residues located at amino acids 68 and 70 within the same peptide (Figures 2.6

E,F).
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Figure 2.6 Determination of phosphorylation sites on CryAB isolated from muscle.

(A,B) Either endogenous or overexpressed NUAK can form a complex with CryAB as assayed by
PLA experiments. (A) Maximum intensity projections of L3 muscle tissue (F-actin labeled in grey)
to visualize the NUAK-CryAB complex (magenta). Scale bar, 25 um. (B) Scatter plot showing an
increase in the number of PLA(+) puncta/50 pm? for tagged CryAB with and without NUAK
compared to Mef2>lacZ or PLA controls. One-way ANOVA was performed and the indicated p-
values are in comparison to lacZ. N=10. (C) Western blots confirming that the 3xHA-tagged
version of CryAB is phosphorylated in muscle tissue. Bands corresponding to phosphorylated
CryAB can be visualized with either anti-CryAB (left panel) or anti-HA (right panel) upon
expression of Mef2>CryAB::3xHA alone or with NUAK FL expression. (D) Strategy depicting
expression and isolation of CryAB for phosphorylation site identification by MS. (E) Table with
summary of phospho-MS experiments. Three independent biological replicates were analyzed
with total peptide coverage of CryAB ranging from 75.6 - 78.6%. Serines corresponding to amino
acid residues 68 and 70 were both found to be phosphorylated with confidence values >95%. (F)
Summary of CryAB phosphosites.

Each monomer of CryAB has three distinct regions: a conserved a-crystallin domain
(ACD) that is comprised of eight anti-parallel beta strands flanked by an unstructured N-terminal
region (NTR) and a shorter C-terminal region (CTR) [39, 40]. The general location of these two
phosphoresidues are conserved in human CryAB, with Drosophila S68 or S70 corresponding to
human T63 or S66, respectively (Figure 2.7 A). The location of these phospho-S/T residues were
mapped onto the Drosophila or human CryAB Alphafold protein structures. S68 lies in a small
loop region that preceeds the first B-sheet of the ACD and S70 is the first AA of this B-sheet
(Figure 2.7 B). To assess if serine 68 and/or serine 70 are indeed phosphorylated by NUAK, we
mutated each of these residues to either alanine (to prevent phosphorylation) or glutamic acid
(phospho-mimic). Overall protein levels of CryAB were increased upon expression of WT or
phospho-mutant versions of CryAB compared to lacZ control lysates (Figure 2.7 C). Slower
migrating, or phosphorylated forms of CryAB, were reduced upon expression of S68A or S7T0A
and completely abolished in the S68A/S70A double mutant. Phosphorylated versions of CryAB

were present upon expression of S68E or S70E, with the latter showing multiple bands. Together,
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these data demonstrate that S68 and S70 are both targeted for phosphorylation and the S70E
phospho-mimetic induces hyperphosphorylation.

To test if human NUAKI1 or human NUAK?2 function similar to its D. melanogaster
counterpart, we generated transgenic flies expressing either full-length (h(NUAK1 or ANUAK?) or
kinase-dead (hNUAK1 K84R or hNUAK?2 K81R) versions of each protein and expressed them in
larval muscle tissue. Expression of only hNUAK 1 K84R showed phenotypes similar to expression
of D. melanogaster NUAK RNAi or the dominant NUAK transgenes (K99R, E197K, T226A),
whereby the prevalent phenotype was muscle degeneration and CryAB accumulation (Figure 2.7
D). These data suggest that there may be shared features between human NUAK1 and fly NUAK

that affect cellular processes and possibly even common substrates, at least in muscle tissue.
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Figure 2.7 Functionalconfirmation of CryAB phosphosites.

(A) Alignment of CryAB sequences from D. melanogaster (Dm), human (Hs) or mouse (Mm)
showing conservation of either S and/or T residues that can be modified, at least on D.
melanogaster CryAB. (B) An overlay of the ribbon diagrams for DmCryAB (gold) and HsCryAB
(magenta). The location of S68 and S70 are shown in cyan. (C) Western blot for CryAB protein
upon mutation of S68 and/or S70. No phosphorylation is observed in the S68/S70A double
mutation. ATP5a is used as a loading control. (D) L3 muscles stained for F-actin or anti-CryAB.
Overexpression of kinase-dead hNUAKI1 (Mef2>hNUAKI K84R), but not hNUAK2
(Mef2>hNUAK?2 K81R), disrupts muscle morphology and causes CryAB accumulation. Scale bar,
20 pm

2.4 Discussion

In this manuscript we show that the catalytic activity of NUAK is essential for viability
and to prevent muscle degeneration. We verify a physical interaction between NUAK and CryAB
and further demonstrate that NUAK promotes the phosphorylation of CryAB at S68 and S70. Since
mutations in human FLNC, BAG3, or CRYAB are causative for protein aggregate diseases [41-
44], our molecular analysis confirms the functional importance of phosphorylation in the
prevention of abnormal protein accumulation in muscle tissue.

How do NUAK kinase-dead mutations inhibit phosphorylation? Since dominant
expression of these kinase variants produce phenotypes in the presence of endogenous protein,
NUAK may limit phosphotransfer activity via three mechanisms. First, since the NUAK UAS-
expression constructs drive higher levels of expression than seen for endogenous NUAK, stable
interactions between NUAK and CryAB could favor the inactive kinase over the active
endogenous one - thereby reducing CryAB phosphorylation. Second, if dimerization of NUAK is
required for kinase activity, interactions between endogenous NUAK and its kinase-dead
counterpart could titrate out kinase activity of WT NUAK. In addition, or alternatively, substrate

proteins may initially interact with the catalytic pocket of kinase-dead NUAK, but remain in the
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active site for longer than usual if the protein cannot be released. This would effectively limit the
amount substrate available for cellular functions.

Multiple studies have shown that a loss of AMPK-related kinase activation in the T-loop
reduces catalytic activity [8, 10, 11, 34]. While we also observed a reduction in NUAK function
upon expression of T226A, the percentage of muscle abnormalities were less severe compared to
K99R or E197K. Maybe the phosphate appended to T226 is somewhat stable on the pool of
endogenous NUAK and can outcompete the ectopic NUAK T226A protein for substrate
phosphorylation. It is also possible that additional amino acids aside from T226 are regulated by
phosphorylation. In addition to the T-loop residue in human NUAKI1, amino acid 600 is also
phosphorylated by Akt [22]. D. melanogaster lacks this conserved Akt phosphosite, but may have
others yet to be determined. An additional unknown is the identity of the upstream kinase(s) that
phosphorylate(s) NUAK in response to muscle contraction and/or increased mechanical tension.

Multiple pieces of evidence provide support for NUAK-mediated phosphorylation of
CryAB. First, a physical interaction between NUAK and CryAB was identified by Y2H.
Overexpression of WT or activated NUAK (T226E) increase the pool of phosphorylated CryAB,
while kinase-dead (K99R, E197K) or inactivated (T226A) NUAK reduced this modification. Due
to the inability to purify full-length D. melanogaster NUAK, we have been unable to show that
CryAB phosphorylation is directly mediated by NUAK. It is possible that NUAK phosphorylates
an intermediate kinase that in turn acts on CryAB. Purified p44/42 mitogen-activated protein
kinase (MAPK) and mitogen-activated protein kinase-activated protein-2 (MAPKAP kinase-2)
can phosphorylate S45 and S59 in human CryAB [45]. Phosphorylation of CryAB S59 is also
increased during C2C12 differentiation, in C2C12 cells subjected to electrical pulse stimulation

(EPS), and in resistance exercise-loading in human skeletal muscle [46-48]. Inhibition of
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NUAKI1/ARKS kinase activity using the NUAK1-specific inhibitor WZ4003 in C2C12 cells
shows a reduction in phospho-S59 levels (Appendix Figure D.S). While more experiments need
to be done to confirm a direct relationship between the phosphorylation of CryAB by mammalian
NUAKI1, these data suggest a possible conservation of the NUAK-CryAB signaling axis.

Even though hCryAB is ubiquitously expressed, dominant or recessive mutations
identified in multiple patients can result in multisystem disorders characterized by
cardiomyopathies, cataracts, or skeletal myopathies [39, 49]. The correlation between individual
molecular mutations, disease onset and variable expressivity is not well understood at the tissue or
organismal level. Chaperone functions for CryAB are largely thought to prevent the abnormal
accumulation of cellular proteins. While specific binding partners of CryAB, such as Desmin, have
been verified [46, 50], the promiscuous nature of CryAB in other contexts have made it difficult
to pinpoint its molecular function. In our hands, incubation of larval lysates with CryAB::3xHA in
pulldown experiments produced hundreds of proteins in experimental versus control experiments.
This suggests that interactions of CryAB with other proteins may be tightly regulated in intact
cells, but this contextual specificity is lost outside of the normal cellular environment.

Numerous studies demonstrate that the oligomerization state of mammalian
CryAB/HSPBS is crucial for the regulation of chaperone activity [39, 40, 49]. Monomeric CryAB
assembles into dimers via interactions between antiparallel beta strands located within the ACD
[51-53]. Intermolecular contacts in the CTR of three CryAB dimers form a hexameric unit which
can form higher order multimers (12-mer or 24-mer) largely mediated by the NTR [54-56]. It is
proposed that the equilibrium between smaller and larger oligomeric CryAB complexes determine

client substrate interactions. Multimeric species may act as storage forms of CryAB, whereas
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smaller oligomers exhibit chaperone activity since potential substrate binding sites within the
NTR, ACD, or CTR are exposed for protein interactions.

Phosphorylation alters the distribution of CryAB towards lower oligomeric species [40,
57]. In particular, mimicking phosphorylation events on three known serine residues in
mammalian CryAB (S19D/S45D/S59D) reduces the mean diameter of CryAB complexes and
decreases stability as assessed by urea denaturation experiments [58]. Generally, aging, stress, or
disease increases the relative pool of phosphorylated CryAB. Both aged muscle tissue and eye
lenses with cataracts have increased levels of phosphorylated CryAB that partition into the
insoluble fraction [59-62]. Heat stress or oxidative stress produce a similar phenomenon in various
cell types including neurons [40]. As of yet there is no clear consensus on the biological
implications of CryAB phosphorylation, which have been shown to be beneficial or deleterious,
depending on the cellular context. In terms of autophagy, we hypothesize that NUAK may activate
CryAB to unfold aggregates to prevent abnormal protein accumulation. Future experiments will

focus on clarifying the molecular role of CryAB phosphorylation in muscle tissue.

2.5 Material and methods

Drosophila stocks and husbandry

All stocks were reared at 25 °C on standard cornmeal-molasses-yeast media. w’//8 was used as the
WT control with the inclusion of Canton-S in Figure 1C. The NUAK®?5?° mutants and sls-GFP
insertion (sls?“?14%) were previously published [24, 26]. Drosophila stocks obtained from the
Bloomington Drosophila Stock Center (BDSC) are indicated with BL followed by the stock
number. The following Gal4 drivers were used to direct expression in muscle tissue: Mef2-Gal4

(BL27390), ¢57-Gal4 (L. Wallrath) and G7-Gal4 (M. Baylies). Muscle phenotypes due to
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induction of UAS-NUAK RNAi (BL31885) and the generation of NUAK transgenes (UAS-NUAK
FL 548, UAS-NUAK K99R and UAS-NUAK E197K) were described previously [24]. UAS-lacZ
(BL3956) was used as a control for Gal4-mediated experiments and UAS-mCherry.NLS
(BL38424) was utilized to confirm the lack of G7 expression in embryonic muscles. The UAS-
CryAB-3xHA stock (F003130) was obtained from the FlyORF project [27] and UAS-CryAB RNAi

(BL41724) was used to confirm anti-CryAB specificity.

CRISPR/Cas9 NUAK allele

CRISPR-mediated mutagenesis was performed by WellGenetics Inc. using modified methods of
Kondo and Ueda [28]. In brief, the gRNA sequences
CATCAAGAAGTGCAAGATCG[AGG]/TCATAATCTGCACCTCGCGA[CGG] were cloned
into the U6 promoter plasmid separately. The K99R-BacDsRed cassette containing two PBac
terminals, 3xP3-DsRed, and two homology arms with the point mutation K99R were cloned into
pUCS57 Kan as a donor template for repair. NUAK/CG43143 targeting gRNAs and hs-Cas9 were
supplied in DNA plasmids, together with a donor plasmid for microinjection into embryos of
control strain w!/’8; attP40[nos Cas9]/CyO . F1 flies carrying the 3xP3-DsRed selection marker
were further validated by genomic PCR and sequencing for introduction of the K99R point
mutation. The DsRed selection marker was excised and we again reconfirmed the K99R mutation
using PCR amplification followed by sequencing (Genewiz, South Plainfield, NJ). Primer
sequences were forward 5’-ATGGTGATAAGCAAACCCGATGGAGC-3" and reverse 5°-

GATCTTGTGCTTGTGACAGTAGTAGA-3’.

Quantitative RT-PCR
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RNA was extracted from 10 whole L3 larvae for each genotype using the RNAeasy Mini Kit
(Qiagen, Valencia, CA). Following elution from the column, RNA concentrations were measured
and single strand complementary DNA (cDNA) was generated from 175 ng of RNA using the
SuperScript VILO cDNA Synthesis Kit (Invitrogen, Carlsbad, CA). For each qPCR reaction, the
cDNA sample was diluted to 1:25 and mixed with Power UP SYBR Green Master mix and primers
(Applied Biosystems, Foster City, CA). rp49 was the reference gene. Integrated DNA
Technologies (IDT) synthesized the following primers: rp49 forward 5’-GCCCAAGGGTAT
CGACAACA-3’, rp49 reverse 5 -GCGCTTGTTCGATCCGTAAC-3’; NUAK forward 5’-
ATGGTGATAAGCAAACCCGATGGAACG-3’, reverse 5-GATCTTGTGCTTGTGACA
GTAGTAGA-3’; and [(2)efl/CryAB forward 5-TTCCACCCTCAACATCGACA, reverse 5'-
CATGCTTTCCCTCCACGATG. Three independent biological replicates were processed for each
genotype and reactions were run in triplicate using the Quant Studio 3 Applied Biosystem with
Quant studio design and analysis software. The average of the triplicates was used to calculate the
2-AACt values (normalized fold expression). Quantification of mRNA levels between genotypes

was performed using the student t-test.

Creation of transgenic flies

NUAK

The QuikChange II XL Site-directed Mutagenesis kit (Agilent Technologies, Santa Clara, CA)
was used to introduce the T226A mutation into the NUAK-RD cDNA in the pENTR/D-TOPO
vector (ThermoFisher Scientific, Waltham, MA). Primers used were forward 5’-
GAACCGCAAAAGGCGCCCAGCAGTCGC-3’ and reverse 5’-

GCGACTGCTGGGCGCCTTTTGCGGTTC-3’. The resulting mutagenized sequence was
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recombined into the pTW destination plasmid to generate UAS-NUAK T226A using standard
Gateway cloning protocols [29]. All other UAS-NUAK lines (DsNUAK T226E, HsNUAKI,
HsNUAKI K84R, HsNUAK2, and HsNUAK2? K8IR) were created using gene synthesis by
Genscript and subcloned into the pUAST vector using Notl and Xbal restriction sites. Plasmid
DNA from all constructs were purified with a Qiagen Maxi Kit (Hilden, Germany), sequence
verified, and sent to Rainbow Trangenics for the creation of transgenic flies. The insertions were
balanced on their respective chromosomes.

CryAB

cDNA corresponding to the coding region of Cry4AB-RC was synthesized by Genscript and
subcloned into the pUASTattB vector using EcoRI/Xbal sites. All phosphosite mutations were
performed by Genscript to produce UAS-CryAB S684, UAS-CryAB S68E, UAS-CryAB S70,
UAS-CryAB S70E, and UAS-CryAB S68/70A. Plasmid DNA was purified using the Qiagen Maxi
kit (Hilden, Germany) and sent to Rainbow Trangenics. After generation of transgenic flies at the

PhiC31landing site (BL9736-53B2), all lines were balanced over the Cyo,Tb balancer (BL36335).

Visualization of muscle tissue

Embryo immunostaining

Crosses of the desired genotypes were set up in FlyStuff embryo collection cages (#59-105;
Genesee Scientific, San Diego, CA) and inverted onto 35 mm petri dishes containing apple juice-
agar with fresh yeast paste. The pots were placed in an incubator at a defined temperature (25°C
or 31°C) and humidity (60%) where flies were allowed to lay eggs. After 2-3 hours, the collection
plate was further staged for ~ 15 hours and a new plate was used to collect the next batch of

embryos. Using a wet paintbrush, the embryos were collected into a mesh basket filled with 1x
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PBS and rinsed to remove yeast paste. Embryos were dechorionated in freshly diluted 50% bleach
and rinsed with a solution of 0.7% NaCl/0.04% Triton X-100 before transferring to small glass
vial containing a 1:1 fixative solution of heptane and 4% formaldehyde in PEM (0.1 M Pipes, pH
8.0; 2 mM MgSO4; 1 mM EGTA). The embryos were shaken vigorously for 12 minutes on a
platform shaker to ensure penetration of the fixative solution. The bottom layer of fixative was
removed and an equal volume of methanol was added. The settled embryos were transferred to a
microcentrifuge tube, washed three times with methanol, followed by three washes with PBT.
Embryos were blocked in PBT with 5% normal goat serum for 30 min before incubating in mouse
anti-Myosin heavy chain (Mhc) (1:100; Susan Abmayr) or rat anti-Tropomyosin (TM) MAC141
(1:50; Babraham Institute, Cambridge, UK) in PBT and 5% normal goat serum at 4°C overnight
or at room temperature for 2 hours. Embryos were washed three times for 10 minutes each in PBT
and reblocked in PBT with 5% normal goat serum for 30 minutes. Fluorescent anti-mouse Alexa
Fluor 488 or anti-rat Alexa Fluor 488 (1:400, ThermoFisher Scientific, Waltham, MA) were
added for 1 hour at room temperature. The embryos were again washed three times for 10 minutes
each in PBT. After washing, the embryos were mounted onto glass slides, and imaged with a Zeiss
700.

Larval muscle staining

Wandering L3 larvae were heat killed, placed onto a Sylgard plate, pinned near the mouth hooks
at the anterior end and the internal organs were removed. The muscle carcasses were fixed in 4%
formaldehyde and immunostained using standard immunostaining protocols, with normal goat
serum used as a blocking agent in PBT. Tissues were stained with the following primary
antibodies: rabbit anti-CryAB DZ33926 (1:200, Boster Bio, Pleasanton, CA) or mouse anti-Prm

5-23 [1:200, Developmental Studies Hybridoma Bank (DSHB)]. Secondary antibodies were used
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to detect fluorescence: anti-rabbit or anti-mouse Alexa Fluor 488 or 594 (1:400, Invitrogen,
Waltham, MA). Phalloidin 594 was used to label F-actin (1:400, Molecular Probes, Eugene, OR).
A Zeiss 700 confocal microscope was used to capture the images.

Live imaging

A small square of biofoil (AB-0718, Thermo Scientific) was cut and placed on the center of a glass
slide in preparation for imaging. Using a wet paintbrush, an embryo of the appropriate
developmental stage was immersed in halocarbon oil (#27 sigma) before transferring to the biofoil
and orienting it properly for imaging. A coverslip was added over the embryo with small pieces of
clay at the corners for support. Live imaging was performed with a Zeiss 700 using the following
parameters: 20x objective, 1x zoom; time interval: 10 min; total time: 4 hours; laser power: 1.
Image processing

Image processing and analysis was performed using a combination of Zen Black (Zeiss), ImageJ
(NIH), and Adobe Photoshop. All images taken at 20x are displayed as maximum intensity
projections. Data acquisition at increased magnifications (63x) are presented as single plane

images.

Western blotting

Dissected muscle carcasses were placed into 3x SDS sample buffer [ 188 mM Tris-HCI (pH 6.8),
3% (w/v) SDS, 30% (v/v) glycerol, 0.01% (w/v) bromophenol-blue, and 15% (v/v) B-
mercaptoethanol], boiled at 95 °C for 3 min, homogenized, boiled for an additional 10 min at 95
°C, and centrifuged at 20,000 x g for 1 min to pellet debris. The resulting protein samples were
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and

transferred to the nitrocellulose blotting membrane (pore size 0.45 pm, Cytiva, Marlborough, MA)
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using the Trans-Blot® TurboTM Transfer System (Bio-Rad, Hercules, CA). Membranes were
probed with the following primary antibodies: rabbit anti-1(2)efl/CryAB DZ33926 (1:1000, Boster
Bio, Pleasanton, CA), rabbit anti-NUAK DZ41105 (1:400, Boster Bio, Pleasanton, CA), rabbit
anti-pT211 AB-PK737 (1:1000, Kinexus, Vancouver, Canada), mouse anti-ATP5a ab14748
(1:20000, Abcam, Waltham, MA). IRDye 800CW anti-rabbit and IRDye 680RD anti-mouse
secondary antibodies (LI-COR Biosciences, Lincoln, NE) were used at 1:10000 and Revert 700
Total Protein Stain (LI-COR Biosciences, Lincoln, NE) or anti-ATP5a was used as a loading
control. Membranes were developed using the LI-COR Odyssey XF and quantitation of relative

protein levels was performed in Empiria Studio Software (LI-COR Biosciences, Lincoln, NE).

Lambda protein phosphatase treatment

Three dissected Mef2>NUAK OE larvae reared at 25 °C were dissected and lysed into 100uL
Protein MetalloPhosphatases (PMP) buffer with a pestle. The resulting lysates were spun down at
13000 x g at 4°C for 10 min. The samples were split into untreated (45 pL, 5 pL MnCl2, 1 pL
ultra-pure water) and treated (45 pL, 5 uL MnClz, 1 pL lambda-phosphatase P0753S (New
England Biolabs, Ipswich, MA) groups. Both samples were incubated for 1 hr at 30 °C followed
by overnight at room temperature. After incubation, 50 pL of 3x SDS sample buffer was added

before boiling and SDS-PAGE as described above.

Yeast Two-Hybrid (Y2H)
Y2H assays were carried out by Hybrigenics Services (Gard, FR). The coding sequence of the full-
length D. melanogaster NUAK/CG43143 (GenBank accession number NM 206469.3) was PCR-

amplified and cloned in frame with the Gal4 DNA binding domain (DBD) into plasmid pB66 as a
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C-terminal fusion to Gal4 (Gal4-bait fusion). Prey fragments of Prm (AA 588-867) or CryAB (AA
78-156) corresponding to the smallest region that interacts with NUAK were cloned in-frame with
the Gal4 activation domain (AD) into plasmid pP6. Bait and prey constructs were transformed in
the yeast haploid cells CG1945 (mata) and YHGX13 (Y187ade2-101::loxP-kanMX-loxP, mata)
and diploid yeast cells were obtained using a mating protocol with both yeast strains. The
interaction between SMAD and SMURF is used as positive control [30]. As negative controls, all
prey plasmids were tested with the empty bait vector pB66. Streaks were plated for three
independent yeast clones for each control and interaction. Medium lacking tryptophan and leucine
was used as a growth control and to verify the presence of the bait and prey plasmids. The selective

medium without tryptophan, leucine, and histidine selected for the interaction between bait and

prey.

Lethal stage analysis

For each of the analyzed genotypes, 50 embryos/replicate were placed in a grid pattern on apple
juice-agar plates with yeast paste at 25 °C. Embryos that hatched were transferred onto new apple
juice-agar plates supplemented with yeast paste and analyzed at ~24 hr intervals for lethality or
transferred to new plates. The number of dead, missing, or living individuals were counted and
recorded for each stage. The survival plot curve in Prism was used to display the data. N>3

biological replicates.

Proximity Ligation Assay (PLA)

Wandering L3 larvae of the genotypes Mef2>lacZ, Mef2>CryAB::3xHA, or Mef2>NUAK OE;

CryAB-3xHA were heat-killed, dissected, fixed in 4% formaldehyde and washed in PBT before
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following instructions for the Duolink® In Situ Red Starter Kit Mouse/Rabbit (Sigma-Aldrich, St.
Louis, MO). Tissues were blocked for 1 h at 37 °C in the Duolink® blocking solution, incubated

with primary antibody diluted in the Duolink® antibody diluent overnight at 4 °C. Primary
antibodies used were mouse anti-HA 6E2 (1:400, Cell Signaling Technology, Danvers, MA); anti-
NUAK DZ41105 (1:400, Boster Bio, Pleasanton, CA). Tissues were washed twice for 5 min in
wash buffer A and then incubated in 40 pl PLA probe solution (8 pl PLUS probe, 8 ul MINUS
probe, 24 ul antibody diluent) for 1 h at 37 °C. Tissues were washed twice for 5 min in wash buffer
A and then incubated for 30 min at 37 °C in 40 pl ligation solution (8 pl ligation buffer, 31 pl
ddH:0, 1 ul ligase). Tissues were again washed twice for 5 min in wash buffer A and incubated
for 100 min at 37 °C in 40 pl amplification solution (8 ul amplification buffer, 31.5 pl ddH20, 0.5
ul polymerase). Tissues were washed twice for 10 min in wash buffer B, then rinsed for 1 min with
0.01x wash buffer B and Phalloidin 488 to label F-actin (1:400, Molecular Probes, Eugene, OR).

Tissues were mounted in PLA mounting medium.

Determination of CryAB phosphosites

Wandering L3 larvae of the genotype Mef2>NUAK OE; CryAB::3xHA were used for the
determination of phosphorylated residues via MS. Larvae were raised in cages at 31° C and rinsed
with PBS. Larvae equivalent to ~3 ml volume were transferred into a 15mL dounce tissue grinder
(Wheaton, USA) with 2 mL lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% Triton X-
100, 10% glycerol) plus inhibitors (I1x Halt protease inhibitor cocktail, 1x Halt phosphatase
inhibitor cocktail; 1 mM NazVOs4, | mM NaF, 1 mM PMSF, 10 uM MG132, 0.001% PTU, 5 mM
NPPS). The lysates were spun at 15,000 rpm for 10 min at 4° C to harvest the supernatant. The

resulting lysate was incubated with pre-washed (in 0.05% TBS-T buffer) Pierce anti-HA
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conjugated magnetic beads #88837 (ThermoFisher Scientific, Waltham, MA) for 2 hours at room
temperature. The beads with bound proteins were washed twice with 0.05% TBS-T and eluted
with SDS sample buffer. Samples were boiled at 95 °C for 10 mins before running on a 15% SDS-
page gel. After Coomassie blue staining, bands corresponding to the predicted molecular weight
of CryAB-3xHA were cut out of the gel, placed into a sterile 1.5 mL microcentrifuge tube and
sent to the Taplin Biological Mass Spectrometry Facility at Harvard University for phosphosite

identification.

Protein structure overlay
The Alphafold structures for D. melanogaster 1(2)efl/CryAB (UniProt: AOAOB4KEYS) and H.

sapiens Alpha-crystallin B chain/CryAB (UniProt: P02511) were superimposed in PyMol.

Cell culture

Cell maintenance

Mouse myogenic C2C12 cells (ATCC, Manassas, VA) were used up to passage number 12.
Myoblasts were grown on plastic cell culture dishes in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin in a
humidified incubator at 37 °C and 5% CO2. When the cells reached 70% confluency, they were
detached and plated on a fresh plastic cell culture dish at 1.5 x 10° cells/ml in a 35 mm dish. Once
cells were confluent, they were serum limited with differentiation media (DMEM, 2% horse
serum, 1% penicillin-streptomycin) and allowed to differentiate. The media for growth or

differentiation was replaced daily.
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In vitro phosphorylation assay

C2C12 cells were seeded in a 60 mm cell dish at 1.5 x 10° cells/ml. The cells were differentiated
to day 3 and treated for 24 hours with WZ4003 at a final concentration of either 4 pM or 6 uM in
fresh differentiation media. After 24 hours, the cells were collected into in vitro phosphorylation
lysis buffer [400 mM Tris-HCI (pH 7.5), 10 mM MgClz, 200 uM CaClz, 1 mM DTT, 1% Triton-
100] and homogenized with a tissue homogenizer. The resulting cell lysates were incubated in an
ice bath for 20 minutes and centrifuged for 15 minutes at 4°C before removing the supernatant to
a new tube. A Bicinchoninic acid (BCA) assay was used to determine the total protein
concentration and equal amounts of each cell lysate were split into two groups: without ATP or
to a final concentration of SmM. After incubation for 30 mins at 30 °C, SDS sample buffer was
added before Western blotting. Membranes were probed with anti-NUAKI1/ARKS 22723-1-AP
(ThermoFisher Scientific, Waltham, MA), anti-CryAB ab13497 (Abcam, Waltham, MA), or anti-
pCryAB ADI-SPA-227 (Enzo, Farmingdale, NY). Secondary antibody and total protein stain is

described above.

Quantitation and statistical analysis

Pupal case muscle contraction

Pupae of the indicated genotype were adhered to a glass slide with a drop of nail polish. All pupae
were oriented with dorsal side up and imaged on a Leica M165FC stereoscope. Image J was used
to measure the length (1) and width (w) of each pupae and the axial ratio (1/w) was calculated in

Excel. All data was imported into Prism to generate a box and whiskers plot. N>20 for each

genotype.
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Muscle abnormalities

Embryos from parents of the genotype Mef2>NUAK RNAi, Mef2>NUAK K99R, Mef2>NUAK
E197K, or Mef2>NUAK T226A4 were collected at 25 °C and transferred to 31 °C at the L1 stage.
Wandering L3 larvae were dissected in PBS. The resulting muscle carcasses were fixed in 4%
methanol-free formaldehyde (Polysciences, Warrington, PA) for 15 minutes at room temperature
and washed three times in PBST before incubating with phalloidin 488 (1:400) and Hoechst
(1:400). For each muscle carcass, seven distinct muscle fibers (VL1, VL2, VL3, VL4, LO1, LL1,
and SBM) from eight randomly selected abdominal hemisegments were examined under the Zeiss
700 confocal microscope. The number of normal or defective muscles for each larvae were divided
by the total number of muscles to calculate the percentage of muscle defects. N>17 for each

genotype.
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3.1 Abstract

The bipartite GAL4/UAS system is the most widely used method for targeted gene
expression in Drosophila melanogaster and facilitates rapid in vivo genetic experimentation.
Defining precise gene expression patterns for tissues and/or cell types under GAL4 control will
continue to evolve to suit experimental needs. However, the precise spatial and temporal
expression patterns for some commonly used muscle tissue promoters is still unclear. This missing
information limits the precise timing of experiments during development. Here we focus on three
muscle-enriched GAL4 drivers (Mef2-GAL4, C57-GAL4 and G7-GAL4) to better inform
selection of the most appropriate muscle promoter for experimental needs. Specifically, C57-
GAL4 and G7-GAL4 turn on in the first or second instar larval stages, respectively, and can be

used to bypass myogenesis for studies of muscle function after development.

3.2 Introduction

Drosophila melanogaster is an excellent experimental model for in vivo genetics
experiments due to its highly conserved protein sequences, short growth cycles, ease of laboratory
culture, and well-established genetic expression systems [1]. Most laboratories employing
Drosophila as a model use and benefit from the GAL4/UAS system to knockdown gene
expression, rescue loss-of-function mutations, and express mutated proteins, namely human
disease alleles [2]. These tools together make Drosophila an unparalleled model in understanding
gene function.

In 1988, the Ptashne lab showed that the Saccharomyces cerevisiae yeast GAL4 protein
can stimulate transcription of reporter genes in multiple cell types, including mammalian cells,

plant cells, and Drosophila larvae [3-5]. In 1993, Andrea Bread and Norbert Perrimon extended
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this GAL4/UAS technique to manipulate Drosophila gene expression in a cell- or tissue-specific
manner [6]. This bipartite approach makes use of the transcription factor GAL4 and a ‘responder’
element under the control of a cis-acting regulatory sequence called the upstream activating
sequence (UAS). The binding of GAL4 to these engineered UAS sites activates transcription of
downstream components, which may include expression of wild-type or mutated genes, RNAi
sequences, and reporter constructs, among others [2,7]. Implementation of this technique is still
widely utilized to study the impact of genes during Drosophila development and growth.

With the need to regulate gene expression in independent tissues and at different stages,
numerous tissue- and/or cell-specific promoters have been constructed to allow for precise gene
control. For example, collections of GAL4 drivers exist for targeting specific cell types in the
Drosophila intestine [8] or to manipulate specific motor neuron types, such as the glutamatergic
motor neurons Ib or Is [9]. Alternatively, the development of Split-GAL4 allows for single cell
resolution based upon the overlapping expression of two independent enhancers [10]. Additional
temporal control of gene expression may be necessary if alteration of gene function (e.g.,
overexpression, dominant-negative, RNAi knockdown) causes lethality or altered phenotypes
prior to the desired stage of analysis. While methods such as temperature-sensitive GAL80
(GALSOts), tetracycline-inducible GAL80 (Tet-off GAL80), Gene-switch, and auxin-inducible
gene expression systems (AGES) have been developed [11-14], these expression systems have
limitations and may complicate experimental design. Thus, it is valuable to continue developing
new and further characterizing existing GAL4 lines that can be used for more precise spatial and
temporal control.

The focus of this paper is to characterize the developmental gene expression patterns of

three muscle driver lines: Mef2-GAL4, C57-GAL4, and G7-GAL4. Myocyte enhancer factor-2
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(Mef2) is one of the earliest identified and well-studied transcription factors in both Drosophila
and mammalian muscles [15,16]. Since Drosophila Mef2 protein is present in the developing
mesoderm and persists throughout somatic, visceral, and cardiac cells spanning embryogenesis
into adulthood [17], the Mef2-GAL4 driver provides a well characterized control to compare
muscle expression during development. However, there is lack of primary data describing the exact
timing of target gene expression by the widely used C57-GAL4 and G7-GAL4 muscle promoters
[18-28]. C57-GAL4 was first published as BG57-GAL4 and expression was reported in all larval
muscles from the first instar (1%) to the third (3™) instar stage as well as two sensory cell bodies in
the body wall and in mesodermally-derived gut tissues [18]. However, unpublished reports
suggested possible expression in late embryogenesis. In 2008, while G7-GAL4 was described as
having expression in all muscles beginning from the second instar larval stage [27], the supporting
references did not include primary data to support this conclusion. To clarify these discrepancies,
in this study we pinpoint this spatial and temporal expression of these muscle GAL4 drivers using

UAS-mCherry.NLS (mCh) as a fluorescence readout.

3.3 Results and Discussion

Only Mef2-GAL4 is detected in stage 13 to 16 embryos

The well characterized Mef2-GAL4 driver promotes expression in embryonic mesodermal
cells from stage 7 onwards and subsequently in the cardiac, visceral, and somatic musculature [29].
The goal of this study is to clarify the exact stage at which C57-GAL4 or G7-GAL4 turn on
compared to Mef2-GAL4 in terms of target gene expression during development. Even though
Mef2 is expressed earlier, we only documented embryos at key stages in myogenesis: stage 13

(myoblast fusion ongoing), stage 14 (the peak of myoblast fusion), stage 15 (individual muscle
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fibers are recognizable), and stage 16 (mature muscle pattern completed) [30,31]. Tropomyosin
(Tm) was used to stain the developing body wall muscles and to confirm staging by assessing
development of the midgut. Consistent with published literature [29] and summarized in Table
3.1, the Mef2-GALA4 driver robustly expressed mCh from stage 13 to stage 16 (Figure 3.1 A). This
fluorescence signal intensified during muscle development as fusing muscles increased the number
of mCh-expressing nuclei. We could not detect C57-GAL4 (Figure 3.1 B) or G7-GAL4 (Figure
3.1 C) mCh expression in embryo stages 13 to 16 using this approach. In summary, Mef2-GALA4,
but not C57-GAL4 or G7-GALA4, initiate target gene expression during embryogenesis.

Table 3.1 Summary of GAL expression patterns compiled from the literature and data in

this paper.

Stages of somatic
muscle expression

Reported expression
pattern

Expression pattern
using mCh reporter

(this study)

Gene expression
and/or gene insertion

Mef2-GAL4

Embryo - adult

Mesoderm expression at stage 7
onwards, then expressed in
somatic muscle, visceral muscle
and cardiac cells. (Ranganayakulu,
et al, 1998)

We only documented stage 13 —
16 expression in the somatic
muscle, visceral muscle and
cardiac cells.

Mef2

C57-GAL4

1%t- 3" instar larvae

All larval body wall muscles, two sensory
cell bodies in the body wall, and
mesodermal-derived tissues, including
the gut.

(Budnik, et al., 1996)

All larval body wall muscles, strong
expression in salivary gland, and weak
midgut expression.

Likely inserted into the upstream coding
region of neuromusculin (80C2-80C4)
based on plasmid rescue experiments
(personal communication from Ulrich
Thomas)

G7-GAL4

2md- 31 instar larvae

Expression in all muscles beginning from
the second instar larval stage.

(Cauchi, et al., 2008)

All larval body wall muscles, weak
expression in salivary gland

Possibly inserted into U2SNRP probably
means snRNA:U2, a small nuclear
ribonucleoprotein gene on the 2nd at
34A-B or 38A4 (personal communication
from Kendal Broadie)
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A Stage 13 Stage 14 Stage 15 Stage 16

Mef2

C57

G7

Figure 3.1 Differentmuscle-specific promoters show different target gene pattern of
expression during embryonic muscle development.

A-D. Tropomyosin staining in muscle tissue confirms the different stages of muscle growth
morphology. UAS-NLS-mCherry was used as a target gene to demonstrate the timing of gene
expression. Mef2-Gal4 begins to express UAS-NLS-mcherry from the early to late stages of the
embryo. The C57, C7, and ApME-Gal4 drivers do not express the target gene in the embryo
stage13-16. Scale Bar: 50um.
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Muscle tissue promoters show variable spatial distribution in larval development

To confirm the reported gene expression patterns for the chosen muscle-GAL4 drivers, we
investigated larval development spanning from the 1% to the 3™ instar stages. As expected, Mef2-
GAL4 showed strong expression of mCh in all somatic body wall muscles throughout larval
development (Figure 3.2 A, left panels). In contrast, weak expression of mCh was first observed
in the body wall muscles of 1% instar larvae using C57-GAL4 (Figure 3.2 B, middle panels) and
not observed until the 2™ instar larval stage with G7-GAL4 (Figure 3.2 C, right panels). Though
enriched in somatic muscles, the C57 and G7 promoters also expressed mCh in salivary glands
(white arrowheads). Together these results confirm that each GAL4 driver shows a unique pattern
of spatial and temporal target gene expression. To our knowledge, this salivary gland expression
has not been reported and if not taken into account, could confound studies involving inter-tissue

communication.

1stinstar larvae

2" instar Inset

34instar
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Figure 3.2 Variable spatial distribution and periods of target protein expression in larvae
stage under different muscle tissue promoters.

A. 1*" instar larvae stage images shows NLS-mCherry start to express Under C57-Gal4 and ApME-
Gal4 promoter, not G7-Gal4. B & C. All drivers start to express the target gene in 2" instar larvae
through 3™ instar larvae. White arrow: Salivary gland. Scale Bar: 50pm.

Comparison of mCh protein expression levels throughout Drosophila development.

We next employed Western blotting to determine protein expression levels of mCh
throughout embryonic and larval muscle development. During myogenesis, only the Mef2-GAL4
driver produced strong mCh signal, consistent with our confocal microscopy images (Figure 3.3
A). Weak mCh expression was evident in 1% instar larvae using C57-GAL4 and G7-GAL4 (Figure
3.3 B). Expression in the salivary glands likely accounts for some of this signal. 2" instar larvae
showed higher levels of mCh protein under control of the C57 and G7 promoters, albeit still lower
compared to the Mef2-GAL4 promoter (Figure 3.3 C). In the 3™ instar larvae stage, C57-GAL4
and G7-GAL4 both expressed at least 50% more of the mCh target protein than the Mef2-GAL4
driver (Figure 3.3 D). Quantitation of GAL4 driver strength over time shows that Mef2-GAL4
expression was high throughout the embryonic and larval stages and decreased in 3™ instar larvae
compared to C57-GAL4 or G7-GAL4 (Figure 3.3 E).

A comprehensive and precise understanding of temporal and spatial expression patterns is
informative for selecting the most appropriate muscle GAL4 driver in answering specific
biological questions. Using two independent methods, our results confirm that C57-GAL4
expression is initiated in 1° instar larvae, while G7-GAL4 induction begins in 2™ instar larvae
(Figure 3.4 and Table 3.1). Based upon these results, the C57 and G7 drivers are useful for
understanding how gene manipulation post-embryogenesis affects muscle structure, function,
and/or growth. Importantly, these larval muscle promoters can be used to bypass embryonic

lethality resulting from the use of Mef2-GAL4. Altering gene expression after the completion of
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embryonic sarcomerogenesis also allows for distinguishing between sarcomere formation or
sarcomere addition during larval muscle growth. Finally, the use of G7-GAL4 in 2" instar larvae
also eliminates using dual expression systems such as GAL4/GAL80" or drug-inducible gene
expression whereby temperature or drug toxicity may show leaky expression or behavioral

changes [14].

A Embryo B 1stinstar
Mef2 C57 G7 Mef2 C57 G7
. - -mCh
e ———_7\TP 5A
(] 2" instar D 34instar
Mef2 C57 G7 Mef2 C57 G7
- o = e ch
e e = —— e -ATP 5A
0.20
E -~ Mef2
o
0.15- -~ C57
o G7
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0.05- ) 2
) o

0.00 8 - ;
Embryo 1 st 2nd 3rd

Life cycle stage

Figure 3.3 Variable spatial distribution and periods of target protein expression in larvae
stage under different muscle tissue promoters.

A. Western blot analysis of mCherry protein expression levels in different drosophila life stages
(embryo; L1; L2; L3 stages) of samples reveals diverse drivers. ATP5A is responsible for

controlling load. B. Quantification of mCherry protein expression. N>3
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Figure 3.4 Schematic representationof muscle-specific drivers that express target genes at
different stages of Drosophila development.

The Mef2-Gal4 driver begins to express the target gene from the early embryo stage and continues
throughout the lifespan of Drosophila. C57 and ApME-Gal4 enhance the target gene during the
first instar larvae stage. G7-gal4 expresses the target gene beginning in the second instar larvae
stage.

Therefore, we provided comprehensive data to support the spatial patterning, as well as the
timing of these three drivers to express target gene in muscle tissue. Because we use the NLS-mCh
to monitor target gene expression, not surprisingly, we did not observe any florescence in
neuromuscular junction in C57-Gal4 and G7-Gal4 promoters. However, it needs the further
experiments to verified whether C57-Gal4 is a proper driver for the neuromuscular junctions. To
working on the genetics, the same gene in different tissue may play diverse function. Choosing the
suitable driver is essential to correct understand the lethal samples caused by the target gene’s
abnormal function or the driver-associated lethality. For example, to understand the effect of
gemin3 in mesodermal and larval muscle on Drosophila survival, there are several drivers are used
to verify the gemin3’s function, excluded the driver associated lethality [26]. Another example is
to recognize whether target protein is essential for the post-embryonic larval, G7-Gal4 was used
to prove that [17]. Existing research recognized the critical role of chose appropriate drivers. This
publication will provide the basic facts for future studies of muscle regions in order to select the

appropriate promoter according to the research objectives.

97



3.4 Material and methods

Drosophila stocks and husbandry

All stocks were reared at 25 °C on standard cornmeal-molasses-yeast media. Stocks obtained from
the Bloomington Drosophila Stock Center (BDSC) are indicated with BL followed by the stock
number. The following Gal4 drivers were used to direct expression UAS-mCherry.NLS (BL38424)

in muscle tissue: Mef2-Gal4 (BL27390), C57-Gal4 (L. Wallrath), G7-Gal4 (M. Baylies).

Visualizing of muscle tissue

Embryo fixation

Crosses of the desired genotypes were set up in FlyStuff embryo collection cages (#59-105;
Genesee Scientific, San Diego, CA) and inverted onto 35 mm petri dishes containing apple juice-
agar with fresh yeast paste. The pots were placed in an incubator at a defined temperature (25 °C)
and humidity (60%) where flies were allowed to lay eggs. After 2-3 hours, the collection plate was
further staged for ~ 15 hours and a new plate was used to collect the next batch of embryos. Using
a wet paintbrush, the embryos were collected into a mesh basket filled with 1x PBS and rinsed to
remove yeast paste. Embryos were dechorionated in freshly diluted 50% bleach and rinsed with a
solution of 0.7% NaCl/0.04% Triton X-100 before transferring to small glass vial containing a 1:1
fixative solution of heptane and 4% formaldehyde in PEM (0.1 M Pipes, pH 8.0; 2 mM MgSOs4; 1
mM EGTA). The embryos were shaken vigorously for 12 minutes on a platform shaker to ensure
penetration of the fixative solution. The bottom layer of fixative was removed, and an equal
volume of methanol was added. The settled embryos were transferred to a microcentrifuge tube,
washed three times with methanol, followed by three washes with PBT. Embryos were blocked in

PBT with 5% normal goat serum for 30 min before incubating in rat anti-Tropomyosin (TM)
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MACI141 (1:50; Babraham Institute, Cambridge, UK) in PBT and 5% normal goat serum at 4°C
overnight or at room temperature for 2 hours. Embryos were washed three times for 10 minutes
each in PBT and reblocked in PBT with 5% normal goat serum for 30 minutes. Fluorescent anti-
rat Alexa Fluor 488 (1:400, ThermoFisher Scientific, Waltham, MA) were added for 1 hour at
room temperature. The embryos were again washed three times for 10 minutes each in PBT. After

washing, the embryos were mounted onto glass slides, and imaged with a Zeiss 700.

Live larval muscle imaging

Larval stages were collected in a similar as above on apple juice plates. A new plate was used to
collect the next batch of embryos. The old embryo plates were kept at 25 °C with 24 hours interval
to collect correlated stage larvae from 1% instar larvae, 2™ instar larvae to 3™ instar larvae. Live
larvae were transferred using a needle pole and placed onto a Sylgard plate. The sylgard plate with
live larvae was incubated into -20 °C for 10 mins to slow down muscle movements. Larvae were
transferred on the glass slide with clear nail polish. A coverslip was added over the embryo with
small pieces of clay at the corners for support. A Zeiss 700 confocal microscope was used to

capture the images of each stage of larva under the laser power 2.

Western blotting

Embryo sample preparation

Embryo samples were homogenized in the 50ul lysis buffer (50 mM Tris-HCI pH 7.5, 150 mM
NacCl, 1% Triton X-100, 10% glycerol) plus inhibitors (1x Halt protease inhibitor cocktail, 1x Halt
phosphatase inhibitor cocktail; I mM Na3VOas, 1 mM NaF, 1 mM PMSF, 10 uM MG132, 0.001%

PTU, 5 mM NPPS). To load equal amounts of total protein, we performed bicinchoninic acid
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assay (BCA) experiments on embryo samples (Pierce BCA Protein Assay Kit 23225;

ThermoFisher). Proteins were evenly loaded.

Larval sample preparation

Dissected muscle carcasses were placed into 3x SDS sample buffer [188 mM Tris-HCI (pH 6.8),
3% (w/v) SDS, 30% (v/v) glycerol, 0.01% (w/v) bromophenol-blue, and 15% (v/v) B-
mercaptoethanol], boiled at 95 °C for 3 min, homogenized, boiled for an additional 10 min at 95
°C, and centrifuged at 20,000 x g for 1 min to pellet debris.

Western blot

The resulting protein samples were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to the nitrocellulose blotting membrane (pore size
0.45 um, Cytiva, Marlborough, MA) using the Trans-Blot® TurboTM Transfer System (Bio-Rad,
Hercules, CA). Membranes were probed with the following primary antibodies: rabbit anti-
mCherry ab167453 (1:1000, Abcam, Waltham, MA) mouse anti-ATP5A ab14748 (1:10000,
Abcam, Waltham, MA). IRDye 800CW secondary antibodies (LI-COR Biosciences, Lincoln, NE)
were used at 1:10000 and Revert 700 Total Protein Stain (LI-COR Biosciences, Lincoln, NE) or
anti-ATP5a was used as a loading control. Membranes were developed using the LI-COR Odyssey
XF and quantitation of relative protein levels was performed in Empiria Studio Software (LI-COR

Biosciences, Lincoln, NE).

Image processing
Image processing and analysis was performed using a combination of Zen Black (Zeiss), ImageJ

(NIH), and Adobe Photoshop.
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4.1 Abstract

Amyloid fibrils are insoluble protein aggregates commonly associated with
neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease. Although
predominantly studied in the brain, amyloid deposition in skeletal muscle is poorly understood.
Mutations in the small heat shock protein aB-crystallin (CryAB) result in cataracts,
cardiomyopathies, and myofibrillar myopathies (MFMs), all of which are marked by intracellular
protein aggregation. To investigate the pathological mechanisms of CryAB mutations in muscle
tissue, we expressed four human CryAB alleles in Drosophila melanogaster (D. melanogaster)
cardiac and skeletal muscle. All variants disrupted autophagic flux, resulting in the accumulation
of protein aggregates labeled by ubiquitin and p62/SQSTMI. Notably, mutations within the
conserved a-crystallin domain (ACD) led to the formation of distinctive CryAB-positive
inclusions that colocalized with an amyloidogenic form of human Desmin. Transmission electron
microscopy and Congo red staining confirmed that these CryAB inclusions exhibited amyloid-like
architecture. The presence of amyloid was not limited to mutations in D. melanogaster CryAB as
amyloid deposits are also evident in other mutant genes causative for MFM in the zebrafish
musculature or in human MFM muscle biopsy samples. Strikingly, these CryAB aggregates were
also associated with markers of extracellular vesicle (EV) pathways. Modulating EV proteins -
either through overexpression or RNAi - altered the size and number of CryAB inclusions.
Furthermore, secreted inclusions were detectable in the hemolymph, suggesting an EV-mediated
export mechanism. This work sheds new light on the pathological basis of myofibrillar myopathies

and broadens the understanding of amyloid dynamics beyond the nervous system.
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4.2 Introduction

Protein homeostasis, or proteostasis, is an equilibrium system that ensures proper protein
folding and degradation. When proteostasis fails, protein aggregates with pathological roles may
form, as seen with tau in Alzheimer’s disease and alpha-synuclein in Parkinson’s disease [1-4]. A
hallmark of Alzheimer’s and Parkinson’s diseases is amyloid fiber formation in the brain [5-7].
However, this fibrillar-like protein aggregation, also known as amyloidosis, extends beyond
neurodegenerative diseases—it can occur in the lungs, kidneys, muscles, and other organs [8-11].
However, it is yet unclear if other types of protein aggregates that form in non-neuronal tissues are
linked to the formation of amyloid fibers.

Myofibrillar myopathies (MFMs) are a type of protein aggregate disease characterized by
muscle fiber degeneration and progressive muscle weakness - typically in distal limb muscles [12-
15]. Although MFMs can onset in early childhood, symptoms most commonly appear later in life
[16]. A subset of muscle proteins, including the Z-disk-associated proteins Desmin, Myotilin,
Filamin C, a-Crystallin B (CryAB), and Bag3 are overrepresented and abnormally accumulate in
biopsies from MFM patients [17-19]. Due to the diversity of mutations in MFM-causing genes and
the lack of understanding in the underlying pathogenicity of disease initiation and progression,
there are no effective treatments.

To date, over 15 different mutations in CryAB have been linked to MFMs and/or
cardiomyopathies [20-25]. CryAB, also known as heat shock protein 5 (HSPBSY), is widely
expressed across various tissues [26]. As a chaperone protein, CryAB aids in protein refolding and
preventing aggregation. This approximately 20 kDa monomer forms highly ordered hetero-
oligomeric complexes in response to intracellular stresses (heat, aging, oxidative or reductive

stress) to sequester damaged or misfolded proteins, thereby maintaining proteostasis [27, 28].
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Mutations in CryAB lead to structural and functional changes that impair its interactions with
client proteins, with distinct mutations producing varying effects on CryAB function. For instance,
the D109A and R157H mutations differentially decrease or enhance chaperone activity in vitro,
respectively [29, 30]. Previous studies suggest that CryAB helps protect cytoskeletal myofibrils
[31], implying that mutant CryAB may play a pathological role in muscle and cardiac tissue.

Intercellular communication is essential for maintaining tissue homeostasis and
coordinating physiological processes between tissues. One key mechanism by which cells
communicate is through extracellular vesicles (EVs), which transport molecular signals - including
proteins, lipids, and RNA - between cells [32-35]. Beyond their secretory role in normal
physiology, EVs are also widely implicated in pathological contexts, particularly in cancer, where
they contribute to tumor growth, survival, and metastasis [36-39]. EV biogenesis involves a tightly
regulated series of intracellular trafficking events. Early endosomes mature into multivesicular
bodies (MVBs), which package selected cargos for eventual secretion. Once formed, MVBs can
fuse with the plasma membrane, releasing their contents as EVs into the extracellular space using
two primary routes: endosomal sorting complexed required for transport (ESCRT)-dependent and
ESCRT-independent pathways [40, 41]. While the role of EVs in cancer has been extensively
studied, their involvement in muscle disorders, particularly in myofibrillar myopathies (MFMs),
remains largely unexplored. Given the progressive and sometimes systemic nature of MFM
pathologies [13, 42], understanding the potential for EV-mediated propagation of disease-related
proteins could reveal novel mechanisms of pathogenesis.

Despite decades of research, the pathogenicity of CryAB mutations remains incompletely
understood. Although numerous CryAB mutations have been identified, most research has focused

on the R120G mutation, limiting a broader genotype-phenotype correlation [20, 43-49]. To fill this
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scientific gap, we selected independent human CryAB mutations, including R120G (linked to
Desmin-related cardiomyopathy), D109A (implicated in MFM or Desmin-related myopathy), and
DI109H and R157H (both associated with dilated cardiomyopathy) for further analysis using
Drosophila melanogaster (D. melanogaster) as a cell biological model. First, we show that CryAB
mutations disrupt protein homeostasis via impaired molecular chaperone activity, resulting in the
accumulation of misfolded proteins marked by Ubiquitin (Ubi) and the autophagy adaptor protein
p62/SQSTMI. Second, we identify novel CryAB intracellular structures that are amyloidgenic in
nature, colocalize with EV markers, and are secreted, thereby linking amyloid-inclusions to vesicle
trafficking. Third, these CryAB inclusions exhibit amyloid-like properties not only in Drosophila
muscle but also in zebrafish and human MFM muscle biopsies, indicating a conserved and
clinically relevant pathogenic feature. In summary, this study establishes a mechanistic link
between CryAB mutations, amyloid formation, and secretion from muscle tissue, possibly as a
protective mechanism to limit tissue damage. Our findings extend the role of CryAB beyond
protein quality control, highlighting its broader impact on cytoskeletal dynamics, vesicle

trafficking, and disease progression.

4.3 Results

CryAB is comprised of an alpha-crystallin domain (ACD) common to heat shock family
proteins and less conserved flexible N- and C-terminal regions that are responsible for
oligomerization and the binding of client proteins (Figure 4.1 A) [26, 28]. Primary amino acid
sequence alignments shows that the location of the dominant human CryAB mutations D109,
R120, and R157 are conserved in Drosophila (D113, R124, and R163), although we will continue

to use the human amino acid numbering here (Appendix Figure E1 A). Mutations D109 and R120
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reside within the ACD, while R157 is positioned near the C-terminus (Figure 4.1 A). In vitro
studies demonstrate that the CryAB mutations D109A and R120G induce oligomerization, while
R157H does not, suggesting that the location of each mutation distinctly influences CryAB’s
structural and functional properties [25, 26].

To investigate the in vivo effects of these CryAB mutations, we generated transgenic
Drosophila lines expressing four conserved human mutations (D109A, D109H, R120G, R157H)
and wildtype CryAB under the control of upstream activating sequences (UAS). Each of these
CryAB pathogenic alleles was independently expressed under control of the Myocyte enhancer
factor 2 (Mef2) promoter [50, 51]. For phenotypic analysis, we first examined wandering third
instar larvae (L3), whose larger size facilitates muscle dissection and imaging. L3 carcasses were
stained with anti-CryAB and phalloidin to assess protein distribution and muscle structure,
respectively. While F-actin striations appeared normal, the sarcomeric CryAB protein pattern was
disrupted, instead forming distinct circular or oval structures upon expression of ACD mutations
(D109A, D109H, and R120G) (Figure 4.1 B, open white triangles). We previously identified two
novel residues in CryAB (S68 and S70) that are phosphorylated by the serine/threonine (S/T)
protein NUAK kinase [52]. The location of these phosphorylated residues is conserved in the
human CryAB sequence (Appendix Figure E.1 A), but as of yet no human mutations are linked
to disease. Only the S70A or S70E mutations displayed a CryAB phenotype similar to the ACD
variants (Figure 4.1 B and Appendix Figure E.1 B). Since S70 is located within the ACD (Figure
4.1 A), we collectively refer to D109A, D109H, R120G, and S70E as “ACD domain mutations.”

Aging is characterized by the accumulation of cellular damage, contributing to functional
decline and heightened disease susceptibility [53]. Human mutations in CryAB promote protein

accumulation with age in specific tissues, namely the eye, brain, and heart [26, 54, 55]. To
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investigate if human CryAB mutations affect Drosophila lifespan, we monitored the longevity of
transgenic flies at 31 °C. As shown in Figure 4.1 C, overexpression of either wildtype or mutant
CryAB significantly shortened lifespan compared to mCh RNAi controls (p<0.0001), with
wildtype CryAB exhibiting 50% lethality around Day 15. Increased lethality was also observed in
the pupal stage, except in lines expressing R157H and S70E (Appendix Figure E.1 C). These
findings demonstrate that increased temperature exacerbates CryAB-associated toxicity and
accelerates mortality in Drosophila.

Since CryAB mutations can cause dilated cardiomyopathies (DCM) [26, 27, 30, 56], we
next investigated how CryAB mutations affect cardiac function in 2.5 week-old flies at 25 °C.
First, we verified that all CryAB insertion lines driven by Mef2-Gal4 expressed similar amounts
of CryAB protein since they were all inserted into the same attB site on chromosome 2 (Appendix
Figure E.1D and E). Again, using Mef2-Gal4 to express CryAB mutations in the Drosophila heart
tube, we observed a significant reduction in both diastolic and systolic intervals (Figure 1D and
E; Figure S1F and G), indicating impaired cardiac function. Further analysis revealed that heart
tube contractility was markedly increased in flies expressing the CryAB D109A, R120G, or
R157H mutations, with the exception of D109H which showed no significant change (Figure 4.1
F; Appendix Figure E.1 H). To examine potential protein aggregation and structural
abnormalities in this tissue, we selected DI109A and R120G for heart tube staining.
Immunostaining revealed excess or irregular CryAB distribution (Figure 4.1 G, open
arrowheads) compared to normal Z-disc localization (Figure 4.1 G, open arrows). We also
detected numerous Ubiquitin (Ubi)-positive puncta, suggesting the formation of protein aggregates
within the heart tube (Figure 4.1G, solid arrowheads). Due to the small size and limited

resolution of the heart tube, these phenotypes were difficult to assess in detail. To overcome this
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limitation, we shifted our focus to the indirect flight muscles (IFMs), which offer the advantage of

larger tissue size and more muscle fibers for clearer observations of morphological and

pathological changes.
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Figure 4.1 Impacts of CryAB mutations on protein localization and cardiac function in
Drosophila

(A) Schematic of CryAB domains. The flexible N-terminal domain is involved in oligomer
assembly, the conserved alpha-crystallin domain (ACD) is required or dimer formation, and the
C-terminal domain is associated with hexamer formation. The location of mutations being
analyzed are shown.

(B) Confocal images of L3 muscles expressing the mCh RNAi (mCh i) and wild-type CryAB
(CryAB) controls along with the indicated CryAB point mutations. All UAS constructs are driven
using Mef2-Gal4. F-actin is shown in gray and CryAB in magenta. Aberrant CryAB localization
is indicated by the open white arrowheads. Scale bar: 5 pm.

(C) Survival curves of adult flies expressing CryAB variants. While mCh RNAi controls show
extended longevity, expression of CryAB wildtype and mutants significantly reduces lifespan,
with over 50% mortality in the WT group by Day 15 (N>140).

(D-F) CryAB variants expressed in adult cardiac tube and assessed via semi-automated optical
heartbeat analysis. (D) Diastolic diameter (DD) measurements result in reduced heart tube
relaxation compared to CryAB WT. (N > 5 per genotype; one-way ANOV A, Kruskal-Wallis test).
(E) Systolic diameter (SD) measurements reveal that CryAB mutations cause a pronounced
decrease in heart tube contraction relative to WT. (N>5 per genotype; One-way ANOV A, Kruskal-
Wallis test). (F) Fractional shortening (FS), an indicator of cardiac contractility, is significantly
impaired in CryAB mutants (N>5 per genotype; One-way ANOVA, Kruskal-Wallis test).

(G) Confocal images of adult Day 2 fly hearts expressing CryAB constructs with Mef2-Gal4.
Localization of CryAB (magenta), F-actin (gray), and ubiquitin (green) are shown. Insets highlight
CryAB protein distribution. CryAB WT localizes along regular Z-discs, while D1094 and R120G
mutants exhibit disorganized Z-line accumulation and ring-like aggregates (open white
arrowheads). Solid white arrowheads indicate Ubi-labeled protein aggregates. Scale bar: 20 pm.

CryAB mutations promote insoluble aggregates

Given the role of CryAB mutations in cardiomyopathies, which often involve disrupted
protein turnover, we investigated if these pathogenic alleles lead to protein aggregation in the
IFMs. Based upon our lifespan analysis (Figure 4.1 B) we selected Day 2 and Day 10 females
flies to assure we had enough viable adults for experiments to assess the impact of CryAB
mutations during this 8-Day period of aging. Confocal microscopy revealed two distinct
phenotypes in the [FMs: aggregates and inclusions (Figure 4.2 A; Appendix Figure E.2 A; movie
do not provide in this thesis). CryAB aggregates, defined as solid CryAB immunostaining that

overlapped with Ubi signal, were present in all genotypes tested. All CryAB ACD domain

mutations, but not CryAB WT or R157H, also revealed hollow, circular structures that stain
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positive for CryAB which we have termed CryAB inclusions. Below, we present evidence
supporting each of these phenotypes.

We first used Ubi to label misfolded and/or aggregated proteins that fail to undergo
degradation. Co-staining with CryAB antibodies confirmed more Ubi accumulation in IFMs
expressing CryAB ACD domain mutations at Day 2 (Figure 4.2 B). Quantitative analysis of Ubi
aggregates using ImageJ confirmed that D109A, R120G, and S70E exhibited a significant increase
in Ubi aggregates - at least two-fold higher than CryAB or R157H at Day 2 (Figure 4.2 C).
However, by Day 10, aggregates marked by Ubi were observed in all genotypes, with the largest
increase in D109H and R120G (Figure 4.2 D; Appendix Figure E.2 B). Co-localization analysis
revealed that CryAB ACD domain mutations exhibited more than a 60% increase in CryAB/Ubi
overlap compared to CryAB or R157H at Day 2, with a continuous increase in aggregation of all
genotypes by Day 10 (Figure 4.2 E). The observed accumulation of CryAB aggregates in muscle
tissue is characteristic of protein aggregation and predicts that these complexes may lead to protein
insolubility. To confirm the presence of insoluble CryAB, we performed Western blot analysis.
ACD domain mutations led to a 50 to 70-fold increase of insoluble CryAB protein compared to
CryAB or R157H which remained largely in the soluble fraction at Day?2 (Figure 4.2 F-H) or Day
10 (Appendix Figure E.2 C-E).

Proteins destined for degradation in the lysosome via autophagy or by the proteasome can
both be tagged with Ubi [57]. To establish which aspect(s) of proteostasis may be altered by
CryAB mutations, we next examined the localization and levels of the autophagy adaptor protein
p62/SQSTMI (Sequestosome 1) which marks ubiquitinated cargo proteins [58]. Immunostaining
showed co-localization of Ubi aggregates with p62 (Figure 4.2 1, solid arrowhead) and a general

increase in the levels of both soluble and insoluble p62 in all CryAB lines except for R157H and
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S70E (Appendix Figure E.3 A-F). This accumulation of p62 indicates that autophagic flux is
compromised by CryAB mutations. Day 2 and Day 10 IFMs expressing mutant CryAB proteins
also showed a reduction in proteasome activity (Appendix Figure E.3 G, H). These data together
show that loss of autophagic turnover due to CryAB mutations fails to upregulate proteasome
function, further promoting the progressive accumulation of aggregates with age in muscle tissue.

Since the BAG-domain-containing co-chaperone protein Starvin (Stv) also marks
aggregates [59] and is involved in the autophagy pathway [60, 61], we next examined Stv
localization. Indeed, Stv labeled Ubi aggregates in the IFMs (Appendix Figure E.4, solid
arrowheads). Note that not all aggregates may be degraded via Bag3-related autophagy since
some Ubi aggregates did not co-localize with Stv (Appendix Figure E.4, asterisks). Here we
conclude that protein aggregates, marked by CryAB, Ubi, p62, and Stv, accumulate with age in
Drosophila TFMs coincident with decreased autophagic protein turnover upon expression of

CryAB mutant proteins.
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Figure 4.2 CryAB mutations disrupt proteostasis and promote insoluble aggregates

(A) Schematic summarizing the two phenotypes observed in adult IFMs: aggregation (CryAB
colocalized with Ubi, solid white triangles) and inclusions (CryAB staining without Ubi, open
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white triangles). CryAB inclusions are associated with mutations in the ACD domain (D094,
DI109H, R120G, S70E). Scale bar: 5 pm.

(B) Representative single-slice images of Day 2 adult IFMs showing F-actin (gray), CryAB
(magenta), and Ubi (green). CryAB WT and RI57H exhibit Z-disc localization, while ACD
mutations display aggregates and inclusions. Nuclei are counterstained with DAPI (blue). Scale
bar: 5 um.

(C, D) Quantification of Ubi-positive aggregates in Day 2 and Day 10 flies represented as a scatter-
bar plot. Data are mean + SD (N=10 per genotype, One-way ANOVA, Kruskal-Wallis test ). ns =
not significant, *p>0.05, **p<0.05, ***p<0.01, ****p<0.001.

(E) Percentage of CryAB/Ubi colocalization in aggregates of Day 2 and Day 10 I[FMs. Data are
mean + SD (N=10 per genotype, Unpaired student t-test, Mann-Whitney test). ns = not significant,
*p>0.05, **p<0.05, ***p<0.01, ****p<(0.001.

(F) Western blot showing soluble and insoluble CryAB levels in Day 2 adult samples. ACD
mutations result in increased insoluble CryAB compared to Cry WT and R157H. Total protein
staining serves as a loading control. N>3.

(G, H) Bar graph shows quantification of soluble and insoluble CryAB protein from (F). Data are
mean = SD (N=3).

(I) Immunostaining of 2-Day-old IFMs for p62 (magenta), Ubi (green), and F-actin (gray). Nuclei
are counterstained with DAPI (blue). Solid white triangle highlights the aggregation phenotype.
Scale bar: 5 um.

CryAB ACD mutations promote inclusion formation

As previously mentioned, we observed a novel phenotype characterized by hollow circular
or oval structures outlined by CryAB staining prevalent in both L3 larval muscles (Figure 4.1 B,
open arrowheads) and adult IFMs (Figure 4.2 B, open arrowheads). The lack of co-localization
with Ubi or p62 indicated that CryAB inclusions were not associated with canonical proteasome
or autophagy protein degradation pathways. To further characterize these CryAB inclusions, we
conducted statistical analyses on the number and size of these structures across different mutations
and ages. All CryAB ACD mutations (S70E, D109A, D109H, and R120G), but not CryAB or
R157H, showed significantly more inclusions in both Day 2 and Day 10 IFMs (Figure 4.3 A and
B). We also observed size variation, leading to the hypothesis that inclusion size would increase

with age. Indeed, while only the increase in size of D109A inclusions was statistically significantly
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from Day 2 to Day 10, other ACD mutations exhibited a strong trend of inclusion size growth
(Figure 4.3 C).

To gain further insight into the composition of CryAB inclusions, we performed
Transmission Electron Microscopy (TEM) on two CryAB ACD mutations (D109A and S70E) to
analyze the IFM ultrastructure. Low-magnification micrographs (1500x) revealed the embedding
of mutant CryAB inclusions between muscle fibers without significantly disrupting fiber structure
(Figure 4.3 D-F). Higher magnification TEM images (5000x) surprisingly showed inclusions as
large structures surrounding multiple smaller inclusions in D109A (Figure 4.3 E) or S70E (Figure
4.3 F, top panel) muscles. This internal structural complexity was only occasionally visible, likely
due to limited antibody penetration. Notably, fibril-like structures were also observed in S70E
(Figure 4.3 F, bottom panel). Increased magnification (8000x) detailed irregular ribbon-like
formations that eventually looped to form protofilament-like structures, resembling amyloid
fibrils. These findings provide the first in vivo evidence that CryAB mutations promote amyloid

formation.
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Figure 4.3 Overexpression of CryAB ACD mutations promotes inclusion formation

(A, B) Quantification of CryAB inclusions per genotype in Day 2 IFMs. Data are mean + SD
(N=10 per genotype, One-way ANOVA, Kruskal-Wallis test). ns = not significant, *p>0.05,
**p<0.05, ***p<0.01, ****p<0.001.
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(C) Inclusion area per 2500 um? for Day 2 and Day 10 IFMs. Data are mean + SD (N=10 per
genotype, Unpaired student t-test, Mann-Whitney post hoc analysis).
(D-F) TEM analysis of Day 10 IFMs across genotypes. D109A shows aggregates and inclusions;
S70E exhibits aggregate-inclusion transitions and fibril-like structures. Magnifications: 1500x,
Scale bar: 5 um, 5000x, Scale bar: 500 nm, and 8000x, Scale bar: 500 nm.
CryAB inclusions co-localize with amyloidogenic Desmin

Desmin-related myopathy (DRM), a sub-type of MFM, is characterized by myofibrillar
dissolution and the accumulation of the intermediate filament protein Desmin [62]. Moreover, in
vitro studies showed that CryAB R120G can induce Desmin aggregation [63, 64]. To test if an
amyloidogenic region (aa 117-348) of Desmin [65] possesses in vivo amyloid-like features similar
to CryAB, we developed a humanized model of DRM (Figure 4.4 A). Expression of
amyloidogenic human Desmin revealed Desmin-positive inclusions that co-localized with CryAB
(Figure 4.4 B, open arrowheads). Co-expression of CryAB ACD mutations also localized with
amyloidgenic Desmin (Figure 4.4 C, open arrowheads), supporting the amyloid-like nature of
CryAB inclusions. Occasionally small inclusions were also present with CryAB alone or R157H
when co-expressed with hDesmin, suggesting that normal or heightened chaperone activity was
insufficient to prevent the amyloid phenotype induced by human Desmin. Quantitative analysis
confirmed that inclusion numbers in flies co-expressing amyloidgenic Desmin with CryAB
mutations were not significantly different from those with Desmin alone at Day 2 or Day 10
(Appendix Figure E.5 B and C).

To further substantiate the presence of amyloid-like structures, we isolated CryAB
inclusions from muscle tissue and stained them with the amyloid marker Congo red. Extracted
inclusions from muscles expressing D109A, R120G, or S70E all stained positive stained for Congo

red and CryAB (Figure 4.4 D). Isolation of these structures allowed for improved reagent

penetration as we were able to detect smaller circular inclusions inside the typical CryAB(+)
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staining (Appendix Figure E.5 D), similar to those seen by TEM (Figure 4.3 E and F). These
double-labeling experiments confirm that the CryAB inclusions indeed consist of amyloid-like

fibers.
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Figure 4.4 CryAB inclusions phenocopy Desmin accumulation and form amyloid fibrils

(A) Schematic of amyloidogenic region of Desmin (AA 117-349) used to generate humanized
Desmin transgenic fly lines.
(B,C) Immunostaining of IFMs with Mef2-Gal4 expressing human Desmin (AA 117-349) alone
(B) or with CryAB mutants (C). Desmin (cyan) forms structures similar to CryAB inclusions (open
white triangles) in Day 2 IFMs. F-actin is labeled in grey and nuclei are stained with DAPI (blue).
Scale bar: 5 um.
(D) CryAB inclusions isolated from adult IFMs stained with Congo red. Co-localization of CryAB
antibody (green) with Congo red-positive structures (red) confirms amyloid fibrils. Scale bar: 5
um.
CryAB amyloid-like inclusions are present in zebrafish and human muscle

Next we wanted to test if amyloid-like inclusions can form in muscle tissue from other
species expressing human mutations. We first assessed hCryAB G154S since this mutation causes
MFM, but not cataracts or cardiomyopathy [66, 67]. Compared to hCryAB WT, hCryAB G154S
expression resulted in approximately a 40% increase in Congo red—positive aggregates (Figure
4.5 A and B), confirming the presence of amyloid-like inclusions in zebrafish muscle. Next, we
investigated whether similar amyloid features could be observed with other proteins implicated in
myofibrillar myopathies (MFMs). We focused on human Myotilin (MYOT), another gene
commonly mutated in MFM patients [68]. Zebrafish embryos injected with the hMYOT S951
mutant displayed a 50% occurrence of Congo red—positive aggregates, approximately 20% higher
than hAMYOT WT (Figure 4.5 C and D). These results demonstrate that amyloid accumulation is
not restricted to CryAB mutations in Drosophila, but is a broader pathological feature in vertebrate
muscles.

To extend these findings to human pathology, we analyzed muscle biopsy samples from
MFM patients carrying mutations in CryAB (G154S), MYOT (S60F), or Desmin (R454W). In all

cases, histological examination revealed features characteristic of MFMs, including variable fiber

size and fatty replacement assessed by hematoxylin and eosin (H&E) and NADH—tetrazolium
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reductase (NADH-TR) staining (Figure 4.5 E-G). Importantly, these patient tissues also showed
positive Congo red staining, reinforcing the presence of amyloid-like structures. Collectively,
these data suggest that amyloid accumulation is a shared pathological feature across multiple
MFM-related genes and model systems. This supports a broader hypothesis that amyloidogenesis
is not limited to neurodegenerative conditions but is also a central mechanism in muscle diseases

such as MFMs.
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Figure 4.5 ACD domain mutations induce amyloid deposition in zebrafish and are associated
with congophilic inclusions in human MFMs

(A) Representative images of whole-mount Congo red staining in zebrafish embryos at 120 hours
post-fertilization (hpf). Embryos were either uninjected, injected with human wild-type CRYAB
(hCRYAB WT), or with the G154S mutant (h#CRYAB G154S). Merged images show Congo red
staining (magenta) and vasculature labeled by the tg(kdrl:EGFP) transgene (green). Open white
arrows highlight congophilic aggregates in trunk muscle fibers. N=3 independent experiments.
Scale bar: 5 pm.

(B) Bar graph quantification of embryos exhibiting Congo red-positive aggregates. Not injected
(5/35), hCRYAB WT (7/29), hCRYAB G154S (31/53). Mean = SEM. (***p < 0.001, One-way
ANOVA with Bonferroni correction).

(C) Congo red staining of zebrafish embryos injected with human MYOT constructs. Embryos
were either uninjected, or injected with wild-type (hMYOT WT) or mutant (hMYOT S951) forms.
White arrows indicate Congo red-positive deposits in muscle fibers. Open yellow arrows indicate
intersomitic blood vessels. N=3 independent experiments. Scale bar: 20 pm.

(D) Bar graph quantification of embryos with Congo red-positive aggregates. Not injected (5/35),
hMYOT WT (10/31), hMYOT 8951 (11/21). Mean = SEM. (*p < 0.05, ***p < 0.001, One-way
ANOVA with Bonferroni correction).

(E—-G) Histological analysis of skeletal muscle from patients with MFM. Congo red staining (left
panels) reveals fluorescent amyloid deposits (red) in muscle fibers from (E) a patient with the
CRYAB p.Glyl154Ser mutation, (F) a patient with the MYOT p.Ser60Phe mutation, and (G) a
patient with the DES p.Arg454Trp mutation. Corresponding H&E (middle panels) and NADH
(right panels) stains highlight structural abnormalities. Images were captured using a 40x
objective. Scale bar: 100 um.

CryAB inclusions hijack mechanisms of extracellular vesicle (EV) secretion

Transmission electron microscopy (TEM) revealed CryAB inclusions located on the
surface of muscle fibers (Figure 4.6 A). Notably, one inclusion was observed outside the muscle
boundary, suggesting the possibility that EV pathways may contribute to the formation and/or
transport of these CryAB inclusions (Figure 4.6 B, open yellow arrowhead; Movie do not
provide in this thesis). Mechanisms of EV secretion varies depending on cargos and can be
classified into endosomal sorting complexes required for transport (ESCRT)-independent or
dependent pathways [40, 69, 70]. First, we focused on a protein required for ESCRT-independent
cargos. Tetraspanin 96F (Tsp96F) is the Drosophila homolog of the mammalian EV marker CD81
[71]. Expression of Tsp96F tagged with mCherry (mCh-Tsp96F) in the IFMs shows a diffuse

pattern while CryAB maintained its normal Z-disc location (Figure 4.6 C). To assess the effect of
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Tsp96F on CryAB inclusion dynamics, we co-expressed Tsp96F-mCh with either D109A or
R120G at 25 °C. In both cases, Tsp96F co-localized with CryAB inclusions (Figure 4.6 C, open
arrowheads; Appendix Figure E.6 A). Quantitative analysis showed that overexpression of
Tsp96F significantly increased the size of CryAB inclusions (Figure 4.6 D), while the number of
inclusions increased only for D109A (Figure 4.6 E). Conversely, RNAi-mediated knockdown of
Tsp96F led to a marked reduction in inclusion size for both D109A and R120G at 31 °C (Figure
4.6 F and G; Appendix Figure E.6B). However, only D109A showed a decrease in inclusion
number (Figure 4.6 H). In addition to Tsp96F, we also tested the Rab GTPase protein Rab27, the
ortholog of mammalian Rab27A/B, which is implicated in EV biogenesis and secretion [72].
Rab27-GFP also colocalized with CryAB inclusions (Appendix Figure E.6 C). Statistical analysis
revealed a significant increase in both the size and number of CryAB inclusions (Appendix Figure
E.6 D and E), whereas Rab27 knockdown led to a reduction in inclusion size but not in number
(Appendix Figure E.6 F-H). These data together cement a role for Tsp96F and Rab27 in the EV
secretion pathway and indicate that modulation of protein levels is sufficient to increase or
decrease EV dynamics.

We next investigated whether components of the ESCRT pathway contribute to CryAB
inclusion biogenesis. We focused on the ESCRT accessory protein Alix (ALG-2-interacting
protein X) and TSG101, a core component of the ESCRT-I complex [70, 72]. Alix-HA and
TSG101-HA both co-localized with CryAB inclusions (Appendix Figure E.7 A and E).
Moreover, Alix significantly increased both inclusion area and number when co-expressed with

the CryAB mutants D109A and R120G (Appendix Figure E.7 B and C). Quantification revealed
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no significant change in inclusion area with TSG101-HA expression and led to a reduction in
inclusion size in only the D109A mutant (Appendix Figure E.7 F and G).

To further examine the specificity of EV markers with CryAB, we tested additional
proteins for possible overlap with CryAB inclusions. However, none of the proteins examined,
including the human EV marker CD63, the early endosome marker Rab5, or the neurodegenerative
disease-associated protein alpha-synuclein (SNCA), co-localized with CryAB inclusions
(Appendix Figure E.8). Combined with yeast two-hybrid data whereby mutant CryAB exhibited
stronger binding to its interacting protein NUAK than to CryAB WT (Appendix Figure E.9), it is
clear that mutant CryAB does not simply associate with any abundant protein. Instead, our results
support the selective association between CryAB inclusions and specific EV proteins, highlighting
a targeted mechanism for their trafficking and potential extracellular release.

To confirm that CryAB inclusions are secreted from muscle tissue, we extracted
hemolymph from thoraces containing IFMs. CryAB inclusions were detectable in the hemolymph
and showed positive staining with Congo red, indicating amyloid-like properties. To ensure that
these structures were not derived from hemocytes or other nucleated cells, we included a DAPI
stain. The absence of DAPI signal confirmed that the extracted structures were indeed cell-free
amyloid inclusions (Figure 4.6 I). These results support the conclusion that CryAB inclusions can

be secreted from muscle tissue into the extracellular space.
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Figure 4.6 CryAB inclusions exploit the EV pathway to mediate pathogenicity

(A) TEM) images of Day 10 IFMs expressing the D109A mutation reveals intracellular inclusions.
Scale bar: 500 nm (magnification: 5000x).
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(B) Three-dimensional rendering of IFMs expressing R120G. Mitochondria are labeled with
ATPSA (green), CryAB inclusions are shown in magenta, F-actin in gray, and nuclei with DAPI
(blue). Non-specific DAPI signal marks tracheal tissue. Arrows indicate CryAB inclusions located
outside of muscle fibers. Scale bar: 3 um.

(C) Colocalization analysis of CryAB inclusions with the EV marker Tsp96F/CD81. Flies co-
expressing mCherry-tagged Tsp96F (Tsp96F-mCh) and mutant CryAB proteins under control of
the Mef2 driver were raised at 25°C and dissected at Day 2. CryAB (green) colocalizes with
Tsp96F (magenta) in [IFMs. Scale bar: 5 um.

(D,E) Scatter bar plot quantification of CryAB inclusion size (D) and number (E) in IFMs co-
expressing Tsp96F at Day 2. Data are presented as mean + SD. (N=10 per genotype, Unpaired
student #-tests followed by Mann—Whitney). ns = not significant, *p>0.05, **p<0.05, ***p<0.01,
FHAxp<0.001.

(F) Representative single-plane images of IFMs from Day 2 adult flies following Tsp96F RNAi
knockdown at 31°C. CryAB is shown in green and F-actin in gray. Scale bar: 5 um.

(G,H) Scatter bar plot quantification of CryAB inclusion size (G) and number (H) following
induction of Tsp96F RNAi. Data are mean = SD (n = 10 per genotype). Statistical significance as
in (D, E).

(I) CryAB inclusions detected in hemolymph extracted from muscle tissue. CryAB is shown in
green, Congo red-stained amyloid in magenta, and DAPI in blue to identify nuclei and exclude
hemocytes. Scale bar: 5 pm.

4.4 Discussion

This study investigated the functional characteristics of CryAB mutations to clarify their
role in the development of cardiomyopathies and MFMs. We focused on four human CryAB
disease alleles, D109A (Desmin-related myopathy), D109H and R157H (dilated cardiomyopathy),
and R120G (Desmin-related cardiomyopathy), using a Drosophila model to explore their
pathological effects on muscle tissue. Our findings confirmed that all CryAB mutations impacted
protein degradation and autophagy. Notably, mutations in different regions of CryAB formed
distinct subcellular complexes. Mutations in the ACD domain retained the ability to form amyloid
fibers, consistent with previous observations that D109 mutations possess amyloid-forming
properties in vitro [29, 56]. Mutation of the ACD region, primarily composed of beta-sheet
secondary structures, is crucial to this process. Each CryAB monomer interacts via antiparallel
beta strands 6 and 7 located in the ACD, where both D109 and R120 are positioned and interact

through ionic bonds for dimerization [29, 73]. These mutations decrease the stability of oligomers
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and may lead to unfolding of normally stable beta sheets. Such destabilization would predict a
higher propensity to spuriously interact with other proteins to form aggregates and/or
amyloidogenic structures, this leading to a more stable oligomeric structure that resists degradation
by autophagy or proteases.

There was a definitive increase in inclusion number and a trend of larger inclusion size
upon expression of CryAB mutations. Maybe CryAB inclusions reach a maximal attainable size
due to constraints of space within the tissue. Another possibility is that inclusion size might
increase with age, which we could not fully assess in this model due to a shortened lifespan upon
expression of CryAB mutations. While both WT CryAB or the R157H mutations were associated
with age-related lethality similar to those in the ACD domain (possibly due to altered cardiac
function), these alleles did not promote amyloid fiber formation in vivo. In vitro, the R157H
mutation enhances the chaperone activity of CryAB [30], which is also observed in patients
undergoing chemotherapy where CryAB expression is elevated [74]. This suggests that heightened
chaperone function, while cytoprotective, may actually be harmful under certain conditions.

Our research on CryAB originated from its identification as a substrate for the
serine/threonine kinase NUAK in muscle tissue where we identified two conserved, novel
phosphorylation sites (S68 and S70) [75]. The pseudo-phosphomimetic S70E mutation shows an
amyloid-like phenotype similar to the ACD mutations D109 and R120. However, other
phosphorylation site mutations (S68A, S68E, S70A) did not affect CryAB distribution or F-actin
stability in larval muscles. Despite literature that CryAB phosphorylation regulates extracellular
secretion [76], the lack of differences between phospho-null and phospho-mimetic changes at
amino acid S70 suggest that its location within the ACD domain, and not its phosphorylation

status, promote amyloid formation. To further explore how CryAB may impact other aspects of
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NUAK-mediated signaling, we conducted immunoprecipitation experiments with 3x-HA-tagged
CryAB transgenic flies to identify downstream CryAB-interacting proteins. Unfortunately, cell
lysis resulted in the pulldown of hundreds of interacting proteins, suggesting that CryAB is a
promiscuous binding protein in non-cellular contexts. Switching to yeast two-hybrid assays, we
confirmed that CryAB mutants exhibit higher binding affinity with NUAK under selective
pressure (0.5 to 3 mM 3-AT), supporting previous findings that mutant CryAB forms stable
complexes with client proteins, hindering degradation.

Although amyloid fibrils are predominantly studied in the brain, amyloid deposition in
skeletal muscle is poorly understood. The presence of CryAB inclusions containing protofibril-
like features in muscle tissue was suggested by TEM images and confirmed by positive Congo red
fluorescence and the presence of the amyloidogenic protein Desmin. Observing such clear
protofibril structures was unexpected, as in vivo amyloid deposition is challenging to detect. Since
amyloid fibrils are typically markers of a progressive disease [6, 7], the shorter longevity of our
animal model may have precluded observations of fibril accumulation. To our benefit, the Gal4-
mediated in vivo expression system ‘enriched’ for aggregates and amyloid inclusions, likely due
to higher expression levels of mutant CryAB proteins. The ability to modulate CryAB mutant
expression by raising the temperature to increase output of the Gal4/UAS system at the same time
may have introduced in vivo heat stress to further promote amyloid formation. These inherent
advantages likely promoted CryAB amyloid formation compared to the normal intracellular
environment which prevents spontaneous fibril formation.

While in vitro studies provide valuable insights into amyloid microstructures, they lack a
comprehensive understanding of amyloid macroscopic architecture in living organisms. A

meaningful example of this is the presence of circular amyloid structures in muscle, likely forming
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due to space and tension constraints implicit in a contractile tissue such as muscle. The mechanical
properties of these fibrils, which exhibit both bending and stretching abilities, align with previous
reports on amyloid flexibility [77]. In addition to our findings in Drosophila, we validated the
presence of amyloid fibrils in both zebrafish and human patient CryAB muscle samples. These
results confirm that CryAB-related aggregation/inclusion is not species-specific and likely
represents a conserved mechanism of muscle pathology [67]. The consistent detection of amyloid-
like inclusions across models in our work and others [14, 78] suggests that amyloid-specific
staining, such as Congo red, holds promise as a diagnostic tool in muscle diseases, particularly in
myofibrillar myopathies.

Importantly, we identified a link between CryAB inclusions and extracellular vesicle (EV)
pathways, suggesting that CryAB amyloids are secreted as a protective mechanism since they
cannot be degraded via normal degradation pathways. This expands the scope of amyloid biology
beyond the nervous system to include muscle tissue. In the future, small-molecule drugs targeting
CryAB mutations could potentially prevent amyloid fibril formation by disrupting these stable
oligomeric structures. Our ongoing research will focus on identifying the precise molecular
mechanisms and protein interactions that facilitate CryAB amyloid fibril formation in vivo.
Understanding these pathways could shed light on amyloid deposition processes in muscle tissue

and their parallels with neurodegenerative diseases.

4.5 Material and methods
Drosophila stocks and husbandry
All stocks were reared at 25 °C on standard cornmeal-molasses-yeast media. Drosophila stocks

obtained from the Bloomington Drosophila Stock Center (BDSC) are indicated with BL followed
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by the stock number. Mef2-Gal4 (BL27390) was used to direct expression in larval muscles and
the IFMs. UAS-mCherry RNAi (BL35785) was used as a control for Gal4-mediated experiments.
BDSC stocks used for the analysis of EV markers: UAS-TSG101-HA (BL77977), UAS-Alix-
Flag-HA (BL95213), and UAS-YFP-Rab27 (BL9810). UAS-SCNA served as a negative control
(BL51376). RNAi lines from BDSC: UAS-Tsp6F-RNAi (BL40901) and UAS-Rab27-RNAi
(BL31887). The UAS-mCh-Tsp96F flies were a gift from Julia GroB [71] and the UAS-hCD63-

GFP flies were obtained from Dr. Young Kwon.

Creation of transgenic flies

CryAB

UAS-CryAB (wild-type) and UAS-mediated phosphosite mutations (5684, S68E, S70, S70E,
S68/70A4) were previously published [52]. To generate UAS-human CryAB mutations (D1094,
DI09H, R120G or R157H), cDNA corresponding to the coding region of wild-type Cry4B-RC
was synthesized by Genscript, subcloned into the pUAST _attB vector using EcoRI/Xbal sites, and
subjected to site-directed mutagenesis. Plasmid DNA was verified by sequencing and purified
using the Qiagen Maxi kit (Hilden, Germany). Constructs were sent to Rainbow Transgenic Flies,
Inc. (Camarillo, CA) for injection into line # 9736 for integration at the PhiC31landing site (53B2).
All resulting transgenic lines were balanced over the w; ScO/Cyo,Tb balancer (BL36335). Each
CryAB line was then recombined with the Mef-Gal4 driver and maintained at 18 °C.

hDesmin

cDNA corresponding to the amyloidogenic region of human Desmin (aa 117-348) [65] was
synthesized by Genscript and subcloned into the pUAST vector using EcoRI/Xbal sites. Plasmid

DNA was verified by sequencing, purified using the Qiagen Maxi kit (Hilden, Germany), and
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Rainbow Transgenic Flies, Inc. (Camarillo, CA) for injection into y+ embryos. The resulting w+
fly lines were balanced over the w; ScO/Cyo,Tb (BL36335) or w; TM3,Sb/TM6b,Tb (Geisbrecht

lab) balancers. Experiments in this paper used an insertion on chromosome 2.

Visualization of muscle tissue

Larval muscle staining

Wandering L3 larvae were placed onto a Sylgard plate, pinned near the mouth hooks at the anterior
end, and the internal organs were removed. Muscle carcasses were fixed in 4% formaldehyde,
rinsed 3x in PBT and blocked for 30 min in 5% normal goat serum (NGS). Primary antibodies
were incubated overnight at 4 °C in PBT, washed 3x in PBT followed by secondary antibody
incubation for 2 hours at room temperature. Samples were then washed 3x in PBT and mounted in
glycerol + 0.5% n-propyl gallate (anti-fade reagent with 10% 20mM Tris buffer, pH=8.0). Tissues
were stained with rabbit anti-CryAB (1:200, #DZ33926, Boster Bio, Pleasanton, California)
followed by Alexa Fluor anti-rabbit 488 (1:400; A11001, Invitrogen, Waltham, MA) and
phalloidin 594 to label F-actin (1:400, A12381 Molecular Probes, Invitrogen, Waltham, MA).
Adult IFM staining

Day 2 or Day 10 female adult flies were anaesthetized on a CO2 plate and the head, wings and
abdomen were removed. The remaining whole thoraces were fixed in 4% methanol-free
formaldehyde (Polysciences, Warrington, PA) for 30 minutes at room temperature and washed
three times in PBST (phosphate buffered saline + 0.5% Tween) before bissection using a sharp
blade. Immunostaining was performed as described above using the following primary antibodies:
rabbit anti-CryAB (1:200, #DZ33926, Boster Bio, Pleasanton, California), mouse anti-Ubi UBCJ2

(1:200, ENZ-ABS840, Enzo Life Sciences, Farmingdale, NY); rabbit anti-p62 (1:200, ab178440,
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Abcam, Cambridge, MA), rabbit anti-Stv (1:200) [79]; rabbit anti-hDesmin (1:200,
AB 11000611, Invitrogen, Waltham, MA), mouse anti-HA 6E2 (1:400, #2367, Cell Signaling,
Danvers, MA), anti-Rab5 (1:200, ab31261, Abcam, Cambridge, United Kingdom), and anti-
SNCA (1:200, sc-12767, Santa Cruz Biotechnology, Dallas, TX). Secondary antibodies were
either Alexa Fluor anti-rabbit 488 (1:400, A11034, Invitrogen, Waltham, MA), Alexa Fluor anti-
rabbit 594 (1:400, A21207, Invitrogen, Waltham, MA), Alexa Fluor anti-mouse 488 (1:400,
A11001, Invitrogen, Waltham, MA), Alexa Fluor anti-mouse 594 (1:400, A-11005, Invitrogen,
Waltham, MA). Alexa Fluor Phalloidin 647 were used to label F-actin (1:400, A22287, Invitrogen,
Waltham, MA)

Adult heart tube staining

Day 2 female adult flies were anaesthetized on a CO:z plate. Whole flies were fixed in 4%
formaldehyde overnight at room temperature, dissected to reveal heart tube, and immunostained
as described above with rabbit anti-CryAB (1:200, #DZ33926, Boster Bio, Pleasanton, California)
and mouse anti-Ubi UBCJ2 (1:200, ENZ-ABS840, Enzo Life Sciences, Farmingdale, NY). Alexa
Fluor anti-rabbit 488 (1:400, A11034, Invitrogen, Waltham, MA), Alexa Fluor rabbit 594 (1:400,
A21207, Invitrogen, Waltham, MA), Alexa Fluor anti-mouse 488 (1:400, A11001, Invitrogen,
Waltham, MA), Alexa Fluor mouse 594 (1:400, A-11005, Invitrogen, Waltham, MA). Phalloidin
647 were used to label F-actin (1:400, A22287, Invitrogen, Waltham, MA).

Zeiss image processing

Images were captured using a Zeiss 700 confocal microscope. Image processing and analysis were
performed using a combination of Zen Black (Zeiss), Image] (NIH), and Adobe Photoshop. All

fly muscle images taken at 63x are displayed as a single plane confocal microscope.
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3D morphological analysis of fly muscles

Z-stack images were opened with Imaris (version 10.2, Oxford Instruments). Four fluorescence
channels of cellular structures in each Z-stack image were assigned different colors using the
‘Display Adjustment’ tool. The intensity and contrast of each channel were adjusted individually.
The ‘Volume’ tool was used to generate a 3D volume view of each channel. In the ‘Volume
Settings’ stub, the ‘Normal Shading’ mode was chosen to display the volume view and ‘Opacity’
was set to 0.39. The ‘Min’ and ‘Max’ parameters were adjusted to ensure that the fluorescence
signal channel in each channel was accurately represented within the corresponding volume
rendering. 3D animations of cellular structures were created using the horizontal and vertical

rotation functions, and 3D images were captured with the ‘Snapshot’ tool.

Semi-intact Drosophila heart preparation and heartbeat analysis

Cardiac contractility measurements on semi-intact preparations of fly hearts were performed as
described previously [80]. Briefly, adult females of the indicated genotypes were pinned down in
the anterior and posterior regions on a Sylgard dissecting dish and carefully dissected to reveal the
beating hearts in an artificial hemolymph buffer. High-speed 30 s movies were recorded at a rate
of > 150 frames per second using a Hamamatsu CCD camera on a Nikon 80i upright microscope
with a 10x dipping immersion lens. The images were processed using Simple PCI imaging
software (Compix Inc.). M-modes and quantitative data were generated using a MATLAB-based
image analysis program. To generate the M-mode, a single pixel-wide column was selected from
the most posterior portion of the adult heart at the abdominal A3 segment that encompassed both
edges of the heart tube. The corresponding columns were cut from all movie frames and aligned

horizontally according to time. Heart periods (HP) or heartbeat lengths were defined as the time
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between the ends of two consecutive diastolic intervals. The arrhythmia index (Al) was defined as
the standard deviation of all recorded HPs for an individual fly, normalized to the median HP to
compensate for variability between flies [81]. Diastolic and systolic diameters represent
the relaxed and contracted state of the heart tube, respectively. Measurements were made in the
exact same location in abdominal segment A3. High-speed 30 s movies were recorded at a rate of
> 150 frames per second using a Hamamatsu CCD camera on a Nikon 801 upright microscope with
a 10x dipping immersion lens. The images were processed using Simple PCI imaging software
(Compix Inc.). Quantitative data were generated using a MATLAB-based image analysis program

[80].

Western blotting to assess soluble and Insoluble fractions

Day 2 or Day 10 adult female flies were anaesthetized on a COz plate and the head, wings and
abdomen were removed and prepared as described with minor modifications [82]. Three thoraces
for each genotype were homogenized in 50 pl of freshly prepared TritonX-100 cell lysis buffer:
1% TritonX-100 cell in PBS, 1x Halt Phosphatase inhibitor cocktail (#1862495, Thermo Scientific,
Waltham, MA), 1x Halt Protease inhibitor cocktail (#1861278, Thermo Scientific, Waltham, MA)
on ice with the aid of a tissue homogenizer (Kimble). Homogenates were then centrifuged at
21,000 x g at 4 °C for 10 min and the supernatant (soluble fraction) was collected in 3x SDS sample
buffer: 188 mM Tris-HCI (pH 6.8), 3% (w/v) SDS, 30% (v/v) glycerol, 0.01% (w/v) bromophenol-
blue, and 15% (v/v) B-mercaptoethanol, and boiled at 95 °C for 5 min before gel loading. The
remaining pellet (insoluble fraction) was washed with Triton X-100 buffer 3x and the samples
were centrifuged at 21,000 x g for 5 mins at 4 °C. The supernatant was discarded and the pellet

was resuspended with 50uL freshly prepared Urea/SDS buffer (Urea and SDS solubilization buffer
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10mL: 8M Urea, 2.5mL 20% SDS, ImL 10X RIPA buffer, 1x Halt Phosphatase inhibitor cocktail,
and 1x Halt Protease inhibitor cocktail with homogenization. The sample was centrifuged at
21,000 x g at 4 °C for 10 mins and the resulting insoluble supernatant was transferred to a new
tube. 50ul 3x SDS sample buffer was added and the sample was boiled at 95 °C for 5 min before
gel loading. The soluble or insoluble protein samples were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to the nitrocellulose blotting
membrane (pore size 0.45 um, Cytiva, Marlborough, MA) using the Trans-Blot® TurboTM
Transfer System (Bio-Rad, Hercules, CA). Membranes were probed with rabbit anti-CryAB
(1:1000, #DZ33926, Boster Bio, Pleasanton, CA), or rabbit anti-Ref(2)p/p62 (ab178440, 1:2000,
Abcam, Cambridge, UK). IRDye 800CW secondary antibodies (LI-COR Biosciences, Lincoln,
NE) were used at 1:10000 and Revert 700 Total Protein Stain (LI-COR Biosciences, Lincoln, NE)
or anti-ATPS5a (1:20000, ab14748, Abcam, Cambridge, United Kingdom) was used as a loading
control. Membranes were developed using the LI-COR Odyssey XF and quantitation of relative

protein levels was performed in Empiria Studio Software (LI-COR Biosciences, Lincoln, NE).

Lethal stage analysis

Adult survival

Lifespan measurements for adult flies was performed at 31 °C in an incubator with 60% humidity.
For each of the analyzed genotypes, virgin female flies were collected at Day 1 and transferred to
fresh media each day. The number of dead flies was recorded at 24 hr intervals until the end of
lifespan. N>3 biological replicates.

Pupal lethality
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To measure the stage of pupal lethality for each genotype, the F1 generation was shifted to the
31°C incubator at the embryo stage. After the flies eclosed as adults, the remaining empty pupa

cases or dead pupa in each vial were recorded (N>3 biological replicates).

Quantification of CryAB aggregates or inclusions

For each muscle thorax, 10 randomly selected confocal images were selected for quantification.
Ubi was used as a marker for aggregates in double labeling experiments with CryAB. Either
CryAB alone or CryAB and hDesmin were used to label inclusions. For quantification, the number
of Ubi(+)/CryAB(+) aggregates or CryAB(+) and/or hDesmin(+) structures were manually
counted and divided by the total area of muscles per picture to calculate the average number/2500
um? in each image. Measurements of CryAB inclusion body area was analyzed using the Wand

tool of Image J. N>10 for each genotype. See also Table S2.

Transmission Electron Microscopy (TEM)

Adult female flies were reared at 31 °C until Day 10, anaesthetized on a CO2 plate and the head,
wings and abdomen were removed. Each fly thorax was dissected in 0.1 M cacodylate buffer and
fixed in 1% glutaraldehyde/4% paraformaldehyde in 0.1 M cacodylate buffer overnight at 4 °C
followed by three washes with 0.1 M cacodylate buffer. The samples were treated with 1% OsO4
for 1 h at 4 °C. After washing with ddH20, the samples were dehydrated in a gradient series using
30%, 50%, 70%, 95%, and 100% ethanol solutions at room temperature. The samples were then
infiltrated using series epoxy resin at room temperature and mounted in pure resin. After

polymerization at 60 °C for 2 Days, 90 nm semi-thin sections were cut and stained with toluidine
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blue stain to determine orientation. Ultrathin sections were stained with uranyl acetate and lead

citrate for observation under a JEOL JEM 1400 electron microscope.

Inclusion extraction and Congo red staining

Muscle inclusion extraction

Adult Drosophila were anesthetized on a CO: pad, and thoraces were carefully dissected and
transferred into 50 uL. of phosphate-buffered saline (PBS) containing protease and phosphatase
inhibitors, along with 1-phenyl 2-thiourea (PTU) to prevent melanization. Samples were processed
on ice to preserve protein integrity. Thoracic tissue was homogenized thoroughly and centrifuged
at 1,000 x g for 3—5 minutes at 4 °C. The resulting supernatant was collected and applied to L-
lysine-coated slides to allow inclusions to settle for 5 minutes at 4 °C. Samples were then fixed
with 1 mL of 4% formaldehyde in PBS for 30 minutes in the dark. After fixation, the slides were
rinsed twice with PBS containing 0.3% Triton X-100 (PBT) before proceeding to Congo red and

CryAB staining.

Hemolymph inclusion extraction

Adult Drosophila were anesthetized on a CO: pad, and thoraces were dissected and transferred
into 500 pL. microcentrifuge tubes containing 50 uL. of phosphate-buffered saline (PBS)
supplemented with protease and phosphatase inhibitors, and 1-phenyl 2-thiourea (PTU). A small
hole was pierced at the bottom of a 500 uL tube, which was then placed inside a 1 mL collection
tube to allow hemolymph to drain during centrifugation. Samples were centrifuged at 1,000 x g
for 5 minutes at 4 °C. The resulting hemolymph was collected in the 1 mL tube was carefully

transferred onto L-lysine-coated glass slides for downstream Congo red and CryAB staining.
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Congo red and CryAB staining

Slides with isolated inclusions from either muscle or hemolymph were incubated in Solution A
(NaCl-saturated 80% ethanol with 0.01% NaOH) for 20 mins. This was followed by a 20 min
incubation in Solution B (2.5 g Congo red and 1 g potassium hydroxide dissolved in 500 mL of
80% ethanol) at room temperature. Samples were then sequentially rinsed in absolute ethanol and
xylene before immunofluorescence staining. Following Congo red staining, slides were washed
2-3 times with PBT. To prevent disruption of Congo red signals during antibody staining, blocking
was performed using PBS supplemented with 5% normal goat serum (NGS) for 30 minutes (PBT
was avoided at this step). Primary antibodies were diluted in the same PBS blocking buffer and
incubated with samples overnight at 4 °C. The following day, slides were washed twice in PBT
for 5 minutes each. Samples were re-blocked in PBS + 5% NGS for 30 minutes before incubation
with fluorescently labeled secondary antibodies Alexa Fluor anti rabbit 488 (1:400, A11034,
Invitrogen, Waltham, MA) for 2 hours at room temperature. Finally, slides were washed twice in

PBT and mounted for imaging.

Proteasome activity assay

Drosophila 20S proteasome activity was determined using the 20S Proteasome Assay Kit
(#10008041, Cayman Chemical, Ann Arbor, MI). Crosses were reared at 25 °C and transferred to
31 °C after eclosion. For each genotype, 5 adult female flies at either Day 2 or Day 10 were
dissected to remove the head, wings, and abdomen. The thorax was transferred to a 1.5 ml
microcentrifuge tube containing 200 pl of ice-cold 20S Proteasome Lysis Buffer. After

homogenization on ice, the tube was centrifuged at 12000 x g for 5 minutes at 4 °C, and the
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supernatant was transferred to a new tube and kept on ice. 5 wells were used for each genotype in
a 96-well plate. 10 pl of 20S Proteasome Assay Buffer was added to each well with increasing
amounts of supernatant (0, 5, 10, 20, and 50 ul in wells 1-5, respectively). 20S Proteasome Lysis
Buffer was added to each well to bring the total volume up to 100 pl. For samples treated with the
20S Proteasome Inhibitor (EGCG), 10 pl of inhibitor was added instead of Assay buffer. Finally,
10 pl of the 20S Proteasome Substrate (SUC-LLVY-AMC) was added to each well. The plate was
incubated at 37 °C for 1 hour. After 1 hour the fluorescence intensity for each well was read using

a Biotek Synergy HI plate reader (excitation = 360 nm, emission 480 nm).

Yeast Two-Hybrid (Y2H)

Y2H assays were carried out by Hybrigenics Services. The coding sequence of the full-length D.
melanogaster NUAK/CG43143 (GenBank accession number NM_206469.3) was PCR-amplified
and cloned in frame with the Gal4 DNA binding domain (DBD) into plasmid pB66 as a C-terminal
fusion to Gal4 (Gal4-bait fusion). Prey fragments of full length CryAB, CryAB D109A, CryAB
D109H, CryAB R120G, and CryAB R157H were cloned in-frame with the Gal4 activation domain
(AD) into plasmid pP7. Bait and prey constructs were transformed in the yeast haploid cells
CG1945 (mata) and YHGX13 (Y187ade2-101::loxP-kanMX-loxP, mata) and diploid yeast cells
were obtained using a mating protocol with both yeast strains. The interaction between SMAD and
SMURF was used as positive control. As negative controls, all prey plasmids were tested with the
empty vector (EV) pB66. Controls and interactions were tested in the form of streaks of three
independent yeast clones for each control and interaction. Medium lacking tryptophan and leucine

was used as a growth control and to verify the presence of the bait and prey plasmids. The selective
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medium without tryptophan, leucine, and histidine selected for the interaction between bait and

prey and 0.05 mM 3-AT was added to select for interaction between bait and prey.

Zebrafish maintenance

AB Zebrafish wildtype and the previously generated transgenic reported line tg(Kdrl: EGFP) were
kindly provided by the Zebrafish Facility of the University of Padova [83]. Zebrafish manipulation
and experiments have been performed according to the formal Italian Ministry of Health
Authorization n. 60/2023 and followed all standard Animal Care Standard Operating Procedures
(ARRIVE guidelines 2.0). All lines have been maintained at 28.5°C, with a 14-10 light-dark cycle
in aerated saline water, in the Zebrafish Facility at the University of Brescia according to standard
protocols [84]. To allow animal breeding, egg deposition and fertilization, male and female animals
were separated in the late afternoon and free to start courtship the next morning to allow mating
events. Embryos were then injected at 1 cell stage with 25 ng/uL of each plasmid (hCRYAB WT,
hCRYAB G154S, hMYOT WT and hMYOT S95I1) as previously described [67, 85]. Embryos were
collected and maintained at 28.5°C in embryo medium (0.19 g/L. CaSO4, 0.1 g/L Instant Ocean
Salt e 0.1 g/L NaHCO3). All manipulation and experiments were performed within 120 h post-
fertilization (hpf) and thus did not require formal authorization according to Standard Operating
Procedures of the Animal Care, the Use Committee of the University of Brescia and Italian

Ministry of Health directives.

Zebrafish Congo red staining

Zebrafish embryos at 120 hpf from each condition were fixed for 3 h in 4% PFA (Merck KGaA,

Darmastadt, Germany) and washed in PBS. Successively, embryos were permeabilized for 60 min
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with 10 pg/mL proteinase K in PBS and briefly re-fixed in 4% PFA in PBS for 20 min. After 3
PBS and 2 Milli-Q water washes, samples were incubated 1 hour in Congo red, followed by a
Milli-Q wash of 10 min, a brief wash in a 0.036 M/L KOH solution in ETOH followed by 2 Milli-
Q water washes. Samples were then analyzed using an Axiozoom.V16 fluorescence
stereomicroscope equipped with Axiocamera 506 (Zeiss International, Oberkochen, Germany).
The representative images were kindly taken by Prof A. Vettori’s group at the CPT of the
University of Verona with a confocal-Multiphoton Leica TCS SP5 AOBS with 20x objective

(Leica Microsystem, Wetzlar, Germany).

Human biopsy histochemistry

The study was conducted in accordance with the Declaration of Helsinki, and approved by the
Ethics Committee of Azienda Ospedaliera Universitaria Integrata di Verona (BIOB-NEU-DNA-
2014, prog. 430CESC). All patients underwent open muscle biopsy at the Neuromuscular Center
of Clinical Neurology, Department of Neurosciences, Biomedicine and Movement Sciences,
University of Verona, Verona, Italy. Muscle biopsies were performed for diagnostic purpose after
written informed consent. For conventional histological and histochemical studies, consecutive or
nonconsecutive 8-pum-thick cryosections were stained with haematoxylin and eosin (H&E),
modified Gomori trichrome, adenosine triphosphatase (ATPase, pre-incubation at pH 4.3, 4.6 and
10.4), succinate dehydrogenase (SDH), cytochrome c oxidase (COX), reduced nicotinamide
adenine dinucleotide (NADH), periodic acid-Schiff (PAS) with diastase digestion and Sudan black.
Congo red staining was performed by 1h incubation at room temperature in Congo red followed
by consecutive washes in water, KOH solution (0.036 M/L) in 90% Ethanol, water and PBS.

Congo red-stained sections were viewed under rhodamine fluorescence. Image acquisition was
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performed on Axioscope 5 equipped with Axiocam 208 color (Zeiss) and Axiolab fluorescence

microscope equipped with AxioCam HRm (Zeiss).
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Chapter 5 - Conclusions and future directions

5.1 Conclusions

Our findings demonstrate that the catalytic activity of NUAK is essential for maintaining
muscle integrity and preventing degeneration. We identified a direct physical interaction between
NUAK and CryAB and showed that NUAK promotes CryAB phosphorylation at serine residues
68 and 70. Given that mutations in FLNC, BAG3, and CRYAB are linked to protein aggregation
disorders, our results highlight the importance of NUAK-mediated phosphorylation in

safeguarding muscle tissue from abnormal protein accumulation.

Mechanistic insights suggest that kinase-dead variants of NUAK can interfere with
phosphorylation through several routes. They may preferentially bind CryAB and outcompete
endogenous NUAK, disrupt potential dimerization required for kinase activity, or sequester
substrates within inactive catalytic pockets. These dominant-negative effects reduce the pool of
phosphorylated CryAB, emphasizing how tightly regulated NUAK activity must be for normal
muscle function. Moreover, although phosphorylation at the conserved T226 site contributes to
activity, our results indicate that additional regulatory sites may exist, and the upstream kinases

responsible for NUAK activation remain to be identified.

Evidence also supports a conserved role for NUAK in CryAB phosphorylation across
species. Overexpression of wild-type or activated NUAK enhances CryAB phosphorylation, while
kinase-dead or inactive mutants reduce it. Although we cannot yet confirm whether NUAK

directly phosphorylates CryAB or acts through intermediate kinases, related studies in mammalian
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systems point toward a broader NUAK—CryAB signaling axis. This conservation is particularly
significant given that CryAB mutations are associated with diverse pathologies, including

cardiomyopathies, cataracts, and skeletal myopathies.

CryAB functions as a molecular chaperone, preventing protein aggregation and
maintaining proteostasis. However, its broad range of binding partners complicates efforts to
define its precise molecular role. Our pulldown experiments support the idea that CryAB’s
interactions are highly regulated in vivo but become promiscuous under experimental conditions,
suggesting that cellular context is key to its specificity. Importantly, the oligomerization state of
CryAB strongly influences its chaperone activity, with smaller oligomers exhibiting higher
substrate-binding capacity. Phosphorylation shifts CryAB toward smaller oligomers, yet the
biological consequences of this redistribution vary depending on the cellular context, age, and

stress conditions.

Taken together, our study reveals that NUAK-mediated regulation of CryAB is critical for
muscle health. NUAK likely acts as a protective factor by enabling CryAB to counteract protein
aggregation, potentially linking its kinase activity to autophagy and stress resilience. While
phosphorylation of CryAB can be either protective or harmful depending on context, our results
suggest that, within muscle tissue, it plays a key role in maintaining proteostasis and preventing
degeneration. Future research should focus on clarifying whether NUAK directly phosphorylates
CryAB, identifying additional upstream regulators of NUAK, and determining how CryAB’s
phosphorylation state integrates with cellular mechanisms of stress response and protein quality

control.
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5.2 Future directions

A key priority for future work will be to resolve the structural basis of NUAK regulation
and its interaction with CryAB. Understanding how NUAK adopts active and inactive
conformations, and how CryAB engages its client proteins, will provide critical insight into how
phosphorylation governs proteostasis in muscle tissue. Particular attention should be given to the
ring-like amyloid assemblies of CryAB observed in disease, as these circular oligomers may
represent an important intermediate in aggregate formation. Future studies should also explore
whether wild-type and mutant CryAB subunits co-assemble into the same complexes and how
such heterogeneity affects chaperone function and disease progression. While current structural
approaches face limitations due to the size and complexity of these assemblies, advancing imaging

and modeling techniques will help overcome these challenges.

Another promising avenue involves translating these molecular insights into therapeutic
design. Targeting CryAB to prevent its pathological transition into amyloid assemblies could yield
novel anti-amyloid therapies. Strategies may include stabilizing its protective oligomeric forms,
blocking pathological assembly interfaces, or modulating NUAK activity to favor phosphorylation
states that maintain proteostasis. The development of such therapies will not only shed light on
CryAB’s role in muscle disorders but may also extend to other conditions where protein

aggregation is a hallmark.

Finally, the role of CryAB-positive vesicles in disease offers intriguing opportunities.
These vesicles carry diverse protein and molecular cargo, yet their precise content and functional
impact remain poorly understood. Future work should aim to define how these vesicles select their

cargo, how they transfer material between cells, and whether certain components can cross
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physiological barriers such as the blood—brain barrier. This line of research may reveal how CryAB
vesicles contribute to disease spread, while also opening possibilities for harnessing them as

vehicles for targeted drug delivery.

Together, these directions highlight the importance of connecting structural biology with
therapeutic innovation and cellular biology. By bridging these perspectives, future research has
the potential to not only clarify the mechanisms of NUAK—CryAB regulation but also uncover

new strategies to combat muscle degeneration and related protein aggregation disorders.
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Appendix A Myopalldin (MYPN) function in Drosophila muscle tissue

This section forms part of a larger manuscript that has been submitted for publication, where we

explore broader aspects of myopalladin function across model systems.

Material and Method
Drosophila stocks and husbandry

1118 was used as the

All stocks were reared at 31 °C on standard cornmeal-molasses-yeast media. w
WT control in Appendix Figure A.1 B. The Mef2-GAL4 (Bloomington Drosophila Stock Center;

RRID:BDSC 27390) driver was used to direct expression in muscle tissue.

Creation of transgenic flies

All UAS-MYPN lines (hMYPN WT, hMYPN R955W, hMYPN P961L, hMYPN WT-GFP, hMYPN
RI955W-GFP, and hMYPN P961L-GFP) were created using gene synthesis by Genscript and
subcloned into the pUAST vector using EcoRI and Hpal restriction sites. Plasmid DNA from all
constructs were purified with a Qiagen Maxi Kit (Hilden, Germany), sequence verified, and sent
to Rainbow Trangenics for the creation of transgenic flies. The insertions were balanced on their
respective chromosomes. All lines were balanced over the Cyo, th (BL36335), or TM6/TM6, tb

balancers.

Larval muscle staining

Wandering L3 larvae were placed onto a Sylgard plate, pinned near the mouth hooks at the anterior
end and the internal organs were removed. The muscle carcasses were fixed in 4% formaldehyde
and immunostained using standard immunostaining protocols, with normal goat serum used as a

blocking agent in PBT. Tissues were stained with the following primary antibodies: rabbit anti-
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MYPN (1:200; kindly provided by Marie-Louise Bang) or secondary antibodies: Alexa Fluor anti-
Rabbit 488 or 594 (1:400, Molecular Probes, Eugene, OR). Phalloidin 488 or 594 were used to
label F-actin (1:400, Molecular Probes, Eugene, OR). A Zeiss 700 confocal microscope was used
to capture the images. Image processing and analysis was performed using a combination of Zen
Black (Zeiss), ImageJ (NIH), and Adobe Photoshop. Images taken at 5x are displayed as maximum
intensity projections. Data acquisition at increased magnifications (63x) are presented as single

plane confocal images.

Western blotting

Three whole L3 larvae were placed into 3x SDS sample buffer [188 mM Tris-HCI (pH 6.8), 3%
(w/v) SDS, 30% (v/v) glycerol, 0.01% (w/v) bromophenol-blue, and 15% (v/v) B-
mercaptoethanol], boiled at 95 °C for 3 min, homogenized, boiled for an additional 10 min at 95
°C, and centrifuged at 20,000 x g for 1 min to pellet debris. The resulting protein samples were
separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to the nitrocellulose blotting membrane (pore size 0.45 um, Cytiva, Marlborough, MA)
using the Trans-Blot® TurboTM Transfer System (Bio-Rad, Hercules, CA). Membranes were
stained with the Revert 700 Total Protein Stain (LI-COR Biosciences, Lincoln, NE) as a loading
control. Membranes were probed with the rabbit anti-MYPN (1:1000; kindly provided by Marie-
Louise Bang). IRDye 800CW secondary antibodies (LI-COR Biosciences, Lincoln, NE) were used
at 1:10000. Membranes were developed using the LI-COR Odyssey XF and quantitation of protein

levels was performed in Empiria Studio Software (LI-COR Biosciences, Lincoln, NE).

Result

MYPN function in Drosophila muscle tissues
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To investigate the impact of MYPN mutations in vivo, we generated humanized Drosophila
models to analyze MYPN protein localization in larval heart and muscle tissues. The Drosophila
genome does not encode for MYPN, so we expressed wild-type and mutant versions in transgenic
fly lines utilizing the GAL4-UAS binary expression system (PMID: 8223268). The Mef2 promoter
drives expression of the transactivator GAL4 protein in heart and skeletal muscle throughout the
Drosophila life cycle (PMID: 9671578). GAL4 binds to upstream activating sequences (UAS) to

induce expression of MYPN proteins.

Immunostaining of the larvae heart tube revealed localization of human MYPN to the Z-disc of
cardiac tissue using our GAL4-mediated expression system Mef2-GAL4>UAS-MYPN WT
(Appendix Figure A.1 A). This result nicely validates the Drosophila musculature as an
evolutionary conserved model to study mammalian muscle structure and function as human
MYPN is also located at the Z-disc. The Drosophila larval body wall muscles are larger than the
heart tube and the organization of sarcomeres in series within each muscle cell are ideal for
studying sarcomeric protein localization. As expected due to the lack of MYPN in Drosophila,

1118 control muscles (Appendix Figure A.1 B). Expression of

there was no MYPN signal in w
human WT MYPN is located at the Z-disc (Appendix Figure A.1 B, open white triangle) in
larval muscles. To verify our immunostaining results, we also generated transgenic flies containing
GFP-tagged versions of MYPN and found that MYPN-GFP showed the same Z-disc localization
as the untagged protein (Appendix Figure A.2 A and B). Importantly, the overall pattern of larval

muscles was not altered upon expression of MYPN or MYPN mutant proteins appended with GFP

(Appendix Figure A.2 A and B).
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Appendix Figure A.1 MYPN is located at the Z-disc and Ig domain mutations cause aberrant
MYPN accumulation.
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(A). Immunostaining of Drosophila larval heart tube expressing Mef2>MYPN WT. MYPN protein
is localized to the Z-disc (magenta, open white triangle). F-actin is shown in grey. Scale bar: 10uM.
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(B). L3 larval muscles stained with phalloidin to visualize F-actin or with an antibody against
MYPN. F-actin and MYPN co-localize at the Z-disc (open white triangle), in in Mef2>MYPN WT
muscles. MYPN R955W and MYPN P961L Ig domain mutations show abnormal accumulation of
MYPN (white asterisk). Scale bar: 10uM.

(C). Western blot showing the expression levels of MYPN in the indicated genotypes. Total
protein staining serves as a loading control. One-way ANOVA. N = 3.

(D). Quantification of MYPN expression levels.

In MYPN R955W and P961L mutants, we discovered that MYPN was largely present at its
expected location (Appendix Figure A.1 B, open white triangle), but also accumulated
abnormally in clusters away from the Z-disc or appeared as widened Z-discs (Appendix Figure
A.1 B, asterisks). Similar phenotypes were observed for GFP-tagged MYPN mutants, where
R955W-GFP signal extended into the thin filament (Appendix Figure A.2 B, arrow) and P961L-
GFP resulted in larger aggregates (Appendix Figure A.2 B, asterisks). Overexpression of all
MYPN-GFP proteins resulted in substantial accumulation near the nuclei (Appendix Figure A.2
C). Western blotting was used to confirm expression levels of all MYPN proteins and confirmed
that the differences in subcellular localization were not due to differences in expression levels

(Appendix Figure A.1 C and D; Appendix Figure A.2 D and E).
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Appendix Figure A.2 GFP-tagged versions of MYPN show similar phenotypes to untagged
versions.
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(A). Maximum intensity projections of Mef2>MYPN WT-GFP, R955W-GFP and P961L-GFP
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(green) co-stained for F-actin (gray) at low magnification to visualize muscle pattern. Scale bar:
200uM.

(B). GFP tagged MYPN in L3 larval muscles (green). To visualize F-actin, larval muscle was
stained with phalloidin (grey). MYPN R955W-GFP Ig domain mutation resulting in a
mislocalization (open white arrow) and MYPN accumulation (asterisk). MYPN P961L-GFP
showed accumulation outside of the Z-disc (asterisk). Scale bar: 10uM.

(C). Inset of nuclei at the surface of L3 larval muscles. The merged images show F-actin (grey)
abnormally accumulates with MYPN-GFP proteins (green) near the nuclei (blue) in MYPN WT-
GFP the Ig domain mutations (MYPN-R955W and MYPN-P961L). Scale bar: 10uM.

(D). Western blot illustrating the expression levels of MYPN-GFP tagged proteins. Total protein
staining serves as a loading control.

(E). Quantification of MYPN expression levels of GFP-tagged lines. One-way ANOVA. N = 3.
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Appendix B Transglutaminase function in Drosophila muscle tissue

Results and Summary

Muscle contraction is only one component of coordinated muscle function; tendons also
play a critical role in maintaining muscle homeostasis and preventing injury. Tendons are primarily
composed of extracellular matrix (ECM), with collagen type I as the major structural component.
The myotendinous junction (MTJ), which serves as the interface between muscle termini and
tendon, represents an excellent model for investigating how ECM responds to mechanical stress.
However, the molecular mechanisms underlying ECM adaptation to force remain incompletely
understood.

In our laboratory, a genetic screen in Drosophila was initiated by Dylan Feist to identify
ECM proteins required for stable muscle—tendon adhesion. This screen, based on RNAi-mediated
knockdown, identified Transglutaminase (Tg)—a protein crosslinking enzyme—as a candidate
regulator. Tg is a known component of the MTJ in mammals, with established roles in blood

coagulation and skin barrier formation in humans, as well as cuticle morphogenesis in Drosophila.

To assess the role of Tg at the MTJ, we utilized two independent Tg RNAi lines.
Knockdown of Tg led to muscle detachment and loss phenotypes when driven ubiquitously (da-
Gal4) or in genetic backgrounds sensitized by mutations in key ECM proteins such as Fondue (Fon)
and Tiggrin (Tig). To examine Tg localization during embryonic muscle development, we
generated a Tg-specific antibody for immunostaining. Co-staining with the integrin subunit BPS,

a marker of muscle attachment sites, revealed that Tg is enriched at MTJs in wild-type embryos.

Further phenotypic analyses using the tendon-specific driver sr-Gal4 (with and without

Dicer-2 to enhance RNAI efficacy) demonstrated that Tg knockdown results in severe larval
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muscle defects, including missing or detached muscles at the L3 stage. Control experiments with
sr-Gal4>UAS-CD8-GFP confirmed tendon-specific expression and validated Tg localization in
tendon cells and cuticle regions (Appendix Figure B.1). In adult flies, Tg depletion resulted in

reduced F-actin organization and loss of MTJ-specific Tg staining (Appendix Figure B.2).

Appendix Figure B.1 Tg protein is found in both the cuticle and tendon cells.

(A) sr-Gal4 1s driving CD8-GFP to mark the tendon cells in 2 day old adult IFMs where muscles
are labeled with phalloidin (gray). Anti-Tg immunostaining shows labeling in tendon cells (t) and
the cuticle (c).

To probe Tg function under mechanical stress, we combined Tg knockdown with a
hypertensive allele of myosin heavy chain (Mhc). Under these conditions, flies displayed thoracic
indentations, degeneration of indirect flight muscles (IFMs), and increased incidence of muscle
detachment, underscoring Tg’s role in maintaining MTJ stability under tension (Appendix Figure
B.3). Since the muscle tension mainly foamed during the pupa stage, these data suggest that Tg
play the essential role during the myogenesis during the pupa stage. The mechanical tension test
for the Tg-RNAI using the optogenetic approach to generate muscle force under the LexA/LexAop
system. [ helped to dissect the adult fly thoraces after the optogenetic force. [IFMs with the detached

muscle phenotype when induce the muscle tension under the light in adult stage (Appendix Figure

B.4). Collectively, these findings demonstrate that Tg is required for proper muscle—tendon
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attachment in Drosophila, particularly under conditions of mechanical load, and provide a genetic

framework for studying conserved Tg functions at the MTJ.

Appendix Figure B.2 Mild muscle phenotype in Tg RNAi knockdown.

(A) 2 day old adult IFMs from either control or sr-Gal4 driving two copies of >T7g RNAi. Muscles
are labeled with phalloidin (gray). BPS integrin marks the MTJ (cyan) and Tg is in magenta. Note
that Tg protein is reduced in s7>7g RNAi and muscles are slightly pulled away from the MTJ
(yellow carets).
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Appendix Figure B.3 Tg crosslinking activity affects IFM muscle attachment.
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(A) Thoracic phenotypic classes present in Mhc/[S1]/+, sr>Tg RNAi adult flies. Anterior is to the
left. Compared to a ‘W7 notum, small and V-like indentations (white arrows) are seen in
phenotypes classified as ‘Mild.” These are larger and wider in the ‘Severe’ category. Phalloidin
staining reveals the normal compliment of 6 IFM fibers (*) in WT samples. Mild or Severe
phenotypes show degenerated or detached IFMs (yellow carets).
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Appendix Figure B.4 Increased mechanical tension weakens IFM attachment.

Detached IFMs| Normal IFMs

Representative confocal single plane images of either attached (upper panel) or detached (lower
panel) IFMs (F-actin, gray).
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Appendix C Loss of nuclear envelope bud formation leads to mitophagy initiation in
Drosophila muscles

Summary

Autophagosome transport and fusion with lysosomes depend on microtubule-based
trafficking, yet the molecular machinery coordinating this process in muscle tissue remains
incompletely defined. To investigate the requirement of intracellular transport for autophagy, we
performed a targeted RNAi screen in Drosophila larval muscle, monitoring accumulation of the
autophagy substrate p62/Ref(2)p. Knockdown of the microtubule-associated protein Pavarotti
(Pav/Kif23) resulted in robust p62 aggregation, indicative of defective autophagic flux. Depletion
of Tumbleweed (Tum), the binding partner of Pav in the centralspindlin complex, produced a
similar phenotype. Immunostaining revealed colocalization of p62 aggregates with the
autophagosome marker Atg8a/LC3, supporting a failure of autophagosome trafficking. Pav and
Tum were further implicated in nuclear envelope (NE) budding, a nuclear export pathway essential
for macromolecule clearance. Consistently, RNAi-mediated loss of Pav or Tum impaired NE
budding, linking defective nuclear export to cytoplasmic accumulation of autophagic cargo.
Moreover, p62 aggregates in mutant muscles colocalized with mitochondria, suggesting clustering
of autophagosomes and mitochondria under disrupted transport conditions. Together, these
findings establish Pav and Tum as critical regulators of autophagy in muscle, coordinating nuclear
export and microtubule-based trafficking to maintain proteostasis. I assisted Yungui with the NE

budding quantification (Appendix Figure C.1).
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Appendix Figure C.1 Scatter plot quantifying the number of NE buds per nucleus.
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Appendix D Chapter 2 Supplementary Figures

Appendix Figure D.1 Confirmation of muscle morphology phenotypes with the C57-Gal4
driver.
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(A)
Maximum intensity projections of L3 muscles expressing NUAK RNAi or NUAK kinase domain
mutations. Asterisks indicate muscle morphology defects and solid lines demarcate muscle
attachment sites. Scale bar, 25 pm. (B) Quantitation of muscle abnormalities shown by violin plots
with individual data points. Mann-Whitney tests were used for statistical analysis and the indicated
p-values represent pair-wise comparisons between the Mef2-Gal4 and C57-Gal4 drivers for each
genotype. N > 17. (C) Quantitative RT-PCR reveals knockdown of NUAK mRNA transcripts in
Mef2>NUAK RNAi or C57>NUAK RNAi dissected muscle carcasses compared to Mef2>lacZ
controls. N = 3 biological replicates. (D) -galactosidase protein levels are relatively similar when
driving expression of the /acZ gene with either the Mef2 or C57 promoters. ATP5a is used as a
loading control.
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Appendix Figure D.2 Specificity of the CryAB antibody.
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(A) Quantitative RT-PCR shows that CryAB RNAi induced by the Mef2 promoter knocks down
CryAB mRNA transcripts in dissected muscle carcasses. N = 3 biological replicates. (B) Western
blot showing that CryAB protein levels are reduced upon induction of Cry4dB RNAi in muscle
tissue. ATP5a is used as a loading control. (C) Immunostaining of L3 muscles confirms loss of
CryAB immunoreactivity in Mef2>CryAB RNA1 muscles. Scale bar, 50 um.
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Appendix Figure D.3 Prm does not accumulate in regions that lack F-actin in NUAK RNAi
muscles.
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(A) Single slice confocal images of F-actin (green) and Prm (magenta) in muscles expressing
lacZ, NUAK RNAi or NUAK kinase domain mutations. Prm is absent from regions lacking F-actin.
Scale bar, 20 pm.
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Appendix Figure D.4 Western blot confirms specificity of the pT211 antibody.
Mef2>
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pT211

ATP5a

NUAK

ATP5a

Immunoblotting with an antibody generated against NUAK confirms overexpression of the NUAK
K99R or NUAK T226A transgenes. The phospho pT211 antibody recognizes NUAK K99R, but
not the T226A protein where the epitope has been mutated. ATPSa is used as a loading control.
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Appendix Figure D.5 Inhibition of mammalian NUAKI causes a reduction in pCryAB levels

in C2C12 cells.
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(A,B) Western blots (left panel) and bar graph quantification (right panel) of mouse NUAK1 or
mouse CryAB expression during C2C12 cell differentiation. (A) NUAKI is detected at similar
levels throughout C2C12 differentiation. (B) CryAB expression is present in C2C12 myoblasts
(day 0) and increases during days 1-7. (C) Schematic of the in vitro phosphorylation assay used to
enhance pCryAB levels. C2C12 cells were differentiated for 3 days and treated with the NUAK
inhibitor WZ4003 for 24 hours (h). The WZ4003-treated cells were divided into two groups, one
without ATP and the other with ATP to enhance cellular phosphorylation levels. (D) pCryAB (top
panel) and total CryAB protein levels (middle panel) were detected by Western blotting. Total
protein stain (bottom panel) shows loading for each lane. * denotes non-specific band.
Quantification of the pCryAB/total CryAB ratio reveals a reduction in pCryAB upon inhibition of
NUAK kinase activity. N = 3 biological replicates.
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Appendix E Chapter 4 Supplementary Figures

Appendix Figure E.1 CryAB sequence alignment, mutated phosphosites, and cardiac
phenotypes, related to Figure 1.
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(A) Sequence alignment of human and Drosophila CryAB proteins using MultAlin. Highly
conserved or identical amino acids are shown in orange. The location of mutated amino acids used
for the creation of transgenic flies in this study are highlighted by black boxes. Green font denotes
the amino acid numbering nomenclature. (B) Representative images of L3 muscles immunostained
with anti-CryAB (magenta) or phalloidin to mark F-actin (gray). Open white arrow marks CryAB
inclusion. Scale bar: 5 pum. (C) Quantification of pupal lethality at 31 °C. Due to high lethality,
mCh RNAi (mCh) flies were incubated at 25 °C as an additional control. (D,E) Western blot
analysis of CryAB expression levels Day 2 [FMs. ATPS5a was used as a loading control. (C-F)
Quantification of CryAB WT and mutant proteins from panel DData are presented as the mean of
N=3. (F-G) Quantitative assessment of adult fly hearts expressing CryAB variants using semi-
automated optical heartbeat analysis. (F) Diastolic diameter (DD) measurements shows reduced
heart tube relaxation compared to Mef2-Gal4 controls and CryAB wildtype. (N>5 per genotype;
One-way ANOVA, Kruskal-Wallis test). (G) Systolic diameter (SD) measurements reveal that
CryAB mutations cause a pronounced decrease in heart tube contraction relative to controls. (N>5
per genotype; One-way ANOVA, Kruskal-Wallis test). (H) Fractional shortening (FS), an
indicator of cardiac contractility, 1s significantly impaired in CryAB mutants (N>5 per genotype;
One-way ANOVA, Kruskal-Wallis test). ns = not significant, *p>0.05, **p<0.05, ***p<0.01,
*HE*p<0.001.
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Appendix Figure E.2 CryAB aggregates and insolubility in Day 10 IFMs, related to Figure

2.
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(A) Three-dimensional confocal rendering of IFMs expressing R120G. IFMs are labeled for F-
actin (gray), Ubi (green), CryAB (magenta) and nuclei with DAPI (blue). The yellow box in the
top view image (left panel) was used to generate side views (right panels). Non-specific DAPI
signal marks tracheal tissue. Scale bar: 10 pm for top view image and 7um for side view images.
(B) Day 10 IFMs stained for CryAB (magenta), Ubi (green), and phalloidin to label F-actin (gray).
Nuclei are counterstained with DAPI (blue). Aggregates are marked with solid triangles, and
inclusions with empty triangles. Scale bar: 5 pm. (C) Western blot analysis of soluble and insoluble
CryAB fractions in Day 10 IFMs. Total protein staining was used as a loading control. (D, E)
Quantitative analysis of CryAB levels from the soluble and insoluble fractions in panel C. Data

are presented as the mean of N=3.
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Appendix Figure E.3 CryAB mutants impair autophagic

proteasome activity, related to Figure 2.
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(A, B) Western blot analysis of soluble and insoluble p62 in Day 2 (A) and Day 10 (B) IFMs. Total
protein staining was used as a loading control. N>3. (C-F) Quantification of soluble and insoluble
p62 from panel A for Day 2 or panel B for Day 10 IFMs. Data are presented as the mean of N=3.
(G, H) Linear plots of proteasome activity in Day 2 (G) and Day 10 (H) IFMs. Cry4dB WT and
mutants exhibit lower proteosome activity compared to mCh RNAi. Data are presented as the mean

of N=3.
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Appendix Figure E.4 Additional markers confirm aggregates in Day 2 IFMs, related to
Figure 2.
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IFMs from 2-day-old Drosophila adults stained with anti-Stv (magenta) and anti-Ubi (green) to
detect CryAB aggregates. F-actin is visualized with phalloidin (gray) and nuclei are counterstained
with DAPI (blue). Scale bar: 5 pm.
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Appendix Figure E.S Desmin colocalizes with CryAB inclusions, related to Figure 4.
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(A) Fluorescent images of Day 10 IFMs stained for human Desmin (cyan), CryAB (magenta), and
F-actin (gray). Nuclei are counterstained with DAPI (blue). Inclusion structures are marked with
solid triangles. Scale bar: 5 pum. (B, C) Quantification of inclusion structures in IFMs at Days 2
and 10. (D) Isolated CryAB inclusions from S70E IFMs were stained with Congo red. Co-
localization of CryAB antibody (green) with Congo red-positive structures confirms amyloid

fibrils. Scale bar: 5 um.
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Appendix Figure E.6 Manipulation of Rab27 affects the number and size of CryAB
inclusions, related to Figure 6.
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(A, B) Fluorescent images of CryAB inlcusions (green) in D109A and R120G Day 2 IFMs co-
expressed with mCh RNAi as a baseline for EV formation at either 25 °C or 31 °C. Scale bar: 5
um. (C) Confocal images of Rab27-GFP (green) in Day2 IFMs expressed under control of the
Mef2-gal4 driver with either wild-type CryAB or CryAB mutants (magenta). CryAB. Scale bar: 5
um. (D, E) Quantification of CryAB inclusion size and number following expression of Rab27-
GFP with CryAB DI1094 or RI20G. (N=10 per genotype, Unpaired student ¢-test, Mann—
Whitney,). *p>0.05, ****p<0.001. (F) Fluorescent images of Day 2 IFMs stained for CryAB
(magenta) in Mef2>Rab27 RNAi expressed with either wild-type CryAB or CryAB mutants
(magenta). Scale bar: 5 um. (G, H) Quantification of CryAB inclusion size and number after
induction of Rab27 RNAi with CryAB D1094 or R120G. (N=10 per genotype, Unpaired student ¢-
test, Mann—Whitney,). ns = not significant, ****p<0.001.
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Appendix Figure E.7 ESCRT-dependent pathway proteins are associated with CryAB
inclusions, related to Figure 6.
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(A, E) Fluorescent images of Alix-flag-HA (A) or TSG101-HA (E) expressed with the Mef2-gal4
driver alone or with CryAB variants. Day 2 I[FMs are stained with anti-HA (magenta), anti-CryAB
(green), and phalloidin (F-actin, gray). Scale bar: 5 um. (B-C, F-G) Quantification of CryAB
inclusion size and number following Alix-flag-HA (B, C) or TSG101-HA (F,G) expression. Mean

+ SD (N=10 per genotype, Unpaired student #-test, Mann—Whitney). *p>0.05, ***p<0.05,
***%p<0.001.).
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Appendix Figure E.8 Trafficking or amyloidogenic proteins that are not associated with
CryAB inclusions, related to Figure 6.
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(A-C) Representative confocal images of CryAB 120G (magenta) co-stained for hCD63-GFP (A),
Rab5 (B), or alpha-synuclein (SNCA) (C) expressed in Day 2 [FMs with Mef2-gal4. Phalloidin
labels F-actin (gray) and nuclei are counterstained with DAPI (blue). Scale bar: 5 pm.
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Appendix Figure E.9 CryAB mutants preferentially bind NUAK compared to wild-type
CryAB, related to Figure 6.
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(A) Yeast two-hybrid (Y2H) assays for interactions between the indicated bait and prey proteins.
Growth on media lacking tryptophan and leucine (-Trp -Leu) confirms the presence of the bait and
prey plasmids. Colony growth on selective media (-Trp, -Leu, -His) indicates interactions between
the (+) control (SMAD-SMURF) and NUAK-CryAB pairs. Stronger interactions on media with
higher selectivity (-Trp, -Leu, -His + 0.5 mM 3-AT) were observed for NUAK-CryAB mutants
compared to controls. No growth was detected for empty bait vectors with NUAK or CryAB
mutants. Three independent yeast clones were tested for each bait-prey pair. (B) Bar graph
quantifying colony intensity (growth) on selective media (-Trp, -Leu, -His + 0.5 mM 3-AT).
Clones 1 and 2 are shown for each genotype.
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Appendix F Copyright Permission

Chapter 2: Identification of CryAB as a target of NUAK Kkinase activity in Drosophila muscle

tissue

This chapter (or section) is based on the article "Identification of CryAB as a target of NUAK
kinase activity in Drosophila muscle tissue", authored by Ziwei Zhao et al., published in Genetics,
Oxford University Press, 2023.

The material is reused here with permission under the author’s rights policy of Oxford University
Press. The reuse is for non-commercial academic purposes, and full credit is given to the original

publication.
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Chapter 3: Stage-specific modulation of Drosophila gene expression with muscle GAL4

promoters

This thesis incorporates material from the article "Stage-specific modulation of Drosophila gene

expression with muscle GAL4 promoters" by Ziwei Zhao et al., published in Fly (2025) under the

Creative Commons Attribution License (CC BY 4.0). Reuse is permitted with proper citation.
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Chapter 4: Pathogenic CryAB Mutations in Muscle Suggest a Novel Mechanism for Amyloid

Secretion via Extracellular Vesicles

This chapter is based on the manuscript entitled "Pathogenic CryAB Mutations in Muscle Suggest
a Novel Mechanism for Amyloid Secretion via Extracellular Vesicles", authored by Ziwei Zhao et
al., which is currently under review in iScience (Cell Press, Elsevier).

The copyright of this unpublished work remains with the author(s).

Any reuse of this material is for non-commercial academic purposes only, and the final published

version (if accepted) may differ from the content presented here.
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Appendix A: Myopalldin (MYPN) function in Drosophila muscle tissue

This chapter (or section) includes material from the manuscript entitled "Cardiomyopathy-
Associated and Basic Residue Mutations in Myopalladin Alter Actin Binding, Bundling, and
Structural Stability", authored by Asha Rankoth Arachchige , Julie Tran , Ziwei Zhao, and
colleagues.

The manuscript is currently unpublished, and the copyright remains with the author(s).
The inclusion of this material in the thesis is made with the consent of the co-authors and is

intended solely for non-commercial academic purposes.
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Appendix B: Transglutaminase function in Drosophila muscle tissue

This chapter includes material from the manuscript entitled "Drosophila Transglutaminase
crosslinking activity preserves the integrity of muscle attachments under mechanical strain",
authored by Dylan Feist; David Brooks; Ziwei Zhao, and colleagues. The manuscript is currently
under review in the Journal of Cell Science (The Company of Biologists).

The copyright for this unpublished work remains with the author(s). The inclusion of this material
in the thesis has been made with the consent of the co-authors and is intended solely for non-

commercial academic purposes.
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Appendix C: Loss of nuclear envelope bud formation leads to mitophagy initiation in

Drosophila muscles

Portions of this thesis are based on the article "Loss of nuclear envelope bud formation leads to
mitophagy initiation in Drosophila muscles", authored by Yungui Guo, David Brooks, Ziwei Zhao,
and colleagues, published in Autophagy Reports, 2025. This article is an Open Access publication
distributed under the terms of the Creative Commons Attribution License (CC BY 4.0)

(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and

reproduction in any medium, provided the original work is properly cited.
The reuse of this material in the present thesis complies with the terms of the license and is for

non-commercial academic purposes.
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