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Abstract

Our lab uses Drosophila as a model organism to study the role of Bcl-2-associated athanogene 3
(BAG3)-mediated chaperone-assisted selective autophagy (CASA) in skeletal muscle. We
previously showed that the serine/threonine protein kinase (NUAK) biochemically and genetically
interacts with Drosophila Starvin (Stv), the ortholog of mammalian BAG3. While this NUAK-Stv
complex plays a role in the autophagic clearance of proteins, the discovery of novel autophagy
regulators will facilitate a better understanding of tissue and/or stress-specific responses.

To this end, we have employed a sensitized genetic assay using an RNA interference
(RNAI) approach and found NUAK and stv genetically interacts with genes that encode for Striatin-
interacting phosphatase and kinase (STRIPAK) complex proteins, including Striatin-interacting
protein (Strip), MOB kinase activator 4 (Mob4), and Connector of kinase to AP-1 (Cka). These
data indicate that both NUAK and stv function in the same biological process with genes that
encode for STRIPAK complex proteins. To confirm these results biochemically, we performed
affinity purification-mass spectrometry (AP-MS) with Strip as a bait protein. Indeed, we found
that STRIPAK complex members can be co-purified from Drosophila larval muscle tissue with
Stv and NUAK. Knockdown of Strip in muscle tissue using RNAi resulted in the buildup of
ubiquitinated cargo, p62, and Autophagy-related 8a (Atg8a), indicating alternations in the
autophagy pathway. In fact, autophagic flux was reduced in muscles with Strip RNAi, but lysosome
biogenesis and activity remained unchanged. Our findings suggest a model in which the
STRIPAK-NUAK-Stv complex collaboratively regulates autophagy in muscle tissue.

We also utilized p62 immunostaining to test microtubule-related candidates as another
approach to further our understanding of autophagy regulation in muscle tissue. Pavarotti

(Pav)/kinesin family member 23 (KIF23) emerged as one of the strongest candidates using this



approach. Pav and its binding partner Tumbleweed (Tum)/RacGAP1 are well known for their role
in MT-dependent movements during cytokinesis. We found that Ubiquitin and p62 are recruited
to damaged mitochondria and formed autophagosome clusters with Atg8a upon muscle-specific
RNAi knockdown of Pav or Tum in larval muscles. This Pav-Tum complex is also enriched in the
nucleus, counterintuitive for a direct role in MT-mediated transport throughout the muscle cell.
However, these observations are consistent with a recent report describing the roles of Pav and
Tum in nuclear envelope budding (NEB), an alternative pathway for the export of cargo that is too
big to traverse through nuclear pores. In Drosophila larval muscles, mRNAs necessary for
mitochondrial integrity, such as Marf mRNA, is one of the cargos of the NEB pathway. As expected,
Marf mRNA levels were reduced in the myoplasm of pav RNAi or tum RNAi muscles. We also
observed that the knockdown of Marf or other NEB components, such as Wash or Torsin, resulted
in autophagosome clustering. Together, these findings suggest a model in which blocking NEB
decreases mitochondrial activity, subsequently leading to the recruitment of p62 and
autophagosome components for lysosomal degradation.

Our research demonstrated that the STRIPAK complex collaborates with the NUAK-Stv
complex in the autophagic clearance of proteins. This finding enhances our understanding of the
BAG3-mediated CASA in protein quality control. Additionally, we are the first group to report
abnormal mitophagy resulting from defects in NEB formation. Autophagosome clusters represent
a unique phenotype that can be readily examined through immunostaining and microscopy
techniques. Consequently, we propose that our research provides a rapid and straightforward

method for detecting defects in NEB development.
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approach. Pav and its binding partner Tumbleweed (Tum)/RacGAP1 are well known for their role
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RNAi knockdown of Pav or Tum in larval muscles. This Pav-Tum complex is also enriched in the
nucleus, counterintuitive for a direct role in MT-mediated transport throughout the muscle cell.
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Tum in nuclear envelope budding (NEB), an alternative pathway for the export of cargo that is too
big to traverse through nuclear pores. In Drosophila larval muscles, mRNAs necessary for
mitochondrial integrity, such as Marf mRNA, is one of the cargos of the NEB pathway. As expected,
Marf mRNA levels were reduced in the myoplasm of pav RNAi or tum RNAi muscles. We also
observed that the knockdown of Marf or other NEB components, such as Wash or Torsin, resulted
in autophagosome clustering. Together, these findings suggest a model in which blocking NEB
decreases mitochondrial activity, subsequently leading to the recruitment of p62 and
autophagosome components for lysosomal degradation.

Our research demonstrated that the STRIPAK complex collaborates with the NUAK-Stv
complex in the autophagic clearance of proteins. This finding enhances our understanding of the
BAG3-mediated CASA in protein quality control. Additionally, we are the first group to report
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Chapter 1 - Autophagy and Drosophila

1.1, Major milestones in autophagy research

Benefiting from the development of electron microscopy in the 1950s, Christian de Duve
found the existence of various hydrolases, which subsequently led to the identification of
lysosomes as cellular organelles [1]. The word "autophagy," which means "self-eating,” was
created by Christian de Duve in 1963 during a lysosome conference to characterize this
phenomenon by which the lysosome breaks down components of cells [2]. Christian de Duve,
Albert Claude, and George E. Palade were awarded the Nobel Prize in Physiology or Medicine in
1974 for their discoveries related to the structural and functional organization of the cell. Around
the same time, Mortimore's group was diligently investigating the control of autophagy by
nutrition. In 1977, they found that autophagy could be induced by amino acid deprivation in
perfused rat liver [3]. One year later, Pfeifer and colleagues discovered that insulin inhibited the
formation of autophagic vacuoles in rat liver, which was consistent with the known control
function of insulin in anabolism [4]. During the 1980s, Seglen and Gordon conducted research on
the screening of organic compounds that block autophagy. In 1982, they reported that 3-
methyladenine inhibited autophagic/lysosomal protein degradation, marking it as the first
recognized autophagy inhibitor [5].

However, it wasn't until Yoshinori Ohsumi's work using Saccharomyces cerevisiae (S.
cerevisiae) (baker's yeast) in the early 1990s that the mechanism of autophagy became evident.
Ohsumi is renowned for being the first scientist to see the process of autophagy under a microscope.
He utilized yeast cells with mutant vacuoles and observed the accumulation of spherical entities

(autophagosomes) during cellular starvation [6]. For a long time, autophagy proved challenging to



investigate until the identification of autophagy-related genes (ATG genes) in yeast. Miki Tsukada,
and Ohsumi used ethyl methanesulfonate (EMS) mutagenesis to induce mutations in S. cerevisiae
and screen for mutants defective in autophagy. They successfully isolated 15 autophagy-defective
yeast mutants, leading to the discovery of the ATG genes [7]. Ohsumi was awarded the 2016 Nobel
Prize in Physiology or Medicine for his discoveries of mechanisms for autophagy. Also in the early
1990s, Blommaart et al's. work using rat hepatocytes demonstrated that rapamycin reduces the
phosphorylation of ribosomal protein S6 (RPS6). Since RPS6 phosphorylation suppresses
autophagy, thus rapamycin can initiate the autophagic process [8].

After the identification of the ATG genes, autophagy research sped up like a rocket. By the
end of the 1990s, several groundbreaking discoveries were published. In 1998, Mizushima’s team
used Western blot analysis to discover the Atgl2 conjugation system, a crucial step essential for
the generation of autophagosomes. They found that the high molecular weight band corresponding
to the predicted molecular weight of Atgl2 was absent in atg3, atg7, or atgl(0 mutants [9]. One
year later, Liang et al. found that beclin I is a mammalian autophagy gene. Beclin 1's ability to
promote autophagy is linked to the reduction of MCF7 (a human breast cancer cell line) in cellular
proliferation, in vitro clonigenicity, and tumorigenesis in nude mice [10]. At the beginning of the
20th century, Ichimura and colleagues determined that Atg8 in yeast is the homologue of
mammalian microtubule-associated protein 1 A/1B-light chain 3 (LC3). In the same year, Kabeya’s
team found Atg8/LC3 was present inside and outside of autophagosome membranes using
immunoelectron microscopy. Since this discovery, LC3 has been used as the main autophagosomal
marker [11, 12].

Since the 20th century, numerous studies have shown the connection between autophagy

and organism health. For instance, Ravikumar et al discovered that autophagy has a



neuroprotective effect [ 13]. Melendez’s team demonstrated the anti-aging effect of autophagy [14].
In the meantime, Kuma and colleagues showed that at birth, neonates adapt to the nutritional
shortage between the trans-placental nutrient supply interruption and the supply of milk by
inducing autophagy [15]. Soon after, Komatsu's lab proved that autophagy deficiency within the
central nervous system contributes to neurodegeneration in mouse models [16]. Furthermore, Hara
et al. identified that a lack of basal autophagy in neural cells is associated with the development
of neurodegenerative disorders in mice [17]. Hampe and Rioux's team employed a genome-wide
association study (GWAS) to determine ATG16L1 as a multifunctional susceptibility factor in
Crohn's disease [18, 19]. Identifying the role of ATG16L1 in Crohn's disease promotes further
investigation into the diverse functions and interactions of ATG proteins, thereby facilitating the
development of novel interventions and deepening our understanding of complex disease
mechanisms. For example, Narendra's research group illustrated that Parkinson protein 2 (Parkin)
enhances the autophagic process of damaged mitochondria, suggesting that the failure to eliminate
dysfunctional mitochondria may contribute to the pathogenesis of Parkinson's disease [20].
Insights into the function of Parkin encouraged research into autophagy-modulating drugs, which
could prove beneficial not only for Parkinson's disease treatment but also for other illnesses
associated with impaired autophagy. Haack's lab and Saitsu's lab concurrently uncovered that
mutations in the human autophagy gene WD repeat domain 45 (WDR45) are responsible for static
encephalopathy of childhood with neurodegeneration in adulthood (SENDA) disease [21, 22].
Their findings demonstrated that autophagy serves a protective role against neurodegenerative and
neurodevelopmental disorders. According to PubMed, since 1940, there has been a substantial rise

in the number of publications related to autophagy every year, from 1 publication in 1940 to 10040



publications in 2023 (Figure 1.1). The above overview presents significant findings in the

autophagy field. However, it does not encompass all essential discoveries due to space limitations.
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Figure 1.1. Number of autophagy-related publications each year from 1940 to 2023.

The data was acquired from PubMed by searching the term "autophag*", the asterisk ensuring that
all words beginning with “autophag” were included in the result.

1.1, A brief overview of autophagy

Autophagy is a universal, evolutionarily conserved mechanism that exists in all eukaryotic
cells [23]. Organisms undergo autophagy in response to a variety of stimuli, such as hypoxia,
reduced insulin levels, decreased ATP levels, and amino acid starvation [24]. Depending on the
nature of the cargo and the unique molecular mechanisms that direct these cargo into the lysosome,
autophagy can be categorized as macroautophagy, microautophagy, or chaperone-mediated

autophagy (CMA) [25-28], as shown in Figure 1.2 [29, 30].
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Figure 1.2. Three main types of autophagy.

Autophagy can be classified into three main types, macroautophagy, microautophagy, or
chaperone-mediated autophagy (CMA) (29-30). Macroautophagy involves the double-membrane
structure autophagosome formation. Microautophagy is the process of the direct absorption of
cellular constituents into lysosomes. CMA requires chaperones to recognize the KFERQ-like
motifs for protein degradation. (Created using BioRender.com).

Macroautophagy, hereafter referred to as autophagy, is a multi-step process progressing
from initiation, phagophore nucleation, phagophore elongation, autophagosome formation, and
fusion of the autophagosome with lysosome for cargo degradation. Some of these steps are under
the control of distinct evolutionarily conserved Atg protein complexes. For instance, the Atgl
complex, consisting of Atgl1, Atgl3, Atg 17, Atg 29, and Atg 31, functions in the initiation step.
Autophagosome formation requires the Atgl2 conjugation system, including Atg5, Atg7, Atg 10,
12 and Atg 16, while the Atg8 conjugation system contains Atg 3 and Atg 7 [9, 29]. Autophagy

is associated with lifespan extension as it can function at a basal level for the degradation of

damaged proteins and pathogens and for the removal of extra or damaged organelles. Autophagy



is also inducible by various stress conditions, such as nutrient limitation, and oxidative stress,
therefore contributing to cellular homeostasis [31].

Depending on the cellular conditions and signaling events, autophagy can be either non-
selective or selective. Non-selective autophagy occurs under stress conditions, such as starvation
and hypoxia. As a nutritional sensor, AMP-activated protein kinase (AMPK) is activated when
nutrients are lacking. This causes AMPK to phosphorylate and activate the unc-51-like kinase 1
(ULK1)/Atgl (yeast). The activation of ULKI1/Atgl drives the formation of the phagophore,
promoting autophagosome production across the cell and nonselectively breaking down the
cytoplasm [32-34]. In contrast to non-selective autophagy, selective autophagy specifically targets
damaged proteins, or organelles, such as mitochondria, ribosomes, and endoplasmic reticulum
(ER), as well as invasive pathogens for degradation [34]. Although the Atg family proteins
involved in different subtypes of selective autophagy are conserved, they necessitate distinct
autophagy receptors. For example, p62/SQSTMI1 is an autophagy receptor identifying damaged
mitochondria, whereas FAM134B is a significant autophagy receptor detecting the ER [34-37].

Several types of selective autophagy have unique names based on the specific cargo for
degradation - degradation of mitochondria (mitophagy) [38-41], ribosomes (ribophagy) [42],
endoplasmic reticulum (ERphagy) [37], aggregated/damaged proteins (aggrephagy) [43-46] or
pathogens (xenophagy) [47-50] (Figure 1.2). Selective autophagy is crucial for organisms' health
for various reasons: it is essential for maintaining cellular homeostasis and serves as a cell-
autonomous defensive mechanism against viruses [51, 52]. Also, impairments in selective
autophagy are linked to neurodegenerative disorders, including Parkinson's disease, Amyotrophic

lateral sclerosis (ALS), and Frontotemporal dementia (FTD) [53].



Microautophagy is a mechanism that entails the direct absorption of cellular constituents
into lysosomes for degradation. This process is defined by the invagination of the lysosomal
membrane, resulting in the formation of tubules that detach into the lysosome [54, 55] (Figure 1.2).
The primary roles of microautophagy include the preservation of organellar size, membrane
homeostasis, and cell survival under nitrogen limitation [56, 57]. In mammalian cells,
microautophagy is often regarded as a non-selective process, which means that it absorbs and
degrads cytoplasmic material without specific cargo receptors. However, three types of selective
microautophagy are observed in yeast, including piecemeal microautophagy of the nucleus (PMN)
for the degradation of the non-essential components, micropexophagy, which specifically engulfs
damaged or excess peroxisomes, and micromitophagy, which breaks down the mitochondria [58].

Unlike macroautophagy and microautophagy, CMA involves the transport of soluble
cytoplasmic proteins across the lysosomal membrane, as opposed to their sequestration and
delivery via membrane fusion (Figure 1.2). Another way that CMA differs from other types of
autophagy is that it is extremely selective, only breaking down proteins that have a certain amino
acid sequence (KFERQ-like motifs) [59, 60]. Proteins that contain KFERQ-like motifs bind to the
heat shock-cognate protein of 70 KDa (Hsc70) chaperone. This complex then interacts with the
cytosolic tail of the monomer form of lysosome-associated membrane protein type 2A (LAMP-
2A19) on the surface of the lysosomes [61]. Subsequently, LAMP-2A forms a complex to
transform into a multimer. The protein must unfold to pass through the lysosomal membrane, even
though it can attach to the receptor while remaining folded [62]. The unfolding process happens
before the LAMP-2A complex is completely built, and it is most likely mediated by Hsc70 and a

few of its cochaperones found at the lysosomal membrane [63].



1.3, BAG3 and Chaperone-Assisted Selective Autophagy (CASA)

CASA is a biological mechanism that selectively degrades damaged and/or misfolded
proteins through chaperone and ubiquitin-dependent pathways [64]. However, in contrast to CMA,
CASA necessitates the fusion of the autophagosome with the lysosome (Figure 1.3A). The CASA
complex is composed of three main proteins, heat shock protein family A (HSPA)/Hsc70, heat
shock protein family B member 8 (HSPBS8), and Bcl2-associated athanogene 3 (BAG3). The
chaperones HSPA/HSC70 and HSPBS8 recognize damaged and/or /misfolded client protein under
regulation of the cochaperone BAG3 [64-66]. BAG3 also stimulates the binding of the STIP1
homology and U-box containing protein 1 (STUBI)/carboxyl terminus of Hsc70-interacting
protein (CHIP) to the HSPA complex [67]. STUBI is an E3 ubiquitin ligase that ubiquitinates the
HSPA-HSPB8-BAG3 complex-bound client protein [68, 69]. The autophagic ubiquitin adaptor or
autophagy receptor p62/SQSTM1 is recruited to ubiquitinated client proteins. This adapter protein
then binds to Atg8/LC3 to coordinate autophagosome formation. The autophagosome contains
client proteins that are delivered to the lysosome for client protein degradation [67].

BAG3 and CASA play a key role in protein quality control and maintenance of post-
mitotic cells, including neurons and muscle cells [70-72]. BAG3 proteins contains multiple
domains or motifs, including one WW domain (around 40 amino acids with two conserved
tryptophan residues), two isoleucine—proline—valine (IPV) motifs, two 14-3-3 binding motifs, one
proline-rich (PXXP) region, and a BAG domain (Figure 1.3B). Each type of domain or motif
can engage with various proteins, hence implicating BAG3 in several biological processes (Figure
1.3B) [73, 74]. For instance, BAG3 interacts with synaptopodin-2 (SYNPO2) through its WW
domain to facilitate autophagosome production during CASA [64, 75, 76]. BAG3 also

mediates CASA complex assembly through the binding of IPV motifs to small heat shock
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Figure 1.3. Schematic of Chaperone-Assisted Selective Autophagy (CASA) and Bcl2-
associated athanogene 3 (BAG3) domain or motif.

A, The CASA complex contains three main proteins, BAG3, HSPB8 and HSPA(HSP70). The
HSPA-HSPB8-BAG3 complex recognizes and binds to the client protein, and the STUBI is
recruited to the complex and ubiquitinated the client protein. The ubiquitinated client protein is
recognized by the autophagy receptor and forms autophagosome, then autophagosome fuses with
lysosome for protein degradation. B, BAG3 is a multi-domain/motif/binding region protein. It
contains one WW domain, two IPV motifs, one 14-3-3 binding motif, one PxxP region, and one
BAG domain. Different domain or motifs has different binding partners, thus BAG3 has multiple
functions. BAG3 mutations are associated with myofibrillar myopathy, restrictive cardiomyopathy,
muscular dystrophy, and peripheral polyneuropathy. (Created using BioRender.com).

proteins (sHSPs) such as HSPBS8 [66, 77]. BAG3 functions in transcription regulation, and cell
growth regulation through binding with large tumor suppressor 1/2 (LATS1/2) and angiomotin-
like protein 1/2 (AMOTL1/2) via the WW domain. This binding prevents the LATS1/2 and

AMOTLI1/2 from binding to their transcription coactivators yes-associated protein (YAP) and the



transcriptional coactivator with PDZ-binding motif (TAZ)[64, 78]. Moreover, BAG3 enhances
cell adhesion via its WW domain, which interacts with the PDZ domain containing guanine
nucleotide exchange factor 2 (PDZGEF2). This binding activates the small GTPase Rap1, which
regulates integrin-mediated cell adhesion [79].

BAG3 is a multi-functional protein required for maintaining normal muscle cell function
and mutations in BAG3 are associated with myopathy. BAG3-related myopathy, also known as
myofibrillar myopathy (MFM), was first identified in 2009 in three children and is caused by the
Pro209Leu (P209L) mutation within the second IPV motif (Figure 1.3B) [80]. Additional BAG3
mutations have been identified to cause myopathy as well as other diseases. For example, the
BAG3 Pro209GIn (P209Q), Pro209Ser (P209S), or Pro470Ser (P470S) mutations can cause
myofibrillar myopathy, restrictive cardiomyopathy, muscular dystrophy, or peripheral
polyneuropathy [79, 81-84]. While BAG3 is known for its involvement in protein quality control
and MFM, further research is necessary to elucidate BAG3 interactors and the signaling pathways

it modulates [84].

1.4, General overview of mitochondrial dynamics and mitophagy

Mitochondria are membrane-enclosed organelles located within the cells of most
eukaryotes and are known as the "powerhouse of the cell" due to their role in producing adenosine
triphosphate (ATP) as the cells’ main energy source via oxidative phosphorylation [85].
Mitochondria are dynamic organelles that undergo changes in shape, number, and position within
a cell. These changes result from a cycle of fission and fusion, which helps maintain the size and
integrity of mitochondria [86]. Mitochondrial fusion is a process that amalgamates the membranes

of two mitochondria, whereas fission is the converse, wherein one mitochondrion divides into two.
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The mitochondrial assembly regulatory factor (Marf)/Mitofusin (MFN) encodes a dynamin-family
GTPase that promotes the fusion of the outer mitochondrial membrane (OMM), whereas
Dynamin-related protein 1 (Drpl) encodes a dynamin-like GTPase that governs mitochondrial
fission (Figure 1.4A) [87-92]. Mitochondrial fission can generate impaired daughter units that will
be degraded by mitophagy. Conversely, mitochondrial fusion might function in diluting impaired
daughter mitochondria and thereby prevent their removal [92, 93].

Mitophagy is a type of selective autophagy that serves as a mitochondria quality control
mechanism by specifically degrading dysfunctional or excess mitochondria [20, 94, 95]. In
mammals, mitophagy can be classified as PINK 1-Parkin-dependent mitophagy or PINK1-Parkin-
independent mitophagy [20, 94, 96-98]. For PINK1-Parkin-dependent mitophagy (Figure 1.4B),
under normal conditions, PINK1 is synthesized in the cytoplasm and transported into the
mitochondria through the translocase of the outer membrane 20 (TOM20) complex and the
translocase of the inner membrane (Tim) complex [99]. Under stress circumstances such as
reactive oxygen species (ROS), mitochondrial depolarization, irradiation, or chemotherapeutic
drugs, the mitochondrial membrane potential (A¥m) is diminished or abolished, leading to the
obstruction of PINK1 import and its accumulation on the outer mitochondrial membrane (OMM)
[99, 100]. The accumulation of PINK1 on OMM recruits the cytoplasmic Parkin protein to
mitochondria. Upon recruitment, PINK1 phosphorylates Parkin, hence activating its E3 ubiquitin
ligase function. However, how Parkin interacts with PINKI is still not clear (Figure 1.4B)[101].
One possibility is that PINK1 physically interacts with Parkin, which is suggested by in vitro co-
immunoprecipitation [102, 103]. A second possibility is that PINK1 directly phosphorylates
Parkin for activation. Evidence for this is provided by in vitro kinase assays [96]. Once Parkin is

recruited to mitochondria and activated, it ubiquitinates substrates on the OMM, such as
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Figure 1.4. Schematic of mitochondria dynamics, PINK1-Parkin-dependent mitophagy and
PINK1-Parkin-independent mitophagy.

A, mitochondria are considered as "dynamic" organelles, which undergo Marf/Mfn mediate fusion
and Drpl mediate fission. B, PINKI1-Parkin-dependent mitophagy usually happens when
mitochondria get damaged. The resulting mitochondrial membrane potential (A¥m) drops or
disappears making the PINK1 accumulate on the outer mitochondria membrane (OMM), then
PINKI recruits Parkin and activates it. The activated Parkin ubiquitinates the protein on the OMM.
Then autophagy receptors recognize the ubiquitinated proteins, form autophagosome for
degradation. PINK1-Parkin-independent mitophagy relies on the direct interaction between the
receptor protein located on the outer mitochondrial membrane (OMM), such as BNIP3L, FUNDCI1
or FKBPS, and Atg8/LC3 to form autophagosome for mitochondria turnover. (Created using
BioRender.com).
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MFN1/2, TOM20, and the voltage-dependent anion-selective channel 1/2/3 (VDAC1/2/3) (38).
Autophagy receptors, including optineurin (OPTN), p62/SQSTM1, and nuclear dot protein 52 kDa
(NDP52), will bind to polyubiquitin chains on OMM substrates and recruit Atg8/LC3 to form
autophagosomes, eventually fusing with the lysosome for the mitochondria degradation [38, 67,
96, 98-103].

In contrast with PINKI-Parkin-dependent mitophagy, PINKI-Parkin-independent
mitophagy does not require ubiquitin-p62 recognition. Instead, it relies on mitophagy receptors on
the OMM directly binding with Atg8/LC3 to form the autophagosome for mitochondria turnover
[97,104] (Figure 1.4B). Several proteins on the surface of OMM have been identified as receptors
during PINK 1-Parkin-independent mitophagy. Under normal conditions, BCL2 interacting protein
3 like (BNIP3L)/NIX exits on the OMM in an inactive monomer form. Upon negative stimuli,
usually hypoxia or starvation, the BNIP3L/NIX receptor is dephosphorylated to form the active
dimer form, thus enhancing the binding with Atg8/LC3 to induce mitophagy [104, 105]. FUN14
domain containing 1 (FUNDCI1) is a receptor for hypoxia-induced mitophagy and under hypoxic
conditions, FUNDCI is dephosphorylated at Tyr 18, increasing its binding to Atg8/LC3 [104, 106].
FK506-binding protein 8 (FKBPS) is anchored in the OMM and has a cytosolic N-terminus. The
N-terminal LIR motif of FKBP8 increased the affinity for Atg8/LC3 binding under stress
conditions (hypoxia or starvation), thus inducing mitophagy [104, 107].

In skeletal muscle tissue where energy demands are very high, the maintenance of efficient
mitochondrial function is critical for preserving muscle health. Numerous research groups have
demonstrated that mitophagy plays a vital role in sustaining muscle function by facilitating the
removal of damaged mitochondria. For instance, a recent study revealed that impaired mitophagy

in muscle cells resulted in locomotor defects in Drosophila larvae [ 108]. Mitophagy also promotes
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muscle regeneration (through myogenesis) following exercise-induced damage as it can facilitate
the rapid turnover of dysfunctional mitochondria, which enables the synthesis of more efficient,
functional mitochondria [109]. Enhancing mitophagy might be a potential therapeutic strategy for
addressing muscle mitochondrial dysfunction. Urolithin A, a mitophagy activator, has
demonstrated the potential to improve muscle function in models of Duchenne muscular dystrophy

(DMD) [110].

1.5, Drosophila as a model of skeletal muscle autophagy and diseases

Drosophila melanogaster, commonly referred to as the fruit fly, exhibits a significantly
different morphology compared to humans. Despite this difference, the fundamental cellular and
developmental processes, including signaling and autophagy pathways, remain evolutionarily
conserved in Drosophila. Nearly every human organ has a corresponding structure in flies.
Moreover, the Drosophila genome shares 60% homology with the human genome and it is
estimated that approximately 75% of the genes associated with human disorders have homologs
in Drosophila [111]. Additional advantages in using Drosophila for human disease research
include less genetic redundancy, a vast genetic toolkit to overexpress or decrease gene function, a
rapid life cycle, and lower maintenance costs [111-113].

Since the life cycle of Drosophila consists of four distinguishable stages: embryo, larva,
pupa, and adult, each of these stages can be utilized to investigate different aspects of development,
genetics, or environmental influences, thereby rendering Drosophila a valuable model organism
for a diverse array of biological research (Figure 1.5A). For instance, the embryo stage may be
employed to examine gene expression patterns throughout early development, aiding in the

identification of genes essential for body plan formation. Also, researchers can investigate
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A, The Drosophila life cycle is characterized by four distinct stages: embryo, larva, pupa, and
adult. Different stages of Drosophila can be used to investigate different biological questions. B,
NUAK phosphorylated damaged Filamin protein, CryAB is normally bound to Filamin. CASA
complex detects and binds with damaged Filamin protein with the help of NUAK. The addition of
the polyubiquitin chain on Filamin recruits p62 and Atg8a to form autophagosomes, then
autophagosomes are transported to the site of the lysosome, and fused with lysosome for protein

degradation. (Created using BioRender.com).
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signaling pathways that control cell differentiation and organogenesis or the influence of
environmental variables during embryogenesis [114-116]. In larval stages, different tissues can be
employed to address specific biological questions. For example, the imaginal discs of the
Drosophila larvae serve as a model for investigating the coordination of cell growth and
division[117]. Additionally, the fat body, analogous to mammalian adipose tissue, facilitates the
examination of mechanisms regulating fat metabolism[118]. Larval muscle tissue can be induced
to undergo contraction and relaxation, thereby simulating exercise and offering a model for
studying the effects of physical activity[119]. Furthermore, the larval stage is particularly suitable
for exploring the impact of different diets on development and growth, helping researchers gain
valuable insights into nutrient metabolism [120]. The pupa stage is crucial for the transformation
from larva to adult. These immobile and transparent pupae are ideal for live imaging and studying
metamorphosis. Another characteristic of the pupa stage is that it is very sensitive to hypoxia,
making it suitable for the identification of novel hypoxia-related mechanisms involved in cell and
tissue growth [117, 121-123]. Adult flies exhibit behaviors such as mating, feeding, and learning,
which allow the investigation of the genetic underpinnings of behavior. Furthermore, the adult
stage serves as a valuable model for examining aging processes and identifying genes associated
with longevity.

More importantly, Drosophila can be utilized to study human diseases, including
neurodegenerative disorders and muscle diseases [124-126]. Human MFM is associated with gene
mutations, these genes include desmin (DES), myotilin (MYOT), aB-crystallin (CRYAB), BAG3,
and filamin-C (FLNC). MFM is characterized by the breakdown of myofibrils and the abnormal
accumulation of degradation products within the muscle tissue [80, 127, 128]. Multiple research

teams have determined which proteins preferentially accumulate in biopsies of human MFM
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patients using a combination of laser microdissection and mass spectrometry. Surprisingly, they
found Desmin, Filamin C, and aB-crystallin proteins are always over-represented in protein
aggregates from patients with myotilinopathy (myotilin gene mutation associated MFM),
filaminopathy (filamin-C gene mutation associated MFM), and desminopathy (desmin gene
mutation associated MFM) patients [127-130].

As mentioned in Chapter 1.3, BAG3 mutations result in MFM. To determine whether
Drosophila could be used to study BAG3-related MFM, our lab examined loss-of-function of
Drosophila Starvin (Stv), the ortholog of BAG3, using either RNA interference (RNA1) or mutant
alleles [131] followed by immunostaining with anti-Filamin/FLNC antibody and phalloidin (F-
actin, marker for muscle cells). We found the Filamin/FLNC abnormally accumulated within
regions that lacked the typical F-actin sarcomere structure in stv RNAi or mutant muscles [131].
This result is consistent with the conclusion that FLNC serves as an important cargo for CASA
[67]. We also found that the non-specific serine/threonine protein kinase NUAK physically and
genetically interacts with the Stv-Hsc70 complex and plays a role in Filamin degradation through
CASA (Figure 1.5B). While many proteins associated with the canonical autophagy pathway have
been identified, discovering new regulators might improve our comprehension of tissue- and

stress-specific responses.
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Abstract

Autophagy is important for cellular homeostasis and to prevent the abnormal accumulation of
proteins. While many proteins that comprise the canonical autophagy pathway have been
characterized, the identification of new regulators may help understand tissue and/or stress-
specific responses. Using an in silico approach, we identified Striatin interacting protein (Strip),
MOB kinase activator 4 (Mob4), and Fibroblast growth factor receptor 1 oncogene partner 2
(Fgop2) as conserved mediators of muscle tissue maintenance. We performed affinity purification
mass spectrometry (AP-MS) experiments with Drosophila melanogaster (D. melanogaster) Strip
as a bait protein and co-purified additional Striatin Interacting Phosphatase and Kinase (STRIPAK)
complex members from larval muscle tissue. NUAK and Starvin (Stv) also emerged as Strip-
binding proteins and these physical interactions were verified in vivo using Proximity Ligation
Assays (PLA). To understand the functional significance of the STRIPAK-NUAK-Stv complex,
we employed a sensitized genetic assay combined with RNA interference (RNA1) to demonstrate
that both NUAK and stv function in the same biological process with genes that encode for
STRIPAK complex proteins. RNAi-directed knockdown of Strip in muscle tissue led to the
accumulation of ubiquitinated cargo, p62, and Atg8a, consistent with a block in autophagy. Indeed,
autophagic flux was decreased in Strip RNAi muscles, while lysosome biogenesis and activity were
unaffected. Our results support a model whereby the STRIPAK-NUAK-Stv complex coordinately

regulates autophagy in muscle tissue.

Introduction

Balancing protein synthesis and protein degradation is crucial to maintain normal cellular

functions. In addition to the routine turnover of proteins, cells must have the ability to rapidly

27



respond to internal or external signals by modulating the dynamics of protein turnover or rerouting
proteins through other degradation pathways. Autophagy is one such degradation pathway that
degrades bulk cellular components in the lysosome [1, 2]. Activation of receptors at the cell
surface, oxidative stress, and starvation can trigger endocytosis and autophagy to degrade cellular

components for energy [3].

Multiple types of autophagy, each with its own subtleties, allow the cell to selectively or
non-selectively degrade cellular material. Clearance of organelles or proteins generally occurs
through macroautophagy, where a double-membraned structure called the phagophore forms de
novo and sequesters cellular components within a closed autophagosome [4, 5]. During maturation,
autophagosomes can merge with existing late endosomes (LEs)/multivesicular bodies (MVBs) to
form a hybrid structure called the amphisome prior to fusion with lysosomes [3]. Selectivity in the
degradation process occurs when autophagy receptors recruit and link particular cargo to the
autophagy machinery. One example is chaperone-assisted selective autophagy (CASA), whereby
recognition of the actin crosslinking protein Filamin by the Bcl-2—associated athanogene 3 (Bag3)-
Heat-shock cognate 70 (Hsc70) complex recruits p62/Sequestosome-1 (SQSTMI1) [6-9]. This
adapter protein then binds to Autophagy-related 8a (Atg8a)/microtubule-associated protein 1 light
chain 3 (MAP1LC3/LC3) to coordinate autophagosome formation and eventual lysosomal fusion

[10-12].

Even though autophagy occurs in every cell, the importance of this process in muscle tissue
is exemplified by the number of muscle disorders that are linked to mutations in genes that encode
for autophagy components and/or the abnormal accumulation of autophagic or lysosomal vacuoles
within diseased muscle tissue [2, 13-15]. For example, mutations in the lysosomal marker

lysosomal Associated Membrane Protein 2 (LAMP2) cause Danon disease, characterized by the
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accumulation of autophagic vacuoles [16-18]. Mutations in vacuolar ATPase Assembly Factor
VMA21 (VMAZ21) result in excessive autophagy (XMA) and patients with Duchenne muscular
dystrophy (DMD) exhibit lower levels of the Microtubule-associated protein 1A/1B-light chain 3-
IT (LC3 II) and excess p62 [19-21]. Moreover, mutations in human Filamin C and Bag3 result in
Myofibrillar Myopathy (MFM), a progressive disease in which protein aggregates and muscle
tissue disintegration are prevalent in biopsies [22-25]. Modeling of MFM diseases in zebrafish or
mice show that autophagic activity is impaired, thus linking abnormal protein accumulation to a
deficiency in protein turnover [24]. Identifying additional proteins that mediate autophagy will

help understand the etiology and progression of diseases linked to this cellular process.

The striatin-interacting phosphatase and kinase (STRIPAK) multi-subunit signaling
complex has emerged as a central component in the coordination of intertwined signaling networks
in a wide variety of cellular processes [26-28]. Striatin is the founding member of this complex
and acts as a scaffolding hub for other components, together which form one of the four families
of regulatory subunits for Protein phosphatase 2A (PP2A) [29]. The core proteins that comprise
the STRIPAK complex are evolutionarily conserved across diverse organisms. However, their
varied subcellular distribution suggest that STRIPAK proteins may form sub-complexes that target
distinct substrates in different intracellular pathways that ultimately influence cell growth, cell
division, and actin cytoskeleton organization, among others. Recent papers have uncovered roles
for STRIPAK complex proteins in myofibril assembly in zebrafish and in D. melanogaster adult
flight muscles [30, 31], thus highlighting additional functions for these abundant, promiscuous

proteins.

Here we uncover components of the STRIPAK complex that affect muscle development

through an in silico screening approach in the flour beetle Tribolium castaneum (T. castaneum).

29



Targeted RNAI against select STRIPAK proteins in D. melanogaster revealed morphological
abnormalities in larval muscles. Affinity-purification and mass spectrometry (AP-MS) studies
confirmed the presence of additional STRIPAK complex members in muscle tissue, including
those implicated in autophagy. Detailed analysis of a core STRIPAK member, Striatin interacting
protein (Strip), further revealed a role for the STRIPAK complex in the regulation of autophagic

flux in muscle tissue.

Results

Taking advantage of the evolutionary conservation of genes essential for muscle
development and maintenance, we screened iBeetle-Base, a database of Tribolium castaneum (Tc)
RNAI phenotypes using the search term ‘larval muscle irregular’ to broadly identify genes that
alter muscle morphology [32-34]. Out of the ~8500 individual protein-encoding genes targeted
using dsRNA injections in the pig-19 line expressing GFP in all larval somatic muscles [35], this
in silico approach uncovered 592 genes with abnormal muscle phenotypes (Figure B.1). After
eliminating genes that failed to form Cytoscape interaction networks, we focused on the remaining
55 candidates (Figure 2.1A). Analysis of representative images for each of these genes in iBeetle-
Base revealed similar muscle phenotypes for RNAi knockdown of 7C010759 (Tc-Strip),
TC012571 (Tc-Mob4), and TC007423 (Tc-Fgop2) (Figure 2.1B). These abnormalities were
primarily characterized by gaps in the stereotypical embryonic muscle pattern, indicative of
missing and/or detached muscles. Representative images in the iBeetle database were obtained
from a first-pass screen without systematic repetitions [34]. Despite this limitation, the similarity

in phenotypes for three different members of the STRIPAK complex, combined with physical
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interactions identified by Search Tool for the Retrieval of Interacting Genes/Proteins (STRING)

network analysis provided the rationale for further analysis.

To determine if these proteins play a conserved role in D. melanogaster muscle
development, we induced mRNA knockdown of Strip, MOB kinase activator 4 (Mob4), or
Fibroblast growth factor receptor I oncogene partner 2 (Fgop2) using previously published
upstream activating sequence (UAS)-RNAi lines for each gene under control of the Mef2-Gal4
driver [36]. Mef2>lacZ controls showed an overall normal muscle pattern as visualized with
Myosin heavy chain (Mhc)-GFP in the late third larval (L3) instar stage (Figure 2.2A). At this

whole organismal level, missing muscles were occasionally present in Strip RNAi L3 larvae.
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Figure 2.1. Network analysis uncovers interacting genes in 7.castaneum.

(A) Cytoscape rendering of the 55 genes identified in the iBeetle-base in silico screen that exhibit
one or more known interactions (see Figure B.1). (B) Representative images of muscle
morphology defects in T.castaneum late-stage embryos visualized with GFP after injection of
dsRNA for Strip, Mob4, or Fgop2 (https://ibeetle-base.uni-goettingen.de/). Scale bar, 50 pm.

However, a role for Strip in muscle function became more obvious during the L3 to pupal transition

when body wall muscles contract to form a stereotypical pupal size. Induction of Strip RNAi using
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two independent UAS-hairpin lines exhibited longer pupal cases (Figure 2.2B), whereby the pupal
axial ration (length/width) was increased by ~30% compared to Mef2>lacZ controls (Figure 2.2C).
To determine if obvious morphological differences may explain the failure of muscle contraction,
we examined L3 muscles before the pupal stage. Phalloidin labeling of filleted Mef2>lacZ control
larvae revealed a striated pattern of F-actin in the easily imaged ventral longitudinal 3 (VL3) and
4 (VL4) muscles (Figure 2.2D). Muscle-induced Strip RNAi disrupted this normal F-actin
morphology, typified by a loss of the repeated sarcomere pattern and small regions that lacked
phalloidin staining. Western blot analysis showed that Strip protein levels were reduced by ~60-

70% in Strip RNAi muscle carcasses (Figure 2.2E).

Identification and functional characterization of muscle STRIPAK complex components
RNAi knockdown of Mob4 or Fgop2 mRNA in muscle tissue resulted in stereotypical pupal
case sizes and largely normal muscle morphology with occasional areas of hypercontraction
(Figure B.2 A-C). Four possibilities, which are not mutually exclusive, may explain the absence
of Strip RNAi-like phenotypes. While reduced transcript levels of Mob4 or Fgop2 mRNA are
evident by quantitative RT-PCR analysis (Figure B.3), we cannot rule out the possibility that
Mob4 or Fgop2 protein levels are not decreased. Stage-specific and/or species-specific differences
may explain the phenotypic variations between beetles and flies. At present, we cannot conclude
if Mob4 or Fgop?2 are required earlier in development since we did not analyze embryonic or early
larval phenotypes. Recent comparisons between 7. castaneum and D. melanogaster have revealed
more divergence in gene function governing basic developmental processes, including myogenesis,

than previously thought [37, 38]. Thus, species-specific differences may at least partially account
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for a lack of phenotype in Mob4 or Fgop2 RNAi L3 muscles. Finally, Strip may function

independently of the STRIPAK complex in L3 muscle tissue.
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Figure 2.2. Induction of Strip RNAi in muscle tissue compromises muscle structure and
function.

Mef2-Gal4 driven expression of UAS-lacZ control or two independent UAS-Strip RNAi lines. (A)
Whole mount images of L3 larvae visualized with MHC-GFP reveal no obvious difference
between the control and Strip RNAi muscle patterns. Anterior is to the left. (B) Images of
stereotypical pupal cases representative of Mef2>lacZ controls or elongated pupal cases upon a
reduction of Strip. Anterior is to the left. (C) Box and whiskers plot showing the relative axial ratio
(Iength/width) of pupal case size in control vs Strip RNAi muscles. N>20. Different letters indicate
statistical significance between groups. (D) Phalloidin labeling for F-actin reveals normal, repeated
sarcomeres in VL3 and VL4 control muscles (left panel). This striated pattern is disrupted in Strip
RNAi muscles. All images are maximum intensity projections with anterior towards the top. (E)
Representative Western blot of Strip protein levels upon induction of Strip RNAi in L3 muscles
(top panel). Total protein loading control (bottom panel). Different letters indicate statistical
significance between groups. Scale bars, 1 mm (panels A and B), 50 pm (panel D).
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To identify proteins that physically interact with Strip in this context, we developed an
affinity purification-mass spectrometry (AP-MS) approach (Figure 2.3A). N-terminally tagged
FLAG::Strip or C-terminally tagged Strip::V5 were independently expressed in muscle under
Gal4/UAS control and isolated from L3 larvae using affinity tag-specific beads. The resulting
protein complexes were trypsin digested and subjected to MS analysis. Peptide coverage of the
Strip bait proteins varied from 49.6% to 77% in three independent experiments. Enrichment was
calculated by averaging the label-free quantification (LFQ) intensity values for each experimental
group (Mef2>FLAG::Strip or Mef2>Strip::V5) minus the average values for control groups
(Mef2>lacZ). Using a cut-off of 2.0 as the minimum enrichment value, a total of 195 proteins co-

purified with FLAG::Strip and 336 proteins co-purified with Strip:: V5.

We next plotted proteins that were present in both datasets based on their relative
enrichment values (Figure 2.3B). Both Mob4 and Fgop2 had enrichment values >20 in the
FLAG::Strip pulldowns or >9 in the Strip::V5 pulldowns, thus validating our AP-MS approach
and STRING-Cytoscape interactions. We also confirmed the presence of five additional STRIPAK
components, Connector of kinase to AP-1 (Cka), Nausicaa (Naus), Sarcolemma Associated
Protein (Slmap), microtubule star (mts), and Protein phosphatase 2A at 29B (PP2A-29B) in both
datasets. Two STRIPAK proteins, Cerebral cavernous malformation 3 (Ccm3) and Germinal
centre kinase III (GcklIIl) emerged only in the FLAG::Strip pulldowns, possibly indicating that the

C-terminal V5 tag interfered with binding to Strip. This data is summarized in Figure 2.3C.

Two additional proteins that caught our interest as possible Strip-binding proteins were
NUAK and Stv. NUAK was enriched ~20x in the FLAG::Strip dataset, while Stv was present ~7x

in our V5::Strip samples. Since we previously published a role for the NUAK-Stv complex in
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Figure 2.3. Co-purification of STRIPAK complex proteins from larval muscle tissue.
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(A) Schematic of the AP-MS strategy. Either N-terminally tagged FLAG::Strip or C-terminally
tagged Strip:: V5 fusion proteins were expressed in larval body wall muscles with Mef2-Gal4. After
the preparation of cell lysates and immunoprecipitation with either anti-FLAG or anti-V5 beads,
the resulting protein complexes were subjected to MS/MS and quantitative peptide identification.
Mef2>lacZ lysates were used for control pulldowns. Created with BioRender.com (B) Enrichment
plot showing proteins that co-purified with FLAG::Strip vs lacZ (y-axis) or Strip::V5 vs lacZ (x-
axis). The enrichment difference was calculated by subtracting the average peptide intensities for
each protein in the tagged pulldown minus controls. (C) Canonical proteins of the STRIPAK
complex that co-purified with the bait protein Strip from larval muscle tissue. The corresponding
human proteins and relative abundance in MS experiments are listed. (D) Representative confocal
single-plane images corresponding to PLA experiments characterizing physical interactions of
complexes containing Strip-NUAK (top panels) or Strip-Stv (bottom panels) within VL3 muscles.
The PLA experiments were performed on Mef2>FLAG: :Strip muscles or Mef2>Strip:: V5 muscles.
Control A includes no primary antibodies and only PLA reagents on either Mef2>FLAG::Strip
muscles or Mef2>Strip.::V5 muscles. Control B includes both primary and PLA reagents on WT
muscles. (E) Dot plot depicting the number of PLA puncta/normalized muscle areas in the
indicated genotypes. N>12. Genotypes with different letters are statistically different. Scale bars,
10 um (panel D).

autophagy [39], we next verified the presence of Strip-NUAK or Strip-Stv complexes using the
proximity ligation assay (PLA) approach. Rabbit antibodies raised against NUAK [40] or Stv [6,
41] were used in conjunction with commercially available anti-FLAG or anti-V5 antibodies
generated in mice (Figure 2.3D). The number of puncta corresponding to a Strip-NUAK complex
was increased in Mef2>FLAG::Strip muscles compared to two independent controls (Figure 2.3E).
Control experiment A was performed on Mef2>FLAG::Strip muscles with no primary antibody
and only PLA reagents. Control experiment B used both primary antibodies and PLA reagents on
WT muscles lacking a FLAG-tagged version of Strip. Similar results were obtained for
Mef2>Strip:: V5 muscles, whereby more puncta corresponding to a Strip-Stv complex were
observed than in control experiments (Figure 2.3E). Together, our AP-MS and PLA results
confirm that the STRIPAK complex, together with NUAK and Stv, is expressed in muscles and

can be co-purified with Strip.
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To determine if individual STRIPAK components function in NUAK and/or Stv-mediated
processes, we utilized two separate assays that take advantage of sensitized genetic backgrounds
and available RNAI lines. Stable fly stocks of the genotype NUAKXYR+/-, Mef2-Gal4 and stv'+/-,
Mef2-Gal4 were mated with two independent UAS-RNAi lines for each STRIPAK complex protein
(except Pp2A-29B as other RNAI lines were lethal before the L3 stage). First, we assessed muscle
contraction during the larval to pupal transition as described earlier [39, 42, 43]. Heterozygous
NUAKX”?R+/- or stv!+/- larvae underwent normal muscle contraction and exhibited a pupal axial
ratio comparable to WT and Mef2>lacZ controls (Figure 2.2C). Even though RNAi-directed
knockdown of Strip alone showed decreased muscle contraction (Figure 2.2C and Figure 2.4, A
and B), removal of a single copy of NUAK or stv enhanced this phenotype, demonstrating that
Strip functions in the same biological process as the NUAK-Stv complex (Figure 2.4, A and B).
The same results were obtained for the knockdown of Cka or Naus, whereby muscle contraction
deficits of either gene alone were exacerbated in the sensitized NUAKX”’R+/- or stv!+/-
backgrounds. While all RNAI lines used in these experiments showed knockdown of mRNA
transcripts (Figure B.3), some of the STRIPAK complex members exhibited milder and more
variable results. All pair-wise combinations of RNAi lines (e.g., Mef2>Strip RNAi #I vs.
NUAKX?R+/-, Mef2>Strip RNAi #1) showed a statistically significant enhancement of muscle
contraction defects upon removal of a single copy of NUAK*?R (Figure 2.4A), but only a single
RNAI line directed against Figop2 and Slmap and none against Gcklll or Pp2A4-29B reached
significant values of p<0.05 (Figure 2.4B). Neither Mob4 RNAi line enhanced muscle contraction

defects in the stv!/+ background.

Measurements of muscle contractility during the larval to pupal transition is a relatively

stringent assay that relies on the failure of multiple muscles to contract. Thus, we also assessed the
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Figure 2.4. Functional interactions between NUAK and stv with STRIPAK complex
members.

(A-D) Each RNAI line was expressed alone in muscle tissue using Mef2-Gal4 or in a sensitized
NUAK®?R (A,C) or stv' (B,D) heterozygous background. Two RNAI lines were selected against
each STRIPAK complex gene except for PP2A4-29B as other PP2A4-29B RNAi lines tested were
lethal prior to the L3 stage. (A, B) Box and whisker plots of muscle contractility are depicted by
the axial ratio (length/width) of individual pupae of the indicated genotypes. A shaded grey box
indicates the min to max values for controls. (C,D) Scatter plots depicting muscle defects in L3
larvae (aberrant F-actin patterning, gaps between myofibrils, and detached muscles). Each data
point presents the percentage of muscles with abnormal morphology in individual larvae. N>20
for pupal case morphology and N>18 for muscle morphology abnormalities. Genotypes with
different letters are statistically different between groups (p<0.05). **** p<0.0001; ***, p<0.001;
** p<0.01; * p<0.05; n.s, not significant.

morphology of individual L3 muscles with the rationale that minor structural defects may be
present, but not severe enough to cause functional deficits in overall contractile ability. Each
genotype displayed morphological abnormalities that were enhanced in the NUAKX*’R or sn!
sensitized backgrounds, although there was some variability among RNAI lines (Figure 2.4, C
and D). Aside from Strip, muscle-directed RNA1 against either Cka line showed strong muscle
contraction and sarcomere morphology phenotypes in our quantitative analysis. Indeed, F-actin
patterning in Cka RNAi muscles phenocopies Strip phenotypes (Figure B.4). RNAi knockdown
of the phosphatase flapwing (flw) did not exhibit a phenotype on its own or in combination with
either the NUAKX*R or stv! alleles, thus serving as a negative control for all experiments. These
data together firmly demonstrate a requirement for the STRIPAK complex in muscle contraction

and the maintenance of the integrity of muscle tissue in concert with the NUAK-Stv complex.

Markers associated with autophagy are increased in Strip RNAi muscles
Since the loss of NUAK or Stv impairs autophagy in muscle tissue [39], we next examined

the relative distribution and levels of the autophagosome marker Atg8a upon induction of Strip

39



RNAi. In control Mef2>lacZ muscles, fluorescence corresponding to Atg8a puncta was visible at
low levels (Figure 2.5A). RNAi-silencing of Strip with either RNAI line not only increased the
overall number of puncta but also shifted the relative size of each Atg8a(+) puncta to greater than
3.75 um? (Figure 2.5B). While some of these larger puncta were located near nuclei (see inset), a
large proportion were broadly distributed throughout the cell in Strip RNAi muscles. The inability
to visualize puncta corresponding to autophagosomes in Azg8a RNAi muscles confirmed the

specificity of the anti-Atg8a antibody (Figure 2.5A).

Refractory to sigma P (ref(2)p)/p62 is an adapter protein that simultaneously interacts with
ubiquitinated cargo and Atg8a to ensure the delivery of autophagic substrates to the autolysosome
for degradation [10-12]. Thus, increased p62 protein would be predicted upon a decrease in Strip
function. Indeed, the total number and relative size of p62-containing structures were increased in
Strip RNAi muscles (Figure B.SA). Less than ten puncta corresponding to p62 were present within
a single VL3 or VL4 muscle and the relative area of most puncta was between 3.75-7.50 pm?
(Figure B.5B). RNAi-silencing of Strip induced abundant p62 signal within each muscle and a
concomitant increase in the size of each puncta, of which a substantial proportion was also enlarged
greater than 3.75 pm?. To confirm this increase in p62, we also examined the quantity and relative
size of p62-containing structures in control and Strip RNAi muscles using a p62-GFP fusion
protein (Figure B.5SC). Similar increases in puncta number and size were observed for p62-GFP,
with a noticeable increase in the area of larger puncta (>7.5 um?) (Figure B.5D). Some of the
larger, irregular p62-GFP structures (arrows) may correspond to aggregates of p62 due to

overexpression [44].

If the clustering and delivery of ubiquitinated proteins to the autophagosome are dependent

upon p62, then both Ub and Atg8a should overlap with p62 staining. To test this, we first
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immunostained L3 muscles with anti-p62 and anti-Ub antibodies. Consistent with anti-p62
staining alone in Figure S5C, the number of p62(+)-puncta was increased in Strip RNAi muscles
(Figure 2.5C). The total number of puncta that stained positive for both Ub and p62 increased ~5-

fold in Strip RNAi #1 and ~2.5-fold in Strip RNAi #2 compared to controls (Figure 2.5D). When
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Figure 2.5. p62-Ub and p62-Atg8a complexes accumulate in Strip RNAi muscles.

(A) Mef2-Gal4 flies were mated with UAS-lacZ, UAS-Strip RNAi #1, UAS-Strip RNAi #2 or UAS-
Atg8a RNAi to assess the relative amount of Atg8a. Maximum intensity projection images of
muscles VL3 and VL4 from L3 larvae reveal an increase in the size and number of Atg8a puncta
(green). Inset depicts the area around a single nucleus. (B) Bar chart quantification shows an
increase in the overall size and number of Atg8a(+) structures in Strip RNAi muscles compared to
lacZ controls. N>15. Genotypes with different letters are statistically different. (C) Maximum
intensity projections of VL3 and VL4 muscles immunostained for p62 (magenta) and Ub (green)
in lacZ control, Strip RNAi or Atg8a RNAi muscles. There is a clear increase in both p62 and Ub
puncta upon knockdown of Strip or Atg8a. (D, E) Scatter bar graphs reveal an increase in the
number of puncta (D) and the percentage of puncta (E) in VL3 and VL4 muscles that show overlap
between p62 and Ub in Strip or Atg8a RNAi muscles compared to controls. N>32. Genotypes with
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different letters are statistically different. (F) VL3 or VL4 muscles from L3 larvae expressing GFP-
Atg8a (green) and anti-p62 (magenta) in the indicated genotypes. There are more p62(+) puncta
that show overlap with GFP-Atg8a in Strip knockdown muscles than in /acZ control muscles.
Atg8a RNAi shows increased p62, but a loss of GFP-Atg8a staining. (G,H) Scatter bar plots of
puncta in VL3 and VL3 muscles. There is an obvious increase in the number of puncta (G) and
the percentage of puncta (H) that show overlap between p62 and GFP-Atg8a in Strip RNAi line #1
muscles compared to controls or Atg8a RNAi. N>32. Genotypes with different letters are
statistically different. Scale bars, 25 um (panels A, C, F).

quantitated as percentage overlap, the ~20% observed in /acZ controls increased to ~60% upon a
reduction in Strip (Figure 2.5E). This trend was even more pronounced upon loss of Atg8a
whereby Ub-p62 conjugates form, but fail to recruit Atg8a thereby blocking delivery to the
lysosome.

To examine the overall distribution of Ub-tagged proteins, soluble and insoluble fractions
were prepared from L3 muscle tissue fillets followed by Western blotting with an anti-Ub antibody
that recognizes both mono-and polyubiquitin, but not free ubiquitin. Elevated levels of
ubiquitinated species were observed in both the soluble and insoluble fractions obtained from Strip
RNAi #1 and Atg8a RNAi muscles, with a mild increase in the insoluble portion in Strip RNAi #2
muscles (Figure B.6A). Ubiquitin chain assembly on outer membrane proteins of damaged
mitochondria recruits autophagic machinery for eventual lysosomal degradation [45, 46]. To
assess if Strip influences mitochondrial turnover, we examined the colocalization of mitochondria
and p62-GFP (Figure B.6B). Overall, mitochondrial morphology was similar in control and Strip
RNAi muscles with no indication of swollen mitochondria that fail to undergo autophagic clearance
due to their large size [47]. Moreover, mitochondria and p62-GFP staining did not overlap, as
would be expected if ubiquitinated cargo on damaged organelles is tagged for destruction. Thus,

it seems likely that the primary substrate of Ub and p62 targeting are not mitochondrial proteins.
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We next examined the overlap between p62 and Atg8a. Since antibodies against each
protein were generated in the same species and cannot effectively be used in double
immunostaining experiments, we took advantage of the GFP-tagged Atg8a fusion protein (GFP-
Atg8a). This protein faithfully recapitulates results obtained with anti-Atg8a antibody staining
(Figure 2.5, A and B) as we observed an increase in the number and size of GFP-Atg8a (+)
structures corresponding to autophagosomes (Figure B.5 E and F). Similar to the results for Ub-
p62 conjugates, the total number and percentage of puncta that stained positive for p62 and GFP-
Atg8a were more prominent in Strip RNAi muscles (Figure 2.5F). This result was most striking in
RNAi line #1, where the number of puncta that showed overlap increased from an average of 10
puncta in /acZ control muscles to nearly 100 puncta in Strip RNAi #1 (Figure 2.5G) and the
percentage of puncta that overlapped in Strip RNAi was nearly doubled (Figure 2.5H). Together
these data confirm that loss of Strip causes an accumulation in ubiquitinated substrates that get

recognized by p62 and recruit Atg8a.

Loss of Strip disrupts autophagic flux

The coordinated increase in Ub, p62, and Atg8a suggests that the autophagy pathway is
blocked. To examine autophagic flux, or the overall progression from the formation of an
autophagosome to the degradation of cargo in the autolysosome, we next took advantage of the
differential pH sensitivity of fluorescent tags in the GFP-mCherry (mCh)-Atg8a tandem fusion
protein [48-50]. In autophagosomes, both tags emit fluorescent light resulting in co-fluorescence
(white puncta) (Figure 2.6A). However, the fusion of autophagosomes with late endosomes or

lysosomes exposes the fluorescent tags to an acidic environment where the GFP fluorescence
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signal is quenched. mCh signal persists until all proteins within the autolysosome are degraded.

Thus, the GFP signal labels the autophagosome prior to its fusion with the lysosome.

This GFP-mCh-Atg8a fusion protein was expressed in /acZ control or Strip RNAi muscles.
The first observation was an increase in the overall number of GFP-Atg8a puncta corresponding
to autophagosomes (Figure 2.6B). These results are consistent with the elevated numbers of
autophagosomes marked by anti-Atg8a or GFP-Atg8a in Figure 2.5A and Figure B4E,
respectively. Pearson’s correlation coefficient (PCC) was used to quantitatively assess the overlap
of GFP and mCh as a measure of autophagosomes (Figure B.7). PCC values for control muscles
averaged ~0.3 but increased to ~0.5 in Strip RNAi muscles (Figure 2.6C). Next, both control and
experimental L3 larvae expressing GFP-mCh-Atg8a were fed the lysosomal fusion inhibitor
chloroquine (CQ) for 6 hours before analysis [51, 52]. As expected, the relative amount of
autophagosomes (using PCC as a readout) was increased upon CQ feeding in Mef2>lacZ controls,
demonstrating an efficient block of autophagosomal-lysosomal fusion. CQ treatment of
Mef2>Strip RNAI larvae caused a similar accumulation of autophagosomes as observed in CQ-
treated control muscles (Figure 2.6C). These results together demonstrate that decreasing Strip
function impedes autophagy. The additional increase in PCC values upon further blocking the
fusion between autophagosomes with lysosomes with CQ may be due to the perdurance of Strip

protein in L3 muscles (Figure 2.2E).

Two additional assays were used to probe autophagic flux with isolated muscle carcasses to
eliminate tissues (e.g., fat body) that exhibit high autophagic activity. First, we assessed the
conversion of GFP-mCh-Atg8a to ‘free’ mCh to monitor autophagy-dependent delivery into the
lysosome [48, 50]. When autophagy proceeds normally, the GFP-mCh-Atg8a reporter is cleaved

within the lysosome and the free mCh tag can be visualized via Western blotting. Our results
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Figure 2.6. Knockdown of Strip impedes autophagic flux.
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(A) Schematic showing how the pH-sensitive GFP-mCh-Atg8a tandem fusion protein is used to
monitor autophagy. Created with BioRender.com. (B) Stacked confocal images of the GFP-mCh-
Atg8a fusion protein in control or Strip RNAi muscles. Autophagosomes are marked by GFP-
Atg8a (green or white puncta) and lysosomal compartments are labeled by mCh-Atg8a (magenta).
Note the increase in autophagosomes upon a decrease in Strip. Inset shows the area around a single
nucleus. (C) The scatter bar plot depicts the Pearson’s correlation coefficient (PCC), or the amount
of overlap between green and white signals corresponding to autophagosomes. N>20. (D) mCh
conversion assay assessed by Western blotting in muscles expressing UAS-GFP-mCh-Atg8a.
Probing with an antibody against mCh shows a decrease in the amount of liberated mCh in Strip
RNAi muscles (top panel). Loading control shows total protein levels (bottom panel). Bar scatter
plot quantifying the ratio of free mCh-Atg8a/GFP-mCh-Atg8a normalized to total protein. N=3
biological replicates. (E,F) The overall level of p62 is increased in Strip RNAi muscles using two
independent methods. Anti-GFP detects the p62-GFP fusion protein only (E), while an anti-p62
antibody detects both endogenous and GFP-tagged p62 (F). Total protein loading control (bottom
panel). N=5 biological replicates for each experiment. Scale bars, 25 um (panel A). Genotypes
with different letters are statistically different (p<0.05).

showed an impairment in the amount of the full-length GFP-mCh-Atg8a fusion protein that is
cleaved to produce the free tag in Strip RNAi knockdown muscles compared to control samples
(Figure 2.6D). Since p62 itself is degraded in autolysosomes during normal autophagy, an increase
or decrease in the amount of p62 serves as a marker of autophagic flux [48, 50, 53]. Expression of
the p62-GFP fusion protein in /acZ control or Strip RNAi muscles by Western blotting allowed us
to assess both tagged and endogenous p62 simultaneously. Using an antibody against GFP, there
was a clear increase in the amount of the p62 fusion protein upon induction of Strip RNAi compared
to lacZ alone (Figure 2.6E). Probing with an anti-p62 antibody detected the same increase in p62-
GFP, but also showed elevated levels of endogenous p62 protein upon a loss of Strip (Figure 2.6F).

Together, it is clear that autophagic flux is decreased in Strip RNAi muscles.

Lysosomal homeostasis is maintained in Strip RNAi muscles
Autophagosomal maturation involves a series of fusion events with endocytic

compartments before gaining competency for lysosomal fusion [1]. Thus, the intersection between
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the autophagy and endocytic pathways makes it difficult to distinguish between effects due to
altered autophagic flux and/or dysfunction of the endolysosomal pathway. For example, Ras-
related protein Rab7 (Rab7) is associated with late endosomes and lysosomes and plays a role in
the fusion of autophagosomes to lysosomes [54-58]. To determine if Strip influences Rab7-
dependent events, we first assessed Rab7 localization in control and Strip RNAi muscles. Rab7
was present as puncta throughout control muscles and accumulated in large, circular structures
upon induction of Strip RNAi (Figure 2.7A). Next, we assessed the relationship between Rab7 and
p62. Knockdown of Rab7 increased both endogenous p62 and p62-GFP protein levels (Figure
2.7B), thus supporting the functional link between the endocytic and autophagic pathways.

Moreover, p62(+) puncta could be found associated with Rab7 structures in Strip RNAi muscles

compared to controls (Figure 2.7C). These data together, bring up the possibility that flux through

the endolysosomal and/or autolysosomal pathway may be affected.

Elevated numbers of autophagosomes and a corresponding reduction in autophagic flux
could be due to decreased lysosome biogenesis and/or a block in the lysosomal turnover of cargo.
First, we examined the relative amount of lysosomes using lysosomal-associated membrane
protein 1 (Lamp1)-GFP as a marker for this organelle. In control muscles, lysosomes are generally
distributed throughout the muscle, but tend to accumulate around the syncytial nuclei (Figure
2.8A). Induction of Strip RNAi mildly altered this distribution pattern, whereby lysosomes
appeared more clustered in the perinuclear region. As this feature obscured an accurate
quantification of lysosomal number, we assessed if the expression of autophagosome and/or
lysosome biogenesis markers is dependent on Strip. First, we verified the utility of the real-time

PCR approach in muscle carcasses using the Mef2-Gal4 driver to induce Strip RNAi. Indeed, there
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Figure 2.7. Endosome morphology is altered upon loss of Strip.

(A) VL3 or VL4 muscles of the indicated genotypes were immunostained with Rab7 to visualize
late endosomes. Larger structures labeled with Rab7 were present in Strip RNAi muscles. (B)
Mef2-driven p62-GFP was visualized by Western blotting in /acZ control or Rab7 RNAi muscles.
Autophagic flux is impeded upon a reduction in Rab7 as visualized with anti-p62 that detects the
p62-GFP fusion protein and endogenous p62. (C) High magnification images of L3 control or Strip
RNAi muscles expressing UAS-p62-GFP and labeled with anti-Rab7 and phalloidin. Rab7 and
p62 accumulate close to one another at the muscle surface. Scale bars, 50 um (panels A and C),
10 um (panel C, XY scans), 2 pm (panel C, XZ scans).

was a ~60% reduction in Strip transcript levels using qPCR (Figure 2.8B). Autophagy and
lysosomal biogenesis is regulated by mammalian transcription factor EB (TFEB), or melanocyte-
inducing transcription factor (Mitf) in D. melanogaster [59-61]. The relative abundance of Mitf
transcripts, as well as its transcriptional targets Autophagy-related 1 (Atgl), Autophagy-related 18
(Atg18a), and Cysteine proteinase-1 (Cpl), were not significantly changed in Strip RNAi muscles
(Figure 2.8B). Thus, it seems unlikely that autophagosome biogenesis (Atgl, Atg18) or lysosomal

biogenesis (Cpl) are altered as has been previously shown for D. melanogaster Myotubularin-
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related phosphatase 6 (MTMRG6) [62]. Levels of p62 transcripts were also not appreciably changed
in Strip RNAi muscles, further highlighting that the increase in p62 protein is indeed due to a block

in autophagy rather than increased expression levels (Figure 2.8B).

To determine if Strip impairs the degradation of cargo, thus leading to autophagosome
accumulation, we assayed for lysosomal function using an assay to measure Cathepsin-B activity.
Cleavage of a fluorescent substrate by active cathepsins is a general indicator of lysosome function
[63]. However, we observed no obvious difference in the relative number of puncta that stained
positive for Cathepsin B activity (Figure 2.8, C and D). The Vacuolar H+-ATPase SFD subunit
(VhaSFD)/V1H served as a negative control since lysosomal acidification does not occur upon
RNAI depletion of VIH in fat body tissue RNAi [64]. These data together indicate that lysosome

biogenesis and lysosome activity are not impaired in Strip RNAi muscles.

An alternative explanation for the increase in autophagosomes is the inability of this
organelle to undergo fusion with lysosomes. Since Lysotracker labels lysosomes in live tissues,
we co-labeled with p62-GFP to mark ubiquitinated cargo that could be captured by
autophagosomes for degradation. In control /acZ muscles, ~60% of lysosomes were found to be
associated with p62-GFP (Figure 2.8E). This value increased to ~85% in muscles that were
expressing either Strip RNAi line, raising the possibility that impaired lysosomal fusion may be

one contributing factor to explain the autophagic block observed in Strip RNAi muscles.
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Figure 2.8. Lysosomal fusion appears partially blocked upon a reduction of Strip in
muscles.

A) Labeling with Lampl-GFP (green)shows no overt difference in the overall number of
lysosomes between lacZ or Strip RNAi muscles, although the lysosomes appear clustered around
nuclei in the latter. (B) mRNA transcripts implicated in autophagosome or lysosome biogenesis
were analyzed by qPCR in muscle fillets from lacZ or Strip RNAi individuals. Primers
corresponding to Strip were used as a positive control to assure the validity of RNAi knockdown.
No statistically significant differences in transcript levels were observed for Atgl, Atgl8, Cpl,
Mitf, or p62. (C) Monitoring lysosomal activity by Cathepsin B staining reveals no appreciable
difference in control muscles or muscles expressing ds hairpins against Strip. VIH RNAi was used
as a positive control for a reduction in lysosomal activity (Mauvezin et, al 2015). (D) Quantitation
of puncta stained with Cathepsin Red(+)/1000 pm? represented in a scatter plot. N>8. Genotypes
with different letters are statistically different (p<0.05). (E) Mef2-Gal4, p62-GFP flies were mated
with UAS-lacZ or UAS-Strip RNAi flies. Lysotracker was used to label lysosomes. Muscles
deficient for Strip show close proximity between p62 and lysosomes compared to controls. Scale
bars, 50 um (panels A and C), 10 pm (panel E).

Discussion

Our efforts to understand how evolutionarily conserved proteins required for muscle

development in Tribolium also function in D. melanogaster led us to explore how the STRIPAK
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complex intersects with autophagy. Our previous studies defined a role for the NUAK-Stv
complex in mediating the autophagic degradation of Filamin [39]. Here we functionally link the
STRIPAK complex to NUAK and Stv and show that autophagy is blocked, possibly due to
inefficient fusion with lysosomes. Although we did not observe alterations in autophagosome or
lysosome biogenesis (assessed by gqPCR) or lysosomal activity, we cannot rule out the possibility

that yet unidentified factors affect endosomal or endolysosomal flux, thus overloading the pathway.

The search term ‘larval muscle irregular’ used to screen iBeetle-base RNAi phenotypes
broadly describe muscles that are mispatterned, thinner, round, degenerative, and more. The
descriptor terms primarily used for Tc-strip dsRNA, Tc-Mob4 dsRNA, and Tc-Fgop2 dsRNA larval
musculature phenotypes were ‘pattern irregular’ and ‘pattern not present.” Moreover, RNAi
phenotypes for each of these gene products also affected other stages of the Tribolium lifecycle,
including oogenesis, larval cuticle development, and elytra formation, just to name a few [34].
Thus, the STRIPAK complex has broad functions throughout development and likely even
multiple functions within the same tissue, including muscle. Loss of Mob4 or Striatin-3
compromises myofibril assembly in zebrafish [30], while the STRIPAK complex family members
Slmap, Cka, and Strip are essential for sarcomerogenesis in D. melanogaster indirect flight
muscles (IFMs) [31]. Our identification of STRIPAK proteins co-purifying with Strip in muscle
tissue combined with the functional involvement of Strip with the NUAK-Stv complex in
autophagy demonstrates a role for STRIPAK complex members in both muscle development and

maintenance.

One advantageous feature of model organisms is the presence of a single ortholog
compared to higher organisms which may possess multiple protein family members. For example,

the human genome encodes for two Strip proteins (Stripl/2) and three Striatin proteins
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(STRN1/3/4), while D. melanogaster possesses one gene of each [27]. This feature allows for the
unambiguous characterization of phenotypes through genetic analysis without complications of
overlapping family members exhibiting compensatory roles. In larval body wall muscles,
knockdown of Strip or Cka affected muscle architecture and muscle contraction to a greater extent
than a reduction in other STRIPAK complex proteins. It is possible that inefficient protein
knockdown of the selected RNAI1 lines in muscle tissue accounts for the weaker phenotypes. This
seems unlikely since many of these RNAI lines, such as those directed against Mob4, were used
to assess autophagosome transport defects in neurons [65]. Alternatively, if some members of the
STRIPAK complex function coordinately with other pathways, Mob4 or Fgop2 phenotypes are
only visible in the sensitized NUAKX*’R/+ or stv!/+ background compared to expression of RNAi

alone.

Autophagosome nucleation has been most extensively studied in yeast where phagophore
assembly sites (PAS) are initiated in close proximity to the endoplasmic reticulum (ER) and may
directly fuse with nearby vacuoles [66, 67]. Autophagosome biogenesis in higher eukaryotes can
occur simultaneously at multiple locations, including the ER. In both yeast and mammalian cells,
specialized subdomains of the ER, termed ER exit sites, serve as an organizing platform for
autophagosome formation [68]. Since ER exit sites are dispersed throughout both mammalian and
D. melanogaster multinucleated muscle cells [69, 70], it stands to reason that autophagosomes can
also form at several locations before eventual fusion with endosomes and/or lysosomes. D.
melanogaster Cka physically interacts with Dynein and directly binds Atg8a to facilitate the
transport of autophagosomes and dense core vesicles within the axons of motoneurons [65]. This
relatively long-range movement from the site of autophagosome initiation to the site of lysosomal

fusion is not a major impediment in muscle cells where the accumulation of stalled
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autophagosomes appears closer to their lysosomal targets. In Strip RNAi muscles, p62-marked
autophagosomes were rarely observed far away from lysosomes, suggesting that transport in this

genotype was largely unaffected in muscle tissue.

After the completion of autophagosome formation, additional fusion events with various
endolysosomal compartments have been defined that are required before the final fate of
degradation by autolysosomes. This process, referred to as autophagosome maturation, includes
the fusion of multivesicular bodies or late endosomes with autophagosomes to form the
intermediate or hybrid amphisome structure [1, 3]. While Rab5 is normally present on early
endosomes, Rab 7 is predominant on late endosomes; this Rab5 to Rab 7 switch ensures endosome
maturation [3, 54, 55]. Rab7/Ypt7 can also be recruited to autophagosomes by the Mon1-Cczl
guanosine exchange factor (GEF) complex in starved yeast or larval fat cells [71, 72]. This
nutrition-dependent switch in organelle localization diversifies possible functions of Rab7 but also
merits caution in the interpretation of deciphering which step of autophagy may be affected. Roles
for Rab7 have been delineated in the movement of late endosomes towards lysosomes as well as
autophagosome maturation [1, 55]. Autophagosome accumulation in Ypt7-KO yeast or Rab7
knockdown in D. melanogaster cells indicates that the fusion step between autophagosomes and
lysosomes is blocked [57, 58, 73]. However, CRISPR/Cas9-mediated KO of Rab7 in Madin-Darby
canine kidney II (MDCK-II) cells showed an increase in structures positive for LC3 and the
lysosome marker Lamp2, indicating that autophagosome fusion could proceed to generate
autolysosomes [74]. More studies need to be performed to determine if this result is a general

feature in mammalian cell types.

Deciphering the molecular role of STRIPAK complex components can be difficult due to

subunit heterogeneity in different tissues and/or a functional requirement for core complex
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members in different stages of the same biological process, such as autophagy. In D. melanogaster,
some (Cka, Strip and Mob4), but not all (Ccm3, GcekllIl), of the core STRIPAK complex
components tested were required for axonal autophagosome transport [65], while Strip and Cka
(but not Fgop2, GcekIll, Mob4, or Slmap) were required for spermatogenesis [75]. Since
mammalian Cecm3 links Striatin and GceklIII proteins [76], these data provide support for different
STRIPAK subcomplexes dependent upon the biological context. Unc-51 like autophagy activating
kinase (Ulk1) is well known for its role in autophagy initiation [66, 67, 77]. In a comprehensive
set of experiments, Hu, et al. uncovered multiple phosphatase complexes as targets of Ulk1 kinase
activity, one of these being Striatin [78]. Interestingly, many of these phosphorylated substrates
are also required for autophagosome maturation and autophagosome-lysosome fusion, thus
suggesting that intricate regulation and feedback loops regulate autophagy. Defining targets of

STRIPAK complex activity during each step of autophagy would help clarify these intricate details.

Materials and methods

In silico screen
The search terms ‘larval’ and ‘muscle’ ‘irregular’ were queried using the search function in

iBeetle-Base (https://ibeetle-base.uni-goettingen.de/) [33]. The retrieved Tc genes were converted

to current Flybase IDs (Fbgn number) and analyzed using Cytoscape (https://cytoscape.org/) [79].

D. melanogaster genetics
All stocks were maintained on standard cornmeal-molasses-yeast-agar medium at 25 °C unless
specified. Gal4/UAS crosses were set up at 25 °C and shifted to 31 °C at the beginning of the L1

stage. The following RNAi lines stocks were obtained from either the Bloomington D.
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melanogaster Stock Center (BDSC, Bloomington, IN) or the Vienna D. melanogaster Resource
Center (VDRC, Vienna, Austria): UAS-Strip RNAi #1 (v16211); UAS-Strip RNAi #2 (BL34657);
UAS-cka RNAi #1 (v106971); UAS-cka RNAi #2 (BL28927); UAS-Mob4 RNAi #1 (v110742);
UAS-Mob4 RNAi #2 (v40442); UAS-Naus RNAi #1 (BL34879); UAS-Naus RNAi #2 (v31375);;
UAS-Fgop2 RNAi #1 (v47389); UAS-Fgop2 RNAi #2 (BL60065); UAS-SImap RNAi #1 (v8199);
UAS-SImap RNAi #2 (BL32509); UAS-Ccm3 RNAi #1 (v106841); UAS-Cem3 RNAi #2 (v109453);
UAS-GCKIII RNAi #1 (BL35339), UAS-GCKIII RNAi #2 (BL57042); UAS-PP2A-29B RNAi #1
(BL43283); UAS-flw RNAi (BL38336); UAS-AtgS8a RNAi (V43097); UAS-NUAK RNAi
(BL35194); UAS-stv RNAi (v34408), UAS-Rab7 RNAi (BL27051); and UAS-VI1H RNAi (v47471).
Additional fly stocks obtained from the BDSC include Mef2-Gal4 (BL27390), da-Gal4 (BL37291),
MHC-GFP (BL38462), UAS-lacZ (BL3956), UAS-GFP-Atg8a (BL51656), and UAS-GFP-mCh-
Atg8a (BL37749). The YFP::Lampl¢PT0077 ingertion (DGGR115240) is from the Kyoto D.
melanogaster Stock Center (DGGR, Kyoto, Japan). Other stocks include the alleles stv! [41] and
NUAKX”R (manuscript in preparation) in addition to the transgenic lines UAS-FLAG. :Strip [80],

UAS-Strip::V’5 [80]; and UAS-p62-GFP [81].

Muscle tissue visualization

Larval whole mounts. Wandering L3 larvae resulting from parents of the genotype Mef2-Gal4,
MHC-GFP x UAS-lacZ or a UAS-RNAi line of interest were individually selected from the sides
of'avial or bottle. Larvae were heat-killed and imaged on a Leica M165FC fluorescent stereoscope.
Muscle carcass dissections and immunostaining. Wandering L3 larvae were placed on a Sylgard
plant, pinned near the mouth hooks at the anterior end, and the internal organs were removed. The

resulting muscle carcasses were fixed in 4% formaldehyde and subjected to standard
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immunostaining protocols with normal goat serum used as a blocking agent in PBT [39]. Tissues
were stained with the following primary antibodies: rabbit anti-p62/ref(2)p (1:200, Abcam,
Cambridge, MA), rabbit anti-Atg8a (1:200, Millipore, Burlington, MA), mouse anti-Rab7 (1:25,
Developmental Studies Hybridoma Bank, lowa City, IA) and rabbit anti-Filamin DZ00502 (1:200,
Boster Bio, Pleasanton, CA). Fluorescence was detected using the following secondary antibodies:
Alexa Fluor anti-rabbit or anti-mouse 488 or 594 (1:400, Invitrogen, Waltham, MA). F-actin was
labeled with phalloidin 488 or 594 (1:400, Molecular Probes, Eugene, OR) and nuclei were stained
with Hoechst dye (1:400, Invitrogen, Waltham, MA). 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 images taken at 20x are displayed as
maximum intensity projections. Data acquisition at 63x magnifications is presented as single plane
confocal micrographs or maximum intensity projections as indicated in the figure legend. PLA.
Wandering L3 larvae of the genotypes Mef2>FLAG::Strip, Mef2>Strip.: V5, or w!!!® were heat-
killed, dissected, fixed in 4% formaldehyde and washed in PBT before following general
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 anti-FLAG F1804 (1:400, Sigma-Aldrich, St. Louis, MO), anti-NUAK DZ41105 (1:400,
Boster Bio, Pleasanton, CA), anti-V5 R960-25 (1:400, Invitrogen, Waltham, MA), and rabbit anti-
Stv (1:400) [6, 41]. Tissues were washed twice for 5 min in wash buffer A and then incubated in
40 ul PLA probe solution (8 pul PLUS probe, 8 pul 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 pul ddH2O, 1 pl ligase). Tissues were
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washed twice for 5 min in wash buffer A and incubated for 100 min at 37 °C in 40 pl amplification
solution (8 pl amplification buffer, 31.5 ul ddH20, 0.5 pl 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. Lysosomal dyes. For LysoTracker red staining, wandering L3 larvae were live dissected
in Ca*-free HL3.1 buffer. After internal organs were removed, the muscle carcasses were
incubated in 100nM LysoTracker™ Red DND-99 diluted in HL3.1 (Invitrogen, Waltham, MA)
for 5 min at room temperature (wrapped in foil to avoid light) and imaged immediately. For Magic
red staining, wandering L3 larvae were live dissected in HL3.1, the internal organs were removed,
and muscle carcasses were incubated with Magic Red diluted in HL3.1 buffer (1:250, Magic Red
Cathepsin B Assay, InmunoChemistry, Davis, CA) for 20 min at 37 °C (wrapped in foil to avoid

light). After a quick wash in PBS, the samples were imaged immediately.

Immunoblot analysis

Dissected muscle carcasses were placed into SDS sample buffer, 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® Turbo™
Transfer System (Bio-Rad, Hercules, CA). Membranes were probed with the following primary
antibodies: rabbit anti-mCh ab167453 (1:5000, Abcam, Cambridge, UK), rabbit anti-GFP A-
21311 (1:5000, Thermo Fisher Scientific, Waltham, MA), rabbit anti-ref(2)p ab178440 (1:2000,

Abcam, Cambridge, UK), and rabbit anti-Strip DZ41200 (1:2000, Boster Bio, Pleasanton, CA).
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The rabbit anti-Strip antibody was generated against a recombinant protein that included amino
acids 70-322 of the Strip-PB isoform and affinity-purified. 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) 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). Seluble/insoluble fraction preparation.
Muscle carcasses from six dissected larvae were homogenized in 80 pL ice cold Triton X-100
soluble buffer (1% Triton X-100, and 1% Halt Protease Inhibitors Cocktail (ThermoFisher,
Waltham, MA) in PBS. The homogenate was centrifuged at 21,000 x g for 10 minutes at 4 °C. The
supernatant (Triton X-100 soluble sample) was collected as the soluble fraction. The pellet from
the Triton X-100 soluble buffer homogenization was washed three times with 600uL ice cold
Triton X-100 soluble buffer. 80 pL of room temperature insoluble buffer (4 M urea, 4% SDS, 10%
2-Mercaptoethanol, 125 mM Tris-HCI, pH 6.8, 50% glycerol, 0.2% (w/v) orange G) was added
and the pellet was re-homogenized. The resulting mixture represented the insoluble fraction. All
of the samples were boiled 10 minutes and centrifuged before loading to a SDS-PAGE gel.
Western blotting was performed using rabbit anti-mono- and polyubiquitinylated conjugates

monoclonal antibody FK2 (1:1000, Enzo Life Sciences, Farmingdale, NY).

Quantitative RT-PCR (qPCR)

Total RNA was collected from five wandering L3 larvae which were raised at 31°C, dissected and
purified using the RNeasy Mini Kit (Qiagen, Hilden, Germany). For Figure 2.8B, three RNA
samples for each genotype were prepared. cDNA was synthesized from 350 ng of RNA using the

qScript XLT cDNA SuperMix kit (Quanta Biosciences, Beverly, MA). For the qPCR reactions,
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1:15 dilutions of the cDNA were combined with PowerUp SYBR Green Master Mix
(ThermoFisher, Waltham, MA). The following primers were used at a final concentration of 1 uM
for the assessment of autophagosome and lysosome biogenesis: Strip forward 5°-
CGGAACTTCAAACGCTCCCT, reverse 5°- TGTTGGCATTATTTTGACCCTCG; Atgl
forward 5’-GTCGGGGAATATGAATACAGCTC, reverse 5’-
GCATGTGTTTCTTGCGATGAC; Atgl8a forward 5’- GTGTTCGTCAACTTCAACCAGA,
reverse 5’-TGTCCAGGGTCGAGTCCAC; Cpl forward 5’-TCAACTACACTCTGCACAAGC,
reverse 5’-GCCAGTCCACAGATTTGGG; Mitf forward 5’-
AGTATCGGAGTAGATGTGCCAC  reverse 5- CGCTGAGATATTGCCTCACTTG;
p62/ref(2)p forward 5°- GCC CTC CCA GAA TTA CAC CA reverse 5°- GTT GGC CGA AGA
ACC CTC T; rp49 forward 5 -GCCCAAGGGTATCGACAACA, reverse 5’-
GCGCTTGTTCGATCCGTAAC. For validation of RNAi knockdowns in Figure B2.3, eight
RNA samples for each genotype were prepared, cDNA was synthesized from 150 ng of RNA, and
a 1:10 dilution of cDNA was used for qRT-PCR. Primer sequences used are as follows: Cka
forward 5°- CGCCCCAATACACAATACCG, reverse 5’- GGCGCGTCAAATCCGATTT; Mob4
forward 5°- GGCCAGGCACAAAATCCAAG, reverse 5’- TACTTCCACACGCCCTCATC,;
Naus forward 5’- CGACAGTTCAGCGACGAC, reverse 5’- GATTCCAGCGCTCCGGAT;
Fgop2 forward 5’- ATGTCGAACCTATCCGTGGG, reverse 5’-
GATTGTTGTTCTCCGCCTCC; Simap forward 5’- ATGCACTGCGAAACGAGATT, reverse
5’- GAAGTATGCCGCACTCGTTT; Ccm3 forward 5’- TCGTTCTGCCCGTCATACTG,
reverse 5’- GGATTGTTCTGCTCCGACTTG; Gceklll forward 5’-
CAGCTGACCAACACCACATC, reverse 5°- CTTGGGGATGAGGAAGAGCA; Pp2a-29B

forward 5°- AGGATGATGTAGAGCACCTGG, reverse 5’- GCACCAAGTCCACCCTAGTA.
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All primers were synthesized at Integrated DNA Technologies (IDT, Stokie, IL). Quantitative
transcript levels were obtained using a QuantStudio 3 instrument with QuantStudio Design and
Analysis software (TheroFisher, Waltham, MA). Normalize fold change was calculated using the

2-AACt method and graphed as Mean +/- SEM using GraphPad 9.4.1.

AP-MS

Experiment. ~120 wandering L3 larvae resulting from parents of the genotype Mef2-Gal4 x UAS-
3xFLAG::Strip, Mef2-Gal4 x UAS-Strip::V5, or Mef2-Gal4 x UAS-lacZ were selected from the
sides of media bottles. In total, three biological replicates per genotype were collected. Larvae
were gently washed using 0.7% NaCl + 0.04% Triton-100 solution to remove food debris, followed
by a rinse with double-distilled water. The washed larvae were transferred to a dounce
homogenizer with 1 mL lysis buffer (100mM NaCl, 50mM Tris-HCI pH 7.3, 1% NP-40, 1X Halt
protease inhibitor cocktails, 1X Halt Phosphatase inhibitor cocktails, 10uM MG132). After
homogenization with a pestle, the lysate was transferred to 1.5 ml microcentrifuge tubes. The
supernatant was collected after centrifugation at 4°C for 5 minutes at 12,000 x g. Next, anti-
FLAG® M2 Magnetic Beads m8823 (MilliporeSigma, Burlington, MA) or the anti-V5 mAb-
Magnetic Beads (MBL, Woburn, MA) were incubated with the supernatant at 4 °C for 2 hours on
a Barnstead Labquake Rotating Shaker. For the anti-FLAG immunoprecipitation, beads were
washed three times in 400 pl cold wash buffer A (100mM NaCl, 50mM Tris-HCI pH 7.3, 0.05%
NP-40) followed by two more times in 400 pl cold wash buffer B (100mM NaCl, 50mM Tris-HCl
pH 7.3). The NaCl concentration was 150mM for wash and lysis buffers for the anti-V5 pulldown.
All washed samples were flash frozen in liquid nitrogen and kept at -80 °C until they were sent to

the Recombinant DNA/Protein Resource Facility at Oklahoma State University for MS analysis
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where each biological replicate was performed in triplicate [82, 83]. Analysis. Peptides were
identified and quantified by using MaxQuant v1.5.3.8 [84]. Data analysis and statistical analysis

were carried out in the freely available Perseus software platform (https://maxquant.net/perseus/)

[85]. Label-free quantification (LFQ) intensities were imported into Perseus and the raw data was
filtered to remove potential contaminants or incorrect protein identifications. Expression values
were converted to logy for data normalization before statistical analysis [86]. For each biological
replicate, proteins that passed the statistical threshold after being subjected to a two-sample t-test
(Permutation-based FDR p<0.05) were kept for further analysis. Imputation was performed to
replace missing values from a normal distribution. The values for each genotype across all
experiments were averaged and the difference between experiments and controls was defined as

the enrichment value.

Quantitation

Assessment of muscle contractility during the L3 to pupal transition. Pupae of the indicated
genotypes were removed from vials, oriented dorsal side up, and attached to slides using a small
drop of nail polish. Images were taken with a Leica M 165 FC Stereomicroscope. Length and width
measurements for each pupa was performed in ImageJ using the line and measure functions.
Values were put into an Excel spreadsheet and the axial ratio (length/width) was calculated for
each individual. The raw data were imported into Graphpad Prism 9.4.1 and graphed as a box and
whiskers plot. N>20 for each genotype. Muscle defect quantification. Embryos from parents of
the genotype Mef2-Gal4 x UAS-RNAi at 25 °C were collected 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) for 15 minutes at room temperature and washed
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three times in PBST before incubating with phalloidin 488 (1:400) and Hoechst (1:400). For each
individual larvae, 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 was divided by the total
number of muscles to calculate the percentage of muscle defects. N>18 for each genotype. Puncta
quantification. The Analyze-Particles function in ImageJ (NIH) was used to identify and measure
GFP-Atg8a, p62-GFP, Atg8a, and p62 puncta. The colocalization between the GFP channel and
the mCh channel using the GFP-mCh-Atg8a construct was determined using the Fiji/ImageJ Just
Another Colocalization Plugin (JACoP) plugin. Quantitative analysis is represented by the Pearson
correlation coefficient (PCC). N>20 for each genotype. Statistical Analysis. Statistical analyses
were performed in GraphPad 9.4.1. The unpaired student t-test was used to evaluate the
significance between pairwise comparisons followed by the Mann-Whitney test. All other data
sets that compared three or more unmatched groups that did not conform to a Gaussian distribution
were subjected to one-way ANOVA analysis using the nonparametric Kruskal-Wallis test. For
groups of data with the same letter (e.g., a,b), the difference between the means is not statistically
significant (p>0.05). Different letters indicate statistical significance between different data groups

(p<0.05 — p<0.001). See Table B.1 for a complete description of statistical tests and p-values.
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Abstract

Autophagy is a central process responsible for the disposal of normal as well as damaged cellular
proteins and organelles. Proper regulation of multiple steps — including initiation and the fusion
between autophagosomes and lysosomes — is essential for the completion of cargo disposal. While
the function of many proteins that mediate canonical autophagy has been characterized, the
identification of new autophagy regulators may shed light on differences between tissues and/or
responses to cellular stresses. In this punctum, we discuss our recent findings about how the
Striatin-Interacting Phosphatase and Kinase (STRIPAK)-NUAK-Starvin (Stv) complex

coordinately regulates autophagy in the muscle tissue of Drosophila melanogaster.
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Summary

Autophagy is a fundamental housekeeping mechanism that removes intracellular material
by delivering into lysosomes. Cargo destined for lysosomal degradation may be normal cellular
constituents that need to be recycled or are damaged and therefore have to be removed to prevent
their accumulation. Selective autophagy broadly describes the degradation of specific cytoplasmic
components that needs to be turned over. One example of a selective type of autophagy that is
activated in response to mechanical tension is chaperone-assisted selective autophagy (CASA).
The CASA BAG3 (BCL2-associated athanogene 3)-HSC70 (heat-shock cognate 70 complex)
complex recognizes damaged client proteins, such as the actin-crosslinking protein FLNC (Filamin
C). Ubiquitination of FLNC recruits the selective autophagy receptor p62/SQSTMI1
(sequestosome 1) and subsequently Atg8a (autophagy-related 8a), triggering autophagosome
formation and eventually leading to the lysosomal degradation of FLNC and associated
components. The importance of CASA is exemplified by mutations in BAG3 that result in
childhood muscle dystrophy, cardiomyopathy, and respiratory deficiencies.

Drosophila melanogaster Stv (starvin), the ortholog of mammalian BAG3, biochemically
and genetically interacts with the evolutionarily conserved NUAK kinase and the resulting NUAK-
Stv complex plays an important role in the autophagic clearance of proteins in larval muscles.
While many core components of the autophagy machinery are known, identifying additional
regulators may elucidate mechanisms that underlie tissue and/or stress-specific responses that
involve this pathway. Here we discuss how the NUAK-Stv complex coordinates with the striatin
interacting phosphatase and kinase (STRIPAK) complex to regulate autophagy in D. melanogaster

muscle tissues.
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We first used an in silico approach to identify conserved mediators of muscle tissue
maintenance [1]. Three of these candidates, Strip (striatin-interacting protein), Mob4 (MOB kinase
activator 4), and Fgop2 (fibroblast growth factor receptor 1 oncogene partner 2) are part of the
STRIPAK complex. Using Strip as a bait protein in D. melanogaster larval muscle tissue, we
performed affinity purification-mass spectrometry (AP-MS) experiments and identified seven
other known STRIPAK components. Interestingly, NUAK and Stv also co-purified with Strip and
these physical interactions were verified in muscle tissue using the proximity ligation assay (PLA).
We next employed genetic interaction assays using an RNA interference (RNAi) approach to
confirm that STRIPAK complex members function with NUAK and Stv in the same biological
process. These data led us to hypothesize that Strip and associated STRIPAK proteins may
function in autophagy with the NUAK-Stv complex.

To assess changes in autophagy progression, we used immunostaining to detect ubiquitin
(Ub), p62 and Atg8a upon RNAi1 knockdown of Strip in larval muscles. We observed an increased
number of Ub-, p62-, or Atg8a-positive puncta in Strip RNAi-treated muscles compared to controls.
Moreover, the percentage of puncta positive for both Ub and p62 (indicative of ubiquitinated cargo)
or p62 and Atg8a (corresponding to autophagosomal precursors and autophagosomes) was also
elevated in Strip knockdown muscles. This accumulation of autophagosomal intermediates
suggested either increased biogenesis or a block in autophagosome turnover. We ruled out a role
for Strip in the induction of autophagy as mRNA transcript levels corresponding to autophagosome
(Atgl, Atgl8p, and p62) or lysosome biogenesis [TFEB transcription factor EB) and Cp1 (Cysteine
proteinase-1)] markers were not elevated in Strip RNAi-treated muscles. We next examined
autophagic flux in tissue using the GFP-mCherry (mCh)-Atg8a tandem fusion protein. The GFP

tag is acid-sensitive while the mCh tag is acid-insensitive. Therefore, both tags emit fluorescence
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resulting in yellow puncta when in autophagosomal precursors and autophagosomes. In
autolysosomes, however, the GFP signal is quenched and only the red fluorescence can be detected.
The Pearson correlation coefficient (PCC) was used to quantitatively assess the overlap of GFP
and/or mCh as a measure of autophagosome abundance and showed increased PCC values in Strip
RNAi muscles compared to controls. Moreover, the addition of the lysosomal inhibitor chloroquine
resulted in a higher number of autophagosomes in experimental as well as control larvae
expressing GFP-mCh-Atg8a, further proving that decreasing Strip function inhibits autophagy.

Two additional assays were used to confirm decreased autophagic flux after induction of
Strip RNAi in muscle tissues. First, the full-length GFP-mCh-Atg8a fusion protein is
cleaved within the lysosome during normal autophagic turnover, and the free mCh tag can be
detected by Western blotting. Indeed, we observed less free mCh in Strip RNAi muscles. Second,
since p62 gets degraded in the lysosome along with selected cargo appended with Ub, p62 levels
serve as an indirect marker to assess autophagic flux. Strip depletion resulted in elevated p62 levels,
further supporting the notion that autophagic flux is decreased in Strip RNAi muscles.
Since degradation of either the tandem fusion protein or p62 was reduced upon Strip knockdown,
it is possible that lysosomal function may be compromised. However, measurements of cathepsin
B proteolytic activity showed no difference between control or experimental muscles. Instead, we
observed enlarged p62-positive structures directly adjacent to lysosomes, suggesting an
impairment in autophagosome-lysosome fusion as the cause of the autophagic flux block observed
in Strip RNAi muscles.

An interesting observation was the presence of enlarged Rab7 (ras-related protein rab-7) -
positive structures in muscles subjected to Strip knockdown. It is known that endosomes can fuse

with autophagosomes to form an intermediate structure called an amphisome, before fusion with
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lysosomes. Thus, maybe an additional role of Strip is to regulate amphisome production to ensure
the complete activity of the autophagy pathway. Deciphering molecular targets of the STRIPAK

complex will help solve this mystery.
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to produce an intermediate amphisome structure before fusion with lysosomes and subsequent
cargo degradation (dotted arrows). Created with Biorender.com
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Summary
Many techniques exist for the identification of protein interaction networks. We present a protocol

that relies on an affinity purification-mass spectrometry (AP-MS) approach to detect proteins that
co-purify with a tagged bait of interest from Drosophila melanogaster (D. melanogaster) larval
muscles using the GAL4/UAS expression system. We also describe steps for the isolation and
identification of protein complexes, followed by streamlined bioinformatics analysis for rapid and
reproducible results. This protocol can be extended to investigate protein interactions in other

tissues.

For complete details on the use and execution of this protocol, please refer to Guo, ef al.[1]
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Before you begin

Multiple methods exist for assessing in vivo protein-protein interactions[2]. Assessing the
composition of protein complexes within single cells or tissues at different times in development
requires methods to enrich and/or isolate tagged proteins. The bipartite GAL4/UAS system in

Drosophila melanogaster (D. melanogaster) provides an excellent platform for the spatial and
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temporal control of protein expression[3]. Coupled with extensive options for epitope tagging
proteins of interest, this versatility allows for the affinity purification of bait proteins and their
associated binding partners from a specific tissue and/or cell type. Using this expression system,
experiments can move from concept to scientific data in just a few weeks employing “label-free”
mass spectrometry (MS) methods. These label-free approaches are ergonomic in the front-end
design of experiments and there is a robust software pipeline for analyzing label-free MS data.
Outlined below are multiple parameters to consider when selecting the best approach for AP-MS

experiments.

Epitope-tagging, creation of transgenic flies, and validation of bait solubility

This section describes the planning and validation steps necessary for the successful enrichment
of bait proteins from whole larvae.

Epitope tagging. Multiple methods exist to tag proteins of interest in vivo[4]. One main
advantage of tagging an endogenous protein at its normal location in the genome is to avoid non-
specific and/or spurious protein interactions due to overexpression. However, this approach is
limited in assessing cell and/or tissue-specific interactions if the tagged protein is also expressed
outside the tissue of interest. Binary expression systems, including GAL4/UAS, LexA-lexAop
and QF-QUAS systems have been developed for routine use in D. melanogaster to express
proteins of interest in different cell types or even in single cells of interest throughout
development[3, 5, 6]. The GAL4/UAS system is widely used as thousands of GAL4 lines are
available in individual research labs and/or reared at the Bloomington Drosophila Stock Center

(https://bdsc.indiana.edu/index.html). Since the GAL4 protein binds to a specific nucleotide

sequence referred to as the upstream activating sequence (UAS), expression of downstream

epitope-tagged proteins is induced only in the expected cell types (Figure 4.1A). As mentioned
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above, one downfall of this approach is the possibility of overexpression artifacts that can affect
data interpretation. However, this limitation can be overcome through temperature modulation.
Since the GAL4/UAS system is temperature-dependent, expression levels can be titrated by
changing the temperature at which the flies are reared. Optimal temperature conditions can be
determined through phenotype analysis (i.e., making sure that no overexpression artifacts are
visible in the tissue of interest) and/or addition to Western blotting to assess protein levels.
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Figure 4.1. Strategy to determine the solubility of a tagged bait protein.

(A) Schematic illustration of the binary GAL4/UAS expression system. One fly line contains the
GALA4 protein under the control of the Mef2 promoter. The other fly stock possesses a UAS-based
transgene containing the FLAG-tagged Strip protein. Mating of these two lines will produce
progeny that express the GAL4 protein and the UAS element within the same cells. In this study,
FLAG::Strip will be made in all cells that normally express the Mef2 protein. (B) Representation
of the Drosophila pUAST transformation vector that was used to generate transgenic flies
expressing FLAG::Strip. Note the vector also contains an ampicillin resistance gene for growth
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in E. coli and a white+ (w+) gene for the selection of transformants by eye color. (C) Western blot
validating the expression and solubility of the FLAG::Strip protein in larval muscle tissue
(Mef2>FLAG::Strip). Mef2>lacZ was used as a negative control.

Epitope tags can be added in-frame at the N- or C-terminus. Two approaches are commonly used
to assess if the location of the appended amino acids affects in vivo protein function[7]. The first
is to express the tagged protein in a wild-type background to assay for dominant phenotypes. A
second, or alternative method, is to determine whether or not the tagged protein can rescue mutant
phenotypes due to loss of gene function[8]. The lack of an overexpression phenotype and the
ability to compensate for the loss of the protein in mutant analysis provide strong evidence that the
location of the epitope tag on either end of the protein does not overtly affect function. The most
commonly used epitope tags are peptides that vary between 8-14 amino acids in length[7]. The

efficiency of pulldowns can be improved through tandem repetition of epitope tags, the most

common being 3xHA.

Creation of transgenic flies. After deciding on the type of epitope tag and the location of the tag
on the N- or C-terminus, transgenic flies must be created to express the bait protein in the cell(s)
of interest. In this study, a cDNA encoding for the Strip protein was fused in-frame with an N-
terminal FLAG tag into a Drosophila expression vector and was injected into embryos using
standard protocols to generate UAS-FLAG::Strip transgenic flies (Figure 4.1B)[9]. Multiple fee-

for-service companies routinely perform this service to save research labs time and money.

Validation of bait solubility. To identify in vivo protein complexes, the bait of interest must be
in the soluble fraction to ensure recovery from tissue lysates and subsequent analysis by MS. After
expression of the bait protein using the GAL4/UAS system, soluble and insoluble lysates can be

prepared from whole tissue samples followed by Western blotting to assess bait protein expression
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and solubility. In this study, either control (UAS-lacZ) or bait protein (UAS-FLAG::Strip) lysates
were prepared and assessed by Western blotting using an antibody against the FLAG epitope tag

(Figure 4.1C). Troubleshooting 1

Fly crosses
Timing: 6-8 days
1. Collect 200-300 virgin females of the appropriate genotype.
Note: In this study, we use virgin females that express GAL4 under the control of the Mef2
promoter (Mef2-GAL4) for muscle expression[10].
2. In a bottle containing Drosophila media (Table 4.1), add ~100-150 virgin females and ~
50 males.
Note: In this study, we set up a control cross using UAS-lacZ males and an experimental
cross with UAS-FLAG::Strip males.

Table 4.1. Drosophila media.

Reagent Final concentration Amount
Agar 5.3% 53¢
Yeast 1.6% 16 g
Cornmeal 6.7 % 67¢g
Soy flour 9.2% 92¢g
Corn syrup 7.0% 70 mL
Propionic Acid 0.44% 4.4 mL
10 % Tegosept 1.3% 1.3 mL
Water N/A up to 1L
Total 1L

Store at 18°C for up to 1 month.
Note: This recipe makes 20 bottles with 50 mL of food each.

Critical: Propionic Acid can be hazardous and/or toxic. Institutional safety guidelines should be
followed for safe use and disposal.

1. Incubate the bottles containing flies at 25°C for 2 days.
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2. Transfer the parents to new bottles every 24 hr so the females will continue to lay fresh

eggs.

Note: Late wandering L3 larvae will begin to appear ~5-6 days after the initial mating

cross is set up. Troubleshooting 2

Table 4.2. Key resources table.

REAGENT or RESOURCE | SOURCE | IDENTIFIER

Chemicals, peptides, and recombinant proteins

Drosophila Agar Genesee Cat# 66-103
Scientific

Inactive Dry Yeast Genesee Cat# 62-106
Scientific

Flystuff Yellow Cornmeal Genesee Cat# 62-100
Scientific

Light-Unsulphured Molasses Sysco Cat# 5370952

Propionic acid Fisher Scientific | Cat# A258-500;

CAS: 79-09-4

Tegosept Genesee Cat #: 20-258;
Scientific CAS: 99-76-3

NaCl Fisher Scientific | Cat# BP358-212

CAS: 7647-14-5

Triton X-100

Fisher Scientific

Cat# BP151-100
CAS: 9002-93-1

Tris Base Fisher Scientific | Cat# BP152-5
CAS: 77-86-1
IGEPAL CA-630 (equivalent to Nonidet P-40) ThermoFisher Cat# J61055.AE
CAS: 9002-93-1
Halt protease inhibitor cocktail, EDTA free (100X) ThermoFisher Cat# 78425
Scientific
Halt phosphatase inhibitor cocktail ThermoFisher Cat# 78420
Scientific
MG132 MilliporeSigma | Cat# 474790
CAS:133407-
82-6
N-Phenylthiourea (PTU) MilliporeSigma | Cat# P7629
CAS:103-85-5
FLAG M2 Magnetic beads MilliporeSigma | Cat# M8823
Liquid Nitrogen Matheson Tri- CAS: 7727-37-9
Gas, Inc
Urea MilliporeSigma | Cat# U5128
CAS: 57-13-6

81




Tris (2-carboxyethyl) phosphine hydrochloride MilliporeSigma | Cat# 646547
CAS: 51805-45-
9
Iodoacetamide MilliporeSigma | Cat# 16125
CAS: 144-48-9
Trypsin/LysC Promega Cat # V5072
Formic acid MilliporeSigma | Cat# FO0507
CAS: 64-18-6
Acetonitrile MilliporeSigma | Cat# 34998
CAS: 75-05-8
Critical commercial assays
BCA Protein Assay kit ThermoFisher Cat# 23227
Scientific
Deposited data
Proteomes - Drosophila melanogaster https://www.uni
prot.org/proteo
mes/UP0000008
03
Experimental models:
P{Mef2-GAL4.247} Bloomington BDSC: 50742
Drosophila FBti0152995
Stock Center
P{UAS-lacZ.NZ}J312 Bloomington BDSC: 3956
Drosophila FlyBase:
Stock Center FBti0012289

P{UAS-Strip. FLAG}

Sakuma, et al.’

FlyBase:FBtp01
08464

Software and algorithms

MaxQuant Max-Planck- https://maxquant
Institute of .net/maxquant/
Biochemistry RRID:SCR_014
485
Perseus Max-Planck- https://maxquant
Institute of .net/perseus/
Biochemistry RRID:SCR 015
753
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LFQ Analyst Monash https://analyst-
Proteomics and | suite.monash-
Metabolomics proteomics.clou
Platform & d.edu.au/apps/If
Monash g-analyst/
Bioinformatics
Platform,
Monash
University
Python Python Software | https:/www.pyt
Foundation hon.org/
RRID:SCR_008
394
Anaconda Anaconda Inc https://www.ana
conda.com/
Unipressed https://multimeri
c.github.io/Unip
ressed/
Other
60z Square Bottom Drosophila Bottles Genesee Cat# 32-130
Scientific
Flugs - Plastic Fly Bottles, Drosophila Closures Genesee Cat# 49-100
Scientific
Fisherbrand Premium Microcentrifuge Tubes, 1.5mL Fisher Scientific | Cat# 05-408-
129
Eppendorf Centrifuge 5424 R Fisher Scientific | Cat# 05-413-
947PM
RRID:SCR 019
852

DynaMag - Spin Magnet

ThermoFisher

Cat# 12320D

Corning™ PYREX™ Dounce Homogenizer, 7mL

Fisher Scientific

Cat# 11-850-51

Thermo Scientific Labquake Tube Shaker/Rotator Fisher Scientific | Cat# 13-687-
12Q

Flystuff Embryo Collection Cage-Mini Genesee Cat# 59-105

Scientific

Olympus Plastics 24-112, 200u1 Round Gel Tip, 0.57mm | Genesee Cat# 24-112

Racked Scientific

BioPureSPN C18 spin column The Nest Group | Cat# HMM
S18R

Acclaim PepMap 100 C18 HPLC Column, 70mm, trap ThermoFisher Cat# 164946

column

Acclaim PepMap 100 C18 HPLC Column, 500mm, ThermoFisher Cat# 164942

Analytical Column

Orbitrap Fusion mass spectrometer ThermoFisher
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Materials and equipment setup

Solutions to be prepared in advance

0.7% (w/v) NaCl /0.04% (v/v) Triton X-100: Dissolve 0.7 g NaCl and 0.04 mL Triton X-100

in 100 mL Milli-Q water.

5 M NaCl: Dissolve in Milli-Q water and store at 20°-22°C.

1 M Tris-HCI (pH = 7.3): Prepare in Milli-Q water and adjust the pH to 7.3 with HCI. Store at
20°-22°C.

10 % NP40 (v/v): Add 10 mL NP40 to 100 mL Milli-Q water. Store at 4°C.

10 mM MG132: Dissolve MG132 in DMSO. Aliquot and store at -20°C.

Table 4.3. FLAG lysis buffer.

Reagent Final concentration Volume

5 M NaCl 100 mM I mL

1 M Tris-HCl pH 7.3 50 mM 2.5mL

10 % IGEPAL CA-630 1% SmL

Milli-Q water n/a 41.5 mL
Total | n/a 50 mL

The solution can be stored at 4°C for up to 1 week.

Alternative: The pH of the Tris-HCl may range from 7.3-7.6.

Alternative: 10 % Nonidet P-40 (NP40) can be substituted for IGEPAL CA-630.

Solutions to be prepared on the day of the experiment

Lysis buffer plus inhibitors
Wash buffer A

Wash buffer B

Table 4.4. FLAG lysis buffer plus inhibitors.

Reagent Final Amount

concentration
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FLAG lysis buffer n/a 4.9 mL

Halt protease inhibitor cocktail (100x) | Ix 50 uL

Halt phosphatase inhibitor cocktail Ix 50 uL

(100x)

10 mM MG132 10 uM 5uL
Total | n/a S mL

Table 4.5. Wash buffers.

Reagent Final Amount
concentration
Wash buffer A | 5 M NaCl 100 mM 1 mL
1 M Tris-HCl pH 7.3 50 mM 2.5mL
10% NP40 0.05% 0.25 mL
Milli-Q water n/a 46.25
mL
Total | n/a 50 mL
Wash buffer B | 5 M NaCl 100 mM 1 mL
1 M Tris-HCI pH 7.3 50 mM 2.5mL
Milli-Q water n/a 46.5 mL
Total | n/a 50 mL

Step-by-step method details

Larval lysate preparation

Timing: 1-2 h

The steps below describe how to prepare lysates for subsequent pulldown experiments.

1. Isolation of larvae.
a. Using a metal probe or wet paintbrush, gently transfer ~120 wandering L3 larvae

(per genotype) from the sides of media bottles to an inverted embryo collection
cage.

Critical: A minimum of 3 samples should be prepared per genotype (e.g., 3 controls and 3

experimental baits).
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b. Wash 3 times with 0.7% (w/v) NaCl /0.04% (v/v) Triton X-100 to remove dirt and
food debris.
c. Rinse larvae well with Milli-Q water.
d. Blot off excess water from the bottom of the embryo collection cage on a paper
towel before proceeding.
Critical: Do not let the samples sit for more than 5 minutes before proceeding to the next step so
the larvae do not desiccate. If multiple samples are being prepared, the embryo collection cage can
be slightly submerged in water until needed.
2. Homogenization of larvae.
a. Transfer the washed larvae to a pre-chilled glass Dounce homogenizer with 1 mL
of cold FLAG lysis buffer plus inhibitors.
b. Homogenize the larvae on ice until the lysate solution is turbid and no chunks of

tissue are present. Troubleshooting 3

c. Transfer the resulting lysate into a labeled 1.5 mL microcentrifuge tube and keep
on ice until all samples are prepared.
3. Supernatant preparation
a. Centrifuge the microcentrifuge tubes at 12000 x g for 10 min at 4°C.
b. Use a gel loading pipette tip to transfer the supernatant to a new 1.5 mL
microcentrifuge tube.
Optional: Protein concentration can be determined using the BCA Protein Assay. Typical yields

after lysate preparation are ~10 mg/ml.

86



Optional: Gently invert the tube to mix thoroughly. Remove 40 pL of supernatant to a new 1.5

mL microcentrifuge tube to assess the amount of bait protein in input sample(s). Store at -80°C

until a Western blot is performed.

Pause point: Samples can be stored at -80°C after this step before affinity purification.

Affinity purification

Timing: 4-6 h depending on the number of samples

The steps below describe the procedure to isolate an epitope-tagged bait protein of interest for

mass spectrometry analysis.

4. Preparation of magnetic beads

a.

e.

f.

Gently invert the bottle of anti-FLAG® M2 magnetic beads to resuspend the resin
before use.

Remove 50 pL and transfer to a new 1.5 mL microcentrifuge tube.

Equilibrate beads by resuspending in 1 mL FLAG lysis buffer (without inhibitors).
Gently invert 3 times and place the tube in the DynaMag magnetic separator for ~
1 min to retain the beads.

Remove the supernatant and repeat the washes 2 more times.

Use a gel loading tip to remove any residual liquid before proceeding.

5. Immunoprecipitation of tagged protein complexes.

a.

For each supernatant prepared in Step 3, add 1 mL to the microcentrifuge tube

prepared in Step 4 that contains 50 puL of equilibrated beads.

Note: If the supernatant was frozen after Step 3, thaw on ice.

b. Incubate on a rotating shaker for 2 h at 4°C.
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c. Place the tube in the magnetic separator for ~ 1 min to collect the beads.
d. Remove the supernatant.
e. Wash with cold wash buffer A.
i.  Add 400 pL of cold Wash buffer A
ii.  Incubate on a rotating shaker for 5 min at 4°C.
iii.  Place the tube in the magnetic separator for ~ 1 min to retain the beads.
iv.  Remove the supernatant.
v.  Repeat the washes 2 more times.
f.  Wash an additional 2 times with cold wash buffer B.
i.  Add 400 pL of cold Wash buffer B
ii.  Incubate on a rotating shaker for 5 min at 4°C.
iii.  Place the tube in the magnetic separator for ~ 1 min to retain the beads.
Optional: Remove 5uL of beads (10% of bead volume) to assess the amount of bait protein after
pulldowns. Store at -80°C until a Western blot is performed.
iv.  Remove the supernatant.
v.  Repeat 1 more time.
Critical: 1t is critical that the last two wash steps exclude detergent for subsequent MS analysis.
g. Use a gel loading tip to remove all excess liquid from the beads.
Critical: Every bit of residual wash volume must be removed.
h. Flash freeze samples in liquid nitrogen and store at -80°C until MS analysis.
Pause point: Samples can be stored at -80°C for several months if multiple genotypes are being

prepared.
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Optional: Western blotting can be performed with the input sample (Step 3) and pulldown sample

(Step 51) to assess the amount of bait protein before and after pulldown. Troubleshooting 4

Optional: An SDS-PAGE gel from control and bait pulldown samples (Step 5f) can be run and

stained by Coomassie or Silver staining to assess the background after pulldown. Troubleshooting

3

Elution and digestion of antibody-bound protein complexes
Timing: 18 -24 h
The protocol below is to prepare affinity-purified complexes (i.e., the antibody chains are
covalently bound to resin) before MS injection and fragmentation.
6. Elution of proteins from the antibody-bound protein complexes.
a. Re-suspend the washed immunoresins in a 5:1 ratio of buffered 8M urea, 0.1 M
Tris-HCI, pH 8.0/immunoresin pellet.
Critical: Solid urea and urea solutions can decompose to produce isocyanic acid, which will
carbamylate protein N-termini, lysines, and other residues. Accordingly, urea solids should be
less than 4 months old and urea solutions should be prepared fresh on the day of the antibody
elutions.
i.  Incubate the suspension at room temperature (RT) for 1 hr by gently
vortexing or stirring at 10 min intervals.
ii.  Centrifuge the samples at 10,000 x g at RT for 5 min.
iii.  Use a gel loading tip to carefully transfer 50 pL of supernatant to a new 1.5
ml microcentrifuge tube, while avoiding aspiration of immunoresin beads.

b. Reduction and alkylation of samples.
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i.  Reduce the supernatants by adding 1/20th volume of 100 mM Tris (2-
carboxyethyl) phosphine hydrochloride and incubate at RT for 30 min.
ii.  Alkylate the samples by adding 1/10th volume of 100 mM iodoacetamide
and incubating at RT in the dark for 30 min.
iv.  Dilute the reactions to a total volume of 400 pL with Tris-HCI, pH 8.0 (100
mM final concentration of Tris-HCI).
Critical: This protocol omits reducing agents from the initial elution of the antibody resins so that
the covalently bound IgG chains will be retained on the antibody beads. This is critical because
reducing agents can elute IgG chains that will hinder the subsequent LC-MS analysis.
Critical: Tris (2-carboxyethyl) phosphine hydrochloride and Iodoacetamide can be hazardous
and/or toxic. Institutional safety guidelines should be followed for safe use and disposal.
7. Peptide digestion.
a. To each diluted reaction sample, add 2 pg of trypsin/LysC.
b. Digest 12-18 hrs at 37°C.
c. Desalt the reactions on a C18 spin column.

d. Use vacuum centrifugation to dry the peptide eluates until just barely dry

Mass Spectrometry
Timing: ~3 hrs/sample
The following steps describe how to prepare peptides and how to run the samples for MS analysis.
8. Peptide reconstitution and separation
a. Reconstitute the peptide mixture in 80 uL of 0.1% aqueous formic acid at RT.

i.  Dissolve for 7 min and vortex gently.
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ii.  Dissolve for an additional 7 min and vortex gently.

iii.  Dissolve for an additional 7 min and vortex gently.

iv.  Centrifuge at 10,000 x g at RT for 5 min to pellet any particulates that might
clog the HPLC column.

v.  Transfer 35 pL of the clarified supernatant to the autosampler vial.

vi.  The sample is subjected to three sequential LC-MS analyses, each using a

10 pL injection.

Critical: Formic acid can be hazardous and/or toxic. Institutional safety guidelines should be

followed for safe use and disposal.

9. LC-MS/MS analyses

a.

We favor the routine use of commercial nanoscale HPLC columns 75 microns id x
50 cm length, packed with 2-micron particles of C18 (see Key Resources Table).
But shorter columns and/or larger C18 particles should suffice for probing protein
interactomes.  Similarly, we favor 2-hr gradients for the chromatographic
separation of peptides, but 1-hr gradients should suffice.

We favor data-dependent “shotgun” programming of the mass spectrometer,
targeting the instrument’s MS/MS efforts on ions that show peptide-like isotopic
profiles, charge states +2 to +6, and using a dynamic exclusion “memory” to
prevent redundant MS/MS targeting. In our Fusion mass spectrometer, we use the
quadrupole to select parent peptide ions, the HCD cell for peptide fragmentation,
and the ion trap for analysis of the peptide ion fragments (in MS jargon, a “high/low”
mass accuracy approach). In our hands, and high/high approach using quadrupole

selection, HCD dissociation, and Orbitrap analysis of both precursors and
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fragments works equally well. As noted above, interactomics mass spectrometry
does not require the depth and speed needed for complex proteomes, thus a wide
variety of MS and MS/MS approaches could be used.
c. The informatics flow that we describe below utilizes the “LFQ protein intensity”
outputs from the MaxQuant search application. At the time of this writing,
MaxQuant is described as supporting data collected on instruments manufactured
by Thermo Fisher Scientific, Bruker Daltonics, AB Sciex , and Agilent
Technologies.
Note: 1t is beyond the scope of this protocol to exhaustively review options for the LC-MS/MS

analyses. Here we describe our preferences and provide commentary.

MaxQuant peptide assignments
Timing: 3-4 hrs on a 2-processor, 30-thread workstation equipped with a solid-state drive
The following steps describe the use of the MaxQuant software[11] to identify and quantify

peptides and proteins in the affinity-purified samples.

10. Use the MaxQuant proteomics software[11] to search a database of D. melanogaster
reference  protein  sequences that can be downloaded from  UniProt:

https://www.uniprot.org/proteomes/UP000000803

Note: New versions of MaxQuant are updated regularly and can be freely downloaded from

https://cox-labs.github.io/coxdocs/maxquant_instructions.html.

a. Supplementing three default parameters suggested by MaxQuant (LFQ without

data normalization, Match Between Runs (MBR), and the 2-peptide LFQ rule), also
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use the additional modification ‘pyroglutamate cyclization of N-terminal peptide Q
residues.
Alternative: The 2-peptide LFQ rule increases rigor/stringency in the data by reducing potential
false positives. A 1-peptide rule can be used for exploration and/or speculation of possible hits.
11. The resulting ProteinGroups.txt file contains unprocessed raw data from the MaxQuant
software with quantitative information about peptides and proteins.
12. The LFQ-Analyst program (see Steps 13-15 below) accommodates a simplified input .zxt
file that must contain the columns listed in Table 2.

Table 4.6. Required columns for the LFQ_Analyst MaxQuant.txt file.

Columns Description

LFQ intensity (for each Label-free quantification intensities calculated by the

sample) MaxQuant software.

Only identified by site When marked with '+', this protein group was identified
only by a modification site.

Reverse When marked with '+, this protein group contains no

protein, made up of at least 50% of the peptides of the
leading protein.

Potential contaminant When marked with '+', this protein group was found to be a
common contaminant.

Razor + unique peptides The total number of razor (shared between protein groups)
+ unique (not shared with another protein group) peptides.

Protein IDs Uniprot identifier (ID) numbers of protein(s) contained
within the group.

Protein names Name(s) of protein(s) contained within the group.

Gene names Name(s) of the gene(s) associated with the identified
protein(s).

Optional: Occasionally some Uniprot protein IDs are not assigned species-specific protein names

and/or gene names. Two options exist. The protein IDs can be manually searched at

https://www.uniprot.org/ or can be autofilled using the Uniprot_Protein_match.py program.
Columns in the *.zxt file should be in the same order as Table 4.6. See Method C4.1 for example.

and instructions.
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Recompilation of data using LFQ Analyst

Timing: 1-2 h per experiment

Each step below details the workflow for the analysis of label-free quantitative proteomic data
generated using the MaxQuant search parameters outlined above in the user-friendly, interactive
web-based program LFQ-Analyst[12].

13. Open a web browser and go to https://analyst-suites.org/apps/Ifg-analyst-dev/

14. Click on ‘Analysis’ in the sidebar on the left side of the web page (Figure 4.2A).
a. Uploadthe LFQ Analyst MaxQuant.txt file described in Step 12 in the appropriate
location in the ‘Analysis’ tab.
b. Upload the LFQ Analyst experimental design.txt file in the appropriate location
in the ‘Analysis’ tab.
Alternative: There is an Experimental design template that can be modified as an alternative to

uploading an Experimental Design Matrix file.
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Figure 4.2. LFQ-Analyst interface.

(A) Screenshot of the LFQ-Analyst homepage. For data analysis, a MaxQuant.txt file or
an Experimental Design Matrix.txt file is uploaded using the top or bottom ‘Browse’ buttons,
respectively. (B) Screenshot of the Results page after LFQ-Analyst analysis.

95



Optional: Additional parameters, such as Multifactor Analysis, p-value cutoff, Log2 fold change
cutoff, and type of FDR correction can also be adjusted. See the User Guide for more explanation
of these variables.
c. Press the ‘Start Analysis’ button located in the ‘Analysis’ tab.
15. A Results window will appear after the analysis is complete (Figure 4.2B).
a. Save all datasets using the pulldown tab on the top left of the screen to save Results,
Original matrix, Imputed matrix, Full dataset, and Rdata.
Note: Rdata can be reloaded using the Browse tab for future analysis.
b. A full report containing a summary of Methods, Results, and Analysis plots can be
downloaded using the ‘Download Report’ button at the top right of the screen.
Individual plots for Results (Volcano plot, Heatmap, Protein plot, etc.), Quality
control (PCA plot, Sample correlation, Imputation, etc.), or Enrichment (Gene

ontology or  Pathway enrichment) can also be saved for data analysis or publication.

Expected outcomes

Numerous proteomic applications have been developed to quantify proteins in biological
studies. Both label-based and label-free quantification strategies are common [13], with the latter
relying on the comparison of peptide signal intensities across different samples. Advantages of
label-free approaches include lower costs since chemical and/or metabolic tags can be expensive,
the elimination of labeling variability among samples, and reduced time for sample preparation.
MaxQuant is a popular software suite that converts raw mass spectrometric data to provide
quantitative information on peptides and proteins [11]. While many options exist to analyze

MaxQuant output files, we have primarily relied on the Perseus software platform which provides
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a multitude of statistical and visualization tools for data analysis [14]. Here we outline an
alternative for the analysis of MaxQuant data using the LFQ-Analyst web platform. Note that a
comprehensive description of the LFQ-Analyst program, including a detailed comparison of data
analysis in LFQ-Analyst vs Perseus, is published [12]. Here we focus on output parameters directly
relevant to assessing the success outcome of an AP-MS experiment.

The data processing workflow within LFQ-Analyst first removes contaminant proteins,
reverse-sequence proteins, and proteins that are only identified by peptides that contain modified
amino acids. All LFQ intensities in the MaxQuant-generated protein.txt files are next converted to
a logz scale and then all replicates (i.e., 3 biological and 3 technical replicates for each sample) are
grouped accordingly into bait or control samples as specified in the experimental design.txt file.
Proteins that are significantly enriched have an adjusted p-value < 0.05 (using the Benjamini-
Hochberg method) and an absolute fold change > 2. In our FLAG:::Strip vs. lacZ AP-MS data, the
number of proteins that reached this threshold was ~36.5 % (377/1033) (blue box in Figure 4.2B),
which includes both up- or down-regulated proteins. As described in Shah, et al, LFQ-Analyst
outputs are divided into four primary categories: quality control (QC) plots, the LFQ results table,
data results plots, and enrichment analysis [12]. The expected outcomes concerning QC and results
visualization will be described further below (except expression analysis which will not be
discussed further).

A systematic approach to assess data quality is essential to determine whether or not an
epitope-tagged MS experiment is successful. First, it is important to assess reproducibility among
replicates and between different samples. Multi-scatter plots display pairwise distributions that
depict the degree of correlation between samples [15]. When this type of analysis is applied to

experimental replicates of the bait protein, robust reproducibility between samples is observed
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(Figure 4.3A). This duplicability is also quantified as a correlation value where the closer the
value to 1, the higher the correlation between the two compared datasets. Another common tool is
Principle Components Analysis (PCA), a method that reduces complex datasets and is a good
assessment to determine abundance patterns across different samples [15]. In this study, replicates
corresponding to either the FLAG::Strip pulldowns or control pulldowns were clustered together,
demonstrating consistency among technical replicates as well as the contrast between experimental
and control samples (Figure 4.3B).

After assuring that datasets pass the quality control tests described above, the next step is
to assess the abundance of the bait protein relative to other identified proteins. By default, the
interactive LFQ Results table displays protein names in alphabetical order. Clicking on the
‘bait_vs_control log> fold change column’ (blue arrow in Figure 4.2B) sorts the data according
to protein enrichment. Consistent with being a bait protein, Strip is the highest-ranked protein in
terms of fold change for all proteins that reach statistical significance (asterisk in significance
column in Figure 4.2B). Selecting the row that corresponds to Strip in the LFQ Results Table
(Figure 4.3C) in combination with the Abundance Plot>Abundance comparison shows the mean
abundance of Strip compared to all other bait or control proteins (Figure 4.3D). These analyses
confirm the success of our AP-MS approach since Strip is most the abundant protein identified.

Note that sequence coverage of Strip in each independent replicate was >60% [1].
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Figure 4.3. A sample of the quality control and analysis output available using LFQ-
Analyst.

(A) Scatterplots of the selected bait pull-down samples showing correlation plots of individual
data points and correlation values for each comparison. (B) PCA plot of AP-MS data demonstrate
clustering among similar biological replicates, but separation between control (blue) and bait (pink)
samples. PCI1 is depicted on the x-axis and PC2 is depicted on the y-axis. (C) Individual proteins
in the LFQ Results Table can be selected for additional examination. (D) One type of analysis is a
scatterplot showing the mean abundance of Strip in bait and control samples compared to all other
proteins. (E) Volcano plot depicting bait vs. control pull-downs. Log> fold changes are depicted in
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the x-axis and with -logio p-values on the y-axis. Proteins that are significantly upregulated in
experimental pull-downs are shown in red and validated members of the STRIPAK complex are
labeled. (F and G) Rows corresponding to proteins in the LFQ Results Table can be highlighted
(F) and individual LFQ intensities can be visualized as a boxplot (G).

The primary goal of AP-MS experiments is to identify enriched proteins that physically
interact with a bait protein of interest. Easy visualization of candidate binding proteins is achieved
using the interactive Volcano plot function which displays ‘log> fold changes’ on the x-axis and ‘-
logio p-values’ on the y-axis. Data points in red depict enriched proteins in Strip bait pulldowns vs
lacZ control pulldowns and thus possible interactors (Figure 4.3E). Strip is already established as
a member of the striatin-interacting phosphatase and kinase (STRIPAK) complex. Notably,
multiple other proteins that comprise this multi-subunit signaling complex appear in the enriched
fraction (see labeled proteins in Figure 4.3E). The selection of individual STRIPAK components
in the LFQ Results Table allows for a comparison of protein abundance in either bait or control
pulldown datasets (Figure 4.3F). Both physical and genetic interactions among STRIPAK
complex members are well validated in multiple systems and across organisms[1, 16-21], thus
demonstrating the robustness of our approach.

Since MS is a sensitive technique, hundreds to thousands of proteins may co-purify with a
bait protein of interest and thus validation of putative protein-protein interactions that emerge from
AP-MS experiments can be labor-intensive and costly. This challenge is often addressed using
various approaches to enhance pull-down specificity. In contrast, here we use a different method,
namely quantifying the proteins present in both control and experimental pulldowns, followed by
a statistical approach toward validation of the proteins whose recovery is specific to the bait
pulldowns. Two tactics have worked well in our experience to focus on the highest confidence

candidates. The first is to increase the number of biological replicates beyond the minimum of n=3
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for each genotype. In large-scale pulldowns of Drosophila Elmo from late-staged embryos,
increasing the number of samples to n=8 allowed for the efficient identification of multiple
proteins that functionally and genetically interact with this protein[22-24]. A second approach to
narrow down the number of proteins for further analysis is to simultaneously perform the bait
pulldowns with a different tag. We recently used this strategy to identify muscle-enriched proteins
that function with Strip in the STRIPAK complex[1]. In addition to the FLAG-Strip pulldown
experiments, we also performed AP-MS pulldowns using transgenic flies that express a V5 tag on
the C-terminus of Strip (Strip-V5). Proteins common in both pulldowns, hence using a Venn
diagram, were considered for further analysis. An additional advantage of performing duplicate
pulldowns with tags on either the N- or the C-terminus is the ability to uncover proteins that may

be missed if a single tag interferes with binding.

Limitations

Many of the limitations associated with this protocol can be overcome through careful
experimental design. Overexpression of tagged proteins using the binary GAL4/UAS expression
system may cause aberrant phenotypes leading to spurious protein interactions. Modulation of
protein levels may be accomplished by decreasing the copy number of the GAL4 and/or UAS
insertions or by lowering temperature. Protein solubility is a second issue that must be
considered. Different buffer formulations can be used to maximize the amount of soluble protein

present in lysates before immunoprecipitation.

Troubleshooting

Problem 1:

Tagged bait protein is not soluble or partially soluble (before you begin).

101



Potential solution:

e Ifthe amount of soluble bait protein is low, the amount of starting material can be increased.

e A different lysis buffer can be used that may increase the amount of soluble protein.

e A different Gal4 driver may lower expression levels allowing for increased solubility.

e The type or location of the tag on the bait protein may help increase solubility.

Problem 2:

Limited starting material for experiments ( )

Potential solution:

e Increase the numbers of males and females used to set up the initial cross.

e Overexpression of select tagged proteins may slow development. In this case, the experimental
cross can be set up before the control cross.

e Overexpression of select tagged proteins may be lethal and/or partially lethal. Decrease the
temperature at which the flies are reared, set up replicate crosses to increase the number of
progeny or use a different Gal4 driver.

Problem 3:

Melanization after larval homogenization (Step 2).

Potential solution:

¢ Add N-Phenylthiourea (PTU) to a final concentration of 0.001% to inhibit melanization.

Problem 4:

Low yield of bait protein after pulldown (Step 5).

Potential solution:

e Increase the amount of starting material.

e Decrease the stringency of the wash buffer.
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Problem 5:

Samples contain a high amount of background proteins after pulldown (Step 5).

Potential solution:

e Increase the stringency (higher salt concentration and/or increased detergent) of the wash
buffer and/or wash additional times to decrease the background.

e Try a different brand of antibody-conjugated beads for pulldown experiments.

e After lysis preparation, spin the supernatant 2x to reduce additional components in the lysate
that may cause background.

e Increase the number of biological and/or technical replicates.
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Abstract

Pavarotti (Pav) and its binding partner Tumbleweed (Tum) are well known for their evolutionarily
conserved roles in microtubule-dependent movements during cytokinesis. In post-mitotic muscle
cells, we unexpectedly observed the clustering of autophagosomes without an obvious
disorganization of the microtubule network in pav RNAi muscles. These autophagosome clusters
contained ubiquitin and p62 and colocalized with mitochondria. This Pav-Tum complex was
enriched in muscle nuclei, consistent with roles for Pav and Tum in nuclear envelope budding, an
alternative pathway for the export of large ribonucleoproteins. Consistent with Marf mRNA as a
cargo of the NEB pathway in Drosophila muscles, we found a reduction of Marf mRNA in the
myoplasm of pav or tum RNAi muscles. Moreover, knockdown of Marf or the NEB components
Wash or Torsin also caused autophagosome clustering. These data together define a model
whereby blocking NEB reduces mitochondrial activity and in turn recruits p62 and autophagosome
components for a lysosomal fate.

Key Words: Muscle; autophagosome; mitochondria, mitophagy, D. melanogaster ...
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Abbreviations: Atg8a: Autophagy-related protein 8; ATPS5a: ATP-Synthetase ao; dFz2:
Drosophila Wingless receptor dFz2; L3: third instar larva; megaRNP: mega ribonucleoproteins;
MT: microtubule; Marf: Mitochondrial assembly regulatory factor; NMJ: neuromuscular junction;
NE: nuclear envelope; Pav: Pavarotti; Tum: Tumbleweed; TMRM: tetramethylrhodamine methyl

ester; Ub: Ubiquitin; Wash: Wiskott-Aldrich Syndrome protein

Introduction

Macroautophagy (hereafter referred to as autophagy) is generally considered a non-
selective, bulk degradation system whereby portions of the cytoplasm and organelles are delivered
to the lysosome for degradation and recycling [1, 2]. In contrast, damaged or harmful cargo are
eliminated through a selective autophagy process that is dependent on ubiquitin-dependent
autophagy receptors [3]. Both forms of autophagy require phagophore formation, expansion, and
closure, resulting in double-membraned autophagosomes that undergo eventual fusion with the
lysosome.

GTPases of the dynamin family mediate dynamic mitochondrial fission and fusion, with
fission dividing mitochondria into two and fusion uniting mitochondria. Mitochondrial assembly
regulatory factor (Marf) is responsible for mediating outer mitochondrial fusion, while Dynamin-
related protein 1 (Drpl) catalyzes the constriction of this organelle towards fission [4]. These
dynamics are crucial for the regulation of mitochondrial quality. Fragmented or nonfunctional
organelles are continually removed by basal mitophagy, while other factors, including aging,
oxidative stress, or mutations, promote mitochondrial damage and trigger increased mitochondrial
turnover [5, 6]. Mitophagy is one form of selective autophagy that prevents the accumulation of

damaged mitochondria [7]. The ability of mitochondria to undergo dynamic fusion and fission
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further highlights the need for a selective removal process as the fusion of impaired mitochondria
with their healthy counterparts can drastically affect mitochondrial, and therefore cellular, energy
outputs.

Nuclear envelope (NE) budding is a recently discovered alternative pathway for cargo that
is too big to traverse through nuclear pores [8, 9]. Originally characterized as a route for
herpesvirus export from the nucleus [10], it is now clear that NE budding is an endogenous
mechanism of nuclear transport across multiple species, including Saccharomyces cerevisiae,
Drosophila melanogaster, and Homo sapiens. Studies in D. melanogaster have largely focused on
the requirement for NE budding in the transport of large ribonucleoprotein (megaRNP) complexes
during larval neuromuscular junction (NMJ) development and for mitochondrial integrity in the
adult indirect flight muscles (IFMs) [11-13]. For example, par6 transcripts are found at foci
corresponding to NE buds as well as the postsynaptic larval NMJ [11]. Additionally, mRNAs for
Marf and other mitochondria-associated transcripts are present in NE bud foci in larval muscles
[12].

Pavarotti (Pav)/kinesin family member 23 (KIF23) and its binding partner Tumbleweed
(Tum)/RacGAP1 comprise the centralspindlin complex, which organizes microtubule (MT) arrays
at the mitotic spindle during cytokinesis [13]. Recently, these two proteins were also shown to be
enriched in NE bud foci and required for the nuclear budding process through physical interactions
with Wiskott-Aldrich Syndrome protein (WASH) [13]. Here we present new data that knockdown
of Pav or Tum in larval muscles results in the aggregation of autophagosomes that colocalize with
mitochondria. pav RNAi muscle nuclei show fewer NE buds and reduced Marf mRNA in the

myoplasm. Moreover, the aggregation of mitochondria and autophagosomes are phenocopied in
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Marf RNAi muscles. We propose that loss of Marf, and possibly other transcripts, reduce

mitochondrial integrity which in turn recruits ubiquitin and p62 for autophagosome formation.

Results

Loss of Pav results in elevated p62 puncta in larval bodywall muscles

To discover new autophagy regulators, we performed a mini RNAi screen that targeted
proteins with microtubule or trafficking-related functions using Drosophila larval muscles as a
cell biological model. UAS-RNAI lines were crossed with the Mef2-GAL4 driver to selectively
knock down target transcripts in muscle tissue. The selected RNAi genes were classified into four
groups based upon predicted functions of the targeted proteins - dynein-related, kinesin-related,
spindle-associated, and other (Figure 5.1A). Wandering third instar larva (L3) were filleted and
the muscle carcasses were immunostained with an antibody generated against Ref(2)p/p62. p62 is
an autophagy receptor that binds to ubiquitinated cargo and it’s abundance reflects the state of
autophagy in the cell [14, 15]. Quantitation was performed using the Analyze Particles function in
Image] and the results reported reflect the total number of p62(+) puncta in the ventral longitudinal
3 (VL3) and ventral longitudinal 4 (VL4) muscles. In comparison to the negative control
Mef2>lacZ, we observed a significant increase (p<0.01) in the number of p62(+) puncta in 9 out
of the 12 RNAI lines tested. Knockdown of Pav/Kif23 resulted in the strongest phenotype
compared to other RNAI lines, with approximately 3.6 fold more p62(+) puncta than the lacZ
muscles (Figure 5.1B and Figure D5.1B). In some instances these p62-marker puncta were
clustered together (Figure 5.1B, yellow triangle). While we have analyzed other muscle mutants

with elevated p62, this clustering phenotype had not been observed previously [16, 17].
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Since Pav belongs to the kinesin superfamily and is a MT motor protein [18], we next

immunostained for MTs in pav RNAi muscles. The overall MT pattern was similar in pav RNAi
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Figure 5.1. Genetic screen reveals Pav as new regulator of autophagic activity.
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(A) Scatter bar plot shows the quantification of p62 puncta for Mef2-Gal4 driven expression of
UAS-lacZ control or UAS-candidate RNAi lines. Each data point represents the total number of
p62 puncta in VL3 or VL4 muscles of L3 larvae. N > 15. (B) Maximum intensity projections of
VL3 and VL4 muscles immunostained for p62 in lacZ control or pav RNAi #I muscles from L3
larvae reveal an increase in the number of p62 puncta (magenta). p62 clusters are indicated by the
yellow triangle. (C) High magnification single plane images of control or pav RNAi #I VL3
muscles co-immunostained with anti-p62 (magenta) and anti-a-tubulin (gray). Inset depicts the
area of the yellow dashed box. P values: ns, not significant; **, p<0.01; *** p<0.01; ****,
p<0.0001. Error bars indicate standard error of the mean (SEM). Statistics: Kruskal-Wallis test.
Scale bars, 40 pm (panel B), 15 um (panel C).

and lacZ muscles (Figure 5.1C and Figure D5.1C), indicating that a reduction in Pav function
does not grossly alter MT organization. From high magnification images where the MTs and p62
were co-stained, we observed p62(+) puncta associated with microtubules in /acZ muscles (Figure
5.1C). However, in pav RNAi muscles, the MT staining was fainter and appeared to be excluded
from the aggregated p62 structures. We analyzed a second, independent pav RNAi line and indeed,
the number of p62(+) puncta in VL3/VL4 muscles was increased ~2 fold compared to lacZ controls

and contained p62 clusters (Figure DS.1A, yellow triangles and Figure D5.1B).

Autophagosomes accumulate in pav RNAi and tum RNAi muscles.

D. melanogaster Tum is a binding partner of Pav during cytokinesis and NEB [13, 19], but Pav
and Tum also have independent roles in embryo wound repair and oogenesis [20]. Therefore, we
tested whether Tum is required to prevent the aggregation of p62(+) structures. p62
immunostaining of VL3/VL4 muscles in two different tum RNAi lines replicated both p62
phenotypes seen in pav RNAi muscles (Figure D5.1A and DS5.1B). The total number of p62(+)
puncta was increased ~2.6-fold in tum RNAi #I and ~4.6-fold for tum RNAi#2 compared to lacZ
control muscles. We also observed p62 clusters in fum RNAi muscles (Figure D5.1A, yellow

triangle). Verification of RNAi knockdown in our original pav and tum RNAi lines was performed
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using qPCR. Indeed, pav mRNA levels were reduced ~70% in the pav RNAi line compared to the
control (Figure D5.1D) and tum transcripts were reduced ~60% in the tum RNAi line (Figure
DS5.1E). This data confirm the functionality of the pav and tum RNAi lines and demonstrate that
both components of the centralspindlin complex have similar roles in preventing the formation of
p62 clusters.

Ubiquitin (Ubi) chains appended to proteins and/or organelles confer a degradation signal
directed to the proteasome (typically K48-linked chains) or the lysosome (typically K63-linked
chains) [21]. In the latter case, the Ubi receptor p62 recognizes K63-linked Ubi chains and directly
recruits Autophagy-related protein 8 (Atg8a)/Microtubule-associated protein 1A/1B-light chain 3
(LC3) to form the autophagosome [22]. If p62 is indicative of the autophagosome, then we would
expect colocalization of p62 with both Ubi and Atg8a immunostaining in VL3/VL4 larval muscles.
As expected since p62 binds to Ubi, the number of structures that showed positive staining for
both p62 and Ubi was increased in pav and tum RNAi muscles compared with controls (Figure
5.2A). The total number of puncta marked by p62 and Ubi was increased ~4-fold in pav RNAi
muscles and ~2.8-fold in tum RNAi muscles over that of lacZ (Figure 5.2C). These data are
consistent with the fold increases seen in p62 immunostaining alone (Figure D5.1B). High
magnification images in /lacZ muscles showed a near perfect overlap of Ubi and p62 (Figure 5.2E).
However, in muscles with pav or tum knockdown, there were clusters where Ubi staining was
present, but the p62 signal was absent (Figure 5.2E, yellow triangles). These data highlight the
dynamic process of p62 recognition of Ubi chains. Regions with Ubi signal that lack p62 likely
represent Ubi-tagged proteins and/or organelles that have not yet recruited p62. Note areas lacking
p62 are found on the outside or edges of Ubi clusters, suggesting that p62 may be key for initiating

or promoting aggregation.
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Figure 5.2. p62-Ubi and p62-Atg8a complexes accumulate in pav and tum RNAi muscles.

(A and B) Maximum intensity projections of VL3 and VL4 muscles in /acZ control, pav RNAi, or
tum RNAi muscles driven by Mef2-Gal4. (A) Following Pav or Tum knockdown, there is an
appreciable increase in Ubi (green) and p62 (magenta). p62(+) and Ubi(+) clusters are present in
pav and tum RNAi muscles (yellow triangles). (B) Muscles expressing GFP-Atg8a (green) and
labeled with anti-p62 (magenta) have elevated numbers in pav RNAi or tum RNAi muscles
compared to lacZ controls. Clusters marked by p62 and GFP-Atg8a are denoted by yellow triangles.
(C and D) Scatter bar graphs reveal an increase in the number of puncta in VL3 and VL4 muscles
that show overlap between p62 and Ubi (C) or p62 and GFP-Atg8a (D) in pav or tum RNAi muscles
compared with controls. N =12 for C and N=24 for D. (E) Single plane, high magnification images
of individual p62-Ubi puncta in lacZ muscles or p62-Ubi clusters in pav and tum RNAi muscles.
The yellow triangle shows regions where Ubi (green) is not recognized by p62 (magenta). (F)
High magnification, single plane confocal micrographs of L3 larvae muscles stained with
antibodies against p62 and GFP. In /acZ muscles, p62 staining overlaps with GFP-Atg8a signal in
a single mitochondria, whereas the overlap appears as clusters in pav and tum RNAi muscles. (G
and H) Endogenous expression of GFP-tagged Pav (G) or Tum (H). show an enrichment inside
the nuclei of the muscle, fat body, gut, salivary gland, and wing disc tissues. P values: ***, p<(.01;
*a%E p<0.0001. Error bars indicate standard error of the mean (SEM). Statistics: Student's t-test.
Scale bars, 40 um (panel A), 2 um (panels E and F), 4 um (panel G).

To verify whether the Ubi-p62 complexes recruit Atg8a, we next assessed p62 and Atg8a
colocalization in pav and tum RNAi muscles. We were unable to perform double labeling using
anti-p62 and anti-Atg8a because both antibodies were generated in the same species. Therefore,
we took advantage of a GFP-tagged Atg8a fusion protein (GFP-Atg8a) and used an anti-GFP
antibody to enhance Atg8a signal. Autophagosomes marked by Atg8a were indeed positive for
p62 signal. Moreover, the total number of autophagosomes was increased in pav RNAi or tum
RNAi muscles compared with control muscles (Figure 5.2B and 5.2F). The average number of
autophagosomes in each lacZ set of VL3/VL4 muscles was ~4, but increased ~8-fold or ~4-fold
in pav RNAi or tum RNAi muscles, respectively (Figure 5.2D). Additional analysis showed
consistent overlap of p62 and GFP-Atg8a in clusters upon knockdown of Pav or Tum (Figure
5.2B; yellow triangle and Figure 5.2F). Here we conclude that the Ubi-p62 clustered aggregates

correspond to autophagosomes.
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To investigate if altered autophagosome and/or lysosome biogenesis explains the increase
in autophagosome numbers, we examined the transcript levels of key genes required for the
production of these organelles in control (y,w and mCherry RNAi) or pav RNAi larvae. The
mammalian transcription factor EB (TFEB), or melanocyte-inducing transcription factor (Mitf) in
D. melanogaster, is a master gene for autophagosoml and lysosomal biogenesis. The Mitf mRNA,
as well as its transcriptional targets Autophagy-relatedl (Atgl), Autophagy-related 18 (Atgl8a),
and Cysteine proteinase-1 (Cpl), were not significantly changed in pav RNAi muscles (Figure
D5.2A). There was also no increase in p62 transcript levels compared to controls. This data
together show that knockdown Pav does not enhance autophagosome (Atgl, Atgl8) or lysosomal

biogenesis (Cpl) via a transcriptional mechanism.

Pav and Tum function in the nucleus

Autophagosomes clearly accumulate in the myoplasm of pav or tum-deficient muscles. Thus, we
were curious if the subcellular distribution of Pav and Tum are associated with these p62-Ubi
autophagosomes. Despite trying different immunostaining methods, we failed to detect signal in
muscle tissue using available anti-Pav and anti-Tum antibodies [13]. Therefore, we took advantage
of GFP-tagged fusion proteins for Pav (Ubi-GFP-Pav) or Tum (sqh-Tum-GFP) and enhanced the
signal using an anti-GFP antibody. While no signal was observed in the myoplasm, strong signal
for GFP-Pav (Figure 5.2G and Figure S5.2B) and GFP-Tum (Figure 5.2H and Figure D5.2B)
were observed in the nuclei of numerous larval tissues, including muscle, fat body, gut, salivary
gland, and the wing disc. Our finding was consistent with previous reports in other tissues, such
as Drosophila embryonic epidermis and ovary [23, 24]. This subcellular localization of Pav and

Tum point towards a role for the centralspindlin complex in the nucleus.
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A recent study described new functions for Pav and Tum in the formation of NE buds [13].
To visualize these structures in larval muscle nuclei, we immunostained using the only two
markers available - the C-terminal fragment of the Drosophila Wingless receptor dFz2 (dFz2C)
and Lamins [11-13, 25, 26]. Thus, colocalization with both anti-dFz2C and anti-Lamin B were
used as criteria for counting the number of NE foci/nucleus (Figure 5.3A, yellow triangle). We
identified 30 NE buds distributed among 102 nuclei (0.29 foci/nucleus) in w!//¥ muscles and 11
NE buds present in 105 nuclei (0.10 foci/nucleus) in lacZ muscles (Figure 5.3B). In contrast,
only1-2 instances of NE bud visualization was observed in muscle nuclei after RNAi knockdown
for Pav (0.01 foci/nucleus), Tum (0.01 foci/nucleus), and Wash (0.01 foci/nucleus) (Figure 5.3A).
The persistence of NE buds is likely attributed to incomplete knockdown using the RN A1 approach
as we know there is remaining pav and fum transcripts via RT-PCR (Figure D5.1D and Figure
D5.1E).

Nuclear roles for Pav and Tum influence mitochondrial and autophagosome clustering

Autophagosomes can engulf various intracellular items, including pathogens, impaired
proteins, and organelles, before being conveyed to lysosomes for degradation [1, 7]. To determine
the type of cargo inside the autophagosome clusters in pav and tum RNAi muscles, we performed
colabeling experiments for p62 and candidate protein targets using available antibodies in our
laboratory. Eventually we found that anti-p62 staining overlapped with weak anti-ATP5a signal
(Figure 5.3C). The mitochondrial marker ATP-Synthetase o (ATP5a) is a biomarker used to
measure mitochondrial content in humans [27]. This is consistent with the statement that faint
staining of ATP5a indicates a reduction in mitochondrial activity [13] and supports using anti-

ATP5a to monitor a sign of damaged mitochondria.
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Figure 5.3. Knockdown of Pav or Tum decreases the formation of NE buds resulting in p62
clusters that overlap with faint ATPSa signal.

(A) The progeny from Mef2-Gal4 flies mated with UAS-lacZ, UAS-pav RNAi #1, UAS-tum RNAi
#1, or UAS-wash RNAi are analyzed here. W/[1118] are used as a control. Representative nuclei
from VL3 or VL4 muscles of the specified genotypes were stained with anti-Lamin and anti-dFz2C
antibodies. NE buds correspond to foci that stain positive for both Lamin (magenta) and dFz2C
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(green) and are indicated by the yellow triangles. The number of buds that stain positive for
Lamin/dFz2C out of the total number of nuclei counted are shown in each panel. (B) Scatter plot
quantifying the number of NE buds per nucleus. Each dot represents one group, and each group
contains nuclei >33. (C) Confocal projections of muscles co-stained with anti-p62 (magenta) and
anti-ATP5a (green) of the indicated genotypes. The corresponding fluorescence plots were
produced using the ImagelJ Plot Profile function which quantifies the fluorescence intensity across
the trajectory of the yellow arrow. (D) Scatter plot quantifying the percentage of p62(+) puncta
that overlaps with faint anti-ATP5a staining in the indicated genotypes. Every dot corresponds to
a single group, and each group consists of p62 puncta >19. P values: ns, not significant; *, p<0.05.
Error bars indicate the standard error of the means (SEM). Statistics: One-Way ANOVA (panels
B and D). Scale bars, 6 um (panel A), 3 um (panel C).

Since the aggregated mitochondria stain weaker than the surrounding organelles, we used
Imagel to quantitate the intensity of green fluorescence (anti-ATP5a) and magenta fluorescence
(anti-p62) as a measure of overlap (yellow arrow in the merged images in Figure 5.3C) in multiple
RNALI genotypes that block the formation of NE buds. The anti-p62 staining did not overlap with
the anti-ATP5a staining in /acZ muscles, but provided intensity levels for background (~5, dotted
gray line) or maximal fluorescence (~200). Using this method, we confirmed that faint anti-ATP5a
staining overlapped with p62 clusters in pav RNAi, tum RNAi and wash RNAi muscles (fluorescent
intensity ~50). Only ~36% anti-p62 staining overlapped with faint anti-ATP5a staining in lacZ
muscles, and this value was increased to ~78% in pav RNAi muscle, ~67% in tum RNAi muscles,
and ~74% in wash RNAi muscles (Figure 5.3D). Previous research has shown that TorsinA is
involved in the formation of NE buds in mouse neuronal nuclei [28]. Since Drosophila Torsin also
mediates the transport of megaRNPs via NE budding [25], we also examined the consequences of
Torsin RNAi in larval muscles. Similar to the RNAi phenotypes in Pav, Tum, or Wash muscles,
we found that p62 overlapped with ~71% of faint anti-ATP5a staining upon the induction of 7orsin
RNAi (Figure 5.3C,D).

In all NE budding genotypes that exhibited p62 overlap with faint, clustered mitochondria,

the majority of surrounding mitochondria retained ATPSa staining (Figure D5.3A). To confirm
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that mitochondria with weak anti-ATP5a staining have reduced activity, we treated /acZ control
and pav RNAi muscles with tetramethylrhodamine methyl ester (TMRM) and MitoTracker as an
internal control (Figure D5.3B). The accumulation of TMRM in mitochondria with intact
membrane potentials yields strong fluorescence. When mitochondrial membrane potential drops,
TMRM signal declines or disappears. In randomly selected regions of muscles, we used ImageJ to
measure the fluorescence intensities of MitoTracker and TMRM signal to calculate an intensity
ratio. There was no overall difference in the TMRM/MitoTracker ratio between pav RNAi or lacZ
muscles (Figure D5.3C), suggesting that the overall mitochondrial activity was unaffected in pav
RNAi muscles. However, the TMRM signal was absent in areas where the MitoTracker staining
was weak or faint in pav RNAi muscles (Figure D5.3B). This faint MitoTracker staining further
validates the use of ATP5a as a marker for damaged, aggregated mitochondria.

Thus far our data provide strong evidence that blocking NE bud formation causes clustered
autophagosomes (marked by p62) that overlap with mitochondria (denoted by weak ATP5a signal).
Next, we wanted to ascertain why restricting NE bud development might result in this particular
autophagosome phenotype. The mitochondrial morphology in the weakly staining ATP5a clusters
resembles the smaller, spherical mitochondria upon RNAi knockdown of Drosophila Marf in
either larval or adult indirect flight muscles [29, 30]. Therefore, we performed anti-p62 and anti-
ATP5a colabeling in Marf RNAi muscles and indeed observed the same unique clustered
autophagosome phenotype present in pav, tum, wash, or Torsin RNAi muscles (Figure 5.3C). The
ratio of p62 signal that overlapped with faint anti-ATP5a staining was also elevated in Marf RNAi
muscles, consistent with other genotypes (Figure 5.3D).

Marf mRNA is a known cargo of NE buds [12]. Since suppression of NE buds in pav or

tum RNAI1 shows a mitochondrial clustering phenotype consistent with the knockdown of Marf
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expression, we postulated that the export of Marftranscript from the nucleus to the myoplasm may
be compromised upon a reduction in Pav function. Therefore, we conducted fluorescence in situ
hybridization (FISH) to validate our hypothesis. FISH employs fluorescent probes to precisely
determine the intracellular location of labeled nucleic acids within a cell. We generated an anti-
sense probe to detect MarfmRNA and a sense probe to serve as a non-specific control. As expected,
we detected Marf transcript in NE buds. In /acZ muscles treated with the anti-sense probe, Marf
mRNA (magenta) co-localized with NE buds marked by Lamin (Figure 5.4A, yellow triangle). In
contrast, there was low signal and no detected overlap between the sense Marf probe and NE buds

in lacZ muscles. These data demonstrate the specificity of the anti-sense Marf probe.

We next quantitated foci corresponding to Marf probe in the myoplasm of control or pav
RNAi muscles and observed a ~30% reduction in anti-sense Marf mRNA in comparison to lacZ
muscles (Figure 5.4B and Figure S5.3D). Very little probe signal was seen in /lacZ muscles treated
with the sense probe (Figure 5.4B and Figure D5.3D), further confirming the probe's specificity.
qPCR was also used to determine Marf transcript levels in pav RNAi muscles. Consistent with a
decrease in Marf mRNA foci, there was ~40% decrease in Marf mRNA levels upon induction of
pav RNAi compared to controls (Figure 5.4C). Note that knockdown of Marf transcript using this
same method was stronger in Marf RNAi compared to pav RNAi (Figure D5.3E). Maybe the
presence of an occasional NE budding event in pav RNAi muscles allows for the detection of Marf
mRNA or maybe the cell has an additional and/or alternate route for the nuclear export of Marf.
However, overall our data argue that loss of Pav reduces the presence of Marftranscript in muscles,

resulting in mitochondrial abnormalities.
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Figure 5.4. FISH and qPCR experiments demonstrate a reduction in Marf mRNA export
and transcript levels in pav RNAi muscles.

(A) Confocal images of lacZ muscles incubated with the Marf anti-sense probe and stained with
Lamin shows colocalization of Marf mRNA (magenta) with budding foci at the NE (green) as
indicated by the yellow triangle. (B) Scatter bar graph shows that the number of foci corresponding
to Marf mRNA in lacZ control muscles is greater than in pav RNAi muscles. N=20. (C) qPCR
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shows that Marf transcript levels are significantly reduced in pav RNAi compared with controls.
N= 3 biological replicates. (D) A proposed model for Marf mRNA export from NE buds to regulate
mitochondrial morphology and health. P values: **, p<0.01; **** p<0.0001. Error bars indicate
standard error of the mean (SEM). Statistics: Student's t-test. Scale bars, 6pm.

Discussion

Using a screening approach to identify genes that influence the abundance of p62-linked
cargo, we uncovered the spindle-associated protein Pav. Pav and Tum together comprise the
centralspindlin protein complex with well-established roles in spindle formation via MT bundling
during cytokinesis [19]. Autophagosomes marked by p62 and Atg8a were increased in number
upon knockdown of Pav or Tum in larval muscles using RNAi approaches. Further
characterization revealed three unexpected results. First, a portion of the increased autophagosome
population formed clusters throughout the myoplasm. This clustering phenotype is not observed
in other muscle mutants that also have elevated numbers of autophagosomes [16, 17]. Second, we
were not able to visualize Pav or Tum protein in or near the aggregated autophagosomes using
available antibodies or GFP-tagged versions of Pav or Tum. Instead, we observed an enrichment
of Pav or Tum protein in the nucleus, seemingly inconsistent with a role for these proteins in the
myoplasm. Third, the autophagosomes colabeled with weakly stained mitochondria, suggesting
that a loss of mitochondrial content and/or activity, is sufficient to recruit autophagosomal
machinery (Ubi, p62, and Atg8a) for eventual lysosomal turnover.

Our compiled data now integrates these initial findings and together provides a functional
model explaining how the knockdown of Pav results in the formation of autophagosome clusters
(Figure 5.4D). Pav participates in the formation of NE buds and Marf mRNA is one such cargo

that is present at budding foci being exported from muscle nuclei [12, 13]. Insufficient transport
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of Marf mRNA to the site of Marf protein synthesis decreases the ability of mitochondria to undergo
fusion. Likewise, ablation of Mitofusin 2, the human homolog of Drosophila Marf, in mammalian
hearts causes insufficient mitophagy, resulting in the buildup of defective mitochondria [31].
Although the trigger for the addition of Ubi to mitochondria is not yet clear, polyUbi recruits p62
and Atg8a to form autophagosomes. p62 has been shown to mediate the clustering of dysfunctional
mitochondria in HeLa cells via its PB1 domain [32]. A similar mechanism may be functioning in
muscle to polymerize defective mitochondria into dense clusters as a protective mechanism or
because the aggregates are too large for lysosomal transfer and/or degradation.

Pav participates in the formation of NE buds in at least two larval tissues - salivary glands
and bodywall muscle - to export megaRNPs from nuclei [11-13, 25]. Established cargo of these
RNPs in larval muscles includes par6 and magi, which encode for scaffolding proteins required at
the postsynaptic NMJ [11]. It is hypothesized that specific transcripts are transported to and locally
translated at the NMJ during expansion of these structures in larval development. Since
mitochondria have a broader distribution throughout muscle cells [29], the final destination of
Marf transcripts developing at foci corresponding to NE buds is not clear. FISH analysis of
mRNAs present in megaRNPs reveal that a subset of NMJ-associated or mitochondrial-associated
transcripts can be detected. Are select transcripts exported in different populations of megaRNPs
that have different cellular targets? In the case of mitochondrial-associated mRNAs (such as Marf),
is the final destination for each megaRNP random or are they targeted to mitochondria in regions
of the cell that require more ATP or increased mitochondrial dynamics?

In addition to the weakly stained mitochondria that were marked with p62, we also
observed ring-shaped mitochondria in pav, tum, wash, and Torsin RNAi, but not lacZ muscles

(Figure D5.3A). However, these hollow, circular mitochondria did not overlap with anti-p62.
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Ring-shaped mitochondria are also observed in mouse embryonic fibroblasts (MEFs) and HeLa
cells after exposure to the protonophore carbonyl cyanide m-chlorophenyl hydrazine (CCCP) for
10 min [33]. This transition from a tubular to globular shape is independent of fission or fusion
and may be an intermediate morphology before mitochondrial collapse. Alternatively, additional
transcripts that mediate mitochondrial dynamics may also be transported by mega RNPs. Indeed,
FISH analysis reveal low levels of Drpl mRNA at NE foci [12].

We are the first to study how blocking NE budding causes mitochondrial dysfunction and
recruitment of the autophagosome machinery in larval muscles as prior studies focused on the
consequences of age-dependent mitochondrial defects in the Drosophila indirect flight muscles
(IFMs) [12, 13]. The observation that four proteins required for NE bud formation (Pav, Tum,
Wash, Torsin) all result in similar mitochondrial morphology defects strongly argues that the
transport of mitochondrial-associated mRNAs is crucial for continued mitochondrial health.
Moreover, the autophagosome clusters are a unique phenotype and is easily examined through
immunostaining and microscopy. We believe that our results may provide a simple and rapid
method for identifying new proteins that contribute to defects in NE bud development and/or

transport in larval muscles.

Materials and Methods

Drosophila genetics and strains

All stocks were maintained on standard Bloomington Drosophila Stock Center (BDSC) cornmeal
media at 25°C. Gal4/UAS crosses were set up at 25°C and embryos were collected for 6 hr periods
before shifting to 31°C for maximal Gal4/UAS expression. UAS-RNAI lines were obtained from

either the BDSC (Bloomington, IN) or the Vienna Drosophila Resource Center (VDRC, Vienna,
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Austria) as indicated: UAS-mCherry RNAi (BL35785); UAS-pav RNAi #1 (v46137); UAS-pav
RNAi #2 (v110330); UAS-tum RNAi (BL6439); UAS-tum RNAi #2 (BL67923); UAS-wash RNAi
(BL62866); UAS-Torsin RNAi (BL50620); UAS-Marf RNAi (v-40478); UAS-ctp RNAi
(BL44044); UAS-Dhc64C RNAi (BL36698); UAS-DIc90F RNAi (BL65189); UAS-Lis] RNAi
(BL35043); UAS-Khc RNAi (v44338); UAS-chb RNAi (BL34669); UAS-cnn RNAi (BL35761);
UAS-feo RNAi (BL28926); UAS-mud RNAi (BL35044); UAS-14-3-30 RNAi (v48724); UAS-jar
RNAi (BL28064). Additional fly stocks obtained from the BDSC include Mef2-Gal4 (BL27390),
da-Gal4 (BL37291), UAS-lacZ (BL3956), Ubi-p63E-GFP-pav (BL81651), sqh-sfGFP-tum

(BL76264). The y,w control is maintained in our lab.

Muscle fillets and immunostaining

Muscle carcass dissections were performed as described previously ([17]). Tissues were stained
with the following primary antibodies: rabbit anti-p62/ref(2)p (1:200, ab178440, Abcam,
Cambridge, MA), mouse anti-mono- and polyubiquitinylated conjugates recombinant monoclonal
antibody UBCJ2 (1:1000, ENZ-ABS840, Enzo Life Sciences, Farmingdale, NY), mouse anti-GFP
(1:25, 12E6, Developmental Studies Hybridoma Bank, lowa City, IA), mouse anti-Lamin B (1:200,
ADL67.10, Developmental Studies Hybridoma Bank, Iowa City, IA), mouse anti-ATP50/blw
(1:200, ab14748, Abcam, Cambridge, MA), mouse anti-a-Tubulin (1:1000, T5168, Sigma-Aldrich,
St. Louis, MO), and guinea pig anti-dFz2C (1:2500) [26]. Fluorescence was detected using the
following secondary antibodies: Alexa Fluor anti-rabbit, anti-mouse or anti-guinea pig 488 or 594
(1:400, Invitrogen, Waltham, MA). Images were captured using a Zeiss 700 confocal microscope.
Image processing and analysis were performed using a combination of Zen Black (Zeiss), Imagel

(NIH), and Adobe Photoshop.
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TMRM and MitoTracker

Wandering L3 larvae were dissected live in Ca**-free HL3.1 buffer. The muscle carcasses were
incubated in 100-nM Tetramethylrhodamine ethyl ester perchlorate (TMRM) (HY-D0985A, MCE,
Monmouth Junction, NJ) and 1-uM MitoTracker Green FM (M7514, Invitrogen) diluted in HL3.1
for 5 min at room temperature (kept inside a drawer to avoid light) and imaged immediately.
Confocal microscopy parameters were kept the same while images were acquired for different

samples.

Fluorescence In Situ Hybridization (FISH) probe synthesis

Digoxigenin (DIG) labeling sense and anti-sense RNA probes was an adaptation from Wilk et al,
2010 [34]. Briefly, 5 pg Marf plasmid (RE04414, Stock 9809, Drosophila Genomics Resource
Center, Bloomington, IN) was linearized by treating with KasI restriction enzyme (R0544S, NEB,
Ipswich, MA) in a 37°C water bath for 1 hr. A 1% DNA agarose gel was used to check the digestion
quality. The linearized DNA was recovered using the QIAprep Spin Miniprep Kit (#27106,
QIAGEN, Hilden, Germany). After DNA recovery, the DNA concentration was measured using a
NanoDrop Microvolume Spectrophotometer (Thermo Fisher Scientific, Waltham, MA). For DIG
Labeling of the RNA probe, the following were added to an RNase-free 1.5 mL microcentrifuge
tube on ice: lpg linearized DNA with 2 pl 10x DIG-RNA-Labeling-Mix (11277073910,
MilliporeSigma, Burlington, MA), 2 ul 10x RNAPol Reaction Buffer (B9012, NEB, Ipswich, MA),
1 pul SUPERase-In™ RNase Inhibitor (AM2694, Invitrogen, Waltham, MA), 2 ul T7 RNA
Polymerase (for sense RNA probe synthesis) (M0251S, NEB, Ipswich, MA) or 2 ul T3 RNA

Polymerase (for anti-sense RNA probe synthesis) (M0378S, NEB, Ipswich, MA), and RNase-free
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water to a final volume of 20 pl. The contents were vortexed, spun briefly, and incubated at 37°C
for 3 hrs. The volume was then brought to 50 pl using RNase-free water and precipitated by adding
1 ng RNase-free glycogen (R0551, Invitrogen, Waltham, MA), 0.1 vol of 3 M sodium acetate, pH
5.2, and 2.5 vol of cold 100% ethanol. Each sample was vortexed and kept at -80°C overnight. The
following day the microcentrifuge tube was spun for 20 min at 4°C at 12,000 x g and the
supernatant was discarded. The pellet was washed with 500 pl cold 70% ethanol and
microcentrifuged for 10 minutes at 4°C at 12,000 x g. The pellet was allowed to air dry and
resuspended in 50 ul RNase-free water. The samples were run on a 1% agarose gel to verify

integrity. The probes were stored at -80°C until needed.

Drosophila larvae muscle Marf mRNA detection

We used an established protocol for FISH with minor adaptations [34]. Wandering L3 larvae were
live dissected in HL3.1 buffer and fixed in 1x phosphate-buffered saline + 0.1% Tween-20 plus
4% formaldehyde for 20 min. We used Fast Red TR/Naphthol AS-MX(F4648, MilliporeSigma)
for the detection of hybridization signals. To do so, we dissolved the Trizma® tablet in 1 mL of
distilled water, then added the Fast Red TR/Naphthol AS-MX tablet Vortex until dissolved. The
solution was added to the sample at room temperature for 30 min and kept on the dark to develop

the fluorescent signal.

Quantitative RT-PCR
qPCR samples were prepared as follows. The ubiquitous da-Gal4 driver was used to knockdown
gene expression in all tissues. yw was the control. Total RNA was harvested from three whole

wondering L3 larvae which were raised at 31°C. RNA was purified using QuantaBio Extracta Plus
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RNA kit (Quanta Biosciences, Beverly, MA). Three RNA samples for each genotype were
prepared. cDNA was synthesized from 600ng or 1000ng of RNA using the qScript XLT cDNA
SuperMix kit (Quanta Biosciences, Beverly, MA). For the qPCR reactions, 1:10 or 1:15 dilutions
of the cDNA were combined with PowerUp SYBR Green Master Mix (ThermoFisher, Waltham,
MA) and the appropriate primers. qPCR was performed with a QuantStudio 3 instrument and
related software (ThermoFisher, Waltham, MA). All primers were used at a final concentration of
1 uM. Primers used to assess autophagosomes and lysosome biogenesis (Figure D5.2A):

Atgl forward 5'-GTCGGGGAATATGAATACAGCTC, Atgl reverse 5'-
GCATGTGTTTCTTGCGATGAC; Atgi8a forward 5-GTGTTCGTCAACTTCAACCAGA,
Atgl8a reverse 5’-TGTCCAGGGTCGAGTCCAC; Cpl forward 5'-
TCAACTACACTCTGCACAAGC, Cplireverse 5'-GCCAGTCCACAGATTTGGG; Mitf forward
5'-AGTATCGGAGTAGATGTGCC AC, Mitf reverse 5'-CGCTGAGATATTGCCTCACTTG;
po2 forward 5'-GCCCTCCCAGA ATTACACCA, po2 reverse 5'-
GTTGGCCGAAGAACCCTCT; and rp49 forward 5'-GCCCAAGG GTATCGACAACA, rp49
reverse 5'-GCGCTTGTTCGATCCGTAAC. Primers used to validate RNAi knockdowns (Figure
D5.1D and DS.1E): pav forward 5'-ATGAAGGCAGTACCCAGGAC; pav reverse 5'-CGACA
GAACACATTCACTGGA; tum forward 5'-TCGATGATCTGCGACGCT; tum reverse 5'-
CTCGTTTTGTATCCTGGCCG. To determine Marf mRNA levels in pav RNAi muscles or Marf
RNAi muscles, the following primers were used: Marf forward 5-AGCCGAACATCT
TCATCCTGA; Marfreverse 5'-TCCTTCTCGTTGCTCACCTT. Larvae were raised at 18°C for

the Marf RNAi qPCR since they were lethal at higher temperatures (Figure DS.3E).

Quantification of Ubi, p62, or Atg8a puncta
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The Analyze-Particles function in ImageJ was used to identify and measure the total number of
puncta in VL3/VL4 muscles combined. The ROI-Manager function was used to measure the
overlap between p62-Ubi or p62-GFP-Atg8a. The Plot-Profile function was used to assess
colocalization of p62-ATP5a. The ROI-Manager-Measure function was used to quantitate TMRM
and MitoTracker intensity.

NEB quantification

NEB were counted in muscles VL3 and VL4 from abdominal segments A2 and A3 of wandering
L3 larvae. >100 nuclei were counted per genotype. Only foci that stained positive for both Lamin
B and dFz2C staining were counted as a NEB. Since NEBs were not detected in all nuclei [8], the
number of NEBs within each genotype was randomly separated into three groups using the random
function in Excel. Image acquisition and NEB number quantification were both performed using

Double-Blind strategies.

Statistical analysis

Statistical analyses were performed in Prism 10.1.2. The unpaired student t-test was used to
determine the significance between pairwise comparisons followed by the Mann-Whitney test.
Additional data sets that compared three or more unmatched groups that did not fit into a Gaussian

distribution were analyzed using the nonparametric Kruskal-Wallis test using one-way ANOVA.
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Chapter 6 - NUAK function in maintain normal muscle function.

6.1, Introduction

Approximately 1.71 billion individuals globally are affected by muscle-related disorders
[1]. The identification of novel targets for maintaining normal muscle function is crucial for
developing specific pharmaceutical interventions and treatment strategies. NUAK plays a vital
role in preserving skeletal muscle function. Our research has uncovered novel functions of NUAK
in muscle development, the degradation of damaged proteins, and sarcomere remodeling. Here I
summarize my contribution to two additional projects. I advanced these projects by designing
experimental protocols and providing technical assistance in experimental execution. My

experimental contributions are shown in Figures 6.1 and 6.2.

6.2, Independent pathways control muscle tissue size and sarcomere
remodeling

Cell growth and proliferation must be tightly controlled in multicellular organisms for
normal tissue development and maintenance. Multi-organ communication to govern systemic
growth is a complicated process and mechanisms that control it is still not fully understood.

NUAK is an evolutionarily conserved serine/threonine kinase expressed in multiple tissues
of Drosophila, including neurons, muscles, and the fat body. We found that pupal and adult body
size, including internal organs, was reduced when NUAK was specifically overexpressed in
muscle tissues, and this phenotype was not due to inadequate feeding [2]. To determine why
NUAK overexpression (OE) in muscles reduced organismal size, we performed RNA-seq to
analyze gene expression changes between NUAK OE and control larvae. We found that NUAK

OE in muscles changed the expression level of insulin pathway targets. FOXO and PTEN, both
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negative regulators of the insulin pathway, also reduced organismal size when overexpressed. This
result is consistent with previous studies, showing that systemic growth is regulated by insulin-
like peptides activating insulin receptors in multiple target tissues [3-5]. This suggests NUAK acts
as a negative regulator of the insulin pathway in muscle tissue. We also identified methuselah-like
8 (mthl8) as a novel target of both NUAK and insulin signaling.

The sarcomere is the essential unit of muscular contraction in striated muscles, composed
of thick myosin filaments and thin actin filaments [6]. The growth of skeletal muscle is largely
characterized by the incorporation of proteins into repeated sarcomeres [7, 8]. Further analysis
revealed that NUAK OE or reduced insulin signaling led to fewer sarcomeres in muscle fibers.
However, the protein synthesis was not affected in the NUAK OE or NUAK RNAI larvae muscles
(Figure 6.1) [2]. We also discovered that muscle size reduction and sarcomere remodeling could
be uncoupled. Drosophila Lasp protein is known for its role in regulating thin filament length and
the relative spacing between filaments [9]. Therefore, we further analyzed Lasp protein location
in muscles that exhibited variations in sarcomere size and found that the normal Lasp pattern was
altered in NUAK OE, FOXO OE, or PTEN OE compared with control muscles. This result
indicated that the abnormal localization of Lasp, caused by NUAK or reduced insulin signaling,
may contribute to sarcomere remodeling.

Our work demonstrated that NUAK plays a crucial role in regulating muscle growth
through modulation of insulin signaling. We also highlight the complex relationship between
muscle growth and sarcomere remodeling, suggesting the existence of independent regulatory
pathways for these processes. This work provides new insights into the molecular mechanisms
controlling muscle size and structure, with potential implications for understanding muscle

development and disease.
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6.3, Identification of CryAB as a target of NUAK Kinase activity in Drosophila
muscle tissue.

Phosphorylation reactions, catalyzed by protein kinases, are one of the most prevalent and
well-studied post-translational modifications in cells. Phosphorylation can change protein activity
and interactions, thus playing significant roles in the regulation of various cellular processes.
Drosophila NUAK contains a kinase domain and a C-terminal region. Our lab has demonstrated
that the architecture of skeletal muscle was disrupted upon the knockdown of NUAK in muscle
cells. However, it is not clear whether the NUAK kinase domain is responsible for maintaining
normal muscle structure. Moreover, identifying more targets for the NUAK kinase will further our
understanding of NUAK's function in maintaining normal muscle function.

To study the NUAK function, we created a kinase-dead form (NUAKX*°®) of NUAK by
mutating a conserved lysine residue required for catalytic activity using CRISPR/Cas9 [10]. In this
work, we found that about 60% of NUAKX*’R/ NUAKX*’F embryos failed to hatch and the rest all
died before pupation [11]. This embryonic lethality was not due to abnormal myogenesis and
sarcomere formation, suggesting that muscle development still proceeded normally during
embryogenesis. In our lab, the muscle morphology analysis uses L3-stage larvae, but almost all
homozygous NUAKK?R/NUAK®*°R larvae died before this stage. To overcome this, we took
advantage of the spatial and temporal UAS/Gal4 system to control expression. We designed
transgenic flies containing mutations in the kinase domain. We created a UAS-controlled
NUAKXR transgenic fly. Previously, we generated a UAS-NUAKE!?’K fly line, the conserved
glutamic acid at position 197(within the kinase domain) was mutated to lysine to mimic a missense
mutation. In C. elegans, the unc-§2 (NUAK) E197K mutation disrupted muscle architecture [12].

The NUAK protein could be phosphorylated by upstream kinases, to study if the NUAK protein's
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phosphorylation is necessary for its function, we mutated a conserved threonine located at position
226 to alanine [13, 14]. Indeed, we found that normal muscle structure was disrupted in the
transgenic larvae overexpressing each of these kinase domain mutations. Furthermore, the
overexpression of human kinase-dead NUAK1 (UAS-ANUAKI K84R) in larval muscle, unlike
human kinase-dead NUAK2 (UAS-hNUAK2 K8IR), resulted in the disruption of normal muscle
architecture and aberrant accumulation of CryAB (Figure 6.2) [11].These data confirm that
NUAK kinase function is essential for maintaining normal muscle structure during larval muscle
growth and human NUAKI has a similar function to fly NUAK in muscle structure maintenance.

Previously, we performed a yeast two-hybrid (Y2H) experiment to identify potential
binding partners of NUAK and uncovered 1(2)efl/CryAB as a high-confidence interacting protein
[10]. We further verified the NUAK-CryAB physical interaction through proximity ligation assay
(PLA). We also found that CryAB abnormally accumulated within the muscle of NUAK kinase
domain mutations (K99R, E197K, or T226A). To ascertain if CryAB may undergo
phosphorylation by NUAK, we initially conducted an anti-CryAB western blot analysis. A band
indicative of phosphorylated CryAB was seen in the wild-type NUAK OE sample but was not
present in the kinase domain mutant samples. Our MS results also showed that CryAB was
phosphorylated more under the NUAK OE background compared to the control. Moreover, we
identified two novel phosphorylation sites on CryAB: serine 68 and serine 70. Mutation of these
serine residues to alanine abolished CryAB phosphorylation, confirming their importance in the
CryAB phosphorylation process.

In conclusion, we proved that NUAK kinase activity is essential for preventing muscle
degeneration and maintaining normal structure. We demonstrated a physical interaction between

NUAK and CryAB and showed that NUAK promotes the phosphorylation of CryAB. We also
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identified two novel sites in CryAB that could be phosphorylated. Since CryAB mutations are
associated with MFM, our data enhance our understanding of NUAK function in muscle

development, protein turnover, and disease prevention.
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Figure 6.1. New protein synthesis is not altered in NUAK mutant muscles.
Western blot using antipuromycin to detect newly synthesized proteins (left panel) or staining for
total protein (right panel) upon loss or overexpression of NUAK [2].

Mef2>
hNUAK1 FL hNUAK1 K84R hNUAK2 FL hNUAK2 K81R

F-actin
CryAB

Figure 6.2. human NUAKI1 and fly NUAK have similar functions in muscle structure
maintenance.

L3 muscles stained for F-actin or anti-CryAB. Overexpression of kinase-dead hNUAK1 (Mef2 >
hNUAKI K84R), but not ANUAK2 (Mef2 > hNUAK2 K8IR), disrupts muscle morphology and
causes CryAB accumulation. Scale bar, 25 um [11].
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Chapter 7 - Conclusions and Future Directions

Conclusions

BAG3/Stv mutations are associated with myofibrillar myopathy (MFM) [1-5]. Identifying
additional regulators involved in the BAG3/Stv-mediated pathway can enhance our understanding
of the relationship between BAG3/Stv and muscle diseases. Our work identified the Striatin-
interacting phosphatase and kinase (STRIPAK) complex physically and genetically interacting
with the NUAK-Stv complex in Drosophila larval muscles [6]. The NUAK-Stv-mediated
chaperone-assisted selective autophagy (CASA) pathway is critical for maintaining muscle
homeostasis, as it can selectively degrade damaged proteins [7]

We found that Strip knockdown in muscle cells resulted in the accumulation of
ubiquitinated cargo, p62, and Atg8a, indicating a block in autophagy. This accumulation of
autophagosomes was not due to altered autophagosome and lysosome biogenesis or lysosomal
activity. Using a tandem GFP-mCherry-Atg8a fusion protein combined with chloroquine feeding,
we demonstrated that autophagosome-lysosome fusion was partially impaired in Strip loss-of-
function muscle cells. Our findings reveal that the STRIPAK complex plays a crucial role in
maintaining normal muscle structure and regulating autophagy. Moreover, our work provides new
insights into the molecular mechanisms governing CASA in muscle tissue and may have
implications for understanding muscle-related disorders associated with autophagy dysfunction.

Previously, we performed RNA-seq experiments to compare gene expression levels in
NUAK mutant and control larvae. The results identified a large group of downregulated genes
related to microtubule transport in NUAK mutant larvae. We further analyzed candidate genes
using a genetic screening approach to identify those functioning in the autophagy pathway. We

found that Pavarotti (Pav) and its binding partner Tumbleweed (Tum) influenced autophagy.
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Knockdown of Pav or Tum in muscle cells using RNAi1 formed autophagosome clusters, a unique
phenotype not previously observed in our lab [6, 7]. Further analysis revealed that these
autophagosomes had engulfed damaged mitochondria.

A recent study has shown that Pav and Tum proteins function in the formation of the
nuclear envelope budding (NEB) [8], consistent with our finding that Pav and Tum proteins are
enriched in the nucleus rather than the myoplasm. We demonstrated that Pav and Tum knockdown
in muscle cells affects NEB formation, thus reducing Marf mRNA transport from nuclei to
myoplasm. The reduction of Marf mRNA levels in the myoplasm impairs the mitochondrial fusion
process, generating damaged mitochondria and triggering mitophagy. Consequently, p62 and
Atg8a are recruited to the damaged mitochondria, forming autophagosome clusters.

Previously, researchers used dFz2C and Lamin B antibody co-immunostaining and
counted the number of NEBs per nucleus to identify regulators controlling NEB formation [8, 9].
This approach is time-consuming and limited by reagent availability, as dFz2C antibody is not
commercially available. Our work provides novel insights into how NEB formation links with
mitophagy. Furthermore, we have developed a convenient biochemical method for rapid screening

of genes involved in NEB formation.

Future Directions

To determine which human Strip orthologs are essential for autophagy.

As mentioned in Chapter 2, we found that Strip functions with the Stv-NUAK complex in
muscle to regulate autophagy. D. melanogaster Strip and the human STRIP1 and STRIP2
orthologs share high identity and similarity and conserved domains (Figure 7.1)). Multiple studies
indicate that the two human STRIP proteins have different functions [10]. In multiple cancer cell

types, STRIP1 and STRIP2 knockdown lead to distinct phenotypes [10]. Moreover, STRIP2 but
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not STRIP1 knockdown in zebrafish causes heart defects [11]. However, it is unknown which
human Strip ortholog functions in muscle autophagy.

We recently obtained two published Strip alleles, a null allele named doubled glomeruli
(Stridegi) [12] and a hypomorphic allele called jam packed (Strlﬂam), the latter of which survives

through larval development to assess contractile muscles [13]. We hypothesize that Striﬂam/ dogi
larvae have impaired autophagy similar to Strip RNAi muscles, thus providing a platform to test
which human Strip protein is also required for protein turnover.

To test our hypothesis, cDNA sequences corresponding to human STRIPI(FAM40A) or
STRIP2(FAM40B) will be synthesized by GenScript using codons optimized for expression in D.
melanogaster. Each sequence will be tagged at the N-terminus with a FLAG tag or at the C-
terminus with a V5 tag since previous studies showed that tagged Strip can rescue other Strip/@iam
phenotypes [13]. These DNA sequences will be cloned into the pUAST transformation vector and
sent to Rainbow Transgenics for the creation of transgenic flies. These humanized transgenic lines
will first be recombined with the appropriate Strip allele. Next they will be crossed to flies
containing Mef2-Gal4 in the background of a different Strip allele. Immunostaining with anti-Ub,
anti-p62, and anti-Atg8a will be performed on the genotypes listed in Table 7.1. Phalloidin will
be added to label muscle.

We expect to see that expression of human STRIPI or STRIP2 will rescue the

stripl@M/dogi myscle morphology and autophagy defects. If we do not observe rescue, we can also

express the human STRIP proteins in other tissues, such as the nervous system, in case there are

non-autonomous effects. If stripiam/ dogi 1arvae do not have the same autophagy defects as Strip
RNAi muscles, an alternative strategy will be to express these alleles in the Strip RNAi background

to assess rescue.
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To determine if Strip functions alone or requires the integrity of the STRIPAK complex to
sustain autophagic flux.

STRIP and STRIPAK complex proteins have multiple roles in signaling, vascular
development, and cardiac function [14]. Multiple members of the STRIPAK complex are
associated with cardiac disease. Striatin (D. melanogaster Cka) is the scaffold of the STRIPAK
complex. An association has been found between a variant of Striatin and salt sensitivity of blood
pressure (SSBP) [15]. In dogs, an 8-bp deletion in the Striatin gene is the cause of arrhythmogenic
right ventricular cardiomyopathy(ref) and dilated cardiomyopathy [16]. Sarcolemma-associated
protein (SLMAP) is another STRIPAK complex member and certain mutations are associated with
Brugada syndrome [17]. These data support the hypothesis that additional proteins may function
with Strip.

A recent cryo-EM structure of Strip and other STRIPAK complex components revealed
interface binding sites that when mutated, reduce the affinity between Strip and associated proteins
[18]. The essential amino acids for binding are conserved between Drosophila and mammalian
Strip. Therefore, in this aim will determine if Strip operates alone or if the integrity of the
STRIPAK complex is also required for autophagy.

We will disrupt the assembly of the D. melanogaster STRIPAK complex by mutating the
amino acids required for the Strip-Cka interaction (Figure 7.2) using two methods. First, flies
containing either the Strip D474K or Strip R513A single point mutations with an N-terminal
FLAG tag will be created via CRISPR/Cas9 platform (WellGenetics). Note we will also create the
FLAG:Strip WT knock-in as a control. Second, we will create transgenic flies overexpressing
either mutation (UAS-FLAG::Strip D474K or UAS-FLAG::Strip R513A) as we already have

UAS-FLAG::Strip.
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To check the effects of the desired mutations on the formation of the STRIPAK complex,
we will prepare extracts of FLAG-tagged WT or FLAG-tagged mutant larvae and perform
pulldowns using anti-FLAG M2 resin followed by Western blotting with anti-Cka antibodies. The
IPs for either the endogenous Strip mutants or UAS-based constructs will be performed in triplicate
and the resulting band intensities will be quantified using a LI-COR imaging system.

We expect to see significantly reduced binding of Cka in the FLAG-tagged Strip mutants
compared to WT. If the CRISPR/Cas9 FLAG-Strip mutants are lethal prior to the larval stage, we
will scale up and perform these experiments during late embryogenesis after muscles have formed

or in a Strip RNAi background.

Table 7.1. Experimental design.

Negative control Mef2-Gal4; strip@d’ x UAS-GFP; strip/am
Mef2-Gal4; strip?9 x UAS-FLAG::Strip; strip/am
Positive control Mef2-Gal4; strip?9 x UAS-Strip::V5; strip/am

Mef2-Gal4; stripded x UAS-FLAG::STRIP1; strip/am
Mef2-Gal4; strip?9 x UAS-STRIP1::V5; strip/am
Mef2-Gal4; stripo9' x UAS-FLAG::STRIP2; strip@™
Mef2-Gal4; strip@9 x UAS-STRIP2::V5; strip/am

Experiment Group

Identity Similarity

D. melanogaster Strip N1221 | DUF3402 | o, N/A N/A

Human STRIP1 N1221 | DUF3402 | . 47% 63%

Human STRIP2 |, [NEPPS | DUF3402 | g 45% 63%

Figure 7.1. Strip protein schematics.

Both fly Strip and human STRIP proteins have conserved domains and amino acid sequences. The
identity and similarity scores for STRIP1 and STRIP2 are compared to the fly protein.
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D474K R513A

Figure 7.2. Schematic of Strip mutations that will disrupt the interaction between Strip and
other STRIPAK members.

The Strip-Cka interaction will be tested in this proposal and other interactions (gray dotted lines)
will be tested in the future or if time allows.
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Appendix Figure B.1. Full panel of the 592 genes depicted by Cytoscape nodes that
emerged from the in silico muscle morphology screen in T. castaneum.
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Appendix Figure B.2. No obvious functional or morphological phenotypes in Mob4 or

Fgop2 RNAi muscles.
(A) Whole mount larvae expressing MHC-GFP to visualize the L3 muscle pattern. (B) Normal

pupal case size is observed for all genotypes examined. (C) Overall muscle size, muscle
attachments, and F-actin striated sarcomere pattern appear similar to lacZ control muscles (see
Figure 2.2). Scale bars, 1 mm (panels A and B), 50 um (panel C).
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Appendix Figure B.3. Verification of RNAi knockdown for STRIPAK complex components.
qRT-PCR was used to quantify the relative amount of mRNA for each of the indicated transcripts
in muscle fillets of control (w/?%) or Mef2-mediated knockdown of the genotypes shown. rp49
was used as a normalization control. N= 3 biological replicates. ***, p<0.001; **, p<0.01; *,
p<0.05; n.s, not significant.
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Appendix Figure B.4. Abnormal F-actin patterning and increased p62-GFP are prominent

in Cka RNAi muscles.

Phalloidin staining to visualize F-actin in VL3 and VL4 muscles from Mef2>Cka RNAi larvae
(left panels). P62-GFP is expressed in the background of Mef2>Cka RNAi muscles and is
increased over /acZ controls in Figure B.5. Scale bar, 100 pm.
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Appendix Figure B.5. Elevated p62, p62-GFP, and Atg8a-GFP upon induction of Strip RNAI.
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All images are maximum intensity projections of muscles VL3 and VL4 from L3 larvae. (A) Anti-
p62 signal (fire overlay) is increased in Strip RNAi muscles. Inset shows area around a single
nucleus. (B) Bar graph shows the increase in the number and size of p62(+) puncta. (C) Mef2-Gal4
was used to express UAS-p62-GFP in lacZ control or Strip RNAi muscles and representative
images are presented as maximum intensity projections using the fire overlay to visualize intensity.
There is a clear increase in p62-GFP(+) signal upon a decrease in Strip. Inset shows area around a
single nucleus. (D) Bar graph shows a trend of larger and more numerous p62-GFP (+) puncta in
Strip RNAi muscles. (E) L3 progeny from Mef2-Gal4, UAS-GFP-Atg8a flies mated with UAS-
lacZ or UAS-Strip RNAi lines #1 or #2 show an increase in the size and number of GFP-Atg8a
puncta. Inset depicts the area around a single nucleus. (B) Bar chart quantification shows an
increase in the overall size and number of GFP-Atg8a(+) in Strip RNAi muscles compared to lacZ
controls. N>20 for each genotype. Genotypes with different letters are statistically different
(p<0.05). Scale bar, 50 um.

157



soluble insoluble soluble insoluble
AR RS % SR ea\ v %3 SR
RGN w NS P @ Py
& &6 o ¥ & 9 o

& g S

25-

& & 6’\‘\Q v\q

& ¥ o o8

& o %\‘\Q W

2 ! ‘l‘
9 !
o

WB: anti-Ub (longer exposure)

245-
135-

f=—1
_— V9 U 62
63- -l m popey
=== WS e gum [ 45 | b ok
43 | ot a— — — — —_—
— . S— — | [
b v -
: e
ol & £ ¥
25+ fas o s

Total protein

WB: anti-Ub (shorter exposure)

- - N
(=] 3] (=]
1 1 1

Soluble Ub fold change
g

(o
=)

Strip RNAi #1

158




Appendix Figure B.6. Ubiquitinated proteins are increased in Strip RNAi muscles with no
obvious alteration in mitochondria.

(A) Western blot of soluble and insoluble proteins from controls or knockdown of Strip or Atg8a.
Anti-Ub blots with longer (left panel) or shorter (right panel) exposure times show a general
increase in Strip RNAi or Atga RNAi muscles. Total protein is shown as a loading control. Scatter
bar graph shows a trend of increased proteins in the soluble fractions upon loss of Strip or Atg8a.
N=4 biological replicates. (B) Mef2-Gal4 was used to express UAS-p62-GFP (green) in lacZ
control or Strip RNAi muscles and stained with anti-ATP5a to visualize mitochondria (magenta)
or DAPI to label nuclei (blue). No obvious alterations in mitochondrial morphology or overlap
with p62 is obvious. Scale bar, 10 um.
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Appendix Figure B.7. Determination of the Pearson correlation coefficient (PCC).

VL3 and VL4 Larval muscles expressing GFP-mCh-Atg8a in control or Strip RNAi muscles. (Top
panel) The signal corresponding to mCh-Atg8a or GFP-Atg8a are in magenta or green,
respectively. (Middle panel) Representative images of PCC overlays as determined by the ImageJ
JACoP plugin is shown in white pixels on a black background. Note the amount of colocalization
for mCh-Atg8a or GFP-Atg8a (cyan box). (Bottom panels) Representative graphs showing the
Pearson correlation coefficient (r) for each genotype. Each axis ranges from 0 to 1 where the x-
axis corresponds to mCh-Atg8a signal (magneta) and the y-axis representsGFP-Atg8a (green)
signal. Scale bar, 50 um.
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Appendix Table B.1. Raw data and statistics summary.

— — 1
Panel | Graph type N value ﬁizt:jstlcal test | Precision p-value
One-way Min to max | avs. b (p<0.0001)
Fig. Box and N=20 for each ANOVA
2C whisker plot genotype Kruskal-Wallis
test
One-way Mean +/- avs. b, avs. c(p<0.0001)
Fig. Column bar N=3 biological ANOVA SD b vs. c (p<0.001)
2E graph replicates Kruskal-Wallis
test
One-way Mean +/- avs. b (p<0.001)
Fig. Scatter plots N=12 for each ANOVA SD avs. ¢ (p<0.05)
3E P genotype Kruskal-Wallis
test
One-way Mean +/- avs. b, bvs.c,avs. c(p<0.05)
ANOVA | SD %, p<0.0001; ***, p<0.001; **,
Kruskal-Wallis p<0.01; *, p<0.05;
Figs. Box and N=20 for each te;ztstfollowed ----- n.s, not significant
4A,B whisker plot genotype by Mann-
Whitney for
pair-wise
comparisons
One-way Show all avs. b, bvs.c, avs. c (p<0.05)
ANOVA . points *x 0<0.0001; ***, p<0.001; **,
Kruskal-Wallis p<0.01; *, p<0.05;
Fgs. | violin plot N218 for each :iztstfollowed _____ n.s, not significant
4C,D genotype by Mann-
Whitney for
pair-wise
comparisons
. Tukey’s multiple | Mean +/- avs. b (p<0.001)
g;g? Column bar N=15 for each comparisons SEM avs. ¢ (p<0.05)
graph genotype test
One-way Mean +/- avs. b (p<0.001)
Fig. Scatter bar N=32 for each ANOVA SD avs. ¢ (p<0.0001)
5D graph genotype Kruskal-Wallis b vs. c (p<0.05)
test
One-way Mean +/- avs. b, avs. c(p<0.0001)
Fig. Scatter bar N=32 for each ANOVA SD b vs. c (p<0.05)
5E graph genotype Kruskal-Wallis
test
One-way Mean +/- avs.b,bvs.d,cvs.d
Fig. Scatter bar N=32 for each ANOVA SD (p<0.0001)
5G graph genotype Kruskal-Wallis b vs. c (p<0.005)
test avs. ¢, avs. d (p<0.05)
One-way Mean +/- avs. b (p<0.005)
Fig. Scatter bar N=32 for each ANOVA SD avs. ¢, bvs.c(p<0.0001)
5H graph genotype Kruskal-Wallis
test
One-way Mean +/- avs. b (p<0.05)
Fig. Scatter bar N=20 for each ANOVA SD
6B graph genotype Kruskal-Wallis
test
One-way Mean +/- avs. b (p<0.05)
Fig. Scatter bar N=5 biological ANOVA SD
6C graph replicates Kruskal-Wallis
test
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One-way Mean +/- n.s. across all groups
Fig. Scatter bar N=3 biological ANOVA SD
6D graph replicates Kruskal-Wallis
test
One-way Mean +/- n.s. across all groups
Fig. Scatter bar N=3 biological ANOVA SD
6E graphs replicates Kruskal-Wallis
test
One-way Mean +/- n.s. across all groups
Fig. Scatter bar N=3 biological ANOVA SD
7B graph replicates Kruskal-Wallis
test
Fig. Scatter bar N=3 biological . Mean +/- *, p<0.05; n.s. across all groups
8B graph replicates Unpaired t-test | g
One-way Median avs. b (p<0.05)
Fig. Scatter plot N=7 for each ANOVA with 95%
8D P genotype Kruskal-Wallis Cl
test
One-way Mean +/- avs. b (p<0.05)
Fig. Scatter bar N=7 for each ANOVA SD
8E graph genotype Kruskal-Wallis
test
Statistical test | Precision p-value
Panel | Graph type N value used
. o . Mean +/- *** p<0.001; **, p<0.01; *,
2'39 gg;rrrn bar lpﬁck:?;c;glcal Unpaired t-test SD p<0.05; o
n.s, not significant
Fig Column bar N220 for each Tukey’s. multiple | Mean +/- avs. b (p<0.0001)
S5B graph genotype ;;é)serarlsons SEM
Fig Column bar N220 for each Tukey’s. multiple | Mean +/- avs. b (p<0.0001)
S5D graph genotype ;;é)serarlsons SEM
. Tukey’s multiple | Mean +/- avs. b (p<0.0001)
ZEF Croalurr]nn bar Nezri?tfo;each comparisons SEM avs. ¢,b vs. c (p<0.005)
grap 9 yp test
One-way Mean +/- n.s. across all groups
Fig. Scatter bar N=4 biological ANOVA SD
S6A graph replicates Kruskal-Wallis
test
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Appendix C - Chapter 4 Method C4.1

1. Download Anaconda from: https://www.anaconda.com/download

For this protocol, we created a folder C:\Python and downloaded Anaconda to it

Note: Select the box that will launch the Anaconda.Navigator home page after installation.

2. Move the “File S4. Uniprot Protein_match” and the “*.txt” data file to be analyzed into the
‘Scripts’ folder located in the ‘Anaconda3’ folder (e.g., C:\Python\Anaconda3\Scripts).

3. Install Uniprot REST (Unipressed), a Python-based application programming interface (API)
for querying protein names in the Uniprot protein database.

a. From the ANACONDA.NAVIGATOR home page, launch the ‘CMD.exe Prompt’

Q

File He

{2 ANACONDA NAVIGATOR © vrosien
" All 2pplication: v| on ase t b Channels e
‘ Environments o ~

* Learning @

DataSpell

s Community

b. In the command line, type: pip install unipressed

B Select C\WINDOWS\system32\cmd.exe

(base) C:\Python\anaconda3>pip install unipressed,
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Note: If the location of the Anaconda3 folder is not in C:\Python, the directory can be changed:

cd = change directory: c:\Python>cd anaconda3 [ c:\Python\anaconda3

cd.. = change directory to the pervious folder: c:\Python\anaconda3>cd.. [] _c:\Python\

c. Proper installation of Unipressed should appear as follows:

C\WINDOWS\system32\cmd.exe

(base) C:\Python\anaconda3>pip install unipressed
Collecting unipressed
Obtaining dependency information for unipressed from https://files.pythonhosted.org/packages/43/6d/02551efd4243cdd8253
262ec1588f2cc5ee83c5f1162102da7d89e5a0987 /unipressed-1.2.0-py3-none-any.whl.metadata
Using cached unipressed-1.2.0-py3-none-any.whl.metadata (21 kB)

Requirement already
0)

Requirement already
) (4.7.1)
Requirement already
2.28.1->unipressed)
Requirement already
ressed) (3.4)
Requirement already

->unipressed) (1.26.

Requirement already

->unipressed) (2023.

satisfied:

satisfied:

satisfied:

(2.0.4)

satisfied:

satisfied:

16)

satisfied:

7.22)

requests<3.0.0,>=2.28.1 in c:\python\anaconda3\lib\site-packages (from unipressed) (2.31.
typing-extensions<5.0.0,>=4.3.0 in c:\python\anaconda3\lib\site-packages (from unipressed

charset-normalizer<4,>=2 in c:\python\anaconda3\lib\site-packages (from requests<3.0.0, >

idna<4,>=2.5 in c:\python\anaconda3\1lib\site-packages (from requests<3.0.0,>=2.28.1->unip

urllib3<3,>=1.21.1 in c:\python\anaconda3\lib\site-packages (from requests<3.0.0,>=2.28.1

certifi>=2017.4.17 in c:\python\anaconda3\lib\site-packages (from requests<3.0.0,>=2.28.1

Using cached unipressed-1.2.0-py3-none-any.whl (34 kB)
Installing collected packages: unipressed
Successfully installed unipressed-1.2.0

(base) C:\Python\anaconda3>

d. Close the terminal by clicking “X” in the upper right corner.

Note: Step 3 only needs to be completed one time after downloading Anaconda. Each new analysis

using the File S4. Uniprot Protein_match.py code can start at Step 4.

4. From the ANACONDA.NAVIGATOR home page, launch ‘Spyder,” an interactive

development environment to run Python programs.
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9

| File Help

{2) ANACONDA NAVIGATOR

f All spplications v| on base (root) - Channels &
.Envxrcnments o o o . ~
* Learning @ ::. ’ @
. DataSpell CMD.exe Prompt JupyterLab
aw Community P
Run 8 cmd. exe terminal with your current ¢ interactive
ring environment From Navigator sctiveted the
i - o @ @ @
Anaconda Toolbox s— AW
Supe jupyter
S
Anaconda Blog
Yy & ? -
5. Open ‘File S4. Uniprot Protein match.py’ in Spyder: File>Open> File S4.

Uniprot Protein_match.py

a. Run the program by clicking the ‘play’ button.

% Spyder (Python 3.11)
File Edit Search Source Run Debug Consoles Projects Tools View Help
B & » O L

C:\Python\anaconda3\Scripts\File S4. Uniprot_Protein_match.py

O temp.py X  File S4. Uniprot_Protein_match.py X

mr

Created on Tue Dec 26 09:53:13 2023

@author: tungstendioxide

wr

unipressed i UniprotkbClient

b. A window may pop up entitled ‘Run settings for mass _spec.py’
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of &, i o0 e Eider o1 B

a Jet paremithesis necd o an obfect You can

Choose ‘Run file with default configuration’ and press ‘Run’ (cyan arrow below)

c. In the lower right panel (“Consolel/A” — yellow dotted rectangle above), type the name of the
.txt file to be read (e.g., FLAG_Strip MaxQuant.txt) and press the ‘Enter’ key.

d. Choose the name of file to write to (e.g., FLAG Strip MaxQuant write.txt) and press the
‘Enter’ key.

Note: The “write” file should have a different name than the “read” file. Also, the write file does

not have to be created before running the program.

O Console 1/A X

Python 3.11.5 | packaged by Anaconda, Inc. | (main, Sep 11 2023, 13:26:23) [MSC v.1916 64 bit (AMD{
Type "copyright"”, “"credits" or "license" for more information.

IPython 8.15.0 -- An enhanced Interactive Python.

In [1]: runfile('C:/Python/anaconda3/Scripts/File S4. Uniprot_ Protein _match.py', wdir='C:/Python/
anaconda3/Scripts")

Choose a file to read: FLAG_Strip_MaxQuant.txt

Choose a file to write to: FLAG_Strip_MaxQuant_write.txt

e. The program will execute until it is completed.
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Note: If there are any errors (i.e., non-matching gene or protein names) they will be displayed as

shown. These can be looked up manually for correction.

Python 3.11.5 | packaged by Anaconda, Inc. | (main, Sep 11 2023, 13:26:23) [MSC v.1916 64 bit (AMD64)]
Type "copyright"”, "credits" or "license" for more information.

IPython 8.15.0 -- An enhanced Interactive Python.
In [1]: runfile( 'C:/Python/anaconda3/Scripts/File S4. Uniprot_Protein _match.py', wdir='C:/Python/

anaconda3/Scripts")
Choose a file to read: FLAG_Strip_MaxQuant.txt

Choose a file to write to: FLAG_Strip_MaxQuant_write.txt
Executing...

Gene name not found for CON__A2A4G1

Protein name not found for CON__A2A4G1

Finished.

PAE

6. The corrected/amended file after executing the program (FLAG_Strip MaxQuant.txt) can be

found in the Anaconda3>Scripts folder (e.g., C:\Users\dsbrooks\anaconda3\Scripts).
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Appendix D - Chapter 5 Supplemental Materials
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Appendix Figure D.1. fum RNAi muscles show a p62 phenotype similar to pav RNAi muscles.
(A) Expression of UAS-pav RNAi #2 or UAS-tum RNAi #1 and #2 using the Mef2-Gal4 driver.
VL3 and VL4 muscles of L3 larvae immunostained with anti-p62 (magenta). p62 clusters (yellow
triangle) are observed in both Mef2>pav RNAi #2 muscles and two independent lines expressing
Mef2>tum RNAi in muscles. (B) Scatter bar graph shows an elevated number of p62 puncta in the
pav or tum RNAi VL3/VL4 muscles compared to controls. Every data point corresponds to the
count of p62 puncta in each VL3/VL4 pair. N=24. (C) Maximum intensity projections of the
overall microtubule (gray) pattern in larval somatic body wall muscles. The stained structure
indicated by the white arrow is trachea. (D and E) qRT-PCR was used to quantify the relative
amount of mRNA for pav or tum in whole larvae of control (y,w) or da-Gal4 driven knockdown.
rp49 is used as a normalization control. N= 3 biological replicates. P values: ns, not significant;
** p<0.01; **** p<(0.0001. Error bars indicate standard error of the mean (SEM). Statistics:
Student's t-test. Scale bars, 40 um (panels A, and C).
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Appendix Figure D.2. Autophagosome or lysosome biogenesis are not affected upon Pav
knockdown.

(A) mRNA transcripts necessary for autophagosome or lysosome biogenesis are analyzed by
qPCR in whole larvae from y,w (control), Mef2>mCherry RNAi (control), or Mef2>pav RNAi. No
statistically significant differences in transcript levels are observed for Atgl, Atgl8, Cpl, Mitf, or
p62. N= 3 biological replicates. (B and C) Low magnification confocal projections to visualize
GFP-tagged Pav (B) or GFP-tagged Tum (C) in various tissues of L3 larvae. Scale bars, 40 pm.
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Appendix Figure D.3. Mitochondrial integrity, membrane potential, and marf RNAi
controls.

(A) Muscles from control or NE budding mutants stained with anti-p62 (magenta) and anti-
ATP5a (green). Mitochondria that adopt ring-like structures (yellow triangle and inset) are
detected in pav RNAi #1, tum RNAi #1, wash RNAi, and Torsin RNAi muscles but not in control
lacZ muscles. (B) Confocal images of VL3 or VL4 muscles stained with TMRM (indicator of
mitochondrial membrane potential) and MitoTracker (indication of mitochondrial mass). The
inset shows a zoom of the yellow rectangular dashed box where weakly stained mitochondria
have decreased membrane potential in pav RNAi muscles. (C) The ratio of TMRM to
MitoTracker intensity was calculated in ImageJ from images similar to those in panel B and
plotted as a scatter bar graph. No significant difference is detected in pav RNAi #1 compared
with /acZ controls. N=16. (D) FISH experiments on L3 lacZ or pav RNAi muscles treated with
either anti-sense or sense (control) marf probes as indicated. Puncta corresponding to marf
transcripts (yellow triangle), are prevalent in lacZ muscles, but reduced in pav RNAi muscles. (E)
qPCR was used to validate the marf RNAi knockdown. N =3 biological replicates. Larvae were
raised at 18°C. P values: ns, not significant; *, p<0.05. Error bars indicate standard error of the
mean (SEM). Statistics: Student's t-test. (panels B and D). Scale bars, 10 um (panels A and B),
40 um (panel D).
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