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Abstract:  

Autosomal dominant adult onset neuronal ceroid lipofuscinoses (ANCL/CLN4) is a rare 

neurodegenerative disorder caused by mutations in the human gene DNAJC5 which encodes 

cysteine string protein alpha (CSPα). ANCL is characterized by the appearance of aberrant 

lysosomal storage material in the post-mortem brains of patients, who usually die from 

widespread neuronal loss within 10 years from the onset of symptoms. 

CSPα is a neuroprotective co-chaperone specifically localized to synaptic vesicles (SVs) 

and is evolutionarily conserved in all animals. CSPα forms a chaperone complex with HSC70 to 

properly fold a limited number of synaptic proteins. Complete loss of CSP leads to 

neurodegeneration and reduced lifespans in flies and mice. However, the mechanism of 

degeneration induced by ANCL mutations is currently unknown and there are no available 

animal models to study the dysfunctional proteins in situ.  

In this thesis, I describe the generation and subsequent characterization of the first 

animal model of ANCL, using the fruit fly Drosophila melanogaster. First, I show that human 

CSPα (hCSPα) is conserved functionally from humans to flies.  Wildtype hCSPα expressed in 

flies localizes properly to SVs and is able to rescue lifespan defects in CSP null mutant flies. 

Overexpression of hCSPα proteins with the ANCL causing L115R and L116Δ mutations 

recapitulates numerous phenotypes consistent with human disease pathology. This includes the 

appearance of high molecular weight (HMW) SDS-resistant aggregates on western blots, 

accumulation of aberrant osmophilic membrane structures observed via electron microscopy, 

and a dose-dependent reduction in adult viability. 

Mutant hCSPα is mislocalized from SVs to enlarged abnormal endosomes, which 

accumulate in neuronal axons and somata. These endosomes strongly co-localize with the 

endosomal sorting required for transport (ESCRT) complex protein HRS, contain large amounts 

of ubiquitinated proteins, and lack markers of lysosomal maturation. This suggests that the 

ANCL causing mutations may cause disruptions in endo-lysosomal trafficking via an ESCRT 

related mechanism. 

To probe the genetic nature of the mutant alleles I expressed the mutant hCSPα 

transgenes with various doses of endogenous Drosophila CSP (dCSP). I show that loss of 

dCSP suppresses toxicity, as well as the aberrant endosomal accumulations and HMW 

aggregates induced by overexpression of mutant hCSPα. Additionally, expression of a 
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combination of the wildtype and mutant hCSPα showed a super-additive effect on viability and 

HMW aggregates. This suggests that the disease-causing mutations may act as hypermorphic 

gain of function alleles, contrary to existing models, which suggest a dominant-negative 

mechanism.  

I also performed an F1 candidate screen for genetic modifiers of toxicity, using a robust 

and easy-to-score adult eye morphology and pigmentation phenotype. Using this approach, I 

discovered several strong interactors, both enhancers and suppressors, including member of 

the ESCRT trafficking pathway and other known CSP-interacting proteins. Of particular interest 

was the CSP co-chaperone Hsc70, which had several loss of function alleles among the 

strongest observed suppressors. Loss of Hsc70 also greatly reduces toxicity and endosomal 

accumulations of overexpressed mutant hCSPα but interestingly does not have a significant 

effect on the levels of HMW CSPα aggregates. This further supports the model that ANCL 

mutations act as hypermorphs, with a toxic mechanism involving CSP’s endogenous 

interactions with HSC70. 

Finally, I discuss the implications of these findings in relation to previous studies of the 

ANCL causing mutations and endogenous CSPα/HSC70 function and propose a novel 

mechanistic disease model. This model postulates that mutant CSP is properly trafficked to 

synapses but, after a brief lifespan as a properly functioning HSC70 co-chaperone, is then 

ubiquitinated and localized onto endosomes. Ubiquitinated mutant CSP is then clustered by 

HRS but is unable to mature properly through an ESCRT dependent degradation pathway. 

These endosomes are retrogradely trafficked through the axon to the soma where they fuse, 

accumulate, and persist, eventually leading to cellular toxicity via an unknown mechanism. The 

hypermorphic nature of the mutants can be explained by the novel observation that normal 

endogenous CSP also traffics through a retrograde ESCRT dependent pathway, where it 

intersects and co-accumulates with mutant CSP, potentially contributing to toxicity.  

  



 

10 
 

Chapter 1. Introduction 

One of the biggest challenges of the mammalian brain is the maintenance of neuronal 

function and health over a typically long lifespan. Unlike other cell types, post-mitotic neurons 

are rarely replaced and must maintain a consistent structure and function over time to enable 

proper cognition, sensation, movement, and memory. At synaptic terminals up to hundreds of 

synaptic vesicles (SVs) are exocytosed per second, releasing neurotransmitters across the 

synaptic cleft. Each release event requires hundreds of proteins acting in concert to complete a 

successful cycle of SV exocytosis and reformation (Wilhelm et al. 2014). This challenge of 

coordination is further compounded by proteins becoming dysfunctional through misfolding, 

mislocalization, oxidation, or other biochemical forces. These dysfunctional proteins must be 

constantly removed and replaced, otherwise they become toxic through aberrant protein 

binding, aggregation, competing with functional proteins, or simply taking up limited space in the 

cramped neurite (Ciryam et al. 2015; Jalles et al. 2015). 

 To prevent the buildup of misfolded and dysfunctional proteins, organisms have evolved 

a large suite of protective chaperone proteins. These chaperones, such as the Heat Shock 

Protein of 70kD (HSP70) family, protect the cell from potentially toxic proteins by either refolding 

and returning them to the functional protein pool, degrading them, or sequestering them into 

inert compartments (Tyedmers et al. 2010; Kim et al. 2013). HSP70 proteins also require co-

chaperones to find proper targets and regulate their activity efficiently (Kampinga and Craig 

2010). Not surprisingly there are a number of neuronal and synaptic specific co-chaperones 

adapted for the unique challenges of those cells and compartments. Cysteine string protein 

(CSP), for example, is a specialized co-chaperone localized to SVs which is required for the 

maintenance of neuronal health and proper synaptic function (Umbach et al. 1994; Zinsmaier et 

al. 1994; Fernández-Chacón et al. 2004). However, despite the protective function of protein 

chaperones, they are not immune from being the cause of the protein dysregulation and toxicity 

they usually act to prevent.   

Dominant mutations in CSP have been shown to cause autosomal dominant adult onset 

neuronal ceroid lipofuscinoses (ANCL/CLN4), a neurodegenerative disorder (Benitez et al., 

2011, Noskova et al., 2011, Velinov et al., 2012, Cadieux-Dion et al., 2013). In this thesis, I will 

present a new animal model of ANCL and demonstrate that the toxicity induced by the ANCL-

causing mutations is linked to the synaptic chaperone function of CSP.  
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This introduction will be divided into two sections: The first section will summarize the 

current state of knowledge of CSP’s synaptic function and introduce the general function the 

DnaJ/Hsc70 chaperone complex. The second section will provide a summary of our current 

understanding of CLN4/ANCL and place it in the context of the larger disease family of neuronal 

ceroid lipofuscinoses. 

1.1 Cysteine String Protein 

Discovery and evolutionary conservation of Cysteine String Protein 

CSP was discovered as the antigen of a monoclonal antibody from a hybridoma library 

developed from Drosophila brain extracts, which stained almost exclusively in the neuropil 

region of adult brains (Zinsmaier et al. 1990). CSP was subsequently cloned and sequenced 

from a cDNA expression library revealing a polypeptide with a contiguous ‘string’ of 11 cysteine 

residues, after which the protein was named. In addition, CSP features an N-terminal J-domain, 

named for “homology to the DnaJ/Heat Shock Protein of 40kD (HSP40) family” which typically 

interacts as part of a chaperone complex with HSP70 proteins to catalyze ATP hydrolysis (Cyr 

et al. 1994). The protein also possesses a short linker domain, which connects the J-domain to 

the cysteine string domain (CSD) and a C-terminal domain of low homology and unknown 

function. 

  Shortly after its discovery in flies, homologous CSP genes were cloned in several other 

species including the Torpedo electric ray, rats, and humans (Gundersen et al. 1994; 

Mastrogiacomo and Gundersen 1995; Coppola and Gundersen 1996). CSP is now known to be 

conserved in all animals that have been sequenced, but does not have any strong homologues 

outside of Animalia, with the exception of the J-Domain which is conserved to bacteria (Cyr et 

al. 1994; NCBI Resource Coordinators 2013). 

The Drosophila genome contains 1 CSP gene locus, which produces 4 different 

polypeptides ranging from 223 to 249 amino acids in length with alternate splicing at 2 locations 

in the C-terminus (Eberle et al. 1998; Zinsmaier et al. 1990). Drosophila CSP is expressed at 

low levels in all tissues with higher expression in the nervous system as well as the ovaries and 

testis (Eberle et al. 1998) Mammalian genomes contain 3 CSP genes, CSPα, CSPβ, and CSP 

of which only CSPα is expressed strongly in nervous system, with the exception of auditory hair 

cells in which CSPβ predominates (Schmitz et al. 2006; Fernández-Chacón et al. 2004). CSPβ 

and CSPappear to be expressed almost exclusively in the testis (Fernández-Chacón et al. 
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2004). Human CSPα is a 198aa polypeptide and has the highest homology to dCSP at ~50% 

identity (reviewed by: (Zinsmaier and Imad 2011).  

 

Early characterization of CSPs neuroprotective role 

 Early functional studies in Drosophila revealed that CSP plays an important role in 

synaptic function and neuronal health. Complete deletion of the CSP gene locus causes a large 

reduction in adult viability, while any survivors have a lifespan of only a few days, compared to 

several months for healthy wild type animals (Zinsmaier et al. 1994). This early death in CSP 

mutant flies is preceded by serious behavioral deficits, including “increasingly sluggish behavior, 

then intense, spasmic jumping, shaking, uncoordinated locomotion, and finally progressive 

paralysis.” Notably, these phenotypes are highly temperature sensitive: raising flies at lower 

temperatures (<20°C) increases viability and extends lifespan while flies raised at 27°C or 

above do not develop at all. Likewise, paralysis can be induced acutely by ‘heat shocking’ flies 

by exposing them to temperatures >29°C for ~5 minutes (Zinsmaier et al. 1994). 

Electroretinogram (ERG) recordings from eyes of csp null mutant flies showed that a 

similar heat shift causes an acute block in synaptic “on” and “off” transients, which is at least 

partially reversible (Zinsmaier et al. 1994). Further studies of synaptic transmission at the larval 

neuromuscular junction (NMJ) showed a reduction of evoked neurotransmitter release to about 

half of the levels of control at room temperature and, once again, a complete abolishment upon 

increasing the temperature to >29°C (Umbach et al. 1994). Later experiments eventually 

demonstrated that this temperature-sensitive block of neurotransmission was due to a defect in 

release and not SV recycling (Ranjan et al. 1998; Dawson-Scully et al. 2007). At room 

temperature, the evoked release phenotype of csp mutants is sensitive to presynaptic Ca2+ 

levels and can be rescued either by increasing extracellular Ca2+ concentration or by high 

frequency stimulation (Dawson-Scully et al. 2000).  Additionally, CSP appears to play a role, 

directly or indirectly in maintaining presynaptic calcium homeostasis, which has been linked to 

certain types of neurodegeneration (Dawson-Scully et al. 2000; Mattson 2007). These data 

demonstrate that CSP plays an important role in maintaining normal presynaptic 

neurotransmitter release in flies and that this role requires a calcium-dependent mechanism.  

Histological examination reveals widespread neurodegeneration in the brain and retina 

of CSP null mutants, with synaptic terminals in the lamina almost completely devoid of synaptic 
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vesicles on electron micrographs (Zinsmaier et al. 1994). In contrast, although there is a small 

defect in synaptic growth, there do not seem to be any overt signs of degeneration at larval NMJ 

(Dawson-Scully et al. 2007). This suggests that the dysfunction in exocytosis may precede 

neurodegeneration and serve as an important mechanistic insight into the overall 

neuroprotective role of CSP.  

A CSPα knockout (KO) mouse was later shown to exhibit similar phenotypes to those 

observed in flies, including neurodegeneration, motor dysfunction, and early juvenile death, thus 

demonstrating that the neuroprotective function of CSP is evolutionarily conserved from flies to 

mice (Fernández-Chacón et al. 2004; Chandra et al. 2005). However, young (P20) CSP KO 

mice do not show primary synaptic deficits, although there is a progressive loss in amplitude 

and synchronization  of evoked neurotransmitter release at the calyx of held and NMJs, which 

appears to be concurrent with neurodegeneration (Fernández-Chacón et al. 2004; Rozas et al. 

2012). Point mutations in the C. elegans CSP homologue DNJ-14 also reduce lifespan and 

cause subtle defects in locomotion, although these phenotypes are not nearly as severe as 

those observed in flies and mice (Kashyap et al. 2014). 

The precise nature of CSP’s neuroprotective role is still unclear. However, much 

progress has been made over the last 25+ years in understanding the nature, interactions, and 

function of the enigmatic protein. The remainder of this section will present an overview of CSP 

function emphasizing parts that are relevant to this study, as well more recent findings, 

especially those related to CSP’s connection to neuronal ceroid lipofuscinosis.  

 

Cellular and sub-cellular localization of CSPα 

 CSPα and its homologues are mainly localized, in neurons, to the membranes of 

SVs, specialized organelles responsible for the release of neurotransmitter across the synaptic 

cleft (Zinsmaier et al. 1994; Mastrogiacomo et al. 1994; van de Goor and Kelly 1996). CSPα 

expression has been detected in nearly every brain region, mostly at synapses, especially those 

containing many synaptic vesicles such as the NMJ (Kohan et al. 1995; Fernández-Chacón et 

al. 2004). One notable exception to the ubiquitous neuronal expression of CSPα occurs in the  

auditory outer hair cells, where CSPβ is expressed almost exclusively (Fernández-Chacón et al. 

2004). CSPα is also found on the membranes of secretory vesicles in endocrine and exocrine 

cells (Zhang et al. 1999; Braun and Scheller 1995; Pupier et al. 1997). 
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CSPα has also been detected in numerous other non-neuronal tissue including the 

spleen, liver, lung, kidney, pancreas, and the adrenal glands (Eberle et al. 1998; Coppola and 

Gundersen 1996; Kohan et al. 1995). CSPα is localized to the plasma membrane of adipocytes 

(Chamberlain et al., 2001), and exhibits a strong enrichment at the plasma membrane after 

overexpression in PC12 cells (Chamberlain and Burgoyne, 1998b). A small amount of CSPα 

was also suggested to co-localize with an ER marker in Calu-3 lung epithelial cells, consistent 

with its proposed function in CFTR maturation/folding (Zhang et al., 2002). Rounding out the 

diverse localization of the protein, CSP has also been detected on lysosomal membranes from 

extracts of human placenta  (Schröder et al. 2007).   

 

Cysteine String Domain and Palmitoylation 

 One of the defining characteristics of CSP is its cysteine string domain (CSD), a 

segment containing 14 closely spaced cysteines residues. The cysteines are post-translationally 

lipidated in an apparently all or none manner through a process of S-palmitoylation (Gundersen 

et al, 1994). This modification greatly alters the hydrophobicity and membrane association 

properties of the protein and causes it to run ~7 kD higher on SDS-PAGE when compared to its 

unmodified form (Gundersen et al. 1994; van de Goor and Kelly 1996). S-palmitoylation is a 

specific form of S-acylation in which palmitic acid, a 16-carbon saturated fatty acid, is linked to 

free cysteines by the formation of a thioester bond (Linder and Deschenes 2007; Fukata and 

Fukata 2010). This thioester bond can be cleaved chemically by treatment with hydroxylamine 

(HA) which has been shown to efficiently de-palmitoylate CSP in vitro (van de Goor and Kelly 

1996).  

Palmitoylation is unique among post-translational lipid modifications in that it is 

reversible (Aicart-Ramos et al. 2011). Many palmitoylated proteins undergo cycles of lipidation 

and de-lipidation for proper trafficking and function, usually to cycle between a membrane-

bound and cytosolic state. This cycling is demonstrated most famously for the oncogenic Ras 

small GTPases, and is a common feature of many palmitoylated proteins including SNAP-25 

(Greaves and Chamberlain 2011; Linder and Deschenes 2007; Fukata and Fukata 2010). 

However, there is currently no evidence for in vivo palmitoyl cycling of CSP and there does not 

appear to be a sizable pool of unpalmitoyated protein under normal conditions (Greaves et al. 

2008). Recently, CSPα was shown to be a potential target of the depalmitoylating enzyme 

protein palmitoyl thioeserase 1 (PPT1) in vitro (Henderson et al. 2016), which has been also 
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been linked to infantile neuronal ceroid lipofuscinosis or CLN1, the most common form of NCL 

(Cárcel-Trullols et al. 2015). There will be a more thorough discussion of the potential 

interaction between CSP and PPT1 in a later section. 

Palmitoylation is exclusively performed by enzymes of the DHHC family of 

palmitoyltransferases (PATs), named for a conserved Aspartic Acid-Histidine-Histidine-Cysteine 

(DHHC) catalytic domain.  Mammals possess at least 23 DHHC enzymes localized to various 

intracellular membranes (Linder and Deschenes 2007; Korycka et al. 2012). In cultured cells 

DHHC3, DHHC7, DHHC15, and DHHC17, all of which reside primarily on golgi membranes, 

can successfully palmitoylate co-expressed CSPα, although it is unclear which of these proteins 

are actually required in vivo (Greaves et al. 2008). However, in Drosophila tagged forms human 

DHHC17 and its fly homologue dHIP14 (Huntingtin interacting protein 14) were both found to 

localize strongly to presynaptic terminals (Stowers and Isacoff 2007). Additionally, ER-localized 

DHHC3 is able to palmitoylate CSP to a similar level as wild-type Golgi-localized DHHC3 in co-

expression studies, demonstrating that successful CSP palmitoylation is not specific to golgi 

localization (Gorleku et al. 2011). 

In Drosophila, deletion of the DHHC17/HIP14 (Huntingtin interacting protein 14) prevents 

proper palmitoylation of CSP and its subsequent localization to SVs (Ohyama et al. 2007; 

Stowers and Isacoff 2007). HIP14 also palmitoylates other synaptic proteins such as SNAP-25, 

PSD-95, Synaptotagmin-1 and its namesake huntingtin, the protein responsible for Huntington’s 

Disease (Huang et al. 2004). The results of the HIP14 loss of function, along with several other 

elegant mutagenesis experiments, demonstrated that proper palmitoylation of CSP is required 

for its localization to SVs (Arnold et al. 2004).  

However, proper palmitoylation of CSP is not required for membrane association in 

general. The hydrophobic CSD makes up the majority of a minimum membrane binding and 

intracellular sorting domain (residues 106-136) (van de Goor and Kelly 1996; Mastrogiacomo et 

al. 1998; Greaves and Chamberlain 2006; Arnold et al. 2004). This domain mediates binding of 

CSP to ER membranes, most likely via hydrophobic interactions involving specific cysteine 

residues (Greaves & Chamberlain 2006). This pre-palmitoylation membrane association is 

necessary for the localization of CSP to Golgi membranes where they can interact with the 

appropriate palmitoyltrasferases and is sensitive to the CSD’s hydrophobicity. If the CSD is 

modified via mutagenesis and made too hydrophilic then it will become cytosolic, however if it is 

made too hydrophobic then it will remain bound to the ER and never ‘jump’ to the Golgi, in a 
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process known as membrane sampling (Greaves et al. 2008). Thus changes of membrane 

association in either direction can prevent CSP from becoming palmitoylated efficiently.   

 

Other posttranslational modifications 

 CSPα is known to be phosphorylated at Ser10 (Evans et al. 2001; Prescott et al. 2008) 

and has further potential phosphorylation sites at Ser8, Ser12, Ser15, and Ser151 (Lundby et al. 

2012). Ser10 is phosphorylated by cAMP-dependent protein  kinase  A  (PKA)  and  protein  

kinase  B/Akt which affects the interaction of CSP with Syntaxin, Synaptotagmin-1, and 14-3-3 

proteins (Evans et al. 2001; Prescott et al. 2008). Phosphorylation of Ser10 causes significant 

changes to the proteins structure and may destabilize the N-terminal J-domain while allowing for 

interactions with a different suite of proteins (Patel et al. 2016). 

 

CSP’s J-Domain and HSC70 Interactions 

 DnaJ proteins form a diverse family of co-chaperones whose function involves 

interactions with the HSP70 family of heat shock proteins or, as is the case with CSP, their 

constitutively expressed (non-heat shock) orthologues like HSC70 (Kampinga and Craig 2010; 

Qiu et al. 2006).DnaJ proteins perform two critical roles in their interactions with HSP70s, first 

they confer substrate specificity either by binding to a particular target protein, termed clients, or 

by targeting and/or concentrating HSP70 onto particular subcellular compartments. Second, 

DnaJ proteins catalyze the ATPase activity of HSP70s which along with nucleotide exchange 

factors (NEFs) control the nucleotide cycling of the protein (Kampinga and Craig 2010; Mayer 

and Bukau 2005). This step is critical for proper conformation of the chaperone to stay bound to 

its clients via an ATP dependent change in the peptide binding domain as described in more 

detail below (Rüdiger et al. 1997).  

 The DNAJ/HSP70 client/nucleotide cycle is summarized in Figure I1. First, J-domain 

proteins bind misfolded/non-native clients, either specifically or through generic binding of 

exposed hydrophobic domains (1). The client/DnaJ complex then binds to ATP-bound HSP70 

(2). In this state, the complex has a very weak affinity such that HSP70 would rapidly unbind. 

However, when ATP is hydrolyzed to ADP by the catalytic function of HSP70 (3), it is then much 

more stably bound to the misfolded client. DNAJ is dissociated from the complex concurrent 
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with ATP hydrolysis, ready to bind a new misfolded client (3). The client is then refolded through 

the nucleotide exchange of ADP for ATP facilitated by NEFs (4-6), usually a Bcl-2-associated-

athanogene (BAG)-domain containing protein. The refolded client is then released from ATP-

bound HSP70 (7), which can then seek out new client-bound DnaJ proteins to repeat the cycle 

(Kampinga and Craig 2010).  

In the event that this folding and nucleotide exchange is unsuccessful the complex is 

able to the U-box E3 ubiquitin ligase CHIP (C-terminal of HSC70 interacting protein) which 

ubiquitinates the client, marking it for degradation via either the proteasome or the lysosome 

(Pratt et al. 2015). This action is opposed by the function of HSP90 which competes for HSC70 

binding with CHIP via the HSC70/HSP90 organizing protein (HOP) and stabilizes and refolds 

the protein (Pratt et al. 2015). 

 

 

Figure I1. HSC70/DNAJ nucleotide chaperone cycle (from Kampinga and Craig 2011).  For explanation see text. 

  

The general role of HSP70/DNAJ protein complexes can be summarized as ‘protein 

folding’ or ‘protein chaperoning’, which describes any energetic change in the folding or 

conformational state of a protein without changing its intrinsic molecular structure. This includes 

maintenance roles such as re-folding misfolded proteins, breaking up protein aggregates, or 
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degrading damaged proteins, however chaperone activity can also take place in the context of 

normal protein function as well (Hartl and Hayer-Hartl 2009; Kampinga and Craig 2010).   

The constitutively expressed HSC70, the specific chaperone partner of CSP, serves as a 

useful case study on the diversity of chaperone function. DNAJ/HSC70 activity has been 

demonstrated in a number of endogenous processes such as proper folding of nascent proteins, 

driving the transport of proteins across membranes, and the cycling of protein complexes, such 

as clathrin-uncoating of vesicles catalyzed by the DNAJ protein Auxillin (Ungewickell et al. 

1995). Next to its role as molecular chaperone, mammalian Hsc70 also facilitates chaperone-

mediated autophagy (CMA) by delivering cytosolic proteins to the surface of lysosomes for 

translocation to the lumen via the LAMP2A receptor (Kaushik and Cuervo 2012) 

Shortly after the protein’s initial discovery CSPα was shown to effectively stimulate the 

ATPase activity of HSC70 in vitro in a J-domain-dependent manner (Braun et al. 1996; 

Chamberlain and Burgoyne 1997a). The binding of CSPα to HSC70 requires both the DNAJ 

domain as well as a part of its C-terminal in a yeast 2-hybrid assay (Stahl et al. 1999). Point 

mutations in a conserved histidine-proline-aspartic acid (HPD) motif in the J domain of bovine 

CSPα were shown to abrogate binding to HSC70 and the stimulation of its ATPase activity 

similar to a full J domain deletion (Chamberlain and Burgoyne 1997b). Partial loss of function 

mutations of Drosophila HSC70-4, the closest homologue to mammalian HSC70, have been 

shown to cause similar neurotransmitter release and synaptic Ca2+ signaling/homeostasis 

phenotypes as csp null mutants (Bronk et al. 2001).  

The temperature-sensitive paralysis in dCSP null mutant flies (Zinsmaier et al. 1994) 

suggested that dCSP may work with Hsc70 to protect proteins from thermal stress and refold 

them under these conditions. However, expression of  mutant CSP containing either a point 

mutation (H45Q) disrupting J domain function or a deletion of the entire J domain (ΔJ) was able 

to fully rescue this temperature-sensitivity phenotype, excluding the possibility that maintaining 

thermo-tolerance of synaptic  transmission by CSP requires HSC70 (Bronk et al. 2005). In 

addition, CSP-H45Q expression in CSP null mutants fully restored normal evoked release while 

CSP-ΔJ restored release only partially, suggesting that not all functions of CSP depend on 

HSC70. Whether CSP’s J domain and its interaction with Hsc70 is required to prevent 

neurodegeneration remains to be elucidated. 

 A number of papers have also shown an interaction between CSP, HSC70, and small 

glutamine rich tetratricopeptide repeat-containing protein (SGT) in a trimeric protein chaperone 
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complex (Tobaben et al. 2003; Tobaben et al. 2001). SGT is widely expressed in rat brains, 

binds to CSP in vitro and in vivo in yeast 2-hybrid assays, and can synergistically stimulate 

HSC70 chaperone activity (Tobaben et al. 2001). However the biological relevance of this 

interaction has been called into question given SGT demonstrated affinity for generic membrane 

binding domains (Burgoyne and Morgan 2015). However, the interaction between SGT and 

HSC70 has been supported in multiple studies (Natochin et al. 2005; Sharma et al. 2011) and 

was recently shown to regulate degradation of synaptic proteins by HSC70 through a selective 

degradation process known as microphagy (Uytterhoeven et al. 2015). Whether CSP has a 

direct role in this process is still not known. 

 Although there are many DnaJ proteins that are competent at binding and refolding 

generic misfolded proteins, CSP is a member of the type C (formerly type III) DnaJ family, which 

lack a generic substrate/client binding Zinc-finger domain and contain individual specialized 

localization or protein binding motifs (such as the cysteine string domain) which grant them 

substrate specificity (Kampinga and Craig 2010). Both human and bovine CSPα has been 

shown to stimulate HSC70 refolding of denatured luciferase in vitro, an indicator of generic 

refolding competency, although another study using dCSP did not show a similar stimulation 

(Chamberlain and Burgoyne 1997b; Tobaben et al. 2001; Uytterhoeven et al. 2015). It is unclear 

whether CSP is a generic refolding DnaJ protein in vivo at synapses due to the difficulty of 

assaying clients in situ with its general weak affinity and fast substrate cycling.  

CSP Structure and oligomerization 

 The structure of CSP’s J-domain is known, with the X-ray structure of mouse CSP’s J-

domain solved for its ATP bound conformation (Kobayashi et al. 2005) as well as the J-domain 

of several other DnaJ proteins across multiple phyla (Qian et al. 1996; Szyperski et al. 1994). All 

of these structures contain 4 conserved alpha-helices and the conserved HPD domain on a loop 

between helices 2-3, which is known to be critical for binding of HSP70 proteins. The structure 

of the remaining domains, linker, cysteine string and C-terminal, are unknown although the 

cysteine string is tightly associated with membranes in both its lipidated and unlipidated forms 

(Mastrogiacomo et al. 1998). Also, the C-terminus is known to remain cytosolic due to its 

functional interaction with other cytosolic proteins (Boal et al. 2004).  

 CSP is known to form homodimers in vivo and often appears or even predominates as a 

~70 kD species on western blots under all but the most stringent denaturing conditions (boiling 

in SDS with excess reducing agent) (Swayne et al. 2003; Greaves et al. 2012). These CSP 
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dimers have been shown to be biochemically functional by their ability to stimulate HSC70, and 

it has been suggested that dimerization of all DnaJ proteins is required for their proper 

interaction with HSP70 proteins (Chamberlain and Burgoyne 1997a; Zhang and Chandra 2014; 

Cyr and Ramos 2015). Recently it was shown that DNAJ heterodimerization acts as a way to 

bring together and activate a much more efficient Hsp110/Hsp70/DNAj disaggregation complex 

than with DNAJ monomers or homodimers (Nillegoda et al. 2015). This supports the idea that 

dimerization may be required for a diversity of chaperone functions. 

Higher order oligomers have also been observed with purified recombinant CSP  

(Swayne et al. 2003). However, it is unclear if these have in vivo biological relevance, as most 

of these oligomers appear to be due to cysteine di-sulfide bonds/bridges due to a lack of 

cysteine palmitoylation, although some high-molecular weight SDS-resistant and DTT-

insensitive aggregates have been observed in rat brain extracts (Swayne et al. 2003). 

Interestingly, rat synaptosomal fractions of the same brain homogenates exclusively contained 

monomeric or dimeric CSP. The propensity to form higher order SDS-resistant and DTT-

insensitive (i.e. not formed by cysteine disulfide bridges) oligomers appears to be a critical 

biochemical property that is induced by the dominant CSPα mutations causing the disease 

CLN4 (Zhang and Chandra 2014). The domain responsible for all dimeric interactions of CSPα 

has been narrowed to a region containing the cysteine string domain as well as the adjacent 

linker domain (residues 83-136) (Swayne et al. 2003). 

 

Potential CSP clients  

 CSP has shown to interact genetically and biochemically with a number of synaptic 

proteins, particularly those known to be linked to synaptic vesicle exocytosis. In Drosophila, co-

overexpression of the Q-SNARE SV fusion protein syntaxin-1A (Syx1A) with dCSP suppressed 

the eye degeneration caused when either of the proteins was overexpressed alone (Nie et al. 

1999). dCSP was also shown to bind directly to Syx1A via immunoprecipitation and GST-

pulldown (Wu et al. 1999). Specifically through the C-terminal end of the H3-SNARE forming 

helix in Syx1A (Nie et al. 1999; Wu et al. 1999). Interestingly, this Syx-1A domain also interacts 

with the conserved synprint (synaptic protein interacting) domain of N-, P-, and Q-type Ca2+ 

channels and may partially explain the various effects of dCSP deletion on Ca2+ influx and 

homeostasis (Dawson-Scully et al. 2000; Bronk et al. 2005).   
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 CSPα has also been shown to bind to the R-SNARE protein synaptobrevin as well as 

the synchronized release Ca2+ sensor Synaptotagmin-1 using immunoprecipitation and GST 

pulldown assays, respectively (Leveque et al. 1998; Evans and Morgan 2002).  It has been 

postulated that the observed binding to of CSP and synaptotagmin may explain the observed 

effects of CSP loss of function on Ca2+  synchronized release, however follow-up studies have 

failed to find any further genetic or biochemical interactions (Fernández-Chacón et al. 2004; 

Evans et al. 2003; Ranjan et al. 1998). 

 On the other hand, the story of CSPs interactions with the SNARE proteins has been 

expanded on considerably in recent years.  CSP has been shown in multiple settings to have 

direct effects on SNARE complex assembly, but surprisingly this seems to take place primarily 

not with the earlier identified partners, Syx1a and nSyb, but with the third SNARE helix protein 

SNAP-25 (Sharma et al. 2011). 

SNAP-25 Interaction with CSP and SNARE complex chaperoning 

The connection between CSP and SNARE proteins is best highlighted by its interactions 

with the Q-SNARE SNAP-25. SNAP-25 levels were shown to be reduced ~50% in the brains of 

CSPα KO mice, which is likely due to an increased ubiquitination of SNAP-25 and subsequent 

degradation by the proteasome (Chandra et al. 2005; Sharma et al. 2011). SNAP-25 binds 

directly to CSPα in addition to HSC70 but does so in a nucleotide independent manner and 

does not enhance ATP hydrolysis of the chaperone complex in vivo, meaning it may not be a 

non-canonical chaperone client (Zhang et al. 2012). Zhang et al. (2012) additionally showed that 

overexpression of CSPα increases synaptic levels of SNAP-25 implying that CSPα maintains 

SNAP-25 in a dose dependent manner.  

A follow-up study by the Sharma et al. 2012, demonstrated that reducing of SNAP-25 

levels by not more than 50%, using a heterozygous SNAP-25 KO deletion allele, exacerbated 

the neurodegeneration phenotypes of homozygous CSPα KO mice, including onset of paralysis 

and death. Overexpression of SNAP-25 in the cortex of CSP KO mice by viral transfection was 

able to greatly reduce degeneration by decreasing rates of apoptosis  in addition to increasing 

synaptic density (Sharma et al. 2012). The modulation of degeneration phenotypes in CSP KO 

mice by altering SNAP-25 levels in these experiments seemed to correlate directly with overall 

SNAP-25 levels. However, more severe RNAi knockdown of SNAP-25 alone was insufficient to 

recapitulate the degenerative phenotypes of CSP mutants(Sharma et al. 2012) suggesting that 

reduced SNAP-25 levels are toxic via an indirect mechanism involving CSP function.  
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The authors proposed an alternative explanation, which is based on previous 

observations that CSP KO mice show a large reduction in stable SDS-resistant SNARE 

complexes (Sharma et al. 2011; Chandra et al. 2005). They hypothesized that CSPα 

chaperones SNAP-25 such that it can be efficiently integrated into SNARE complexes .This 

SNARE integration problem is exacerbated by lower levels of SNAP-25 induced by the 

knockdown, as excess SNARE binding partners of SNAP-25, Synaptobrevin2/VAMP2 and 

Syntaxin1A, are free to make promiscuous and toxic interactions with other proteins (Sharma et 

al. 2012). 

This model is supported by the incredible observation that transgenic overexpression of 

the Parkinson’s Disease (PD) linked protein α-synuclein (αSyn) is able to completely rescue the 

neurodegenerative phenotypes in CSP KO mice and restore normal viability and SNARE 

complex formation (Chandra et al. 2005). The exact synaptic function of αSyn is not known, 

however it has been shown to promote the formation of SNARE complexes in a manner similar 

to CSPα (Burré et al. 2010).In addition, αSyn bind directly to Synaptobrevin2/VAMP2 and 

regulates its level in a dose dependent manner (Burré et al. 2010), making it an excellent 

candidate for the indirect source of CSPα KO toxicity and/or protection.   

  It is worth noting that transgenic overexpression of the membrane-binding deficient and 

familial Parkinson’s Disease causing aSyn A30p mutant cannot rescue CSPα KO phenotypes in 

the same way as WT αSyn (Chandra et al. 2005), indicating that the rescue requires some 

membrane associated activity. 

Triple αβγ-Synuclein KO mice showed reduced SNARE complex formation and there 

appears to be a compensatory upregulation of CSPα in older (p200) mice (Burré et al. 2010). 

Importantly, transgenic over expression of αSyn is able to rescue the reduced SNARE complex 

phenotype in CSPα KO mice indicating the two proteins act in a common neuroprotective 

pathway (Sharma et al. 2011). Interestingly OE of aSyn in its rescue of CSP KO lethality does 

not increases levels of SNAP-25, further indicating that precise level of SNARE proteins might 

be less important than proper integration into complete complexes (Sharma et al. 2012). 

Furthermore, it was found that the best correlate for neuronal health between CSPα KO mice 

and the aSyn OE rescue is the level of stable SNARE complexes (Sharma et al. 2012) 

α-synuclein does not functionally replace CSPα as a co-chaperone or act as a redundant 

chaperone. This conclusion is based on the fact that α-synuclein does not interact with Hsc70 or 

SGT (the two proteins that form an enzymatically active chaperone with CSPα) and does not 
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alter the ATPase activity of Hsc70.  Additionally, the phenotypes of synucleins TKO mice are far 

milder, with a later onset, and do not show the same signs of degeneration as the CSPα KO 

mice (Burré et al. 2010), indicating that the synucleins function in a parallel pathway.  

Per the SNARE chaperoning model, neurodegeneration in CSPα KO mice is likely 

disconnected from the progressive decrease in synaptic release. This follows from the 

observation that synaptic physiology in several brain regions is normal in younger mice despite 

an early reduction in the levels of fully formed SNARE complexes (Rozas et al. 2012; 

Fernández-Chacón et al. 2004; Schmitz et al. 2006; Chandra et al. 2005; Sharma et al. 2011). 

However, this does present an elegant connection between a mechanism for early toxicity from 

loss of CSP and the later effect on synaptic transmission. Electrophysiological studies at the 

NMJs of CSP KO mice revealed defects in vesicle priming, measured by a decrease in the 

number of release sites with a similar probability of release compared to non-mutant mice 

(Rozas et al. 2012). A gradual loss of functional SNARE complexes from poor SNAP-25 

chaperoning would lead to an accumulation of stalled docked vesicles unable to fuse and lead 

to a progressive loss of release as has been observed.  

It is worth noting that the Drosophila genome does not contain any direct homologues to 

the synucleins. However the 14-3-3 protein family, which interacts directly with CSP in a 

phosphorylation dependent manner, have been described as distant homologues to the 

synucleins (Ostrerova et al. 1999). Although it is unclear what if any functional overlap exists 

between the two protein families. If flies do indeed lack the compensatory action of synucleins it 

may explain the appearance of synaptic phenotypes early in development. 

 

Role of CSP in SV Endocytosis 

With CSP clearly linked to mechanisms of SV exocytosis, it came as a surprise when 

CSP was linked to mechanisms of SV endocytosis, specifically the vesicle scission protein 

dynamin-1 (Dyn1). CSP was functionally linked to endocytosis in a study which found an 

increase in the slow decay constant of the vesicle re-acidification reporter SynaptopHluorin 

(SpH) after extended stimulation in CSPα KO mice (Rozas et al. 2012), indicating a defect in 

some stage of vesicle recovery. The same study also saw an increases in the number of 

‘collared pits’ in electron micrographs of stimulated synapses, which usually corresponds to SVs 

‘stalled’ during endocytosis (Rozas et al. 2012). It’s worth noting that the SV priming defect 
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mentioned earlier could be due to an issue at a much earlier stage in recycling as indicated by 

difficulty unloading the steryl Dye FM2-10, which requires the completion of a full SV cycle.  

 An unbiased screen of proteins in synaptosomes showed a marked reduction inDyn1 

levels in CSPα KO mice (Zhang et al. 2012). Immunoprecipitation experiments showed that 

Dyn1  binds directly to CSP and does so in a nucleotide-dependent manner as one would 

expect of a true (Zhang et al. 2012). Dyn1 can also enhance HSC70 ATP hydrolysis in the 

presence of CSPα, indicating the proteins for an active chaperone/client complex, this contrasts 

with SNAP-25 which does not show this effect (Zhang et al. 2012).   

Dyn1 is a GTPase which acts at a late stage of endocytosis catalyzing the scission of 

vesicles and other compartments from the plasma membrane. It does this by assembling large 

oligomers around the necks of a budding vesicles and then cleaving the vesicle by the 

coordinated hydrolysis of GTP (reviewed by, Praefcke and McMahon 2004; Ferguson and De 

Camilli 2012). This coordination is mediated by the interaction of adjacent dynamin molecules 

on an oligomerized helix such that Dyn1 acts as its own GTPase-activating protein (GAP). 

Recently, Dyn1was also shown to be involved in an earlier stage of endocytosis in Drosophila 

motor neurons. Dynamin appears to act as an adapter protein by recruiting clathrin and other 

endocytosis proteins to the plasma membrane, promoting the initial formation of synaptic 

vesicles (Kasprowicz et al. 2014). 

In addition to maintaining synaptic Dyn1 levels, CSP also appears to influence the ability 

of Dyn1 to form oligomers in vivo (Zhang et al. 2012). Levels of these oligomers are lower in 

CSP KO mice, suggesting that CSP may chaperone the formation of Dyn1 oligomers in a similar 

fashion to its proposed interaction with SNAP-25 and SNARE complexes or it could also act 

enzymatically to convert Dyn1 to a conformation which promotes self-assembly (Zhang et al. 

2012) . Multiple labs have reported that temperature sensitive mutations in the Drosophila 

Dynamin homologue shibire are able to suppress the early death and other phenotypes in csp 

null flies, indicating that Dynamin may play a crucial role in modulating CSP linked toxic 

pathway (K Zinsmaier and M Ramaswami, personal communications). This also suggest the 

possibility that CSP’s neuroprotective role may be mediated directly through Dynamin and not 

the SNAREs as has been the leading hypothesis.  

Although we now have many promising leads, the precise nature of CSP function at the 

synapse still leaves many questions unanswered. There may be other important clients yet to 
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be discovered and it is still unclear which of CSPs roles in the synaptic vesicle cycle has the 

most neuroprotective importance. 

 

Figure I2. Summary of CSPs proposed roles in exo- and endocytosis. CSPα shown in a chaperone complex with 

Hsc70 and SGT assisting in SNARE complex formation (left) and in the oligomerization of Dynamin-1 (right). (From 
Zhang and Chandra 2012, Figure 7). 

Role of CSP in other neurodegenerative diseases 

CSP has been shown to interact with several proteins that are associated with 

neurodegenerative diseases. Most notably is CSP’s interaction with α-synuclein (Chandra et al. 

2005; Sharma et al. 2011), the main component of Lewy Bodies and the causes of some familial 

forms of Parkinson’s Disease (Auluck et al. 2010). Although CSP has never been described as 

a component of Lewy Bodies or linked to any form of Parkinson’s disease it may yet prove 

useful in understanding the function of αSyn in PD. However, mutations in the closely related 

DnaJ type-C proteins RME-8 and GAK have recently been linked to familial Parkinson’s and 

classified as a strong risk factor for non-familial Parkinson’s (Vilariño-Güell et al. 2014; Rhodes 

et al. 2011).  

There have now been multiple papers showing changes in the levels of CSPα in post-

mortem brains of patients with Alzheimer’s disease (AD). Zhang et al. 2012 showed reductions 

in AD patient brains of both CSPα and HSC70. Tiwari et al. 2015 showed reductions of CSPα in 

the hippocampus of both severe and mild AD patients compared to controls. However, CSPα 

levels in the cerebellum were increased compared to controls potentially indicating cell type 

sensitivity to loss of the chaperone complex. In addition, Tiwari et al. 2015 showed that 

overexpression of the aggregation prone protein Tau in mice caused a substantial upregulation 
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of CSPα, indicating that CSPα upregulation is potentially a sign of a neuroprotective 

homeostatic response adaptation.  

This is especially interesting given the recent report of CSP, in conjunction with HSC70, 

acting as a generic adaptor for the extracellular expulsion of several aggregating proteins 

Fontaine et al. 2016). Particularly those known to cause neurodegenerative diseases including 

Tau (AD), α-Syn (PD), and TDP-43 (ALS) (Fontaine et al. 2016). The precise mechanism for 

this extracellular trafficking function has not yet been identified although one possibly is the 

known role of HSC/HSP70 in the formation of exosomal vesicles.  via an ESCRT dependent 

pathway (Kowal et al. 2014). HSC70 can drive direct transmembrane transport although this has 

never been seen across the plasma membrane (Liu et al. 2012). These links to other disease 

classes may prove critical in our future understanding of the neuroprotective role of CSP. 
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1.2 Neuronal Ceroid Lipofuscinoses 

 Neuronal ceroid lipofuscinoses (NCLs), or Batten disease, comprise a heterogeneous 

class of lysosomal storage diseases that are clinically characterized by widespread 

neurodegeneration accompanied by accumulation of autofluorescent ceroid lipofuscin (Jalanko 

and Braulke 2009), which is a marker for undigestable lipids and aldehyde cross-linked proteins 

which normally accumulate during aging in lysosomal compartments (Haltia and Goebel 2013). 

The accumulation of aberrant storage material is usually determined post-mortem but it can 

occasionally be detected by fibroblast biopsy in certain subtypes. Clinical features include 

seizures, early onset vision loss, sleep disorders, loss of motor function and dementia 

concurrent with widespread neuronal degeneration (Anderson et al. 2013). Most NCLs are 

autosomal recessive in nature and have an onset in early childhood or young adults although 

there are exceptions including the subtype focused on in this thesis. Collectively, NCLs 

comprise the most common form of childhood neurodegenerative disorder with an incidence of 

1:100,000 worldwide, and up to 1:12,500 in the US and Scandinavia (Rider and Rider 1988).  

 NCLs were initially subdivided by clinical presentation using factors such as the age of 

onset, presence/absence of neurological symptoms, and the nature of the storage material 

(Haltia 2006). Most forms of NCL either specifically accumulate subunit C of the mitochondrial 

ATP synthase (SCMAS) or the lipid degradation enzymes Saposin A and D (Cárcel-Trullols et 

al. 2015). It is unclear as of yet what the significance of the two accumulation types are, but they 

track with the ultrastructural appearance of the storage material, with Saposins being associated 

with granular osmophillic deposits (termed GRODs) and SCMAS associated with membrane 

and fingerprint like structures (Haltia and Goebel 2013).  The onset, nature, and progression of 

the symptoms varies by subtype, all show broad and non-specific degeneration of central 

nervous tissue. With the advent of modern genome sequencing the molecular nature is now 

known for most reported cases of NCL with the disease linked to 15 distinct Ceroid 

Lipofucinosis, Neuronal subtype (CLN) genes in humans (Cárcel-Trullols et al. 2015) 

(http://www.ucl.ac.uk/ncl/mutation.shtml).  

 One of the most common and the most severe form of NCL is CLN1, or infantile onset 

NCL (MIM256730), which was linked to recessive mutations in the gene encoding protein 

palmitoyl thioesterase 1 (PPT1) (Vesa et al. 1995). PPT1 is a lysosomal protein responsible for 

removal of S-linked palmitoyl residues and other acyl chains from lipidated proteins, usually to 

aid in their further degradation (Hellsten et al. 1996). Interestingly, in neurons PPT1 is 

http://www.ucl.ac.uk/ncl/mutation.shtml
http://omim.org/entry/256730
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specifically located to axons and pre-synaptic terminals and may have a different or specialized 

function in these cells such as the regulation of the palmitoylation cycling (Ahtiainen et al. 2003; 

Lehtovirta et al. 2001).  Loss of PPT1 activity has been shown to reduce SV pool size and rates 

of SV recycling and increase levels of palmitoylated synaptic proteins such as VAMP2, 

SNAP25, Syntaxin-1, Synaptotagmin-1, and GAD65, indicating it has a direct role in synaptic 

function (Kim et al. 2008; Aby et al. 2013). 

CLN1 is clinically distinguished by extensive retinal degeneration, lack of PPT1 protein 

or enzymatic PPT1 activity, accumulation of Saposin D in storage materials, and the 

appearance of GRODs on electron micrographs (Mole et al. 2005). Although most cases 

present in infancy (1-2 years old), it can present later due to less severe loss of function alleles, 

even into early adulthood (Mole et al. 2005). The exact function and targets of PPT1 are 

unknown as well as the precise role it plays in protein degradation and lipid metabolism. 

However, there are a number of putative targets including CSPα, which will be discussed in 

more detail later (Henderson et al. 2016). 

  Most of the CLN genes code for proteins that are associated with lysosomes or are 

required for lysosomal degradation and/or autophagy, such as the lysosomal proteases 

tripeptylpeptidase (TPP)/CLN2, cathepsin D/CLN10, and cathepsin F/CLN13 (MIM615362) 

(Sleat et al. 1997; Smith et al. 2013; Cárcel-Trullols et al. 2015). There are some notable 

exceptions to this pattern, including two ER-associated proteins (CLN6/CLN8) and CLN14, a 

protein with homology to a K+-Channel tetramerization domain (Arsov et al. 2011; Cárcel-

Trullols et al. 2015). However, it is still possible that these proteins may mediate a yet unknown 

link to lysosomal protein degradation. 

 

CLN4/ANCL 

Overview and early clinical findings 

The particular subtype of NCL discussed in this thesis is CLN4 (MIM162350), formerly 

CLN4B, or autosomal dominant Adult-Onset Neuronal Ceroid Lipofuscinoses, ANCL hereafter 

(Williams and Mole 2012). It is the only autosomal dominant form of NCL and one of only three 

adult-onset variants, which are together classified as Kufs disease (Arsov et al. 2011). One of 

these other forms, formerly CLN4A (MIM204300), was later found to be a hypomorphic or partial 

loss of function allele of CLN6, an ER protein of unknown function (Arsov et al. 2011).   

http://www.omim.org/entry/615362
http://omim.org/entry/162350
http://www.omim.org/entry/204300
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ANCL was first described in 1971 in the ‘Parry’ family of English descent in New Jersey, 

and is alternatively called ‘Parry disease’ after this case study (Boehme et al. 1971).  Several 

members of the family, including the proband, presented with epilepsy in their early 30’s, which 

was followed by cerebellar ataxia, cognitive decline, and early death from various causes 

related to motor dysfunction. Histological analysis revealed severe degeneration throughout the 

central nervous system as well as extensive neuronal and astrocytic accumulation of insoluble, 

autofluorescent lipopigments, having the ultrastructural characteristics of granular residual 

bodies” characteristic of neuronal ceroid lipofuscinosis (Boehme et al. 1971).  These inclusions 

also stained positive with a periodic acid-Schiff Stain, which stains polysaccharides, 

glycoproteins, and glycolipids (Summers et al. 1995) 

After the initial discovery, other families were identified having similar disease features 

inherited in a dominant fashion (Josephson et al. 2001; Nijssen et al. 2003; Burneo et al. 2003). 

Further investigation revealed the specific accumulation of saposin D as well as the appearance 

of GRODs by EM, particularly in intraneuronal spaces and glia, strikingly similar to the 

phenotypes observed in CLN1 tissue. However, these patients showed normal PPT1 and TPP1 

activity in leukocytes and normal cathepsin D activity in fibroblasts suggesting a novel cause 

(Nijssen et al. 2003). 

Presentation of CLN4 in all cases occurred between the ages of 26-42 usually with an 

epileptic seizure (tonic-clonic) (Nosková et al. 2011). However, at least one patient had a history 

of obsessive behavior, which may or may not be related to CLN4 (Velinov et al. 2012). 

Progression follows the pattern described in the first case study, with progressive motor and 

cognitive decline, particularly in speech, followed by death usually within 10 years (Nosková et 

al. 2011). 

 

Linkage to mutations in DNAJC5/CSPα 

 A major breakthrough came in 2011 when ANCL was definitively linked to the gene 

DNAJC5, coding for CSPα (MIM 611203, NCBI Gene Entrez GeneID 80331, 20q13.33) 

(Nosková et al. 2011). This genetic linkage has by now been found in at least 8 different 

families, all of which exhibit one of only two mutant alleles, a single amino acid substitution, 

L115R (c.344T>G), and a small 3 bp deletion that deletes a single amino acid, L116Δ 

(c.346_348delCTC) (Velinov et al. 2012; Cadieux-Dion et al. 2013; Nosková et al. 2011) (see 

http://www.omim.org/entry/611203
http://www.ncbi.nlm.nih.gov/gene/80331
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also http://www.ucl.ac.uk/ncl/CLN4patienttable.htm). Both of these adjacent mutations occur in 

the eponymous cysteine string domain (Fig 1), which is post-translationally lipidated and critical 

for the trafficking of CSP to SVs (reviewed by Zinsmaier and Imad 2011). 

The Nosková et al. study found a marked reduction in immunostaining for CSPα in fixed 

post mortem brain compared to age-matched controls. Particularly in a “Dutch patient” with the 

L115R mutation, CSPα staining was barely detectable in the cortex as well as the cerebellum. 

The authors also saw a large reduction in CSPα levels by western blotting in brain lysates from 

a patient carrying the L115R mutation compared to a control brain. However, after chemical 

treatment with the depalmitoylating agent hydroxylamine (HA) a higher molecular weight (~40 

kD) form of CSPα appeared enriched in the patient sample possibly, which was suggested to 

correspond to previously insoluble protein that had been released after treatment (Nosková et 

al. 2011). This finding has yet to be replicated although may correspond to a non-canonical 

post-translational modification.  

Expression of GFP-tagged forms of CSPα in neuronal CAD5 cells showed differential 

localization between the wild-type and mutant forms of the proteins, with the mutants showing 

increased localization to ER and Golgi membranes instead of the plasma membrane. They also 

saw a reduction in the efficiency of CSP palmitoylation via immunoblotting in cells expressing 

the mutated protein (Nosková et al. 2011). 

 In silico analysis of the two CSPα mutant proteins predicted that L115R may decrease 

the overall hydrophobicity of the cysteine string domain (CSD), which is needed for initial ER 

membrane association.  Simulations also suggested that L116Δ may reduce the likelihood of 

palmitoylation of adjacent cysteines, possibly affecting membrane binding and localization of the 

mutant proteins (Nosková et al. 2011). A second study that same year also performed a similar 

in silico analysis and did not find a reduction in overall expected palmitoylation for either mutant, 

but did see significant changes in simulated hydrophobicity and expected membrane binding 

properties (Benitez et al. 2011). However, these analyses should be treated with caution as the 

structure of the CSD is not fully known and many of the modeling results are naïve to the 

palmitoylation status of the cysteines (Greaves et al. 2012). For example, one paper showed 

that the CSD had a high potential for β-sheet formation and aggregation, but assumed the 

cysteines were unmodified (Benitez et al. 2011). 

 Greaves et al. 2012 further explored the biochemical nature of the CLN4-causing CSPα 

isoforms in vitro as well as in patient tissue. When expressed in neuroendocrine PC12 cells, 

http://www.ucl.ac.uk/ncl/CLN4patienttable.htm
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EGFP-tagged forms of wildtype CSPα localized to the plasma membrane and vesicles whereas 

the two disease causing isoforms had a more dispersed and punctate localization. 

Immunoblotting lysates from these transgenic cells with anti-GFP revealed two obvious 

differences in the behavior of the different isoforms of EGFP-tagged CSPα: Firstly, there was a 

complete absence of the fully palmitoylated monomeric CSP in cells expressing CSPα L115R 

and L116Δ, they did detect a lower weight corresponding to unlipidated monomeric CSPα. 

Secondly, the mutant CSPα proteins specifically formed large amounts of high-molecular weight 

SDS-resistant protein aggregates. Similar results were obtained with Myc-tagged proteins, 

confirming that the aggregation was not due to the EGFP tag. Additionally, the study found that 

all mutant forms of CSPα, both monomer and aggregates, were localized to the membrane 

fraction by differential treatment with Triton X-100. Therefore, the mutant CSPα aggregates 

were associated with membranes, although the identity of these membranes remained unclear. 

Interestingly, switching the ANCL-causing mutation L115R to L115A in CSPα did not 

cause a palmitoylation deficiency and aggregation, demonstrating these defects are likely due to 

an overall loss of hydrophobicity and not disruption of a specific di-Leucine motif (Greaves et al. 

2012). This is not surprising as the L115 and L116 residues of CSPα are only partially 

conserved from worms to humans but are often substituted with other lipophilic amino acids 

such as isoleucine of valine (Zinsmaier and Imad 2011).  

 One obvious hypothesis for the increased aggregation tendency of the ANCL-mutant 

forms of CSP is the potential presence of non-lipidated cysteines that might form extra-

molecular di-sulfide bridges. To test this, Greaves and colleagues (2012) expressed the 

different forms of CSPα in HEK293T cells, which exhibit only a low expression of the 

appropriate DHHC palmitoyltransferase enzymes. As expected, wild type CSPα showed 

reduced levels of palmitoylation, which could be rescued by co-expressing DHHC3, a 

palmitoyltransferase that previously had been shown to palmitoylate CSP in vitro (Greaves et al. 

2008).  A smaller but detectable increase in lipidated monomer was also seen for cells co-

expressing the mutant forms of CSPα and DHHC3. However, levels of ANCL-mutant CSPα 

aggregates were greatly reduced in cells expressing the mutant proteins alone compared to 

cells co-expressing DHHC3, indicating that palmitoylation in fact may enhance the aggregation 

properties of these proteins. Similar results were obtained when DHHC7 or DHHC17 were 

coexpressed, but not mutant DHHCs with dysfunctional palmitoyltransferase activity. It is also 

worth noting that the reduced palmitoylation was not sufficient to cause aggregation in wild-type 

CSP, consistent with the effects seen on the mutant proteins.  Additionally, neither the L115R 
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nor the L116Δ mutation interfered with the ability of CSPα to bind DHHC3 or DHHC17, as 

demonstrated by a yeast split ubiquitin assay, and cell culture experiments using radiolabeled 

[3H] palmitoylate for incorporation into CSPα mutant protein aggregates (Greaves et al. 2012). 

 Next Greaves et al. 2012 demonstrated that treatment of cell lysates with the 

depalmitoylating agent hydroxyamine, in addition to eliminating any traces of palmitoylated 

monomer, could greatly reduce the levels of soluble HMW CSPα protein aggregates. This 

suggests that palmitoylation-induced aggregation is potentially a reversible process. Importantly, 

the authors detected the presence HMW CSPα aggregates in post-mortem ANCL patient tissue 

and demonstrated that these aggregates could also be reduced by chemical depalmitoylation. It 

remained unclear from the Greaves study whether HA treatment led to an increase in the levels 

of protein monomers as would be expected from proteins freed of the aggregates, or if they 

were somehow being excluded from the soluble fraction of the homogenates.  

Finally, the authors showed that with co-expression of differentially tagged mutant and 

human CSPα will co-aggregate on western blots suggesting the possibility for the interaction 

and sequestration of wild-type in a dominant negative fashion, consistent with the reduced 

lipidated protein levels seen in patients (Greaves et al. 2012).  

Another biochemical study of ANCL-mutant CSPα proteins explored the properties of 

purified CSPα proteins expressed in Escherichia coli (Zhang and Chandra 2014). Importantly, 

bacteria do not possess any of the eukaryotic DHHC palmitoyltransferases necessary to lipidate 

CSPα. They found that the non-lipidated purified mutant proteins were prone to form high 

molecular weight oligomers/aggregates much more readily than their wild type counterpart, with 

the L115R variant being much more prone to oligomerization. The rate of this oligomerization 

was concentration- and temperature-dependent. However, aggregation of the non-lipidated 

proteins was unaffected by the reducing agent DTT, which usually prevents the formation of di-

sulfide bond formation. Deleting the N-terminal J-domain or the C-terminal domain of CSPα did 

not prevent formation of oligomers, although the J-domain may have a slight inhibitory effect. 

 Zhang and Chandra (2014) next checked the ability of the bacterially expressed purified 

ANCL-mutant CSPα proteins to catalyze HSC70’s ATPase activity. Interestingly, both mutants 

were able to catalyze ATP hydrolysis at a rapid rate that was indistinguishable from wild type 

CSP, indicating that the ANCL-mutant proteins are able to bind and activate HSC70 normally. 

However, when ANCL mutant CSPα proteins were left to oligomerize for various lengths of time 

before the HSC70 ATPase assay, their function was reduced in correlation with the level of 
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oligomerization, showing the potential mechanism for a loss of function effect. Interestingly, 

when the activity of the proteins was normalized to the amount of remaining monomer  both 

mutant proteins had much higher catalytic activity, indicating that the oligomers may still be 

functional, as has been proposed previously for CSP dimers (Chamberlain and Burgoyne 

1997a). When the mutant CSPα protein was mixed together with wild type CSPα, as would be 

the case in hetero-allelic patients, they showed an increase in HMW oligomers and a reduction 

in the normalized activity of total mixture. This demonstrated how the mutant proteins could act 

as functional dominant negatives through interactions with endogenous wildtype CSPα. 

Additionally, purified GST-tagged CSPα L115R and L116Δ mutants were also shown to 

be competent at pulling down the known clients SNAP-25 and Dyn1, from mouse brain 

homogenates. With the ability to both bind client proteins and catalyze HSC70 ATPase activity, 

the mutant proteins thus have all abilities necessary for proper co-chaperone function.  Zhang 

and Chandra (2014) also expressed the ANCL CSPα isoforms in HEK293T kidney cells, similar 

to the previous study by Greaves and Chamberlain (2012). They again saw the appearance of 

high-molecular weight aggregates with the mutant proteins and co-aggregation of mutant and 

wildtype CSPα proteins. There was also no reduction of these aggregates after treatment with 

hydroxylamine, contrary to the previous study (Zhang and Chandra 2014). However, the 

HEK293T cells were expressing untagged CSP without any co-expression of additional 

palmitoyltrasferases, which may account for the opposing results.  

One critical finding by Zhang and Chandra (2014) was that aggregated mutant CSPα 

expressed in HEK293T cells was heavily ubiquitinated as demonstrated by Co-IP. This ubiquitin 

association indicates that these proteins are likely tagged for trafficking to degradation 

pathways, possibly in a specific manner. 

A more extensive analysis of ANCL post-mortem patient brains was published recently 

by the Chandra lab (Henderson et al. 2016). They found reductions in CSPα levels by 

immunohistochemistry and immunoblotting in ANCL patient brains for both mutations and 

particularly L115R, similar to previously published observations (Nosková et al. 2011), while 

CSP mRNA expression levels were unaltered. Interestingly, patient brain samples exhibited a 

90-fold increase in the levels of the de-palmitoylating enzyme PPT1/CLN1 and a 10-fold 

increase in the lysosomal protease cathepsin D/CLN10 (Henderson et al. 2016). These two 

particular NCL linked proteins are notable for specifically accumulating saposin A and D, as 

opposed to most other forms of NCL, which accumulate mitochondrial subunit C (Chandra et al. 
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2015). Indeed, CLN4 patients show specific accumulation of saposin A and  saposin D (Nijssen 

et al. 2003; Henderson et al. 2016). Indicating that CLN1, CLN4 and CLN10 form a related 

subclass of NCL disorders with a potential common pathological mechanism.  

Importantly, the enzymatic activity of PPT1 purified from ANCL-patient brains was 

greatly reduced (~6%) when normalized to total protein levels indicating that most of the 

accumulating PPT1 protein is likely non-functional (Henderson et al. 2016). Corroborating this, 

PPT1 is abnormally accumulated in patient tissue. Interestingly, levels of PPT1 mRNA were 

upregulated, indicating that at least part of the increase in protein was due to compensatory 

transcriptional feedback response. Consistently, PPT1 de-palmitoylated wildtype CSPα in vitro, 

indicating that it may be one of the natural targets of PPT1 in vivo. Finally, the palmitoylation 

status of many proteins in ANCL patients was altered, including PPT1 itself as well as other 

protein known to function in lysosomes (prosaposin (PSAP), isochorismatase domain containing 

protein 1 (ISOC1)) and at synapses (N-ethylmaleimide sensitive fusion protein (NSF), glutamate 

ionotropic receptor NMDA type subunit 1 (GRIN1), and complexin-II (CPXII) (Ciaffoni et al. 

2001; Gronemeyer et al. 2013; Henderson et al. 2016).  

Nearly all studied samples from patients with ANCL were obtained from heavily 

degenerated post-mortem brains in the late stage of disease (Nosková et al. 2011; Henderson 

et al. 2016; Greaves et al. 2012; Nijssen et al. 2003; Josephson et al. 2001). However, recently 

a patient in one of the identified families carrying the L115R mutation was killed at age 37 in a 

motor vehicle accident before the onset of any major clinical symptoms (Benitez et al. 2015). 

The gross anatomy of this ANCL patient brain appeared normal. However, further histological 

analysis revealed a large number of neurons containing an excess of granular storage material 

with swollen sizes and displaced nuclei. Interestingly, there was no significant difference in the 

levels of CSPα in the examined brain tissues or the levels of the synaptic density marker 

synaptophysin when compared to controls. Hence, the reduction in synaptic protein and CSPα 

levels may be a symptom of a late disease stage, and not be a primary cause of the pathology.  

Summary 

The reviewed studies represent the state of the art in our understanding of CLN4’s 

pathological mechanisms at the time of this writing. So far, the most commonly proposed 

pathological mechanism triggering ANCL/CLN4 is that the L115R and L116Δ mutations may act 

as dominant-negative mutations, either affecting endogenous wild type CSPα function or PPT1 

(Greaves et al. 2012; Nosková et al. 2011; Zhang and Chandra 2014; Henderson et al. 2016). 
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This hypothesis is consistent with the well-studied neurodegenerative defects of CSP deletion 

animal models in mice and flies, which phenocopy human ANCL phenotypes in respect to the 

progressive physical and cognitive impairments linked to neurodegeneration (Zinsmaier et al. 

1994; Fernández-Chacón et al. 2004). However, there are also significant pathological 

differences such as the appearance of aberrant lysosomal storage material which have not 

been observed in any of these loss of function models.  

A dominant CSPα haplo-insufficiency, although possible, is unlikely due to  the lack of 

pathology observed in heterozygous null animal models (Fernández-Chacón et al. 2004; Bronk 

et al. 2001; Kashyap et al. 2014). There are also a number of natural polymorphisms of the 

DNAJC5 gene, which are predicted to disrupt protein function but have not been reported to 

cause any haplo-insufficient disease (NHLBI GO Exome Sequencing Project (ESP), 

http://evs.gs.washington.edu/EVS/). 

Currently, there are no published data on ANCL/CLN4 animal models using the 

dominant L115R and L116Δ alleles. Therefore, the development of a Drosophila ANCL model 

presents a substantial opportunity to contribute to our molecular and cellular understanding of 

the disease as well as CSPα’s neuroprotective function. 

 

 

  

  

http://evs.gs.washington.edu/EVS/
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Chapter 2. Materials and Methods 

Drosophila stocks and fly husbandry 

All flies were raised at 23°C on standard culture media with a 12/12 light-dark cycle unless 

otherwise specified. 

GAL4 driver strains (C155 (elav), n-syb, GMR) and UAS strains expressing EGFP-nsyb, 

2xFYVE-GFP, CLC-GFP, TSG101 RNAi, GFP-hLamp1, nSyb and YFP fusion proteins of all 

Drosophila Rab proteins were obtained from the Bloomington Drosophila Stock Center. The 

UAS strain expressing Venus-Rab7 was obtained from R. Heisinger (Freie Universitaet, Berlin, 

Germany). Hsc70-4 deletion (Δ356) and UAS-Hsc70-4 lines were generated previously by us 

(Bronk et al. 2001). Fly strains containing a HA-tagged genomic clathrin heavy chain transgene 

(CHC), a UAS-transgene for HA-Hsc70-4, and genomic transgenes for normal Hsc70-4, Hsc70-

3KA and Hsc70-D10N) (Uytterhoeven et al. 2015) were gifts from P. Verstreken (VIB Center for 

the Biology of Disease, Leuven, Belgium). 

Generation of transgenic flies 

 Modified rat cDNAs encoding normal and L115R- and L116Δ-mutant human CSPα  

(Zhang and Chandra 2014), were obtained from S. Chandra (Yale University). To generate 

transgenes that individually express each isoform under the transcriptional control of the 

Gal4/UAS system (Brand and Perrimon 1993). The cDNA regions containing each open reading 

frame were PCR amplified. The used forward primer  

( 5’ - GAGCGGCCGCCAAAATGGCTGACCAGAGGCAGCGCTC - 3’) contained a NotI 

restriction site and a Drosophila consensus Kozak sequence.  The reverse primer  

(5’ - CATGGTACCTTAGTTGAACCCGTCGGTGTGATAGCTGG - 3’) contained a KpnI site just 

after the stop codon. The PCR products were cleaved with NotI and KpnI and directionally 

cloned into a NotI/KpnI cleaved pBID-UASC vector (Wang et al. 2012).  

ANCL-mutant and wild type control dCSP cDNAs were synthesized de novo (GenScript, 

Piscataway, NJ) using cDNA sequences encoding the ORF of CSP 2 (CSP-PC, 

accessionID:NP_730714) as template (Nie et al. 1999). To create mutations in dCSP analogous 

to human ANCL mutations, the mutations V117R and I118Δ were introduced into dCSP2. The 5’ 

sequences of the synthesized dCSP cDNAs inserted into pUC57 plasmids were flanked with a 

NotI site followed by a Kozak sequence. The 3’ ends of the synthesized cDNAs contained a 



 

37 
 

KpnI restriction site. NotI/KpnI-cleaved dCSP cDNAs fragments were then subcloned into a 

pBID-UASC vector. 

All pBID-UASC-CSPx plasmids were injected into y1 M{vas-int.Dm}ZH-22A w*; M{3xP3-

RFP.attP'}ZH-22A (BDSC #24481) embryos generating transgenic animals (Rainbow 

Transgenic Flies, Camarillo, CA ). At least two independent strains were obtained for each 

transgene. After outcrossing all other chromosomes, strains containing homozygous UAS-

transgenes inserted in the landing site attP-22A on the 2nd chromosome were generated 

containing a wild type-like (w1118) and csp null mutant (w1118; cspX1) genetic background. All 

transformants exhibited the same light yellow eye color except two lines with a much darker red 

eye color. These lines were confirmed by qPCR to contain multiple copy insertions (hCSPαWT*, 

2 copies and hCSPαL116Δ *, 3-4 copies). 

 

Crosses for CSP expression from one or two UAS transgenes. 

Crosses for single copy transgene expression were made by crossing homozygous ♀ w1118; 

P{w+, GawB}elav[C155] flies to homozygous ♂ w1118; M{3xP3-RFP,w+,UAS::xCSP.}ZH-22A 

flies yielding F1 progeny expressing xCSP:  ♀ (w1118, elav/+; M{3xP3-RFP,w+,UAS::xCSP}ZH-

22A /+) and ♂ (w1118, elav; M{3xP3-RFP,w+,UAS::xCSP.}ZH-22A /+). 

Crosses for 2 copy transgenic expression were made by crossing ♀ w1118
, Elav-Gal4; M{3xP3-

RFP, w+,UAS::xCSP}ZH-22A/Cyo[Act-GFP] to ♂ w1118; M{3xP3-RFP,w+,UAS::xCSP.}ZH-22A. 

♀ progeny heterozygous for the elav driver and homozygous for the UAS transgene (w1118, 

elav/+; M{3xP3-RFP,w+,UAS::xCSP.}ZH-22A) were selected for analysis by negative selection 

using Cyo or Act-GFP. 

 

CSP null rescue experiments 

All genetic experiments employing a csp-/- background used expression from single transgenes. 

♀ w1118, elav-Gal4; cspR1/TM6 Tb Sb flies were crossed to ♂ w1118; M{3xP3-RFP,w+, hCSP 

L116Δ*}ZH-22A; cspX1/TM6 Tb Sb or ♂ w1118; cspX1/TM6 Tb Sb for control. Male progeny (w1118, 

elav-Gal4/y; M{3xP3-RFP, w+, hCSP L116Δ*}ZH-22A/+; cspX1/R1) were used due to higher 

expression and better rescue. Freshly enclosed flies of the appropriate genotypes were divided 

into separate vials with 10-15 flies, counted and transferred to fresh food every 2 days. 
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Fly Viability Experiments 

Flies were raised at 28°C to enhance expression from the Gal4-dependent UAS transgenes. 

The following crossing scheme was used: ♀ w1118; M{3xP3-RFP, w+,UAS::xCSP}ZH-22A X 

were crossed to ♂ w1118,elav-Gal4 (for single copy expression) or ♂ w1118, elav-Gal4; UAS-

hCSP/CyO[GFP-ACT] (for 2 copy expression) yielding non-expressing F1 males (w1118; M{3xP3-

RFP, w+,UAS::xCSP}ZH-22A) and CSP-expressing F1 females (w1118, elav-Gal4/+; M{3xP3-

RFP,w+,UAS::xCSP}ZH-22A). Adult progeny were counted every 2nd day until post-cross day 

18. Viability was determined by taking the ratio of females and male flies.  

 

Immunohistochemistry 

Wandering 3rd instar larvae were dissected on Sylgard dishes in cold Ca2+ free HL3 solution, 

containing (in mM): 70 NaCl, 5 KCl, 20 MgCl2, 10 NaHCO, 5 Trehalose, 115 sucrose, 5 HEPES, 

pH 7.2. Larvae were fixed for 20-45 minutes (20 for VNC, 45 for NMJs) in 4% paraformaldehyde  

(PFA) solution (16% PFA diluted 3:1 in PBS pH 7.3), permeabilized for 30 minutes in PBS pH 

7.3 containing 0.2% Triton X-100 (PBST) with 3 solution exchanges. Larvae were then 

incubated with primary antibodies diluted in PBST overnight at 4°C, washed 3x for 15 minutes, 

incubated with secondary antibodies diluted in PBST for 2 hours at room temperature or 

overnight at 4°C and finally washed 3x with PBST for 15 minutes. The following antibodies and 

dilutions were used: rabbit anti-CSPα (Enzo, ADI-VAP-SV003-E) 1:2,000; mouse anti-CSP 

(clone ab49, (Zinsmaier et al. 1990))  1:250; mouse anti-GFP (clone 12A6, Developmental 

Studies Hybridoma Bank (DSHB)) 1:1,000; guinea-pig anti-HRS FL (gift from H. Bellen) 1:2,000; 

rat anti-HA (clone 3F10, Roche); rabbit anti-golgi (GM130 ) 1:200; mouse anti-Syx1A (clone 

8C3, DSHB) 1:200; mouse anti-Ubiquitin protein bound (clone FK2, Enzo ) 1:2,000; goat anti-

HRP Alexa Fluor® 647 (Jackson Immuno ) 1:500; goat anti-mouse Alexa Fluor® 488 

(Invitrogen) 1:500; donkey anti-rabbit CY3 (Jackson Immuno ) 1:500; goat anti-guinea pig Alexa 

Fluor® 488 (Invitrogen ) 1:1,000; goat anti-rat Alexa Fluor® 488 (Jackson Immuno ) 1:500. 

Preparations were imaged using an Olympus FV300 Scanning Confocal Microscope with a 60x 

water immersion objective (LUMPLFL 60x W) using 0.8 μm (NMJs) or 1.5 μm optical sections. 

Images were saved using Fluoview software and analyzed using ImageJ (FIJI, v1.50). 
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Image quantification of CSP accumulations in VNC  

Image stacks of the VNC stained for hCSPα were cropped to a defined volume of 60 x 80 x 45 

μm (216,000 μm3), which represented the dorsal-most part of hemi-segments A4 and A5. After 

thresholding for background subtraction (kept the same within dish matched set), ROIs were 

drawn around all visible CSP-positive punctae; for those appearing in multiple optical sections 

only the section with the brightest signal was used. ROI areas were then compiled to compare 

the cumulative area among genotypes. 

 

Immunoblotting and analysis 

Larval brains (5 brains in 60 µL) were dissected from wandering 3rd instar larvae in PBS and 

transferred to Laemmli buffer containing (final concentration) 2% SDS, 10% Glycerol, 60 mM 

Tris pH 6.8, 0.005% Bromophenol Blue, and 100 mM DTT. The brains were homogenized with 

a p200 pipette tip, boiled for 5 minutes and centrifuged for 3 minutes at 2000 g. The soluble 

fraction was transferred to a fresh tube, boiled for 1 min and immediately loaded onto a gel. 

Proteins were separated by SDS-PAGE using a 10% acrylamide gel. ~1.5 brains were loaded 

per lane.  

After gel electrophoresis, proteins were blotted onto nitrocellulose membranes using an iBlot 

system (Invitrogen, Carlsbad, CA) at 20 V for 6 minutes.  After transfer, the blot was blocked for 

30 minutes using 1% bovine serum albumin fraction V in 1 PBS, pH 7.3. Blots were incubated 

with primary antibodies overnight at 40C and HRP-conjugated secondary antibodies for 2 hours 

at 40C. Gel loading was monitored by stripping blots with Restore® Western Stripping buffer 

(Fisher, Cat #21059) for 10 minutes at RT and then staining for β-tubulin. Antibodies were 

diluted in PBS pH 7.3 containing 0.1% Tween-20 or 0.2% Triton X-100 and used at the following 

concentrations: rabbit anti-CSPα (Enzo, ADI-VAP-SV003-E) 1:20,000; mouse anti-CSP (clone 

ab49, Zinsmaier 1990) 1:20; mouse anti-β-tubulin (clone E6, DSHB) 1:1,000; goat anti-mouse 

HRP-conjugated (Fisher) 1:5,000; goat anti-rabbit HRP-conjugated  1:10,000; anti lysine-

ubiquitin (FK2, Fisher) 1:2,000. 

Blots were imaged using a BioRad Western Clarity ECL kit and a BioRad Chemidoc XRS 

imaging system. Signal intensities were analyzed using ImageJ western analysis plugin by 
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integrating the areas under the curves above background (Schneider et al. 2012; Schindelin et 

al. 2012). Raw intensity values were normalized to the measurement of a β-tubulin loading 

control and expressed as the n-fold change to an appropriate control genotype. 

 

F1 Eye Modifier Screen 

A screening line constitutively expressing hCSPα in the eye was synthesized by recombining 

chromosomes that contained the multiple insertion hCSP L116Δ* and the eye-specific Gal4 

driver GMR-Gal4 to generate the line w1118; GMR-Gal4, M{3xP3-RFP, w+, hCSP L116Δ*}ZH-

22A/Cyo, Ac-GFP. Males of various potential modifier genes were selected and crossed to 

virgin females expressing ANCL-mutant CSP (w1118; GMR-GAL4 UAS-hCSP-L116Δ*/CyO). F1 

progeny were screened 1-2 days post-eclosion for either suppressed or enhanced eye 

phenotypes, as compared to control. Mild alterations of the L116Δ*-induced eye phenotype 

appeared frequently and were mostly dependent on the various genetic backgrounds. In the 

case GMR-GAL4-driven RNAi or OE of the candidate gene alone induced significant changes in 

adult eyes, I excluded such lines from future analysis. An overview of all candidates is 

presented in Supplementary Table S1. 

Electron Microscopy 

Larvae were quickly dissected in 4% PFA and then fixed overnight in fresh EM fix containing: 

3% glutaraldehyde, 1.5% PFA, 2 mM CaCl2 sodium cacodylate 0.1M, pH 7.3. Samples were 

rinsed in 0.1M cacodylate buffer before being fixed with 2% OsO4 for 2 hours. Next, samples 

were washed with HPLC grade H2O before being dehydrated with ethanol in a stepped series 

(30%, 50%, 70%, 90%, 95%,100%) followed by 100% acetone. Tissue was then infiltrated with 

Durcupan plastic embedding media through progressive mixtures with acetone (25%, 50%, 

75%, 100%), hardened at 60°C, trimmed and sectioned with a diamond knife (70 nm). Sections 

were post-stained with lead citrate for contrast and imaged using a transmission electron 

microscope.  

Immunoprecipitation 

Young adult flies (1-3 day post-eclosion) were flash frozen in liquid N2 and stored at  

-80C. Heads were separated and isolated by using double metal sieves. Approximately 100uL 

of heads were homogenized in 500uL IP buffer containing: 1% Triton X-100, 30mM Tris-HCl pH 



 

41 
 

7.2, 150mM KCl, 0.5 mM MgCl2. Homogenates were repeatedly centrifuged at 22,000 rpm to 

remove insoluble debris. The cleared supernatant was incubated with rabbit anti-CSPα at 1:200 

(f.c.) for 1 hour on a rotator at 4°C and then incubated with 50μL protein A agarose beads 

(Santa Cruz Biotechnologies, Dallas, Texas) for 2 hours at 4°C. Agarose beads were spun 

down with a tabletop centrifuge at 2000g and the supernatant was removed and stored. The 

beads were washed 4x with IP buffer by repeated resuspension and centrifugation. Beads were 

finally resuspended in Laemmli buffer, boiled for 5 minutes, centrifuged for 2 minutes and 

transferred to a fresh tube. This supernatant of precipitated proteins was either immediately 

used for SDS-PAGE and western analysis or frozen at -80°C for later use. 

Hydroxylamine treatment 

Adult heads were homogenized in 2% SDS, 10% Glycerol, 100 mM DTT, 60 mM Tris pH 6.8, 

and then treated with 0.5M hydroxylamine pH 7.0 or 0.5 M Tris pH 7.0 (final concentration) for 

24 hours at RT before being diluted 3-fold in a mix of PBS and 2x Laemmli buffer for a final 

concentration of 2x Laemmi buffer. Samples were boiled for 5 minutes before use for SDS-

PAGE and western analysis. 

 

qPCR measurement of transgenic copy number 

Genomic DNA was purified from a homogenate of 10 0-3 day-old adult males, either 

homozygous (w1118; M{3xP3-RFP, w+,UAS::xCSP}ZH-22A) or heterozygous (w1118; M{3xP3-

RFP, w+,UAS::xCSP}ZH-22A/+) for each isolated transgenic line using the DNeasy® Blood and 

Tissue Kit (Qiagen, Venlo, Netherlands) according to the manufacturer’s instructions for insect 

tissue (https://www.qiagen.com/us/resources/download.aspx?id=cabd47a4-cb5a-4327-b10d-

d90b8542421e&lang=en). The concentration of the extracted DNA was quantified using a 

NanoDrop2000 spectrophotometer (ThermoScientific, Waltham, Massachusetts) and diluted to 

final concentrations of 1.25, 2.5 ,5, 10, and 20 ng/µl.  

qPCR was performed with a StepONEplus Real-time PCR machine (Applied Biosystems, Foster 

City, California) with StepONE™ Software V2.3 using the following reagents: TaqMan® Gene 

Expression Master Mix (Applied Biosystems, PN 4370048) and Rat DNAJC5 FAM TaqMan 

Probeset (Applied Biosystems, Rn00682605_g1, PN4351372). These were used according to 

manufacturer’s specifications with a total reaction volume of 10uL in a 96-well plate with the 

https://www.qiagen.com/us/resources/download.aspx?id=cabd47a4-cb5a-4327-b10d-d90b8542421e&lang=en
https://www.qiagen.com/us/resources/download.aspx?id=cabd47a4-cb5a-4327-b10d-d90b8542421e&lang=en
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following thermocycling protocol: 95°C 10minutes denaturing step, 40x amplification cycles of 

95°C for 15s and 60°C for 1 minute. 

Note: Rn00682605_g1 is a pre-designed TaqMan® probeset targeting cDNA of rat DNAJC5, 

which was the origin for the hCSPα transgenes used in these studies. The exact sequences of 

these probes are proprietary, however it is specified to target ~616bp into mRNA transcript 

NM_024161.2 spanning exons 4 and 5. Importantly, this region does not contain any of the ANCL 

mutations nor the V112F mutation used to ‘humanize’ the protein from its Rat precursor 

(Confirmed by Applied Biosystems technical support).  

Copy number was quantified in the following manner: first all putative 1-copy per chromosome 

lines were verified to have the same cycle threshold (Ct) values when adjusted for input 

concentration and number of transgenic chromosomes (e.g. -1Ct per 2-fold increase in 

concentration or -1Ct for homozygous transgenic lines), this was true to within a ΔCt of ±0.5 for 

all samples from these lines. The mean adjusted Ct of all 1-copy per chromosome lines was 

used as a baseline to compare to the adjusted Cts of the multiple insertion lines to determine 

copy number using a ΔCt calculation (Livak and Schmittgen 2001). 

Statistical analysis  

Analysis of variance (ANOVA) with Tukey’s post-hoc test or a Student’s t-test was used to 

determine statistical significance using Prism software (v6 GraphPad).  

 

  

http://www.ncbi.nlm.nih.gov/nuccore/NM_024161.2
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Chapter 3. Results 

Generation of a fly model of ANCL 

 I generated two transgenic Drosophila models of ANCL caused by dominant mutations 

in hCSPα (CLN4). The “humanized” model expresses normal hCSPα and the disease-causing 

proteins CSPα-L115R and -L116Δ under control of the yeast Gal4-UAS expression system 

(Brand and Perrimon 1993) from a common genomic phi31-attP insertion site (Fig. 1A-B). In 

addition, I generated a model expressing Drosophila CSP (dCSP) containing the analogous 

mutations V117R and I118∆ from the same phi31-attP insertion site (Fig. 1A-B).  

To test the practicability (and validity) of a “humanized” ANCL Drosophila model, I tested 

whether hCSPα and Drosophila CSP (dCSP) are sufficiently evolutionary conserved such that 

hCSPα can replace the endogenous fly protein. Neuronal protein expression levels of normal 

hCSPα in third-instar larval brains were ~0.8-1.5 times of endogenous dCSP levels when driven 

from one transgenic copy by an elav Gal4-driver (data not shown). The vast majority of 

neuronally expressed hCSPα was properly lipidated, as confirmed by hydroxylamine treatment 

(Supl. Fig. 1A). Increasing hCSPα expression levels by adding a second copy of the transgene 

caused a 2.6-fold increase in the levels of lipidated (p<0.05) and non-lipidated (p<0.5) 

monomeric hCSPα but did not cause formation of any high-molecular weight protein aggregates 

(Fig. 2A). 

hCSPα was efficiently trafficked to axon terminals such that the subcellular distribution of 

hCSPα was indistinguishable from that of endogenous dCSP in third instar Drosophila larvae. 

Specifically, hCSPα predominantly co-localized with endogenous dCSP on synaptic vesicles 

(SVs) at synaptic terminals in the neuropil of the larval ventral nerve cord (VNC) and synaptic 

boutons of larval neuromuscular junctions (NMJs, Fig. 1C-D).  
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Fig 1. Generation of a Drosophila model of ANCL. A. Diagram of hCSPα showing the N-terminal J 
domain, the linker domain and the cysteine-string domain (CSD). The comparison of CSD amino acid 
sequences between dCSP and hCSPα highlights the ANCL-causing mutations in hCSPα (red) and their 
fly analogues (orange). B. Schematic illustration of the transgenic pBi-UASC insertion vector and the 
chromosomal integration site. C. Immunostaining of the larval NMJ with antibodies against hCSPα 
(green), dCSP (blue), and HRP (red) marking the presynaptic plasma membrane for larvae expressing 2 
copies of normal hCSPα driven by elav Gal4 (left, w1118, elav/+; uas-hCSPα) and control larvae containing 
only an elav-Gal4 driver (right, w1118, elav/+). Scale bar is 5 μm. D. Immunostaining of larval VNC 
expressing a single copy of normal hCSPα driven by elav Gal4 (w1118, elav/+; uas-hCSPα/+) with 
antibodies against dCSP (green) and hCSPα (red). Note the similar predominant localization of hCSPα 
and dCSP to neuropil of the VNC. Scale bar is 20 μm. E. Adult lifespan of dcspX1/R1 null mutant flies 
(green) and dcsp null mutants expressing normal hCSPα (blue), ANCL-causing mutant hCSPα L115R, 
(orange) and L116Δ (red) under the control of the pan-neuronal elav-Gal4 driver. Heterozygous dcsp null 
(black) included to show partial rescue of normal lifespan. Genotypes are indicated. 

Flies lacking dCSP due to a gene deletion exhibit progressive neurodegeneration, 

paralysis and a severely reduced lifespan (Zinsmaier et al. 1994), similar to CSPα KO mice 

(Fernández-Chacón et al. 2004),. Driven by the Gal4-driver elav, pan-neuronal expression of 
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normal hCSPα in csp null mutants significantly restored adult lifespan from ~4 days up to 20 

days (LD50 p<0.0001, Fig 1E). Even though this rescue was only partial, it indicated that 

hCSPα and dCSP are evolutionary conserved and that a “humanized” ANCL Drosophila model 

is attainable. 

Neuronal expression of ANCL-mutant CSPα in Drosophila induces lethality and causes 

SDS-resistant CSPα protein aggregates in a dose-dependent manner. 

 One of the defining biochemical features of ANCL are the reduced levels of lipidated 

monomeric CSPα and the concomitant appearance of high-molecular weight, SDS-resistant 

CSPα protein aggregates in post-mortem human brain tissue (Greaves et al. 2012; Henderson 

et al. 2016). These features are also present when hCSP-L115R and -L116Δ are expressed in 

various non-neuronal and neuronal mammalian cell cultures (Greaves et al. 2012; Zhang and 

Chandra 2014). To test whether elav-Gal4 driven neuronal expression of ANCL-mutant hCSPα 

recapitulates these potentially pathological features, I performed western blots on larval brains 

expressing ANCL-mutant hCSPα. 

When expressed from a single transgene, protein levels of lipidated monomeric mutant 

hCSPα-L115R and -L116Δ were significantly reduced to 18% and 42% of normal hCSPα 

control, respectively (p<0.01, Fig. 2A, C). Lipidated hCSPα-L115R levels were significantly 

lower than hCSPα-L116Δ (p<0.01, Fig. 2A, C). Both hCSPα-L115R and -L116Δ formed SDS-

resistant protein aggregates (p<0.01, Fig. 2A, D). The size of mutant hCSPα protein aggregates 

varied ranging from at least ~250 kDa to more than 500 kD (data not shown). There was no 

significant difference in the levels of protein aggregation induced by hCSPα-L115R and -L116Δ 

(p=0.99, Fig. 2A, D). Non-lipidated monomeric hCSPα-L115R levels were higher than in 

controls (p=0.02) while hCSPα-L116Δ levels were not significantly different to control or hCSPα 

-L115R (p>0.05, Fig. 2E). Hence, expression of ANCL-mutant hCSPα recapitulates the 

dominant biochemical effects leading to aggregation of CSPα in post-mortem human ANCL 

brains.  
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Fig 2. Expression of ANCL-mutant hCSPα causes lethality and protein aggregation in a dose 
dependent manner. A.-F. Normal hCSPα and ANCL-causing mutant hCSPα (L115R and L116Δ) were 
expressed in larval neurons with a elav-Gal4 from either 1 transgenic copy (w1118, elav/+;UAS-hCSPα/+) 
or 2 copies (x2, w1118, elav/+;UAS-hCSPα) of the human transgene. A. Western blot of larval brain 
homogenates with an antibody specific for hCSPα. Protein bands corresponding to monomeric lipidated 
CSP, non-lipidated CSP, HMW CSP aggregates and non-specific signals are indicated. β-tubulin staining 
was used as a loading control. B. Effects of ANCL mutations on viability, which was assessed as the ratio 
of female flies expressing the indicated hCSPα and non-expressing male flies containing only a silent 
transgene (no elav-Gal4). Significant differences among genotypes are indicated by asterisks (N≥3, 
n>1400 for 1-copy expression; N≥6, n≥740 for 2-copy expression). C.-F. Quantification of western blots 
as shown in A. Genotypes compared within copy number sets or between one and two copy expression 
of the same hCSPα transgene (Repeated measures one-way ANOVA). Genotypes are indicated. C. 
Levels of lipidated hCSPα monomer were normalized to β-tubulin and 1-copy expression of normal 
hCSPα expression. Significant differences are indicated by asterisks (N≥5). D. Levels of hCSPα HMW 
aggregates normalized to b-tubulin and 1-copy hCSPα-L115R expression (see text). Significant 
differences are indicated by asterisks (N≥5). E. Levels of non-lipidated hCSPα monomer normalized to β-

tubulin and 2-copy normal hCSPα. Significant differences are indicated by asterisks (N≥5). 
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A recent study has shown that in cultured HEK293T cells ANCL-mutant hCSPα protein 

aggregates are ubiquitinated (Zhang and Chandra 2014). To determine whether this is also the 

case here, I co-stained immunoprecipitated mutant hCSPα for ubiquitin on western blots and 

found that the hCSPα-L115R and -L116Δ high-molecular weight aggregates were positive for 

ubiquitin (Supl. Fig. 1B). Ubiquitinated monomeric hCSPα or ubiquitinated low-molecular weight 

oligomers were not detectable.  

Increasing hCSP-L115R and -L116Δ protein expression levels by adding a second copy 

of the respective transgenes significantly increased the levels of hCSPα aggregation (p<0.05) to 

a similar degree (p=0.35, Fig. 2A,D). It also increased levels of both L115R and L116Δ non-

lipidated monomeric hCSPα to a larger degree than control (p<0.05, Fig. 2A,E) with L115R 

having a significantly stronger increase than L116Δ (p<0.05).  Surprisingly, increasing 

transgenic expression had no significant effect on the levels of lipidated hCSP-L115R and -

L116Δ monomers, which were similar to that of single copy expression (L115R p=0.5, L116Δ 

p=0.78 Fig. 2C). This suggests that there is a strong regulation of ANCL-mutant monomer 

levels. 

Protein levels of endogenous dCSP were not affected by single or two copy expression 

of normal and ANCL-mutant hCSPα (Supl. Fig. 2). Notably, endogenous dCSP was not 

detectable in the high-molecular weight protein aggregates of hCSP-L115R and -L116Δ (Sup 

Fig. 2A), indicating that ANCL-mutant proteins may not co-aggregate with normal dCSP. This 

was not due to an inability of dCSP to form aggregates as flies expressing the analogous fly 

ANCL mutations, dCSP2-V117R –I118Δ, also showed high molecular weight aggregates (Supl. 

Fig 4), indicating that pathological protein aggregation is evolutionarily conserved. 

 Neuronal expression of normal or ANCL-mutant hCSPα from a single transgene driven 

by elav-Gal4 had no effect on viability during development (Fig. 2B) or adult life span (data not 

shown), even when flies were raised at high temperatures (28°C) increasing the activity of Gal4-

driven expression. However, 2-copy expression of hCSP-L115R and -L116Δ at 28°C severely 

reduced viability to 9.8 ± 3.3% and 5.5% ± 1.2% (mean ± SEM) of control, respectively 

(p<0.001, Fig. 2B). There was no significant difference between the lethal effects of hCSP-

L115R and -L116Δ expression under these conditions (p=0.6). Adult escapers exhibited no 

gross morphological abnormalities but were sluggish and moved very little compared to control 

flies. There was a modest reduction in survival during the first week of adulthood but flies 

appeared to become healthier thereafter (data not shown), which is likely due to declining elav-
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driven expression levels after eclosion. Expression with the n-Syb Gal4 driver showed a similar 

dose-dependence of lethality. However, adult escapers exhibited severe defects in wing 

inflation, locomotion and reduced survival (data not shown). The sharp contrast in the lethality 

induced by 1-copy and 2-copy expression of hCSP-L115R and -L116Δ indicates a tight 

threshold of toxicity. This toxicity correlates with the greater than 2-fold increase in both hCSPα 

aggregates as well as non-lipidated protein. 

2-copy expression of normal hCSPα had no significant effect in comparison to non-

expressing control (p>0.1, Fig. 2B). This indicates that although there is a well-documented 

CSP overexpression toxicity in flies (Nie et al. 1999), the matched expression levels of the 

hCSPα 2-copy expression are apparently below this threshold. Thus, the high lethality seen in 

2-copy L115R and L116Δ expression must be due to some effect either independent of, or in 

addition to CSP overexpression toxicity.  

   

The ANCL mutations L115R and L116Δ impair CSP’s SV localization and cause 

accumulations on endosomes. 

Both of the dominant ANCL-causing mutations L115R and L116Δ reduced amounts of 

hCSPα protein at synaptic terminals in the neuropil of the larval VNC (Fig. 3C, Supl. Fig. 3A) 

and synaptic boutons of NMJs when compared to the elav-driven expression levels of normal 

hCSPα (Fig. 3A-B). Instead of co-localizing with endogenous dCSP on SVs, mutant hCSPα was 

mostly localized to small punctate accumulations at axon terminals (Fig. 3A). These 

accumulations were larger and more frequent in axons and somata of neurons Fig. 3 C-D. Flies 

expressing mutant hCSPα contained upward of 100 punctae per hemisegment of the VNC 

whereas control flies only rarely contained hCSPα punctae (p<0.01 Fig. 3C, F). The size of the 

ANCL-mutant hCSPα accumulations was heterogeneous, ranging from ~500 nm in diameter at 

synaptic boutons of larval NMJs (Fig. 3A) to the size of nuclei (~5 um) in neuronal somata (Fig. 

3C). 

Despite the gross mislocalization of mutant hCSPα proteins, expression of the mutant 

proteins in a dCSP null background with an elav driver was able to partially rescue the lifespan 

deficit (p<0.001, LD50), although not nearly to the extent of wild type hCSPα (Fig. 1E). This 

indicates that ANCL-mutant hCSPα proteins are at least partially functional.  
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Fig 3. ANCL-mutant hCSPα is mislocalized at synaptic terminals and forms aberrant protein 
accumulations that contain endogenous dCSP. A. Confocal images of immunostainings of larval 
NMJs with antibodies against hCSPα (green), endogenous dCSP (blue), and HRP (red). Normal hCSPα 
(left) and ANCL-causing mutant hCSPα-L115R (middle) and -L116Δ (right) were expressed in larval 
neurons with an elav-Gal4 driver from 2 transgenic copies (w1118, elav/+; UAS-hCSPα). Scale bar, 5 μm. 
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B. Quantification of hCSPα levels in synaptic boutons of larval NMJs, as shown in A. Significant 
differences among genotypes are indicated by asterisks (N>4, one-way ANOVA). C. Immunostainings of 
larval VNCs with antibodies against hCSPα (magenta) and dCSP (green) single copy. Normal hCSPα and 
ANCL-causing mutant hCSPα-L115R (middle) and -L116Δ (right) were expressed with a Gal4 driver from 
1 transgenic copy (w1118, elav/+; UAS-hCSPα/+). Confocal projection uses maximum intensity stack. 
Scale bar, 20 μm. D. Higher magnification of image elav>hCSP-L116Δ shown in C. About two hemi-
segments of the VNC are shown to demonstrate colocaliztion of hCSPα accumulations with endogenous 
dCSP. Scale bar, 10 μm. E. Immunostainings of proximal segmental nerves for hCSPα (magenta) and 
dCSP (green) in larvae expressing hCSP-L116Δ driven by an elav driver from 1 transgenic copy (top) or 2 
copies (bottom). Scale bar, 20 μm. F. Quantification of ANCL-mutant hCSPα accumulations in the larval 
VNC, as shown in C. The cumulative area of hCSP-positive punctae was measured in a ROI containing 
hemisegments 4-5 that was 45 μm deep. Significant differences among genotypes are indicated by 
asterisks (N>3, one-way ANOVA). 

Importantly, the abnormal intracellular accumulations of hCSPα-L115R and L116Δ also 

contained significant amounts of endogenous dCSP (Fig. 3D). However, despite the dCSP 

colocalization with the abnormal hCSPα accumulations, even two copy expression of ANCL-

mutant hCSPα had no significant effects on the synaptic levels of endogenous dCSP at larval 

NMJs and the neuropil of the VNC (p>0.46, Fig. 3A, Supl. Fig. 3B). Since dCSP was not 

associated with mutant high-molecular weight hCSPα aggregates detected by western blotting, 

the co-localization of normal and mutant CSP indicates that ANCL-mutant hCSPα proteins may 

simply be co-trafficked through a common membrane trafficking pathway. This is further 

supported by the observation of similar accumulations and reduced synaptic protein levels in 

flies expressing dCSP containing analogous ANCL mutations indicating a conservation of the 

mistrafficking pathology between species (Supl. Fig 4). 

Increasing expression levels of hCSPα-L115R and L116Δ by driving expression from 2 

transgenic copies increased the amount of abnormal hCSPα accumulations substantially at 

synaptic terminals (data not shown) and in axons of segmental nerves (Fig 3E). On rare 

occasions, very large accumulations of mutant hCSPα could be observed at axon terminals, 

containing many times greater total proteins levels than the levels of control hCSPα (Supl. Fig. 

3C). These data indicate that mutant hCSPα may be properly trafficked to axon terminals and 

that the cell body and axonal accumulations are potentially the consequence of a retrograde 

trafficking defect. 

To better define the nature of the abnormal intracellular accumulations of ANCL-mutant 

hCSPα, I tested a number of intracellular organelle markers for colocalization. Mutant hCSPα 

accumulations did not colocalize with markers for the endoplasmic reticulum or Golgi complex 

(Supl. Fig. 5). However, they partially co-localized with a number of co-expressed Rab-YFP 

proteins driven by an elav-Gal4 driver, including the early and late endosomal markers Rab5 
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and Rab7, respectively (Fig 4A). hCSPα accumulations did not co-localize with the co-

expressed lysosomal membrane protein spinster-GFP when driven by elav (S T Sweeney and 

Davis 2002), even though it labeled numerous hCSPα-negative compartments (Fig 4A; Supl. 

Fig. 5). However, when co-expressed with the n-Syb driver, hCSPα-L115R and -L116Δ 

accumulations co-localized partially with GFP-Spin in larval motor neurons but not interneurons 

(Supl. Fig. 5, data not shown). In addition, n-Syb driven L115R and -L116Δ accumulations 

colocalized with coexpressed hLAMP1-GFP, an endo/lysosomal transmembrane protein. Since 

the n-Syb-Gal4 driver expresses in motor neurons at much higher levels than elav-Gal4 (not 

shown), the n-Syb-driven co-localization of hLAMP1-GFP/Spinster is potentially an artifact of 

phenotypic effects induced by high level overexpression of the reporter genes. 

Strikingly, all endosomal ANCL-mutant hCSPα accumulations fully and strongly co-

localized with hepatocyte growth factor regulated tyrosine kinase substrate (HRS, Fig 4A), 

which is a critical component of the “endosomal sorting complexes required for transport” 

(ESCRT) complex, which sorts ubiquitinated proteins into intraluminal vesicles during MVB 

formation (for review see Raiborg and Stenmark 2009). HRS also co-localized with mutant 

hCSPα accumulations in synaptic boutons of NMJs (Supp. Fig. 6D) and axons (not shown).  

Hence, these data indicate that ANCL-mutant hCSPα may be properly trafficked to synaptic 

terminals where it becomes mislocalized onto HRS-positive endosomes, potentially during SV 

recycling, and then retrogradely trafficked to the soma. Consistently, all endosomal hCSPα 

accumulations co-localized with the SV-associated protein GFP-nSynaptobrevin (Fig. 4A) while 

the synaptic membrane protein Syntaxin-1A co-localized only with a subset (Sup. Fig. 5). 

However, the well-established CSP chaperone clients Dynamin and SNAP-25 (Zhang et al. 

2012; Sharma et al. 2012) did not co-localize at all (data not shown). 
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Fig 4. Mutant hCSPα accumulates on abnormal HRS-positive endosomes and causes an increase 
in ubiquitinated proteins A. Co-immunostainings of larval VNCs expressing hCSPα-L116Δ with an elav 
driver from one transgenic copy (elav>hCSPα-L116Δ/+) with antibodies against hCSPα (magenta) and 
HRS (green) or GFP for animals co-expressing GFP-tagged Rab5, Rab7, Spinster, FYVE or nSyb 
(green). Images represent typical co-localizations in interneuron somata. Scale bar, 5 μm. B.  
Immunostainings of larval VNCs with antibodies against hCSPα (magenta) and lysine-linked-ubiquitin 
(green). Genotypes are indicated. Scale bar, 20 μm Top 3 rows; 15 μm bottom row C. umber of hCSPα 
and ubiquitin positive endosomes as in B.). D. Number of ubiquitin but not hCSPα positive endosomes as 

in B. Significant differences among genotypes are indicated by asterisks (N≥4, one-way ANOVA). 
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Endosomes accumulating ANCL-mutant hCSPα are abnormal 

Mutant hCSPα/HRS-positive endosomes did not co-localize with co-expressed GFP- 

FYVE (Fig. 4A), a phosphatidylinositol 3-phosphate (PI3P) sensor (Raiborg, Bremnes, et al. 

2001). This lack of PI3P was unexpected because it is critical for the association of HRS with 

endosomal membranes (Raiborg, Bremnes, et al. 2001). Moreover, hCSP-positive endosomes 

were positive for both clathrin light and heavy chains (Supl. Fig 5, data not shown), which both 

interact with HRS to cluster ubiquitinated proteins on endosomal membranes (Raiborg et al. 

2002). Hence, this indicates that HRS is likely abnormally retained and/or clustered on mutant 

hCSPα-positive endosomes, potentially through an interaction with ubiquitinated hCSPα. 

Immunostainings to specifically detect ubiquitinated proteins but not monomeric ubiquitin 

revealed a strong co-localization of mutant hCSPα/HRS-positive endosomes with ubiquitin in 

neuronal somata, the neuropil of the VNC and axons in segmental nerves (Fig. 4B-C). In 

comparison to control, the amount of ubiquitinated hCSPα endosomes were much increased in 

the VNC and segmental nerves of animals expressing hCSPα-L115R and -L116Δ (p<0.001 Fig. 

4B,C). Surprisingly, many other ubiquitinated protein accumulations did not appear to co-

localize with hCSPα at all. These ‘ubiquitin only’ accumulations were also significantly increased 

in flies expressing 2-copies of mutants hCSPα compared to hCSPα or non-expressing controls 

(Fig. 4B,D). Hence, this general increase in ubiquitinated proteins likely indicates a general 

defect in protein homeostasis and/or degradation of ubiquitinated proteins that is independent of 

the abnormal endosomes accumulating ANCL-mutant hCSPα.  

To test whether normal CSP is indeed trafficked through or associated with the endo-

lysosomal pathway, I impaired ESCRT function by RNAi-mediated knock down of the ESCRT-I 

protein tumor suppressor gene 101 (TSG101), which acts downstream of HRS (Russell et al. 

2005). Neuronal knock-down of TSG101 caused a severe accumulation of endogenous dCSP 

on HRS-positive endosomes in neuronal somata and neuropil of the larval VNC, in axons of 

segmental nerves and at synaptic terminals of larval NMJs (Supl. Fig. 6A-B). Interestingly, loss 

of TSG101 function also caused a mislocalization of normal dCSP from SVs to HRS-positive 

endosomes at larval NMJs (Supl. Fig. 6B), which mimicked the accumulations of hCSPα HRS-

positive endosomes induced by hCSPα-L115R and -L116Δ expression (Fig. 3). Partial loss of 

TSG101 did not affect the overall amount of dCSP, nor did it cause formation of high-molecular 

weight dCSP aggregates (Sup. Fig. 6C).  Hence, this indicates that endogenous dCSP is 

associated with ESCRT-dependent mechanisms during endo-lysosomal trafficking. It also 
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indicates that the formation of ANCL-mutant hCSPα aggregates is independent of impaired 

ESCRT function and not vice versa. 

 

hCSPα L115R and L116Δ mutations cause abnormal ultrastructural membrane structures 

 I performed electron microscopy to characterize the effects of hCSPα-L115R and -

L116Δ expression on endosomes and other subcellular structures in larval neurons of the VNC. 

Larval VNCs expressing L115R or L116Δ both contain numerous abnormal membrane 

structures in neuronal somata, neuropil, and axons of segmental nerves (Fig. 5A-C). The most 

prominent abnormal structures were electron-dense, multilaminar membrane ‘whirls’ of various 

shapes and density (Fig. 5D), which were most frequently observed in the neuropil of the VNC 

and axons of segmental nerves (Fig. 5B-C). Membrane ‘whirls’ were also present in the 

cytoplasm and to a lesser degree the nucleoplasm of neuronal somata (Fig. 5A-B). 

Occasionally, ‘whirls’ were found on opposite sides of plasma membranes of neighboring cells 

(Fig. 5A). Interestingly, the ‘whirl’ structures were reminiscent of membrane trafficking defects 

present in a number of ESCRT loss of function mutants such as TSG101, SNF7, and VPS4 and 

CHMP2B (Lee et al. 2007; Russell et al. 2005). 

In addition, numerous homogenous electron-dense extracellular accumulations were 

present in cellular regions of the VNC (Fig. 5A,E), which were reminiscent of granular 

osmophilic deposits (GRODs) seen in post-mortem human tissue (Burneo et al. 2003). Finally, I 

observed a number of highly abnormal autophagosomes-like structures (Fig. 5F-G). 
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Fig 5. ANCL-mutant hCSPα expression 

induces various abnormal endo-

membrane structures and extracellular 

accumulations of EM-dense material. A.-

G. TEM micrographs of ultrathin (70 nm) 

sections from larval VNCs expressing 

hCSPα L115R or L116Δ with an elav driver 

from 2 transgenic copies (elav,w1118/+;uas-

hCSPα). Scale bars, 1 μm (A-C) or 200 nm 

(D-E). A. Overview of pathology in neuronal 

somata of the larval VNC showing electron-

dense membrane whirls in the cyto- and 

occasionally nucleoplasm, large electron-

dense extracellular deposits, and a neuron 

with a degenerating nucleus (right). B. 

Overview of a neuropil region in the VNC 

showing numerous electron-dense 

membrane whirls in neuronal processes. C. 

Sagital section of larval segmental nerve 

showing numerous electron-dense 

membrane whirls and other abnormal 

membrane structures in axons of sensory 

and motor neurons. Note the occurrence of 

electron-dense membrane whirls in the 

cytoplasm of glial cells. D. Image of various 

forms of membrane whirls. E. High 

magnification image of an electron-dense 

extracellular deposit without any limiting 

membrane. F. High magnification of a large 

electron-dense inclusion body with a diverse 

variety of intraluminal vesicles. G. Large 

autophagosome-like body with many layers 

of membrane in-folding. 

 

 

ANCL-causing CSP mutations resemble hypermorphic gain of function mutations. 

To genetically test the dominant nature of the ANCL-causing mutations hCSP-L115R 

and -L116Δ, I determined to what degree an alteration of endogenous dCSP levels may affect 

their induced phenotypes. If the mutations were indeed dominant-negative alleles or cause a 

haplo-insufficiency, as has been proposed in previous studies (Zhang and Chandra 2014; 

Greaves et al. 2012; Nosková et al. 2011) , then one expects that their phenotypes will become 

more severe when endogenous dCSP levels are reduced. However, the opposite was the case.  
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Reducing endogenous dCSP levels by ~50% using a heterozygous dcsp deletion allele 

partially suppressed the lethality induced by high-level expression of hCSP-L115R and -L116Δ 

(p<0.05, Fig. 6A). Conversely, co-expression of normal hCSPα with either a single or two copies 

of L115R or L116Δ significantly increased lethality in comparison to control (p<0.05, Fig 6. G-H). 

Hence, the modulating effects on L115R and L116Δ-induced lethality by altered wild type CSP 

levels are consistent with the genetic characteristics of a hypermorphic gain of function mutation 

(Wilkie 1994; Muller 1932) The observed effects essentially exclude the possibility that L115R or 

L116Δ resemble dominant-negative mutations. 

Altering levels of endogenous dCSP also modified other pathological phenotypes in 

mutant hCSP expressing flies in a manner consistent with hypermorphic alleles. Reducing 

levels of endogenous dCSP both by a single copy (heterozygous deletion) or 2 copies 

(homozygous deletion) both significantly reduced the amount of aggregated hCSP-L116Δ 

observed on western blots (p<0.05, Fig. 6B, D). A similar reduction was also seen for 

aggregated hCSP-L115R, but this was only significant for the homozygous deletion (csp+/- 

p=0.08, csp-/- p<0.05, Fig. 6B, D). 

Notably, levels of lipidated ANCL-mutant hCSPα monomer were not affected by reduced 

endogenous dCSP levels (p>0.6, Fig. 6I). However, levels of normal hCSPα monomers were 

reduced to 73% when endogenous dCSP was absent (p<0.05, Supl. Fig. 7C). Levels of non-

lipidated hCSP-L116Δ monomers were reduced in both heterozygous and homozygous dCSP 

nulls (p<0.05, Fig. 6K). However, reducing dCSP levels appeared to have no effect on non-

lipidated hCSP-L115R monomers (p>0.9, Fig. 6K). Loss of endogenous dCSP also had no 

significant effect on non-lipidated monomer levels of normal hCSPα (p=0.9, Supl. Fig. 7C).  
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Fig 6. ANCL-mutant hCSPα phenotypes are modified by altering endogenous dCSP levels. A. 
Effects of reducing endogenous dCSP levels on the viability of flies expressing ANCL-mutant hCSPα from 
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2 copies (2x). Genotypes are indicated. Significant differences among genotypes are indicated by 
asterisks (N>2; n>144; Student’s t-Test). B. Representative western blots from larval brain homogenates 
expressing ANCL-mutant hCSPα in an otherwise wild type (w1118), heterozygous (+/-) or homozygous (-/-) 
dcsp deletion genetic background were stained with antibodies against hCSPα and β-tubulin as a loading 
control. Genotypes are indicated. C. Representative westerns blot from adult brain homogenates co-
expressing ANCL-mutant hCSPα with normal dCSP or hCSPα. Genotypes are indicated. D-F. 
Quantification of ANCL-mutant hCSPα aggregates, as shown in B and C. Signals were normalized to the 
loading control and plotted as n-fold change to levels ANCL-mutant protein in dcsp wildtype background. 
Genotypes are indicated. Significant differences among genotypes are indicated by asterisks (L115R, 
N=4; L116Δ, N=5; one-way ANOVA). G-H. Effects on viability of co-expressing dCSP or hCSPα with 
ANCL-mutant hCSPα. Genotypes are indicated. Significant differences among genotypes are indicated 
by asterisks (G. N>3; n>628; H. N>3; n>781; one-way ANOVA). I-J. Quantification of ANCL-mutant 
hCSPα L115R (left) and L116Δ (right) lipidated monomer normalized to expression of the mutant 
transgenes alone. Genotypes as indicated. Significant differences among genotypes are indicated by 
asterisks (L115R N=4; L116Δ N=4; one-way ANOVA). K-L. Quantification of mutant hCSPα L115R (left) 
and L116Δ (right) non-lipidated monomers. Significant differences among genotypes are indicated by 
asterisks (N≥4; one-way ANOVA or student’s T-test). M. Immunostaining of larval VNCs with antibodies 
for hCSPα (magenta) and dCSP (green). Genotypes are indicated. Scale bar, 20 μm. N. Quantification of 
endosomal hCSPα accumulations in VNC. Significant differences among genotypes are indicated by 
asterisks (N>3; one-way ANOVA).  

Increasing dCSP levels by co-expressing one copy from a UAS-dCSP2 transgene 

significantly increased the amount of aggregated hCSP-L115R and L116Δ (p<0.05, Fig. 6B, E). 

dCSP co-overexpression also increased the amount of amount of lipidated and non-lipidated 

L115R and L116 monomers (p<0.05, Fig. 6B,J,L).  

Co-overexpression of normal hCSP had a qualitatively similar effect on hCSP-L116Δ 

aggregates as co-overexpression of fly dCSP (p<0.05, Fig. 6C, F). However, the increase in 

L115R aggregates was not significant (p=0.13, Fig. 6F). Co-expression of wildtype and mutant 

hCSP protein led to monomer levels between that of 1-copy and 2-copy normal hCSP 

expression, consistent with an additive effect (Supl. Fig. 7E). However, the same co-

overexpression also led to an increase in the amount of unlipidated monomer, which was 

significantly increased from single copy mutants alone as well as 2-copy expression of normal 

csp, indicating a super-additive effect (Supl. Fig. 7F). 

Reducing endogenous dCSP levels also reduced the endosomal hCSP accumulations in 

larval VNCs for both hCSP-L115R and -L116 Δ (L115R: csp+/- p<0.05, csp-/- p<0.01; L116Δ: 

csp+/- p<0.05, csp-/- p<0.01, Fig. 6M, N). Co-overexpression of wildtype dCSP and mutant hCSP 

did not have any effect on hCSP accumulations in cell bodies but did lead to an increase in the 

number of dCSP punctae at synaptic terminals (Supl. Fig. 7G). 

Taken together, these data are consistent with the idea that hCSP-L115R and -L116Δ 

are hypermorphic gain of function mutations in regard to effects of viability, as well as 

pathological aggregates and accumulations. 
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An F1 Candidate screen reveals genes/proteins modulating ANCL toxicity. 

To gain insights into mechanisms that mediate or protect against hCSP-L115R and -

L116Δ induced toxicity, I performed a candidate F1 genetic modifier screen. To bypass the 

lethality induced by pan-neuronal expression of ANCL-mutant hCSP and examine degenerative 

effects in adults, I exclusively expressed hCSP-L116Δ in the eye from a line with multiple 

transgene insertions (see methods) by using the eye-specific Gal-driver GMR (Hay et al. 1997). 

High-level expression of hCSP-L116Δ reduced eye size, caused a “rough” eye surface and 

depigmentation of the otherwise red wildtype eye while expression of normal hCSPα had 

essentially no effect (Fig. 7A-D). Rough eye phenotypes typically indicate photoreceptor cell 

loss either through impaired development or degeneration (Wolff and Ready 1991) while 

depigmentation of the eye is often associated with defects in lysosomal processing of pigment 

granules (Sevrioukov et al. 1999). Using this system, I tested a selection of candidate genes 

that are known to interact with CSP as chaperone clients or effectors as well as a number of 

trafficking proteins such as the ESCRT complex and Rab GTPases.   

 The initial screen proved incredibly fruitful, as I was able to recover a number of genetic 

modifiers, both enhancers and suppressors. The full list of these results can be found in 

Supplementary Table 1. Here, I focus on a cluster of hits of chaperone proteins known to be 

related to CSP function. These include Hsc70-4 (Hsc4) and the Drosophila HSP90 homologue 

Hsp83 whose loss of function causes a suppression of the eye roughness and depigmentation 

phenotypes (Fig. 7C-F). Both proteins are of particular interest since they are directly associated 

with CSP’s chaperone function. Also, in other degenerative disease models it is overexpression 

of Hsc4 and Hsp83, not loss of function, which usually acts to suppress degeneration (Warrick 

et al. 1999). This makes the interaction of these chaperones with the ANCL mutants somewhat 

unexpected, but consistent with the proposed hypermorphic mechanism mentioned previously. 

On the other hand, I found that overexpression of the chaperone proteins dHSP110, and 

Hsp40, a DNAJ protein, suppressed ANCL-mutant eye phenotypes (Fig. 7G-H), consistent with 

their role as disaggregating proteins (Mattoo et al. 2013; Kuo et al. 2013). I also found that loss 

of function of the clathrin-uncoating DNAJ protein Auxillin and endosomal DNAJ protein RME-8 

acted as enhancers (Supplementary Table 1).  Although there are other pathways by which 

Hsc4 loss of function mutations could impart a suppressing effect, these results are consistent 

with a specific interaction with a hypermorphic CSP.  
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Overexpression of the synaptic SNARE proteins syntaxin-1A (Syx1A) and synaptobrevin 

were enhanced L116-induced eye degeneration (Fig. 7I,J). Syx1A is particularly interesting 

because it was shown to suppress eye roughness caused by co-overexpression of wildtype 

dCSP (Nie et al. 1999), indicating that mutant hCSP toxicity may occur by another mechanism 

than normal dCSP overexpression (see discussion). Overexpression of dynamin, a verified 

CSPα client, caused a severe enhancement of L116-induced eye phenotypes with an 

appearance of a completely necrotic eye (Fig. 7K). Over-expression of the temperature-

sensitive dynamin allele shibirets1 also enhanced the eye phenotype but to a lesser extent (data 

not shown). In addition, RNAi-mediated knockdown of a number of members of ESCRT 

proteins, including TSG101 and shrub (dSnf7) were shown to have a similar enhancing effect 

(Supplementary Table 1).  
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Figure 7. F1 eye modifier screen results. A.-L. Images of adult fly eyes expressing normal hCSPα (A), 

hCSPα-L116Δ (B) or hCSPα-L116Δ in indicated genetic backgrounds (C-L). All transgenes were driven 

by GMR-Gal4. C.-L. Example modifiers from the screen showing suppressors (C-H) and enhancers (I-J). 

There were a number of interesting negative hits on the screen as well. Homozygous loss of 

function alleles in PPT1 had no effect on the appearance of the eye, inconsistent with a 

proposed mechanism connecting the ANCL hCSP mutations and PPT1 loss of function 

(Henderson et al. 2016). The same was true for reduction SNAP-25 which has been shown to 

enhance the toxicity in CSPα Knockout mice, although there is substantial evidence that SNAP-

24 can compensate for SNAP-25 loss in flies (Vilinsky et al. 2002). 
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Hsc70-4 plays a critical role for hCSP-L115R and L116Δ toxicity, endosomal 

accumulations, lipidation, but not aggregation. 

Hsc4 is the closest Drosophila homolog of human Hsc70/HSPA8, the most abundant 

constitutively and ubiquitously expressed member of the HSP70 family, and interacts with CSP 

to form a chaperone complex (Tobaben et al. 2001; Bronk et al. 2001). The fact that multiple 

independent Hsc70-4 loss of function mutants were found to suppress L116Δ hCSP eye toxicity 

indicates a critical role in the molecular mechanism of toxicity. Particularly since loss of Hsc70-4 

usually acts as a non-specific enhancer of toxicity in multiple models of protein aggregation 

disease through its role as a disaggregation chaperone (Nillegoda et al. 2015). Moreover, if the 

ANCL mutations are in fact hypermorphic in nature, then this increased CSP activity is likely to 

involve an interaction with Hsc4. Hence, I sought to explore further whether mutant hCSP 

requires a specific interaction with Hsc4 if it can help determine which pathological phenotypes 

are related to toxicity. 

 Further analysis confirmed a critical role of Hsc4 for the pathology of ANCL-mutant 

hCSPα. Similar to its effect on the L116Δ-induced eye phenotype, reducing the gene doses of 

Hsc4 by a heterozygous deletion allele suppressed the lethality induced by high-level neuronal 

expression of hCSP-L115R and L116Δ to a similar degree (p<0.0001, Fig. 8A).  

These interactions confirmed the connection between Hsc4 and mutant CSP toxicity, 

and thereby opened a way to correlate that toxicity to the various molecular pathologies 

independent of CSP expression. Altering Hsc4 levels mixed had mixed effects on the 

pathological cellular effects induced by ANCL mutations. Specifically, removal of one Hsc4 gene 

copy by a heterozygous deletion significantly reduced the amount of endosomal hCSP L115R 

and -L116Δ accumulations in the VNC (p<0.05, Fig. 8G).  

Since I saw a correlation with the VNC hCSP accumulations, I decided to check if Hsc4 

co-accumulates with hCSP in cell bodies.  Co-expression of an HA tagged form of Hsc4 

revealed a substantial co-localization of HA-Hsc4 with hCSP-L115R and -L116Δ on CSP/HRS-

positive endosomes in neurons (Fig. 8F). However, HA-Hsc4 co-expressed with normal hCSPα 

or alone exhibited a diffuse cytosolic staining (Fig 8F). This was verified using both the elav- and 

nsyb-gal4 drivers and indicates intersection between the two proteins on abnormal endosomes. 
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On the other hand, neither a heterozygous deletion nor co-overexpression of Hsc4 had 

any significant effect on HMW SDS-resistant aggregate levels of hCSP-L115R and -L116Δ 

(L115R p=0.98,L116Δ p=0.7, Fig. 8C).  This indicates a clear disconnect between the robust 

toxicity suppression of hsc70 loss of function and its effect on aggregate levels. This strongly 

suggest that the aggregates and the endosomal accumulations have different biological 

underpinnings and that it is the accumulations which are more closely associated with toxicity.  
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Figure 8. Interaction of ANCL mutant hCSPα with Drosophila HSC70-4 (hsc4). A. Viability of animals 
expressing hCSPα-L115R or -L116Δ from 2 transgenic copies (2x) driven by elav-Gal4 vs no driver 
controls in the presence or absence of a heterozygous hsc4 deletion (+/-, ∆356; N≥3; n>74, Student’s t-
test). B. Western blots of larval brain extracts stained for hCSPα. Larvae were expressing hCSP-L115R 
(left) or -L116Δ (right) from 1 copy in indicated hsc4 backgrounds. Bands corresponding to the different 
forms of hCSPα are labeled. β-tubulin (β-tub) staining was used as a loading control. C-E. Effects of 
altered Hsc70 levels on mutant hCSPα L115R (left) and L116Δ (right) aggregates (C), lipidated 
monomers (D) and non-lipidated monomers (E). Genotypes are indicated. Significant differences are 
labeled with asterisks (N = 6, one-way ANOVA). F. Immunostaining of larval VNCs co-expressing hCSPα 
normal (top), L115R (middle), or L116Δ (bottom) with an HA-tagged Hsc4 co-stained for HA (green) and 
hCSPα (magenta). G. Effects of altered Hsc70 levels on endosomal hCSPα accumulations induced by 
L115R and L116Δ. The cumulative total area of hCSP punctae was measured in an ROI volume of the 
dorsalmost 45 μm of ~ 2 hemi-segments. Significant differences among genotypes are indicated by 
asterisks (N≥4, ratio paired Student’s t-test).  

 Heterozygous deletion of Hsc4 reduced the level of non-lipidated mutant hCSPα 

(p<0.01, Fig. 8E). This effect may be a major link to the mechanism cellular neurotoxicity and is 

consistent with effects seen by modifying dCSP levels in L116Δ mutants which also correlated 

well with toxicity (Fig. 6K,L). Reduction in Hsc4 levels however did not affect the levels of 

normal hCSP Non-lipidated monomers (p=0.14) demonstrating this effect is specific for mutant 

hCSP.   

 Co-overexpression of Hsc4 with mutant hCSP did not significantly alter levels of L115R 

and L116 aggregates (p>0.5, Fig. 8C), lipidated monomers (p>0.7, Fig. 8D), or unlipidated 

monomer (p>0.2, Fig. 8E). Additionally, heterozygous deletion of Hsc4 also had no effect on the 

lipidated protein monomer levels of all mutant or normal hCSPα alleles (hCSP p=0.23, L115R 

p=0.12, L116Δ p=0.08 Fig8D Supl. Fig 8B).    
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Chapter 4. Discussion 

This study established a Drosophila model for the neurodegenerative lysosomal storage 

disease ANCL/CLN4, which is caused by dominant mutations in the SV-associated protein 

hCSPα. The model reproduces critical aspects of human disease pathology and provides novel 

insights into potential mechanisms leading to cellular pathology and neurodegeneration. I 

demonstrate that ANCL-causing mutations in hCSPα and dCSP cause similar dominant 

phenotypic effects, including changes in CSP lipidation, ubiquitination, aggregation, and 

localization. In addition, the model revealed an impairment of endo-lysosomal trafficking that is 

likely associated with ESCRT function. Genetic analysis of the ANCL causing L115R and L116Δ 

mutations in human hCSPα suggest that both act as dominant hypermorphic gain-of-function 

mutations. Toxicity is attenuated by reduction is endogenous dCSP levels as well as by loss of 

function mutations in the proteins’ co-chaperone, This reduction is toxicity is highly correlated 

with size and number of endosomal accumulations, non-lipidated protein levels, but not levels of 

protein aggregates. These first results of the fly model point to a potential toxic disease 

mechanism which intersects with endogenous CSP function on endosomes.  

The ANCL Drosophila model recapitulates critical features of the human disease. 

 Earlier models of ANCL using in vitro recombinant protein and cell culture expression 

systems revealed a number of interesting biochemical properties of the mutant forms of CSPα 

(Greaves et al. 2012; Zhang and Chandra 2014).  However, it remained unclear whether these 

properties also applied to how the protein behaves in situ in a living nervous system and if they 

signified the true mechanism of disease pathology. To answer these questions I established a 

humanized Drosophila model of the disease to address these questions in vivo in a tractable 

genetic system. 

Human wildtype hCSPα is trafficked normally to SVs at axon terminals of Drosophila and 

can partially rescue the reduced lifespan of dCSP null mutant flies (Fig. 1E). This establishes 

that human and fly CSP are evolutionary conserved and validates the use of Drosophila to study 

mutations in human CSP.  

Expression of mutant hCSPα-L115R and -L116Δ protein in otherwise wild type fly 

neurons recapitulates many aspects of human disease, such as reduced synaptic levels of 

hCSPα, alterations in protein lipidation state, formation of soluble SDS-resistant protein 

aggregates (Fig 2A), osmophillic EM membrane structures (Fig. 5), motor symptoms, seizures, 
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and early death (Greaves et al. 2012; Nosková et al. 2011; Velinov et al. 2012; Benitez et al. 

2015; Benitez et al. 2011; Cadieux-Dion et al. 2013). Additionally, overexpression dCSP with 

the analogous disease causing mutations, V117R and I118Δ, led to similar cellular pathology, 

further validating the evolutionary conservation of the mutations’ effects.   

I successfully modeled ANCL/CLN4 as dominant disease though an overexpression 

system in the presence of endogenous dCSP. This allowed us to control gene dosage of 

hCSPα to modify toxic phenotypes in a dose dependent manner. At lower, single copy, gene 

dosage I observed critical hallmark disease pathologies without any effects on viability (Fig. 2, 

Fig 3). This expression was measured as being close to a 1:1 ratio of transgenic expression to 

endogenous level of dCSP, mimicking the ‘natural’ disease conditions. At higher expression 

levels I observed large effects on viability which I used as a bona fide read out for toxicity (Fig. 

3). The different thresholds  between pathology and toxicity in the fly model is consistent with 

the observed cellular pathology that precedes severe clinical symptoms and the  late onset of 

the disease in humans (>30 years) (Benitez et al. 2015; Nijssen et al. 2003).  

I could ‘accelerate’ the pathology of mutant hCSP by doubling expression levels of 

ANCL-mutant hCSPα, which reduced viability to less than 15% and caused severe motor 

deficits (Fig 2B). These phenotypes may represent the late, cytotoxic stage of the disease or 

they may be due to an independent form of toxicity. However, this increase in lethality was 

correlated with an increase in protein aggregates (Fig. 2 A, D), non-lipidated protein (Fig. 2 A,E), 

and intracellular proteins accumulations, especially in axons and synaptic terminals (Fig. 3,A E). 

This let us find possible correlations between cellular pathology observed at natural expression 

levels and lethal toxicity of artificially high doses. It is also worth noting that ANY practical model 

of a late onset disease such as CLN4 will need to enhance the underlying defect to show overt 

toxicity. 

Aberrant trafficking and accumulation of ANCL mutant hCSPα proteins  

 Both ANCL-causing hCSPα mutations severely reduced levels of the protein on synaptic 

vesicles at synapses. Instead of proper localization, ANCL-mutant hCSPα accumulated on 

abnormal endosomes that were found at synapses, axons and neuronal somata (Fig 3). One 

obvious question raised is: what causes this mislocalization of mutant hCSPα and where does it 

begin? Earlier studies proposed that the mutant proteins become toxic via a disruption of 

palmitoylation of the cysteine-string domain of hCSPα (Nosková et al. 2011; Benitez et al. 

2011). Disruption in CSP palmitoylation has been previously shown to impair the  proper 
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trafficking of CSP to synaptic vesicles (Arnold et al. 2004). I did observe lowered levels of 

lipidated monomers in the mutants and a significant increase in non-lipidated monomers in 

L115R animals at low expression and both mutants at higher expression. However, at 

expression close to endogenous CSP levels (1-copy) the fraction of non-lipidated CSP was still 

a very small compared to total protein levels (<3%, all genotypes). Importantly, even high-level 

expression of ANCL-mutant hCSPα or dCSP does not cause substantial accumulations on ER, 

cis- or trans-Golgi membranes, despite the increase in levels of non-lipidated hCSPα (Fig 2A,E, 

Supl. Fig 5). These observations strongly argue against the model that the ANCL causing 

mutations lead to a primary disruption in palmitoylation and proper early trafficking.   

I have characterized the abnormal accumulations of ANCL-mutant hCSPα and dCSP as 

abnormal endosomes of the endo-lysosomal membrane trafficking pathway, which partially 

colocalize with Rab5 and Rab7, and fully colocalize with the ESCRT-0 complex protein HRS, 

the CSP-interacting partner Hsc4, clathrin, synaptobrevin, and an antibody for ubiquitinated 

proteins (Fig. 4) (Raiborg, Bache, et al. 2001; Stenmark 2009). These endosomes however do 

not colocalize strongly with the lysosomal marker spinster (Rong et al. 2011; Sweeney and 

Davis 2002), indicating that they are immature endosome containing synaptic cargoes which are 

marked for degradation.  

A major abnormal feature of the endosomes accumulating ANCL-mutant hCSPα is their 

lack of the phospholipid PI3P, which was indicated by the absence of co-staining with the PI3P 

reporter GFP-2xFYVE (Fig. 5). PI3P is critically required to recruit HRS to endosomal 

membranes via its PI3P-binding FYVE domain (Raiborg, Bremnes, et al. 2001). Hence, the 

accumulation of HRS on hCSPα-positive endosomes cannot be explained by its normal lipid 

interactions. Although the true mechanism of HRS’s recruitment to hCSPα-positive endosomes 

remains enigmatic, an abnormal interaction of HRS with ubiquitinated ANCL-mutant hCSPα is 

one possibility. This idea is consistent with the role of HRS in sorting ubiquitinated cargoes on 

endosomal membranes, and may be even the plasma membrane (Mayers et al. 2013), to 

cluster them for the ESCRT-mediated formation of intraluminal vesicles on late endosomes via 

binding ubiquitinated cargoes with the cooperatively acting ubiquitin-interacting motifs of HRS 

and STAM (Raiborg et al. 2002) (For review see Raiborg and Stenmark 2009). 

The large increase in ubiquitin signal on the HRS positive endosome as well throughout 

the VNC suggest that ANCL mutant hCSPα may cause a disruption in ESCRT trafficking 

leading to the accumulation of ubiquitinated cargoes and potentially toxicity. This idea is 
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supported by the appearance of numerous abnormal membrane structures (whirls) via EM, 

which are highly reminiscent of the multilinear membrane structures induced by manipulations 

of ESCRT function (Fig 5)(Lee et al. 2007; Russell et al. 2005). In addition, I identified several 

ESCRT proteins in the genetic modifier screen whose loss of function enhanced the eye 

phenotypes induced by ANCL-mutant hCSPα including TSG101 (ESCRT I), shrub (ESCRT III), 

and Vps4 (ESCRT III; supplemental table 1). 

ANCL pathology intersects with and may require endogenous CSP function 

I propose that the reduced levels of ANCL-mutant hCSPα on SVs at synaptic terminals 

and the concomitant endosomal accumulations are due to abnormal interactions of the protein 

within its normal co-chaperone role. This initial dysfunction causes ubiqutination of the protein 

and re-routing of CSP during SV recycling onto HRS-positive endosomes that are then 

retrogradely trafficked to the soma and fail to mature into lysosomes due to some as yet 

unknown mechanism (Fig. 9).  

This model is supported by numerous observations presented in this study. First, by the 

strong co-localization of HRS and ubiquitin with endosomes containing mutant hCSPα at 

synaptic terminals, indicating these phenotypes originate at the synapse (Supl. Fig 6C) and 

consistent with the detection of ubiquitinated hCSP protein aggregates via Co-IP (Supl. Fig 1B). 

Secondly, mutant hCSPα strongly co-accumulates on endosomes with normal dCSP, the SV 

protein Synaptobrevin, and overexpressed HA-tagged Hsc70-4 (Fig 4A, 8F). Thirdly, increasing 

expression levels of ANCL-mutant hCSPα increases its endosomal accumulation at synaptic 

terminals (Fig 3E), axons and somata. Importantly, the increase in endosomal accumulations is 

most pronounced in axons, which is often an indication of retrograde trafficking defects possibly 

caused by the jamming of axonal trafficking by aberrant endosomes as indicated by confocal 

and ultrastructural findings (Fig. 3C, 5.). Fourthly, co-expression of dynamin, a known CSP 

client, essentially restored ANCL-mutants hCSPα’s localization to SVs and severely enhanced 

its toxic effects (Fig 7K). 

The alternative possibility, that ANCL-mutant hCSPα is not properly trafficked to SVs at 

synaptic terminals due to an incomplete lipidation of the cysteine string domain, appears 

increasingly unlikely for several reasons: Firstly, even at high levels of expression mutant 

hCSPα did not accumulate on ER nor Golgi membranes. It is possible that mis-lipidated hCSPα 

could be re-routed from Golgi membranes directly onto endolysomal membranes, and there are 

known golgi-to-endosome and golgi-to-lysosome trafficking pathways (Tewari et al. 2015; Pols 
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et al. 2013).  However, the largest increase of endosomal hCSPα accumulations at higher 

expression levels occurred in axons, which is inconsistent with an early rerouting to degradative 

endosome which are not known to be trafficked into the axon. On the other hand, these 

observations are consistent with a re-routing of hCSPα from SV precursors undergoing 

anterograde axonal transport onto endolysomal membranes which could take place in the axons 

or at synaptic terminals. Additionally, I found that overexpression of the CSP-palmitoylating 

enzyme Hip14 severely enhanced the eye degeneration phenotype (Fig. 7), suggesting that 

lipidation and proper trafficking of CSPα is a contributing factor to toxicity. 

 

Figure 9. Model of ANCL mutant CSP trafficking and abnormal accumulation. Mutant CSP 
is trafficked properly from the ER (1) to the Golgi apparatus (2) and onto Synaptic Vesicle 
Precursors (SVPs, 3). These SVPs are then trafficked properly to the presynaptic terminal (4) 
where mutant CSP is then quickly ubiqutinated and sorted onto the membrane of early 
endosomes (7). This mis-sorting occurs either on the plasma membrane (5) or after being 
sorted onto synaptic vesicles (6) where CSP normally interacts with hsc70. Ubiqutinated CSP is 
then retrogradely trafficked to the Soma where it accumulates on abnormal endosomes (8). 
Normally clustering by the ESCRT-0 protein HRS would lead to degradation in multivesicular 
bodies (9), however this pathway is either impaired or inhibited in animals expressing mutant 
CSP causing the protein to accumulate.  
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 How to reconcile the observed hypermorphic nature ANCL-mutant hCSPα proteins and 

its toxicity-inducing interaction with Hsc4 with a mistrafficking model is somewhat of a challenge. 

It is well established that CSPα forms a chaperone complex with Hsc70 on SVs and plasma 

membranes during SV cycling that ensures proper folding, assembly and activity of SNARE 

proteins, dynamin, and potentially a limited (<20) number of other clients (Sharma et al. 2011; 

Sharma et al. 2012; Zhang and Chandra 2014). It is possible that the mistrafficking requires 

client and Hsc4 interactions on SVs, if only briefly. This is supported by the observation that 

endogenous dCSP co-accumulates with mutant hCSPα and can be induced to accumulate on 

its own by independent disruption of ESCRT trafficking (Supl. Fig 6).  

Even though freshly purified ANCL-mutant CSPα exhibited in vitro normal binding to 

Hsc70 and normal stimulation of its ATPase activity (co-chaperone activity), the ability to 

stimulate Hsc70’s ATPase activity was progressively impaired over time and upon 

oligomerization (Zhang and Chandra 2014). In addition, co-incubation of normal with ANCL-

mutant CSPα increased in vitro the amount of mutant aggregation, caused co-aggregation of 

normal CSPα and lead to an accelerated decrease of co-chaperone activity, which suggested 

that hetero-oligomers of normal and ANCL-mutant CSPα may not be enzymatically active. 

Zhang and Chandra (2014) postulated that this dominant negative disruption of the healthy copy 

of CSP is the cause of the dominant nature of the disease. 

In contrast, my in-situ findings suggest that interactions of ANCL-mutant CSPα with 

Hsc70 are a critical part of the mechanism leading up to toxicity; as reducing Hsc4 levels 

partially restored the viability of flies expressing ANCL-mutant proteins. However, reducing Hsc4 

levels had no significant effect on the amount of ANCL-mutant hCSPα protein aggregation and 

the amount of lipidated (functional) CSPα. Instead, reduced Hsc4 levels caused a reduction in 

overall amount of endolysomal accumulations of mutant hCSPα (Fig. 8). This indicates that 

hCSPα’s interactions with Hsc70 are toxic independent of aggregate formation but do influence 

a potentially toxic disruption of endolysosmal trafficking. This idea is consistent with the strong 

co-localization of the abnormal hCSPα accumulating endosomes with HA-tagged Hsc70.  

One interesting outcome of this study was that the viability of flies expressing ANCL-

mutant CSPα correlated stronger with levels of non-lipidated CSPα protein than with CSPα 

mutant aggregates (Fig 1, 6, 8). This is somewhat perplexing given our observations which link 

proper trafficking and lipidation of mutant CSP to toxicity, such as the enhancement of toxicity 
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caused by overexpression of the palmitoyltransferase HIP14 (Fig. 7L). This could be a spurious 

correlation but may also offer insight into an underlying toxic mechanism. 

In this context it is notable that a proteomic screen of ANCL post-mortem brains showed 

a massive (~100x) upregulation in the protein levels of the hCSPα depalmitoylating enzyme 

PPT1, even though large amounts of the upregulated protein appeared to be enzymatically 

inactive (Henderson et al. 2016; Ahtiainen et al. 2003). It was proposed that ANCL may be 

caused by a progressive impairment of PPT1 function due to the low level of normalized protein 

activity (activity per PPT1 molecule). Although it is worth noting the total enzymatic activity was 

actually increased due to the large upregulation  (Henderson et al. 2016). However, I observed 

that co-expression of PPT1 with ANCL-mutant CSPα in flies moderately enhanced the 

degenerative eye phenotypes instead of suppressing them (Supplementary table 1). In addition, 

abolishing PPT1 activity had no effect ANCL-mutant CSPα induced phenotypes arguing that the 

observed toxicity is not due to a downregulation of PPT1. 

The effect of Hsc70-4 levels on unlipidated protein levels is intriguing since CSP 

interactions with Hsc4 are thought to be downstream of CSP lipidation. One possibility is that 

the levels of un-lipidated protein are a proxy for CSP undergoing degradation via an Hsc4 

dependent mechanism which becomes toxic at higher rates of trafficking. If PPT1 is able to de-

palmitoylate CSP in endo-lysosomal compartments but there is a stalling of complete 

degradation or expulsion then it may accumulate, along with CSP, in its non-lipidated form. In 

this way the buildup of PPT1 might be an effect of the aberrant endosomal/ESCRT trafficking 

and not the cause. 

Another possible mechanism emerges from a recent study, which showed that CSPα, in 

conjunction with Hsc70, may act as a key regulator for the extracellular expulsion of a number of 

aggregating and neurotoxic proteins including TDP-43, α-synuclein, and tau (Fontaine et al. 

2016). Hsc70 has been known to direct toxic protein clients for degradation by both proteasomal 

and lysosomal mechanisms (Auluck et al, 2002; Dou et al, 2003; Sarkar et al, 2008; Jinwal et al, 

2010, 2013; Pemberton et al, 2011; Yu et al, 2014; Monsellier et al, 2015). Aging cells in 

particular sequester misfolded protein aggregates for lysosomal-mediated degradation. If 

lysosome function becomes compromised (Fornai et al, 2008; Poehler et al, 2014; Bae et al, 

2015) or the protein burden too high, non-conventional secretion process are activated, such as 

lysosomal exocytosis, or secretory autophagy (“exophagy”) (Broadwell & Balin, 1985; Ejlerskov 

et al, 2013).  
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The new study by Fontaine et al (2016) now suggests a novel Hsc70-dependent role of 

CSPα for the secretion of toxic proteins that is linked to its “classical refolding function” but 

nevertheless very distinct. Specifically, CSPα overexpression induced tau release in cultured 

cells, neurons, and brain tissue, but only when Hsc70 activity was intact and when tau was 

associated with the chaperone complex. Consistently, tau release from neurons was reduced in 

CSPα KO mice (Fontaine et al. 2016). The CSPα-mediated release of pathogenic proteins was 

dependent on the SNARE protein SNAP-23, which is involved in alternative exocytotic pathways 

like lysosomal exocytosis or “secretory autophagy” (“exophagy”) (Rao et al, 2004; Boddul et al, 

2014) and the extracellular release of a variety of molecules including metalloproteases, 

chemokines, and renin (Kean et al, 2009; Frank et al, 2011; Mendez & Gaisano, 2013).  

However, whether ANCL-mutant hCSPα interferes with this release process as either a 

mediator or as a client to be expelled remains to be seen. Notably, ANCL-mutant CSPα 

expression in neurons also caused frequently abnormal endosomal “whirl” structures in glial 

cells of larval segmental nerves and the VNC (Fig. 5), a phenotype that might be linked to 

processes like lysosomal exocytosis. 

We are just beginning to understand the complicated nature of these disease-causing 

mutations. Many questions remain, such as why these mutant proteins are ubiquitinated and 

misorted from their proper home on synaptic vesicles and how do these mutations then appear 

to specifically disrupt ESCRT trafficking. However these results demonstrate the advantages of 

an in vivo genetic model of ANCL which will hopefully be a valuable tool in dissecting both the 

mechanism of disease as well as the enigmatic role of CSP.  
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Appendix A: Supplemental Figures and Data 

 

Supplemental Figure 1. A. Lipidation of ANCL-mutant hCSPα in Drosophila brains. Western blot 

immunostained for hCSPα of adult fly brain homogenates from control (w1118) and animals expressing a 

single copy of ANCL-mutant (L115R and L116Δ and normal hCSPα driven by an elav Gal4 driver. 

Samples were either treated over night with 0.5 M Hydroxylamine (H+) or equimolar Tris (H-) before 

loading. Lipidated and non-lipidated hCSPα protein bands are indicated. B. Ubiquitination of ANCL-

mutant hCSPα aggregates in Drosophila brains. Western blots stained for hCSPα (left) and lysine-linked-

ubiquitin (FK2, right) of proteins immunoprecipitated with hCSPα from adult head homogenates of control 

(w1118) and animals expressing a single copy of normal hCSPα, hCSPα-L115R or hCSPα-L116Δ driven 

by an elav Gal4 driver. Signals for ubiquitinated hCSPα aggregates, monomers, and IgG heavy chain are 

indicated. Both images are from the same blot which was chemically stripped and then reprobed.  
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Supplemental Figure 2. Effects of ANCL-mutant hCSPα on endogenous dCSP levels. A. Western 

blot stained for dCSP of larval brain homogenates (as used for Fig. 2) of control (w1118; WT) and animals 

expressing normal hCSPα, hCSPα-L115R or hCSPα-L116Δ from either 1 (elav,w1118; uas-hCSPα/+) or 2 

transgenic copies (elav,w1118; uas-hCSPα). Lipidated monomeric dCSP isoforms are labeled as well as a 

band corresponding to dCSP dimers. B. Quantification of monomeric dCSP levels in brains of indicated 

genotypes after normalizing signals to loading control (-tubulin). Data are shown as n-fold change from 

control (w1118). No statistically significant differences were found (N=3, one-way ANOVA).  
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Supplemental Figure 3. Expression and aggregation of hCSPα, hCSPα-L115R or hCSPα-L116Δ.  

A. Immunostaining of larval VNCs for hCSPα (magenta). Single optical sections are shown emphasizing 

the neuropil staining of animals expressing normal (left), L115R (center) and L116Δ mutant hCSPα. Scale 

bar, 20 μm. B. Quantification of dCSP levels in synaptic boutons of larval NMJs of control (w1118) and 

animals expressing normal or mutant hCSPα protein from 2 transgenic copies. No statistically significant 

differences were found (N>5; one-way ANOVA). C. Larval NMJ stained with antibodies against hCSP 

(green) and HRP (magenta, neuronal membrane marker) demonstrating extreme accumulations of 

mutant hCSPα proteins in synaptic boutons of animals expressing 2 elav-driven copies of hCSPα L115R. 

(Scale bar, 10 μm). 
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Supplemental Figure 4. Analogous ANCL-causing mutations in fly dCSP cause effects similar to 

those of mutations in human CSPa.  A. Western blot probed with an antibody against dCSP of larval 

brain homogenates of control (w1118) and animals expressing normal dCSP2, dCSP-V117R (analogous to 

human L115R) and dCSP-I118Δ (analogous to human L116D) in a wildtype control background (left, 

elav,w1118; uas-dcsp-X/+) or a homozygous dcsp null mutant genetic background (left, elav,w1118
; uas-

dcsp-X/+; cspx1/r1). Protein bands corresponding to lipidated dCSP monomers, non-lipidated monomers, 

dimers, and high-molecular weight aggregates are indicated. B. Immunostainings for dCSP (green) and 

HRP(red) of larval VNCs (top) and larval NMJs (bottom) expressing dCSP2 (left), dCSP-V117R (middle) 

and dCSP-I118Δ (right) in a dcsp null mutant background (elav,w1118; uas-dcsp-X/+; cspx1/r1). Scale bars, 

50 μm (top) and 10 μm (bottom). 
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Supplemental Figure 5. Co-localizations of mutant hCSPα accumulations. A. Co-immunostainings of 

larval VNCs expressing elav- or nSyb- driven hCSPα-L116Δ from one or two transgenes with antibodies 

against hCSPα (magenta) and the ER marker KDEL, the cis-Golgi maker GMAP, the trans-Golgi marker 

Golgin245, the synaptic protein Syntaxin 1a (Syx1A) or GFP for animals co-expressing GFP-tagged 

clathrin light chain or human-Lamp1 (green). Images represent typical co-localizations in interneuron 

somata. Scale bar, 5 μm. 
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Supplemental Figure 6. RNAi-mediated knockdown of the ESCRT I complex component TSG101 
reduces dCSP levels on SVs and causes endosomal accumulations. 
A. Immunostaining of larval VNCs with antibodies against dCSP (green) and HRS (red). Confocal images 
show VNC of driverless control (top; w1118; UAS-TSG101RNAi/+) and elav-driven RNAi-mediated 
knockdown of TSG101 (bottom, w1118, elav/+; UAS-TSG101RNAi/+). Note the mislocalization of 
endogenous dCSP from its typical neuropil localization to HRS-positive accumulations in neuronal somas. 
Scale bar, 20 μm. B. Immunostaining of larval NMJs for dCSP (green) and HRP (red) of the same 
genotypes in A. Note the abnormal localization of dCSP to HRP-positive endosomes. Scale bar, 5μm.  
C. Western blot probed with an antibody against dCSP of larval brain homogenates of non-expressing 
controls (left), expressing an elav-driven TSG101-RNAi knockdown (center), and flies expressing dCSP2-
I118Δ in a cspX1/R1 background. Note that TSG101 knockdown does not cause the formation of high-
molecular weight dCSP aggregates despite the induced mis-localizaiton to HRS-positive endosomes 
shown in A. D. Immunostainings of larval NMJs with antibodies against hCSPα (red), HRS (green, left) 
and ubiquitinated proteins (green, right) of larvae expressing 2-copies of hCSPα-L116Δ driven by elav 
(elav > uas-hCSP116Δ). Scale bar, 5 μm. 
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 Supplemental Figure 7. Supplemental data for dCSP background level experiments. A. Typical 

western blot probed with anti-hCSPα antibodies of larvae expressing normal hCSPα driven by elav in 

indicated genetic dcsp genetic backgrounds (+/+, +/-, -/-). Antibodies against β-tubulin were used as 

loading control. B, C. Quantification of lipidated (B) and non-lipidated (C) hCSPα monomer levels as in A. 

Significant differences are indicated by asterisks, student’s t-test.  D. Viability of flies expressing elav-

driven dCSP and hCSPαL116Δ individually or together. Viability is expressed as the ratio of enclosed 

male control (w1118; UAS-X/+) and female mutant flies (w1118, elav/+; UAS-X/+). Significant differences 

indicated by asterisks (N>2, n>100, one-way ANOVA). Genotypes are indicated. E,F. Quantification of 

lipidated (E) and non-lipidated (F) hCSPα monomer levels from Figure 6 C.  Significant differences 

indicated by asterisks (N>5, one-way ANOVA). G. Co-immunostainings of larval VNCs (left 3 panels) and 

NMJs (right panel) against dCSP (green) and hCSPα (red) from larvae expressing elav-driven hCSPα-

L116 Δ or co-expressing hCSPα- L116 Δ and normal dCSP2. Scale bar, 20 μm. 
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Supplemental Figure 8. Hsc4 gene dosage does not affect normal hCSP levels. A. Western blots of 

brains from elav,w1118
/+;UAS-hCSPα/+ in various hsc4 backgrounds as indicated and stained for hCSPα. 

Bands corresponding to the different species of hCSPα are labeled. βtub as a loading control. B,C. 

Quantification of the western blots as in B (RM ANOVA N>=3).  
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Supplemental Table 1. Summary of F1 Eye Modifier screen results. Key: E – Mild Enhancer EE- 

Moderate enhancer EEE – Strong enhancer S – Mild Suppressor SS- Moderate Suppressor SSS – 

Strong Suppressor. Stars (*) indicates GMR-Gal4 expression alone has a noticeable phenotype, only 

results which are substantially worse than this baseline are included as potential enhancers. Line number 

are from the Bloomington Drosophila Stock Center or the Vienna Drosophila Resource Center 

Gene Type/Name CG # Line#/Reference Manipulation Type Effect 

Endolysosomal 
Trafficking 

    

shrb 8055 39635 LOF (partial Del) E 

  38305 RNAi EE 

TSG101 9712 35710 RNAi EE 

Vps2 14542 38995 RNAi EE 

  v24869 RNAi EE 

Vps4 6842 v35126 RNAi EE 

  v105977 RNAi EE 

lt 18028 26262 LOF (hypo PM) EE 

  34871 RNAi E 

Clathrin/ 
Endocytosis 

    

Chc 9012 26874 UAS DN Fragment EE 

  P. Verstreken 
(Kasprowicz et al. 

2014) 

Genomic OE HA-Tagged  Lethal 

  27530 RNAi EEE* 

  34742 RNAi EE 

  v23666 RNAi EEE* 

  v103383 RNAi EEE* 

Clc 6948 27496 RNAi E 

aux 1107 39017 RNAi EE 

  H. Chang 
(Chang et al. 2004) 

UAS OE GFP tagged EE 

  v16182 RNAi EE 

  v103429 RNAi EE 

RME-8 8014 5525 LOF (Missense PM) EE 

  v22671 RNAi E 

lap 2520 39021 RNAi EE 
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  v12732 RNAi EE 

Shi/Dyn 18102 105971 RNAi No Effect 

  M. Ramaswami 
(Staples and 

Ramaswami 1999) 

UAS OE EEE 

  G. Rubin 
(Pfeiffer et al. 2012) 

UAS OE mut EEE 

CSP Palmitoylation     

Hip14 6017 42697 UAS OE EEE* 

  17109 EP/EY E 

  v101734 RNAi E 

PPT1 12108 M. Grotewiel 
(Korey and MacDonald 

2003) 

UAS OE EE* 

  30879 LOF PM func null No Effect 

  30878 LOF PM func null No Effect 

  25952 RNAi No Effect 

  55331 RNAi No Effect 

Chaperones/ 
DNAJ 

    

Hsc70-4 4264 10286 LOF P Disrupt S 

  54810 RNAi SS 

  35684 RNAi SS 

  34836 RNAi SS 

  24975 LOF Large Def. SS 

  K. Zinsmaier 
(Bronk et al. 2001) 

LOF Small Del. SS 

  K. Zinsmaier 
(Bronk et al. 2001) 

LOF Small Del. In {P} SS 

  v26465 RNAi SS 

  v50222 RNAi SS 

  K. Zinsmaier 
Unpublished 

UAS OE E 

  v101734 RNAi SS 

HSC70-3 4147 52362 LOF E 

Hsp83 (Hsp90) 1242 5696 LOF (antimorph PM) S 

  32996 RNAi SS 

hsc70CB/dHSP110 6603 53728 UAS OE SSS 

  33742 RNAi EE 
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DNAj-1 10578 30553 UAS OE SSS 

  32899 RNAi E 

HIP/HIP-R 2947 27886 Large Def. Deletes both genes E 

SNAREs     

Syx1A 31136 51619 UAS OE E 

  4379 LOF Small Del. EE 

  25811 RNAi Lethal* 

nSyb 17248 6921 UAS OE GFP Tagged EE 

SNAP 25 40452 51997 UAS OE No Effect 

  27306 RNAi No Effect 

  34377 LOF PM No Effect 

cplx 32490 39742 UAS OE E 

  39743 UAS OE E 

RAB GTPases     

Rab1 3320 24104 UAS OE YFP Tagged EE 

Rab6 6601 23251 UAS OE YFP Tagged E 

Rab21 17515 23242 UAS OE YFP Tagged EE 

Rab32 8024 23282 UAS OE YFP Tagged E 

Rab40 1900 9830 UAS OE YFP Tagged EE 

sky 9339 20309 EP/EY E 

Other     

VPS35 5625 38944 RNAi E 

  20913 EP/EY E 

faf 1945 25102 UAS OE E 

  15390 EP/EY EE 

lqf 8532 27522 RNAi EE 

Syngr 10808 Other UAS OE mcherry tagged EE 
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