
Genetic Modifiers of Adult-Onset
Neuronal Ceroid Lipofuscinosis (ANCL)

Item Type text; Electronic Thesis

Authors Buss, Nicole

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:02:46

Link to Item http://hdl.handle.net/10150/628100

http://hdl.handle.net/10150/628100


 
 
 
 
 
 

GENETIC MODIFIERS OF ADULT-ONSET NEURONAL CEROID LIPOFUSCINOSIS 
(ANCL) 

 
 

by 
 
 

Nicole Buss 
 
 

____________________________ 
Copyright © Nicole Buss 2018 

 
 

A Thesis Submitted to the Faculty of the 
 
 

DEPARTMENT OF MOLECULAR AND CELLULAR BIOLOGY 
 
 

In Partial Fulfillment of the Requirements 
 

For the Degree of 
 
 

MASTER OF SCIENCE 
 
 

In the Graduate College 
 
 

THE UNIVERSITY OF ARIZONA 
 
 

2018 
 
 
 
 
 
 





 

3 
 

 
 
 
 
 
 

Acknowledgements: 
 

I would to thank the members of the Zinsmaier lab. I would also like to thank Matt McBride for 
taking out time to help me when I really needed it. 

  



 

4 
 

Table of Contents 

List of Figures……………………………………………………………………........................ 5 

Abstract………………………………………………………………………………………….. 6 

I. Introduction……………………………………………………………………………........... 6 

    Summary……………………………………………………………………………………… 7 

    ANCL…………………………………………………………………………………………. 9 

    Introduction to CSP……………………………………………............................................ 11 

    Importance of CSP………………………………………………………………………… 12 

    CSPα interactions and client proteins…………………………………………………… 14 

    Introduction to Chaperones………………………………………………........................... 15 

    Hsp70/Hsc70……………………………………………….................................................... 16 

    Palmitoylation and CSP…………………………………………………………................. 18 

    DHHC17/Hip14………………………………………………............................................... 19 

II. Materials and Methods……………………………………………………………….......... 20 

III. Results…………………………………………………………………………………… 24 

IV. Discussion………………………………………………………………………………… 32 

V. References………………………………………………………………………………… 37 

  



 

5 
 

List of Figures 

Figure 1. Structure of human CSPα……………………………………………………… 12 

Figure 2. CSP facilitates exocytosis……………………………………………………… 14 

Figure 3. Model of Hsp70/J protein/NEF protein refolding cycle……………………… 16 

Figure 4. VNC staining of CSP……………………………………………………………… 19 

Figure 5. F1 eye modifier screen results from Hsp110 and Hsp40 screening lines……… 25 

Figure 6. ANCL-mutant hCSPα accumulations decrease when Hsp110 levels are 

decreased……………………………………………………………………………………… 27 

Figure 7. ANCL-mutant hCSPα accumulations decrease when Hsp40 levels are 

decreased……………………………………………………………………………………… 27 

Figure 8. ANCL-mutant hCSPα accumulations alter significantly when Hip14 expression 

levels are decreased through RNAi, but not in Hip141/+ LOF heterozygotes…………… 29 

Figure 9. ANCL-mutant hCSPα accumulations do not alter significantly in Hip141/+ LOF 

heterozygotes………………………………………………………………………………… 29 

Figure 10. Effects of altered Hsp110 or Hsp40 on mutant hCSP-L116Δ HMW aggregates 

and lipidated monomers………………………………………………………………… 31 

  



 

6 
 

Abstract 

 

Cysteine-string protein α (CSPα) is a molecular co-chaperone located at the synapse that 

functions to promote vesicle fusion. Two mutations in the cysteine-string domain (CSD) of 

human CSPα, L115R and L116Δ, are known to cause adult-onset neuronal ceroid lipofuscinosis 

(ANCL). ANCL is a neurodegenerative disease characterized by lysosomal accumulations in the 

brain and leads to early death. Currently the mechanisms of disease progression are unknown, 

making potential therapeutics difficult to discover. Previously, our lab created a Drosophila 

model of ANCL that can recapitulate most of the disease pathology. Using this model, our lab 

performed a F1 candidate screen for genetic modifiers that alter the rough surface and 

depigmentation seen in the eye of L116Δ mutant flies. Several modifiers of L116Δ toxicity were 

uncovered, including Hsp40, Hsp110, and Hip14. Hip14 is the enzyme responsible for the 

palmitoylation of CSP at the synapse, while Hsp110 and Hsp40 are molecular chaperones that 

participate in the refolding of misfolded client proteins. Using a Drosophila model expressing a 

human L116Δ transgene, I examined the effects of Hsp40, Hsp110 and Hip14 expression on the 

number of CSP positive endosomes in the larval VNC. Overexpression of Hsp110 and Hsp40 

had no significant effect on the number of endosomes, although unexpectedly, both Hsp40 RNAi 

and Hsp110 RNAi animals exhibited few endosomal accumulations. Western blot analysis 

indicates that only Hsp40 overexpression increases the formation of HMW accumulations, 

although levels of the lipidated monomer do not show significant changes in any of the examined 

genotypes. This suggests that the toxicity of mutant hCSP is not related to the number of hCSP 

positive accumulations. Loss of one functional copy of Hip14 does not alter the number of 

observed endosomes, while reducing Hip14 expression through a RNAi transgene causes CSP 



 

7 
 

positive punctae to localize only to a few cell bodies of the neuropil. Taken together these results 

suggest that Hip14 availability at the synapse is necessary for inducing the formation of hCSP 

positive endosomal accumulations. 

 

I. Introduction 

 

Summary 

 

Adult-onset neuronal ceroid lipofuscinosis (ANCL) is an autosomal dominant 

neurodegenerative disease characterized by the appearance of aggregated auto-fluorescent 

storage material in neuronal tissues. The cause of this disease is two mutations (L115R or 

L116Δ) in the DNAJC5 gene encoding cysteine-string proteins α (CSPα), located in the cysteine-

string domain. This domain, which is normally heavily palmitoylated, is believed to be 

responsible for proper trafficking, localization and possibly functioning of CSPα. There is 

evidence suggesting that palmitoylation increases the tendency of ANCL mutant CSP to form 

high-molecular weight aggregates (Greaves et al. 2012), although wild-type CSPα may be 

normally prone to forming oligomers as shown in in vitro studies by Zhang and Chandra (2014). 

Aberrant activity of PPT1, the enzyme known to depalmitoylate CSP, has also been postulated to 

be the mechanism behind ANCL pathology as its loss of function is responsible for a childhood 

form of the disease (Henderson et al. 2016). Further study to identify how the palmitoylation of 

mutant CSPα affects neurodegeneration in ANCL patients is necessary. 
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CSPα is a known neuroprotective pre-synaptic protein, functioning as a co-chaperone 

through its J domain with HSC70 on synaptic vesicles to sustain neurotransmitter release. When 

CSPα is absent in fly and mouse models, alterations in synaptic transmission are observed and 

neurodegeneration occurs before premature death (Zinsmaier et al.1990; Zinsmaier et al. 1994; 

Burgoyne and Morgan 2015; Fernandez-Chacon et al. 2004). Reduced levels of CSPα are 

observed in the brains of terminal ANCL patients (Noskova et al. 2011), although not in early 

stage (Benitez et al. 2011).  

 

In an attempt to unravel the mechanisms of ANCL pathology, our lab generated a 

Drosophila model expressing human transgenes that carry the L115R and L116Δ mutations and 

is able to recapitulate most of the ANCL phenotype. Previously our lab has shown that mutant 

hCSP strongly co-localizes with ubiquitin and HRS, a protein of the ESCRT complex, 

suggesting that failure begins at the synapse within the early endosome. Abnormal endosomes 

then disrupt retrograde transport in the axon and accumulate in the soma. These and other results 

indicate that while loss of CSP plays a role in disease progression, ANCL may be primarily a 

lysosomal storage disorder with cell death being a consequence of defects in intracellular 

lysosomal trafficking and other associated toxicity. 

 

Recently our lab identified several strong genetic enhancers and suppressors of toxicity 

during an F1 gene modifier screen of fly eye morphology; Hsp40 overexpression and Hsp110 

overexpression were shown to be strong suppressors of L116Δ neurodegenerative phenotype in 

the eye, while Hip14 overexpression was a strong enhancer of phenotype. Hip14, otherwise 

known as huntingtin-interacting protein 14, is the enzyme responsible for palmitoylation of CSPs 
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cysteine-string domain at the synapse. Both Hsp40 and Hsp110 are molecular chaperones for 

Hsp70/Hsc70 and facilitate its ATPase activity and client protein release respectively. 

Overexpression of both Hsp40 and Hsp110 have been shown to be potent suppressors of toxicity 

in other models of neurodegenerative diseases, including polyQ disease (Kuo et al. 

2013).  Additionally, a Hsc70/Hsp110/Hsp40 complex may function as a disaggregase 

(Nillegoda et al. 2015) to reduce accumulations of misfolded proteins. In order to fully 

understand ANCL pathology, we must learn more about the underlying mechanisms. This thesis 

examines the effects of the co-expression of these genes in the Drosophila larval ventral nerve 

cord when the L116Δ transgene is also present. 

 

ANCL 

 

    Adult-onset Neuronal Ceroid Lipofuscinosis (ANCL) is a neurodegenerative disease with 

autosomal dominant pattern of inheritance characterized by the presence of intracellular 

accumulations of ceroid-lipofuscin aggregates that autofluoresce when exposed to UV in 

neuronal and peripheral tissues (Benitez et al. 2015; Williams and Mole 2012). Symptoms of this 

disease first present as generalized seizures and movement disorders, then proceed to cognitive 

deterioration and a progressive dementia with death occurring approximately 10 years after 

initial symptoms. Onset of ANCL usually occurs between the ages of 26-42 (Benitez et al. 2015; 

Noskova et al. 2011). Initially, ANCL was identified in the Parry family in 1971, leading to it to 

also be known as Parry’s disease, but additional unrelated families have since been discovered 

(Josephson et al. 2001; Nijssen et al. 2003; Burneo et al. 2003). 
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    In 2011, genetic analysis provided identifications of the mutations in the DNAJC5 gene that 

are the cause of ANCL (MIM 611203, NCBI Gene Entrez Gene ID 80331, 20q13.33) (Noskova 

et al. 2011). One mutation results in the substitution of a leucine residue at position 115 in the 

cysteine-string domain (CSD) for an arginine (c.344T>G), whereas the other mutation results in 

the deletion of a leucine at position 116 (c.346_348delCTC), also in the CSD (Velinov et al. 

2012; Cadieux-Dion et al. 2013; Noskova et al. 2011). In silico analysis performed by Noskova 

et al. (2011) predicts that the L115R substitution likely decreases the hydrophobicity of the CSD, 

which would affect its initial ER membrane association, while the L116 deletion may alter the 

effectiveness of the palmitoylation enzymes on adjacent cysteines thereby also producing 

possible changes in membrane association (Noskova et al. 2011). 

 

    Noskova et al. (2011) further analyzed the effects of the mutation in CAD5 neuronal cells 

using EGFP-tagged forms of wild-type and both mutant CSP proteins. Results indicate that both 

mutants were abnormally co-localized with ER and Golgi markers and presented with a more 

diffuse intracellular staining. Immunoblot analysis of transfected cell lysates showed a reduction 

of palmitoylated mutant CSPα, consistent with their in silico analysis that the CSD mutations 

interfere with palmitoylation. Immunohistochemical staining of CSPα showed a significant 

reduction of the protein in the cerebral cortex in patients with the L116 deletion while being 

virtually absent in the synaptic regions of the cerebellar cortex and cerebral cortex of L115R 

patients (Noskova et al. 2011). 

 

    One issue in the study of neurodegenerative diseases is that while samples from late stage or 

terminal patients are easy to obtain, those from patients in the early stages of disease progression 
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are rarely available, making identification of initial changes difficult to distinguish. In 2015, a 

study by Benitez et al. was able to evaluate the neuropathy of an of an early stage L115R ANCL 

patient that died of a motor accident, although no biochemical analysis was able to be performed. 

While no apparent brain atrophy was observed, indicating a lack of visible synaptic 

degeneration, characteristic autofluorescent storage material and cortical pyramidal neurons with 

swollen cell bodies and displaced nuclei were present, similar to the changes seen in the brains of 

terminal patients. Significantly, CSPα staining in cortical neurons remained similar to that of 

controls, possibly highlighting that the loss of CSPα seen in the brains of terminal patients does 

not occur before changes in the soma (Noskova et al. 2011; Benitez et al. 2015; Henderson et al. 

2016). When examined through western blot analysis, CSPα levels in terminal ANCL patients 

are significantly reduced (Benitez et al. 2015; Henderson et al. 2016). Pre-synaptic proteins 

known to interact with CSPα (Benitez et al. 2015; Sharma et al. 2011; Sharma et al. 2012), 

including SNAP-25 and other proteins of the SNARE complex are also reduced, although 

HSC70 levels remain unchanged contrary to what has been previously reported in CSPα-

deficient mice (Zinsmaier 2010; Fernandez-Chacon et al. 2004; Sharma et al. 2012). Increases in 

the enzyme known to specifically depalmitoylate CSP, PPT1, have also been reported 

(Henderson et al. 2015), making this a very important avenue of exploration. 

 

Introduction to CSP 

 

Cysteine string protein (CSP) is a 34 kDa protein that is a member of the DNAJ/Hsp40 

family of co-chaperones. First discovered in Drosophila melanogaster using brain-specific 

monoclonal antibodies (Zinsmaier et al. 1990), it consists of a conserved J domain in addition to 
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its namesake cysteine-string domain containing a region of 11-15 cysteine repeats (Figure 1). In 

humans, three variants of CSP have since been discovered, CSPα, CSPβ, and CSPγ, encoded by 

the DNAJC5a, b and g genes (Burgoyne and Morgan 2015). CSPα is the most highly expressed 

and is found throughout the nervous system (Burgoyne and Morgan 2015). It shares a high 

sequence homology with CSPβ, although the latter is the predominant variant found in auditory 

hair cells (Schmitz et al. 2006; Kashyap et al. 2014; Fernandez-Chacon et al. 2004). CSPβ and 

CSPγ have also been found in the testis (Burgoyne and Morgan 2015; Gorleku et al. 2010; 

Fernandez-Chacon et al. 2004). CSPα is mainly localized to the membranes of synapses in 

neurons (Zinsmaier et al. 1994; Mastrogiacomo et al. 1994) and membranes of secretory vesicles 

in endocrine and exocrine cells (Zhang et al. 1999; Braun and Schiller 1995; Pupier et al. 1997), 

although expression has also been detected in various non-neuronal tissues as well (Coppola and 

Gundersen 1996; Kohan et al. 1995; Chamberlain and Burgoyne 1998b; Chamberlain et al. 2001; 

Schroder et al. 2007). 

 

 

Figure 1. Structure of human CSPα. From: Lopez-Ortega et al. 2016. 

 

CSP contains a HPD motif (Figure 1) in its J domain, allowing it to bind to Hsp70/Hsc70 

and participate in client refolding or disaggregation as a co-chaperone (Burgoyne and Morgan 
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2015). CSP forms a chaperone complex on synaptic vesicles by recruiting Hsc70 and SGT, a 

tetratricopeptide protein through its J domain (Zinsmaier 2010) and stimulates the ATPase 

activity of Hsc70.  

 

Importance of CSP 

 

    The initial characterization of the functions of CSP came from the analysis of CSP null 

mutants in Drosophila. When the dCSP gene is deleted, 95% of flies die during development, 

while survivors exhibit progressively worsening temperature-sensitive behavioral phenotypes 

that include sluggishness, spasmic jumping, shaking, and uncoordinated locomotion resulting in 

paralysis before an early death by 5 days (Zinsmaier et al 1990; Zinsmaier et al. 1994; Burgoyne 

and Morgan 2015). Studies in dCSP null mutants revealed that loss of CSP results in 

temperature-sensitive defects in synaptic functioning, including impairments in Ca2+-dependent 

exocytosis and eventual neurodegeneration (Zinsmaier et al. 1994; Eberle et al. 1998; Dawson-

Scully et al. 2000; Bronk et al. 2005; Dawson-Scully et al. 2007; Heckmann et al. 1997; Umbach 

et al. 1994; Nie et al. 1999). Further analysis of synaptic function led to the conclusion that CSP 

plays an important role in maintaining synaptic function and is, in fact, neuroprotective.  

     

    Functional analysis of CSPα knock-out mice revealed similar results as fly studies. Unlike 

flies, CSPα KO mice appear normal in their first few weeks of life but display progressive 

defects in neurotransmission with activity-dependent synapse loss resulting in paralysis and 

premature death at P40-60 (Chandra et al. 2005; Fernandez-Chacon et al. 2004; Schmitz et al. 

2006). Electrophysiological analysis of CSPα KO mice indicate that deficits arise in both 
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exocytotic release and the recycling of vesicles through endocytosis, suggesting that CSPα 

and/or its client proteins play a significant role in these processes (Fernandez-Chacon et al. 2004; 

Rozas et al. 2012). These results, taken with those in Drosophila, highlight CSP as an important 

synaptic protein whose loss leads to neurodegeneration and premature death. 

 

CSPα interactions and client proteins 

 

Studies in CSPα KO mice were able to identify that levels of SNAP25, a SNARE 

complex protein necessary for exocytosis, were reduced (Chandra et. al 2005; Sharma et al. 

2011a) and that SNAP-25 binds directly to both CSPα and Hsc70. It is believed that Hsc70 first 

binds to SNAP-25, thereby recruiting CSP that is bound to synaptic vesicles (Figure 2). Hsc70 

and CSP then chaperone the proper folding of SNAP-25 into the SNARE complex on the plasma 

membrane. Levels of SNAP-25 can be increased through the overexpression of CSPα, as shown 

by Zhang et al. (2012). Additionally, SNAP-25 KO exacerbates the CSPα KO phenotype 

(Sharma et al. 2012). These observations suggest that CSPα is necessary for the proper folding of 

SNAP-25 and that misfolded SNARE proteins may be at least partially responsible for deficits in 

synaptic transmission in CSPα KO mice and neurodegeneration in ANCL patients. 
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Figure 2. CSP facilitates exocytosis. CSP bound to synaptic vesicles is recruited by Hsc70 to 

chaperone proper folding of SNAP-25 into the SNARE complex, thereby facilitating exocytosis. 

(Taken from Burgoyne and Morgan 2015) 

 

Other important roles for CSP have been identified. CSP is believed to interact with 

syntaxin (Chamberlain et al. 2001; Evans and Morgan, 2002; Magga et al. 2000; Nie et al. 1999; 

Swayne et al. 2006), the α1B subunit of N-type calcium channels (Magga et al. 2000; Swayne et 

al. 2006), the α1A subunit of P/Q calcium channels (Leveque et al. 1998), synaptotagmin (Evans 

et al. 2002; Boal et al. 2011), synaptobrevin (Leveque et al. 1998) and G protein subunits 

(Notachin et al. 2005; Magga et al. 2000; Miller et al. 2003b; Swayne et al. 2006). Later studies 

have further identified a role for CSPα in not only exocytosis, but also endocytosis (Zhang et al. 

2012; Rozas et al. 2012) through the facilitation of dynamin 1 polymerization. 

 

Introduction to Chaperones 
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Throughout the lifetime of a cell, homeostasis and therefore protein functionality must 

somehow be preserved. One method that cells have to overcome potential challenges of 

maintaining the dynamic structures of polypeptides that may be inherently unstable or subject to 

misfolding and aggregation is through the use of molecular chaperones. Chaperones are unique 

proteins that perform a diverse set of biological functions, such as the support of the normal 

folding of nascent proteins into proper conformations, the prevention of protein aggregation or 

disaggregation of already aggregated oligomers and targeting proteins for proteolytic 

degradation. To do this, cells use members of the heat shock family of proteins (Hsps), often 

referred to as stress proteins due to their tendency to become upregulated during conditions of 

cellular stress. While there are many classes of chaperones that carry out a variety of functions, 

this thesis will focus on the activity of Hsp40 co-chaperones (otherwise known as DNAJ 

proteins) and Hsp110 which function in concert with Hsp70. 

 

Hsp70/Hsc70 

 

Hsp70 is 70 kDa member of the heat shock family of ATP-hydrolyzing set of chaperones. 

While Hsp70 becomes upregulated during conditions of cellular stress, Hsc70 belongs to a 

constitutively expressed set of housekeeping chaperones, termed heat-shock cognates (Hscs) 

(Goloubinoff and De Los Rios 2007) which are the main Hsp70-class of chaperones found in the 

nervous system (Pardue et al. 1992; Marcuccilli et al. 1996; Kaarniranta et al. 2002; Batulan et 

al. 2003). Hsp70s participate in a variety of roles that are critical for the proper functioning of 

biological processes, mainly, mediation of proper protein folding, targeting improperly folded 

proteins for degradation, membrane translocation, facilitating protein interactions, and 
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disaggregation (Kampinga and Craig 2010). For Hsp70 to engage in these functions, it requires 

the association of Hsp40, a J protein, as a co-chaperone and the aid of nucleotide exchange 

factors (NEFs), such as Hsp110 (Kampinga and Craig 2010; Dragovic et al. 2006; Bracher and 

Verghese 2015). Hsp110 acts as a NEF by exchanging ADP for ATP, which in turn allows 

Hsc70 to release its client (Dragovic et al. 2006). While Hsp110 is capable as functioning as a 

chaperone on its own, its NEF activity occurs only in the presence of Hsc70 (Mattoo et al. 2013). 

 

The cycle of Hsp70/J protein unfolding can be summarized by the following model 

(Figure 4). J proteins (including Hsp40 co-chaperones) assist in Hsp70-mediated protein 

refolding by initially binding unfolded or misfolded client proteins through interactions of the 

peptide-binding domain (1). This allows the J protein to facilitate client interactions with Hsp70s 

peptide-binding site in its open conformation (2) while stimulating Hsp70 ATP hydrolysis (3), 

which causes Hsp70 to change its conformation by closing its ‘lid’ over the client protein to 

stabilize it. Once ATP hydrolysis has occurred and client protein hand-off is complete, the J 

protein no longer interacts with Hsp70. While Hsp70 rapidly binds and releases clients when 

bound to ATP, it is slow to release them when bound to ADP. Therefore, a NEF is required to 

accelerate the exchange of ADP for ATP (5), which allows Hsp70 to change conformation and 

release the client protein (6). Once released, client proteins are either correctly folded or require 

reiterative cycles of binding and release until properly folded or are instead targeted for 

degradation (Kampinga and Craig 2010). 
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Figure 3. Model of Hsp70/J protein/NEF protein refolding cycle. From Kampinga and Craig 

2010. 

Palmitoylation and CSP 

 

Post translational modifications are a common biological method to regulate the 

functionality and ensure the proper localization of proteins. Palmitoylation occurs through the 

formation of a thioester bond between cysteine residues and a saturated 16 carbon palmitic acid 

(Linder and Deschenes 2007; Fukata and Fukata 2010; Prescott et al. 2009). This process, termed 

S-palmitoylation, increases overall hydrophobicity and is known modulate trafficking and 

functional activity of synaptic proteins, such as PSD-95, AMPA receptors, and SNAP-25 

(Stowers and Isacoff 2007). In light of the fact that the cysteine-string domain of CSP contains a 

stretch of 14 cysteine residues adjacent to a palmitoylacyltransferase recognition site, it is 

extensively palmitoylated (Gundersen et al. 1994; van de Goor and Kelly 1996; Greaves and 

Chamberlain 2006). While palmitoylation is a reversible modification (Aicart-Ramos et al. 2011) 
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and has a rapid turnover rate, allowing palmitoylated proteins to relocalize between between 

intracellular compartments (Fukata and Fukata 2010), there is no evidence that CSP undergoes 

cycles of palmitoylation and depalmitoylation as does SNAP-25 (Greaves and Chamberlain 

2011; Fukata and Fukata 2010). 

 

Palmitoylation of neuronal proteins is controlled by a family of enzymes, known as 

DHHC (Asp-His-His-Cys) proteins or palmitoyl transferases (PATs). Although mammals 

possess at least 23 DHHC enzymes (Linder and Deschenes 2007; Korycha et al. 2012), a screen 

performed by Greaves et al. (2008) identified DHHC3, DHHC7, DHHC14 and DHHC17 as the 

PATs for CSP. Examination of the substrate specificity of the DHHC enzymes indicates that 

while DHHC3 and DHHC7 have a broad specificity in substrates, and are localized primarily at 

the Golgi, DHHC17 favors synaptic proteins, such as SNAP-25, huntington, PSD-95, and CSP, 

consistent with it being localized mainly at the synapse (Fukata and Fukata 2010; Greaves et al. 

2008; Greaves et al. 2009; Yanai et al. 2006). Depalmitoylation of CSP is thought to occur 

through the activity of the lysosomal thioesterase enzyme PPT1 (Henderson et al. 2016; Diez-

Ardanuy et al. 2017), and is potentially a candidate for the dominant nature of ANCL as a 

mutation in PPT1 is known to cause NCL (Henderson et al. 2016; Greaves et al. 2012). 

 

DHHC17/HIP14  

 

Palmitoylation is necessary for the proper localization and functioning of CSP, making it 

an important area of study. Experiments in Drosophila demonstrate that loss of DHHC17 

(known as HIP14 (Huntingtin Interacting Protein 14) in flies) function causes CSP to be 
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mislocalized to cell bodies (Figure 3) rather than the neuropil in the larval VNC (Stowers and 

Isacoff 2007; Ohyama et al. 2007).  

 

Figure 4. VNC staining of CSP. VNC staining of Synaptotagmin, a marker of synaptic vesicles, 

and CSP. From Stowers and Isacoff 2007. 

 

Research by Greaves et al. (2012) showed that aggregation of ANCL mutants was linked 

to the expression of active DHHC enzymes, as co-expression of the inactive enzyme did not 

induce the formation of aggregates. Biochemical analysis of ANCL mutants shows that 

palmitoylation of CSP is required for the formation of membrane-associated SDS-resistant high 

molecular weight aggregates on SDS-PAGE, which can be reduced through the addition of 

hydroxylamine. Further investigations found that specific cysteine residues (Cys4-10) located in 

the CSD are responsible for the formation and stabilization of these aggregates (Diez-Ardanuy et 

al. 2017), although it has been shown that ANCL mutant CSP can form HMW oligomers in vitro 

in the absence of palmitoylating enzymes (Zhang and Chandra 2014). ANCL mutant CSP was 

also found to co-oligomerize with wild-type CSP and decreases in CSP’s co-chaperone activity 

likely reflect the loss of monomers by oligomerization as mutant CSP was shown to be still 

functional in that regard (Zhang and Chandra 2014). More research will be necessary to 

determine the role of palmitoylation on ANCL pathology in vivo. 
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II. Materials and Methods 

 

Drosophila stocks  

 

Modified rat cDNAs encoding normal and L116Δ-mutant human CSPα were obtained from S. 

Chandra (Yale University). Crosses for single copy L116Δ-mutant human CSPα 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 male progeny 

containing a silent (non-expressed) transgene (w1118, elav/+; M{3xP3-

RFP,w+,UAS::xCSP.}ZH-22A /+). 

Crosses for 2 copy L116Δ-mutant human CSPα 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. 

Crosses for single copy L116Δ-mutant human CSPα and Hsp110 or Hsp 40 expression were 

made using the following strains: Hsp110 RNAi (33742) y[1] sc[*] v[1]; P{y[+t7.7] 

v[+t1.8]=TRiP.HMS01080}attP2; Hsp110 OE (53728) w[*]; P{w[+mC]=UASHsc70Cb.K}2; 

Hsp110 OE (15035) y[1] w[67c23];P{w[+mC]y[+mDint2]=EPgy2}Hsc70Cb[EY00671] /TM3, 

Sb[1] Ser[1]; Hsp40 OE (15739) y[1] w[67c23]; P{w[+mC] y[+mDint2]=EPgy2}DnaJ-

1[EY04359]; Hsp40 OE (30553) w[*]; P{w[+mC]=UASDnaJ1.K}3; Hsp40 RNAi (32899) y[1] 

sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS00688}attP2/TM3, Sb[1] ; Hsp40 RNAi (32978) y[1] 
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sc[*] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMS00778}attP2. Male 3rd instar larvae (based on lack of 

GFP) were selected with the following genotype: w; UASL116/ UASx; elavGal4/+. 

Crosses for 2 copy L116Δ-mutant human CSPα or L115R-mutant human CSPα and Hip141 were 

made using the following strains: elav; UAS-L116/CyO AcGFP or elav; UAS-L115/Cyo AcGFP 

and L116; Hip141 (39718) w-;P{UAS-hCSPaL116Δ};Hip14[1]/TM6TbSb or L115; Hip141 

(39718) w-;P{UAS-hCSP.L115R};Hip14[1]/TM6TbSb. Hip14 RNAi and 2 copy expression of 

L116 was made by crossing elav; UAS-L116/CyO AcGFP and L116;Hip14RNAi (31591)  w-

;P{UAS-hCSPaL116Δ};Hip14 P{TRiP.JF01167}attP2. Female third instar larvae (based on the 

lack of GFP) were selected with the following genotypes: elav/+; L116/L116, elav/+;L116/L116; 

Hip141/+, elav/+;L115/L115; Hip141/+, elav/+; L116/L116; Hip14 RNAi. 

 

Immunohistochemistry 

 

Third instar larvae were dissected in cold HL3 then fixed for 20 minutes in 4% PFA solution. 

Dishes were then subjected to 3 washes of minutes in PBS pH 7.3 containing 0.2% Triton X-

100(PBST 0.2%) then incubated overnight at 4°C with rabbit anti-CSPα (Enzo, ADI-VAP-

SV003-E) 1:2,000; mouse anti-CSP (clone ab49, (Zinsmaier et al. 1990)) in PBST 0.2%. 

Following 3 washes of 15 minutes in PBST 0.2%, larvae were incubated overnight at 4°C with 

goat anti-mouse Alexa Fluor® 488 (Invitrogen) 1:500; donkey anti-rabbit CY3 (Jackson 

Immuno) 1:500 in PBST 0.2%. Larvae were then immediate immediately imaged after 3 washes 

of 15 minutes in PBST 0.2% and 2 washes of 5 minutes in PBS. 

 

Confocal Microscopy and image analysis 
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All larvae were imaged with a 60x water immersion objective lens, using an Olympus FV300 

Scanning Confocal Microscope with Fluoview software. Analysis of larval VNCs stained with 

hCSPα were performed using FIJI software. hCSPα positive inclusions in a preselected volume 

were counted using the cell counter analysis plugin to determine cumulative number of CSP 

positive punctae per unit area in a maximum intensity stack. 

 

Immunoblotting and analysis 

 

Brains of third-instar larvae were dissected and placed in Laemmli buffer (5 brains in 100 µL) 

containing 2% SDS, 10% Glycerol, 60 mM Tris pH 6.8, 0.005% Bromophenol Blue, and 100 

mM DTT. Samples were homogenized using a p200 pipette tip for 30-60 seconds, then boiled 

for 5 minutes. After 3 minutes of centrifugation, the soluble fraction was transferred to a fresh 

aliquot, then boiled for an additional minute and briefly centrifuges before immediate loading 

onto a 10% acrylamide gel for SDS-PAGE. Approximately 1.5 larval brains were loaded per 

lane. 

An iBlot system (Invitrogen) was for transfer onto nitrocellulose membranes. Proteins were 

blocked for 30 minutes using 1% bovine serum albumin fraction V in 1 PBS, pH 7.3 then 

incubated overnight at 4°C in rabbit anti-CSPα (Enzo, ADI-VAP-SV003-E) 1:20,000 in PBS pH 

7.3 containing 0.1% Tween-20. Blots were then incubated for 2 hours at 4°C in goat anti-rabbit 

HRP-conjugated 1:10,000 in 0.2% Tween-20.  β-tubulin loading controls were incubated using 

the same protocol with mouse anti-β-tubulin (clone E6, DSHB) 1:1,000; goat anti-mouse HRP-
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conjugated (Fisher) 1:5,000 in 0.2% Tween-20. Blots were imaged using a BioRad Western 

Clarity ECL kit and a BioRad Chemidoc XRS or BioRad Chemidoc MP imaging system. 

 

Signal intensities were analyzed by integrating the area under the curve that was above 

background using BioRad Image Lab software. Values were normalized to a β-tubulin loading 

control and expressed as the n-fold change to the L116Δ control genotype. 

 

 

F1 Eye Screen for Hsp40 and Hsp110 

 

 

A previous eye screen in our lab was conducted using a constitutively expressing hCSPα in the 

eye that 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 expressing 

Hsp110 or Hsp40 modifier genes were selected and crossed to virgin females expressing L116Δ-

mutant CSPα (w/w; 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.  

 

Statistical analysis 

 

All data were analyzed using Prism software (v6 GraphPad). Data were analyzed using ANOVA 

or Student’s unpaired two-tailed t-test to compare the data groups. 
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III. Results 

 

Hsp110/Hsp40 modifies L116Δ eye degeneration 

 

    A F1 screen performed in our lab for genetic modifiers of hCSP-L116Δ induced eye 

degeneration identified Hsp110 overexpression (Figure 5C) and Hsp40 overexpression (Figure 

5E) as suppressors of hCSP-L116Δ induced neurodegeneration. When expressed using the eye-

specific GMR Gal-driver, hCSP-L116Δ causes the eye to become rough surfaced, reduced in 

size, and the red, wild-type eye to be depigmented (Figure 5B). Expression of the hCSP 

transgene alone does not have an effect on the wild-type phenotype (Figure 5A), indicating that 

mutant hCSP-L116Δ is responsible. In contrast, loss of Hsp110 expression (Figure 5D) shows no 

alteration in the hCSP-L116Δ phenotype, while loss of Hsp40 (Figure 5F) may suppress some of 

the depigmentation but does not otherwise affect eye degeneration.  
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Figure 5. F1 eye modifier screen results from Hsp110 and Hsp40 screening lines. A-D. 

Adult fly eyes expressing (A) normal hCSPα (B) hCSPα-L116Δ (C) hCSPα-L116Δ; Hsp110 OE 

(D) hCSPα-L116Δ; Hsp110 RNAi (E) hCSPα-L116Δ; Hsp40 OE (F) hCSPα-L116Δ; Hsp40 

RNAi. All transgenes were driven by the eye-specific GMR-Gal4 driver. 

 

Modifying expression levels of Hsp110 or Hsp40 alters the number CSP positive punctae in the 

larval VNC 

 

   To validate the effects of overexpressing either Hsp110 or Hsp40 on the neurodegeneration 

induced by hCSP-L116Δ expression in the eye, I tested whether Hsp110 or Hsp40 

overexpression may also suppress the pathological accumulation of mutant hCSPα on endosomes 

and/or its abnormal oligomerization. Typically, a larval VNC expressing one copy of the L116Δ 
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transgene contains approximately 0.03 CSP positive punctae per μm3 which range in size from 1-

4 μm in diameter (Figure 6G). These punctae strongly co-localize with endogenous dCSP 

(Figure 6I), and have been previously identified as HRS-positive endosomes (Imler et al.). When 

Hsp110 is co-expressed with mutant hCSPα-L116Δ, a slight but not significant decrease (p=0.23, 

Figure 6J) is seen in the number of punctae. Similarly, overexpression of Hsp40 may slightly 

increase the number of punctae, although the difference is not significant (p=0.3, Figure 7J). This 

may indicate that toxicity is unrelated to endosomal accumulations. Future experiments should 

also concentrate on the potential effects of endogenous fly CSP.  

Unexpectedly, depletion of Hsp110 or Hsp40 by using RNAi largely abolishes the 

number of hCSPα positive punctae (p<0.0001, Figure 6J and 7J), although a few very small 

(~0.05 μm) punctae can be observed closer to the midline in both Hsp110 RNAi and Hsp40 

RNAi VNCs (Figure 6A and Figure 7J). This suggests that both chaperones are necessary for the 

formation of hCSPα positive punctae. Further experiments will be necessary to examine synaptic 

boutons of the larval neuromuscular junction (NMJ) to see how modifications in expression of 

either chaperone alter hCSPα levels. 
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Figure 6. ANCL-mutant hCSPα accumulations decrease when Hsp110 levels are decreased. 

A-I. Confocal images of the larval VNC with antibodies against hCSPα (red) and endogenous 

dCSP (green). Genotypes are as shown with expression driven by an elav driver. Scale bar 50 μm. 

J. Quantification of the number of hCSPα positive punctae. Genotypes are expressed from 1 

transgenic copy (w1118, elav/+;UAS-hCSPα/+) of L116Δ; Hsp110 RNAi (p<0.0001) and L116Δ; 

Hsp110 OE (p=0.23). Significant differences are indicated by asterisks; N≥5. Statistical 

measurements were compared using one-way ANOVA. 
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Figure 7. ANCL-mutant hCSPα accumulations decrease when Hsp40 levels are decreased. 

A-I. Confocal images of the larval VNC with antibodies against hCSPα (red) and endogenous 

dCSP (green). Genotypes are as shown with expression driven by an elav driver.  Scale bar 50 

μm. J. Quantification of the number of hCSPα positive punctae. Genotypes are expressed from 1 

transgenic copy (w1118, elav/+;UAS-hCSPα/+) of L116Δ; Hsp40 RNAi (p<0.0001) and L116Δ; 

Hsp40 OE (p=0.3). Significant differences are indicated by asterisks; N≥6. Statistical 

measurements were compared using one-way ANOVA. 

 

Suppression of Hip14 by RNAi largely abolishes CSP positive punctae 

 

    Hip14 is known to be the enzyme responsible for palmitoylation of CSP at the synapse in 

Drosophila (Greaves et al. 2008). While Hip14 OE was identified as a strong enhancer of hCSP-

L116Δ toxicity in our lab’s eye screen (data not shown), it was unknown how loss of Hip14 
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function would effect the number of CSP positive endosomal accumulations in the VNC. When 

expression levels of hCSP-L116Δ are increased from one copy to two transgenic copies, there is 

a concomitant increase in CSP positive inclusions in the VNC and axons of segmental nerves 

(Figure 8A). Reducing Hip14 levels with a heterozygous loss of function allele had no 

significant effect on the number of CSP positive punctae in hCSP-L116Δ mutants (p>0.2, Figure 

8K) or hCSP-L115R mutants (p>0.4, Figure 9G). However, further reductions of Hip14 using 

Hip14 RNAi, significantly decrease (p<0.0001, Figure 8J) the number of punctae with the 

remaining punctae mainly localized to specific cells in the neuropil region (Figure 8G) with 3-9 

visible punctae, ranging in size from 0.4-2 μm in diameter, located inside each distinctive 

staining pattern (Figure 8J). Further study will be needed to determine if these inclusions localize 

with glial or motor cell bodies. Taken together, these data suggest that only 1 copy of Hip14 is 

necessary to maintain proper palmitoylation at the synapse. The effects on endogenous fly CSP 

are also unknown and will have to be examined as presumably it should also decreased when 

Hip14 is reduced. 
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Figure 8. ANCL-mutant hCSPα accumulations alter significantly when Hip14 expression 

levels are decreased through RNAi, but not in Hip141/+ LOF heterozygotes. A-J. Confocal 

images of the larval VNC with antibodies against hCSPα (red) and endogenous dCSP (green). 

Genotypes are as shown with expression driven by an elav driver. Scale bar 50 μm. J. Zoom of 

cell bodies in neuropil of L116Δx2; Hip14 RNA. K. Quantification of the number of hCSPα 

positive punctae. Genotypes are expressed from 2 transgenic copies (x2, w1118, elav/+;UAS-

hCSPα/+) of L116Δx2; Hip14 RNAi (p<0.0001) and L116Δx2; Hip141 (p=0.25). Significant 

differences are indicated by asterisks; N≥9. Statistical measurements were compared using one-

way ANOVA. 
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Figure 9. ANCL-mutant hCSPα accumulations do not alter significantly in Hip141/+ LOF 

heterozygotes. A-F. Confocal images of the larval VNC with antibodies against hCSPα (red) 

and endogenous dCSP (green). Genotypes are as shown with expression driven by an elav driver. 

Scale bar 50 μm. G. Quantification of the number of hCSPα positive punctae. Genotypes are 

expressed from 2 transgenic copies (x2, w1118, elav/+;UAS-hCSPα/+) of L115Δx2; Hip141 

(p=0.4). Significant differences are indicated by asterisks; N≥4. Statistical measurements were 

compared using a unpaired two-tailed Student’s t-test. 

 

Altering Hsp110 or Hsp40 expression levels modifies levels of SDS-resistant HMW CSPα 

aggregates 
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    Previous studies have shown that mutant CSP forms high-molecular weight (HMW) 

oligomers/aggregates, with a concomitant decrease in the levels of lipidated monomer as 

compared to wild-type hCSP (Greaves et al. 2012; Zhang and Chandra 2014). Oligomer 

formation is enhanced by palmitoylation of CSP (Greaves et al. 2012). To examine the effects of 

altered expression levels of the chaperone proteins, Hsp110 and Hsp40, I performed western 

blots on larval brains expressing one copy of hCSP-L116Δ and a UAS-Hsp transgene driven by 

the pan-neuronal elav driver. 

 Overexpression of Hsp40 was the only modification to hCSP-L116Δ that significantly 

increased the levels of HMW aggregates of CSP (p=0.0033, Figure 10B). HMW CSP aggregates 

were significantly decreased with Hsp110 overexpression (p=0.0029, Figure 10B), Hsp110 

RNAi (p=0.0011, Figure 10B), and Hsp40 RNAi (p=0.0008, Figure 10B). Levels of lipidated 

monomer were not significantly altered for all genotypes (Figure 10C), although slight decreases 

were seen in Hsp110 RNAi, Hsp110OE and Hsp40 RNAi. These results suggest that 

overexpression of Hsp40 is the only chaperone that may increase aggregate levels which may be 

reflected in the lack of changes seen in the number of CSP punctae observed in the larval VNC. 

The lack of visible punctae in the VNC and a significant decrease of HMW aggregates in 

Hsp110 and Hsp40 RNAi animals suggests that the two are related. 
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Figure 10. Effects of altered Hsp110 or Hsp40 on mutant hCSP-L116Δ HMW aggregates 

and lipidated monomers. A. Representative western blot of the effects of altered Hsp110 or 

Hsp40 on mutant hCSP-L116Δ HMW aggregates and lipidated monomers. B. Quantification of 

HMW hCSPα aggregates. Genotypes are expressed from 1 transgenic copy (w1118, elav/+;UAS-

hCSPα/+) of L116Δ; Hsp110 RNAi (p<0.0011), L116Δ; Hsp110 OE (p<0.0029), L116Δ; Hsp40 

RNAi (p<0.0008) and L116Δ; Hsp40 OE (p<0.0033). Significant differences are indicated by 

asterisks; N≥4. Statistical measurements were compared using one-way ANOVA. C. 

Quantification of lipidated monomers. Genotypes are expressed from 1 transgenic copy (w1118, 

elav/+;UAS-hCSPα/+) of L116Δ; Hsp110 RNAi (p=0.8155), L116Δ; Hsp110 OE (p=0.4865), 

L116Δ; Hsp40 RNAi (p=0.748) and L116Δ; Hsp40 OE (p=0.9166). Significant differences are 

indicated by asterisks; N≥5. Statistical measurements were compared using one-way ANOVA. 

 

IV. Discussion 
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Effects of Hsp110 and Hsp40 on CSP positive punctae 

 

    Overexpression of Hsp110 or Hsp40 completely rescues the degeneration phenotype seen in 

the eye of L116Δ mutants (Figure 5). As Hsp40 participates with Hsp70 in its role of refolding 

misfolded proteins, a simple explanation is that overexpression of these chaperones allows that 

process to proceed more efficiently. However, the stoichiometric ratio that Hsp110 and Hsp40 

are expressed with Hsp70 is important to achieving the maximum chaperone activity of these 

proteins (Rauch and Gestwicki 2014), as higher ratios of either chaperone in relation to Hsp70 

have been found to reduce the capacity of the complex to refold proteins (reviewed by Kampinga 

and Craig 2014). As Hsp40 is a J protein that acts to bring misfolded clients to Hsp70, it may be 

increasing the number of aggregates by decreasing the ability of cells to refold misfolded 

proteins through the sequestration of all available Hsp70 complexes. Further co-expression 

studies would be needed to be conducted to verify the plausibility of this model. 

 Knock-down of Hsp40 at the eye seemed to restore some of the pigmentation loss, which 

may indicate a restoration of the lysosomal processing of pigment granules (Sevrioukov et al. 

1999). This may represent another avenue of exploration for the mechanism behind the results 

seen in my experiments with Hsp40 RNAi. 

    One of Hsp110s roles is to act as a nucleotide-exchange factor for Hsc70 during the 

disassembly of clathrin coats during clathrin-mediated endocytosis (Andreasson et al. 2008). 

Since defects in mutant CSP may result in lower activity during endo- and exocytosis, 

overexpression of Hsp110 may be able to compensate for these deficits by making exocytosis 

more efficient.  
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Hsp110 is also capable of acting as a “holding” chaperone and can passively prevent 

aggregation in that fashion (Oh et al. 1997; Mattoo et al. 2013). Human Hsp110 (HSPH1) of 

which the Drosophila Hsp110, Hsp70Cb, is a homolog (Kampinga et al. 2009), is able to act 

alone to drive ATP hydrolysis to assist in the refolding of misfolded clients (Mattoo et al. 2013). 

This may provide an additional mechanism to explain how Hsp110 overexpression prevents eye 

degeneration without decreasing the visible number of aggregates (Figure 6) in the VNC, as CSP 

positive endosomal accumulations may not be due to oligomerization. Additional support for this 

comes from a general increase in smaller sized punctae visible in L116Δ; Hsp110 OE animals 

(Figure 6B-D) and a decrease in the amount of HMW oligomers/aggregates on western blots. 

While there have been many studies showing the power of Hsp110 or Hsp40 

overexpression as a mechanism to prevent neurodegeneration, there are none which indicate that 

knock-down of either of these proteins decreases the number of aggregates. Studies of the 

metazoan disaggregase machinery show that Hsp110 co-localizes to GFP-luciferase aggregates 

in human U2OS cells, while knock-down of Hsp110 in C. elegans increased the number of heat-

induced aggregates of Luciferase YFP (Rampelt et al. 2012; Mattoo et al 2008), indicating that 

Hsp110 can function as a disaggregation mechanism that can counteract neurodegeneration. 

Taken together, these results suggest that Hsp110 and Hsp40 overexpression may 

function to suppress neurodegeneration in a pathway that is not exclusive to aggregate formation 

or that CSP aggregates may not be in of themselves toxic. It is possible that overexpression of 

either of these chaperones acts to suppress the toxicity associated with mutant CSP interactions 

with other proteins. Degeneration may also be prevented through the assistance of intracellular 

trafficking or other related activities at the synapse. Future studies may need to verify the degree 

that Hsp0 and Hsp110 co-localize with CSP aggregates to explore whether these chaperones may 
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become sequestered through reiterative folding attempts. In this case, overexpression of 

chaperone proteins may allow a restoration of normal functionality, therefore reducing 

degeneration. This information could also potentially identify whether or not the lack of 

aggregates seen in the RNAi experiments are merely the result of the lack of available 

chaperones. 

Hip14 is the palmitoyltransferase responsible for the palmitoylation of CSP at the 

synapse (Stowers et al. 2004). As it is believed that the aggregation of ANCL mutant CSP is 

linked to the palmitoylation of its CSD (Greaves et al. 2012; Diez-Ardanuy et al. 2017), I 

investigated how loss of Hip14 function would alter CSP positive punctae in the larval VNC. 

While Hip14 is the only DHHC enzyme active at the synapse, other palmitoyltransferases are 

still present at earlier stages of CSP trafficking (Fukata and Fukata 2010). Losing one functional 

copy of Hip14 did not have an observable effect on the number of punctae in L116Δ and L115R 

mutant animals, which may reflect that only one usable copy of Hip14 is necessary for normal 

function. Further knock-down of Hip14 did result in the expected alterations of punctae 

formation, with some accumulations being visible in axons and specific cells in the neuropil. 

These results are consistent with the model that the presence of other DHHC enzymes allows for 

some axonal trafficking of mutant CSP onto synaptic vesicles. More analysis of the localization 

of the CSP punctae staining that I saw in my Hip14 RNAi experiments and of the other DHHC 

enzymes will be necessary. 
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