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CHAPTER 1

INTRODUCTION

Chorea-Acanthocytosis

Chorea-Acanthocytosis (ChAc) is one of the core neuroacanthocytosis (NA) syndromes together 

with McLeod syndrome (MLS). NA syndromes also include Huntington’s disease-like 2 (HDL2) and 

panthothenate kinase-associated neurodegeneration (PKAN)1–3. NA syndromes are a genetically and 

clinically heterogeneous group of rare neurodegenerative diseases that are characterized by neurological 

abnormalities, degeneration of the basal ganglia, and spiky formed red blood cells called acanthocytes3–5. 

Since presence of acanthocytes can be variable it is not required for diagnosis of one of the NA 

syndromes4. All four NA syndromes are caused by genetic mutations in genes that have been identified 

over the last decades. ChAc, MLS and PKAN are caused by loss-of-function mutations in VPS13A (Vacuolar 

Protein Sorting 13A)6,7, XK8,9, and PANK2 (Panthotenate Kinase 2)10 respectively. The autosomal dominant 

disease HDL2 is caused by an expansion mutation of three nucleotides in the JPH3 (Junctophilin 3) gene11. 

NA syndromes are extremely rare with around 1000 cases of ChAc worldwide4. 

In this Chapter we give a description of Chorea-Acanthocytosis and provide an overview of previous data 

on the affected cellular processes of the disease. Furthermore we summarize the current knowledge 

on the localization and function of VPS13 in different organisms. Finally we highlight the Drosophila 

melanogaster ovary that is used for further study in this thesis and serves as a powerful and versatile 

system to investigate a broad number of cellular processes. 

Clinical manifestations and aetiology of Chorea-Acanthocytosis

The progressive autosomal recessive neurodegenerative disorder ChAc usually presents between ages 

20-40 with a mean age of onset around 35 years of age1. The disease is characterized by a variety of 

movement abnormalities including chorea, mostly of the limbs, and dystonia. The latter mainly affects the 

oral region and the tongue in particular, making orofacial dystonia the most distinctive feature of ChAc1. 

Dyskinesias of eyes, mouth, tongue and vocalizations are common, and tongue protrusion and feeding 

dystonia are highly specific hallmarks for ChAc12. These symptoms cause severe problems with feeding 

resulting in weight-loss. Although ChAc usually presents with hyperkinetic movement disabilities, some 

patients present with parkinsonism4. Cognitive and psychiatric symptoms are common among ChAc 

patients and may include anxiety, depression and obsessive behavior1,13. Seizures can be a predominant 

feature of ChAc and affect at least one third of the patients, where they   usually precede the appearance 

of movement abnormalities4,12,14. Elevated levels of creatine phosphokinase (CK) in serum are found in the 

majority of ChAc patients and muscle weakness is commonly reported1,3. Neuroimaging shows atrophy of 

the striatum and caudate nucleus in particular1,4,5,15,16. Histopathological analysis of post-mortem material is 

consistent with those findings, showing neurodegeneration and astrogliosis in the striatum17–19, although 

the exact extend of the neuronal loss and neuropathology in patients is still poorly understood. 
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Patients are usually diagnosed based on clinical symptoms, presence of acanthocytes and elevated serum 

CK levels. ChAc can be confirmed by detecting loss of VPS13A protein using Western Blot analysis of red 

blood cells3,20. The current treatment of ChAc is purely symptomatic to temporarily relieve the chorea 

and dystonia. Deep brain stimulation might be helpful and was shown to temporarily improve the motor 

symptom severity in about two third of the patients treated21. Progression of the disease inevitably leads 

to premature death. 

ChAc is caused by mutations in the gene encoding vacuolar protein sorting associated protein 13A 

(VPS13A) leading to the absence of VPS13A protein (also called Chorein) in patients6,7,20. Various mutations, 

distributed throughout the VPS13A gene have been identified in different ChAc patients including 

nonsense, frameshift, splice-site mutations and deletions22–24. VPS13A belongs to the VPS13 protein family 

that contains three additional homologs25: VPS13B-D, which are all associated with different neurological 

disorders. The rare autosomal recessive Cohen syndrome is caused by mutations in VPS13B26 while 

mutations in VPS13C lead to autosomal recessive Parkinson’s disease27. Only recently it was discovered 

that mutations in VPS13D are associated with a novel recessive ataxia and childhood onset movement 

disorder28,29. 

VPS13 function and localization

In 2001 the human CHAC gene (later renamed VPS13A) was discovered to be the causative gene for 

ChAc6,7. The gene codes for a transcript consisting of 11.263 base pairs (bp), which is widely expressed in 

different tissues of the body, encoding a protein of 3174 amino acids (aa) that are organized into 73 exons6,25. 

Multiple splicing variants exist with slight differences in transcript and protein size6,25. Many different 

species contain an orthologous  gene and protein of VPS13A, including M. musculus30; D. melanogaster31; 

C. elegans25; S. cerevisiae32; T. thermophila33 and D. discoideum34. The highest conservation of the protein 

is found in the terminal domains and all proteins contain a chorein domain at the N-terminus6,25.

The exact function of VPS13A, and the mechanism underlying the pathogenesis of ChAc are still largely 

unknown. Most of the knowledge that is currently available comes from unicellular organisms and yeast in 

particular. Figure 1 summarizes the proposed localization and functions of VPS13A and its orthologs. VPS13, 

the yeast ortholog of the human VPS13A, is a peripheral membrane protein35 localized to endosomes36 

and plays a role in intracellular trafficking of membrane proteins from the trans-Golgi network (TGN) 

to the prevacuolar compartment (PVC) and recycling back to the TGN32,35,37–39. In addition, it regulates 

membrane morphogenesis during sporulation in Saccharomyces cerevisiae, where it is translocated from 

endosomes to the prospore membrane40–42. Absence of VPS13 leads to defects in prospore formation 

that are caused by reduced levels of PI(4)P and PI(4,5)P
2
 at the prospore membrane41. VPS13 functions 

redundantly with ERMES, a complex that connects the endoplasmic reticulum and mitochondria, and 

dynamically localizes to contact sites between mitochondria and the vacuole and nuclear-vacuole 

junctions43–45. Furthermore, VPS13 is important for mitochondrial integrity and function46; mitophagy46; 

homotypic fusion of TGN membranes39; endosomal recycling47 and its function in prospore membrane 

formation, TGN-PVC transport and TGN homotypic fusion involves or depends on binding to various 

phospholipids39,41,48.
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In the ciliate Tetrahymena thermophila it was found that the ortholog of VPS13A, TtVPS13A, is necessary 

for efficient phagocytosis and associates with the phagosome membrane during the entire cycle 

of phagocytosis. In addition, growth speed of a TtVPS13A knockout strain was significantly reduced in 

conditions where phagocytosis is required33. A role for VPS13 in autophagy was implicated in Dictyostelium 

discoideum. Mutants defective for the VPS13A-related protein TipC show autophagic dysfunction, which 

was also found in HeLa cells by downregulation of VPS13A34.

VPS13A is further implicated in a number of cellular processes, including actin polymerization49–51; 

autophagy34,52,53; apoptosis49,54,55; regulation of phospholipids56 and dopaminergic vesicle release57.

A ChAc mouse model was established which carries a deletion-mutation also found in Japanese ChAc 

patients. Those mice display acanthocytes and disturbances in motor function at old age, but there is no 

reduction in life span30. Later it was found that the genetic background of the mice strain is of influence on 

the phenotype suggestive for genetic modulators that influence ChAc phenotypes58. This is in line with 

ChAc patients who also exhibit a range of symptoms. However, for the proper study of VPS13A function it 

is beneficial to reduce individual genetic background variation to a minimum and therefore the need for 

an additional solid multicellular disease model is of high importance. 
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Figure 1. Overview of VPS13 localization and function known from literature

Schematic representation of proposed localization and functions of VPS13. Functions in which VPS13 plays a role are numbered from 

1 to 9. 1. Retrograde transport; 2. Golgi-Late endosome-vacuole transport; 3. Phagocytosis; 4. Actin cytoskeleton polymerization; 5. 

Formation of yeast prospore membrane during cytokinesis; 6. Nuclear-vacuole junctions; 7. Vacuole and mitochondria patches; 8. 

Mitophagy; 9. Endosome-mitochondrial contact sites. 
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The Drosophila melanogaster ovary system

Model organisms are of high importance to understand neurodegenerative diseases and to develop 

future treatments. The fruit fly (Drosophila melanogaster) has made a substantial contribution to the 

understanding of many neurological and neurodegenerative diseases as well as providing a foundation 

for therapies and intervention strategies (Chapter 2). 

When investigating a neurodegenerative disease in fruit flies, the most obvious choice is to study the 

Drosophila central nervous system. However, different organ systems can be of great help to gain insight 

in the cellular function of a certain gene and protein of interest. For example, the Drosophila gene 

wingless (wg) was discovered to play an important role in wing development59,60 and only later it was found 

that wg is the homolog of the mammalian proto-oncogene Wnt-1 that regulates cell proliferation61. Wnt 

signaling is now recognized to play a pivotal role in development of human cancers62, which illustrates the 

significant role different organ systems can play in research. 

In addition to the central nervous system, we focus on the Drosophila ovary in this thesis. The Drosophila 

ovary system and the process of oogenesis is an excellent system to study a wide variety of biological 

processes63. Drosophila females have a pair of ovaries, each of these ovaries contains 15-17 tubular ovarioles 

in which the egg chambers develop64 (Figure 2A). Each ovariole contains a series of developing egg 

chambers that are connected via stalk cells65. The germline and somatic stem cells that produce the egg 

chambers are located in the germarium at the tip of the ovariole (Figure 2B). The individual egg chambers 

bud off from the germarium to travel down the ovariole and grow through 14 well-defined developmental 

stages until mature eggs pass into the oviduct where they are fertilized and then deposited63,64 (Figure 

2B). Asymmetrical division of the germline stem cell creates another stem cell and a daughter cell: the 

cystoblast. The 16 germline cells of an egg chamber all originate from this single daughter cell through 

four rounds of division. Because cytokinesis is not complete during this process all germline cells remain 

connected via special cytoplasmic bridges called ring canals while developing into a mature egg63,65. One 

of the 16 germline cells develops into the oocyte at the posterior end of the egg chamber. The other 15 

cells differentiate into polyploid nurse cells (NCs) that have an important role in production and supply 

of nutrients for the oocyte. A layer of somatically derived follicle cells (FCs) surrounds the 16 germline 

cells, together they form an individual egg chamber63,64. The 14 developmental stages of the developing 

individual egg chamber can be distinguished based on morphology and size. Egg chambers in stage 1-5 are 

characterized by their spherical shape, while during stage 6-9 the egg chamber elongates and acquires a 

more oval shape (Figure 2B). In addition, the posterior FCs that are in contact with the oocyte start to take 

a more columnar shape while the anterior FCs flatten and stretch over the NCs. The oocyte compartment 

increases in size taking up a volume of about one third of the entire egg chamber by the end of stage 9. 

During stage 10 and 11 a massive dumping of NC cytoplasm into the oocyte compartment takes place which 

drastically increases the size of the oocyte. This is also the start of formation of the dorsal appendages (DA) 

that are thought to play a role in respiration of the future egg64–66. In stage 12-14 the remaining NC nuclei 

are degraded and removed by the stretch FCs that surround them. Additionally, the DA are completed, the 

oocyte maturates and the eggshell, or chorion, is secreted by the FCs followed by their programmed cell 

death. Finally the layer of dying FCs covering the egg slides off and a finished egg is produced64,66. 
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King was the first to elaborately describe the process of Drosophila oogenesis in 197067,  and since then 

many areas of research took advantage of the versatility of the Drosophila ovary making it one of the 

most studied systems of the fruit fly63. One of the greatest benefits of this system is of practical nature 

being that the ovary is the largest organ in the female fly, easily accessible, and manipulation of the ovary 

is possible without affecting survival of the female fly itself63. The large egg chambers and individual cells 

facilitate the study and visualization of many cellular processes using different imaging techniques that 

have contributed to the current knowledge of molecular, cellular and developmental biology. Processes 

that are studied include stem cell maintenance, cell differentiation, morphogenesis and a large number 

of common cell biological functions63.

Another advantage for studying the Drosophila ovary is the availability of a wide range of tools for 

oogenesis research. These tools include the specific control of gene expression in either germline 

Ovarioles in ovary

Posterior

Anterior

A

B

Germarium Stage 5 Stage 7 Stage 8

Stage 9 Stage 10 Stage 12 Stage 14

Follicle cells Nurse cells

Oocyte compartment

Stalk cellsFSCGSC

Dorsal appendage

Figure 2. The Drosophila ovary and oogenesis

A. Schematic representation of the Drosophila ovary consisting of multiple ovarioles that contain different developmental stages of 

individual egg chambers (green). Nuclei are in blue. B. Oogenesis begins in the germarium located at the tip of an ovariole where 

germline (GSC) and somatic stem cells (FSC) continuously generate new egg chambers. An individual egg chamber consists of 15 

nurse cells (NCs): light green; one future oocyte: dark green; surrounded by a layer of follicle cells (FCs): purple. Each individual egg 

chamber grows through 14 well defined developmental stages.
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or somatic cells using the GAL4/UAS system (Chapter 2, Figure 1), expression of fluorescently tagged 

proteins at endogenous levels with the use of protein trap lines and the possibility to generate genetically 

mosaic ovaries via different techniques68. Together this makes the Drosophila ovary a convenient and 

advantageous system to utilize and answer questions from various fields of research, including the 

investigation of pathophysiology underlying human diseases, localization of specific proteins or cellular 

consequences of specific gene dysfunction. 

AIM AND OUTLINE OF THE THESIS
The research in this thesis was aimed to provide understanding about the underlying pathophysiology 

of ChAc by gaining insight in the function and localization of VPS13A and its ortholog in Drosophila 

melanogaster: Vps13. The main focus of investigation was on Drosophila melanogaster as a model 

organism and the initial objective was to characterize a Drosophila Vps13 mutant that can serve as a model 

for ChAc. Next we implemented the gene editing technique CRISPR/Cas9 and created an additional Vps13 

knockout mutant and Vps13-GFP flies to enable the investigation of Vps13 localization and function. We 

then continued the study of Vps13 function and localization in the well described multicellular system of 

the Drosophila ovary. Finally we tried to understand the versatile role of human VPS13A at a molecular 

level to unravel the subcellular localization, dynamics, binding partners and various domains of VPS13A in 

mammalian cells to eventually verify this in the Drosophila Vps13 mutant. 

Chapter 2: Modelling in Miniature: using Drosophila melanogaster to study human 

neurodegeneration

Model organisms are of extreme importance when studying the pathophysiology underlying many 

human diseases. In Chapter 2 we provide an overview about the contribution of Drosophila melanogaster 

as a model organism in the field of neurodegeneration. The review shortly summarizes the history of 

the fruit fly in research. Furthermore, the versatility and the extensive toolbox that make Drosophila a 

powerful model are discussed followed by examples of how the fruit fly has been utilized in the study 

of several neurodegenerative diseases and genetic and pharmacological screening. Finally we highlight 

some findings from Drosophila that were validated in other model organisms and are now further 

developed for applications in the clinic. 

Chapter 3: Drosophila Vps13 is Required for Protein Homeostasis in the Brain

Loss-of-function mutations in the Vacuolar Protein Sorting 13 homolog A (VPS13A) gene lead to the rare 

neurodegenerative disease Chorea-Acanthocytosis (ChAc). The disease is characterized by movement 

disabilities and spiky morphology of erythrocytes (acanthocytes). Knowledge about the function of 

VPS13A and the consequences of VPS13A impairment is limited and urge the development of models 

to investigate underlying disease mechanisms of ChAc. Therefore, in Chapter 3 we characterized a 

Drosophila Vps13 mutant. We demonstrated that Vps13 mutants have a shortened lifespan, impaired 
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climbing capacity and vacuoles in the brain, which are all typical for neurodegeneration in flies. 

Furthermore we found accumulation of ubiquitinated and aggregated proteins in the brain, suggestive 

for impaired protein homeostasis. Overexpression of hVPS13A in the Vps13 mutant background partially 

rescued some of the phenotypes, which indicates the functional conservation of both proteins and 

underscores the relevance of this Drosophila disease model. 

Chapter 4: CRISPR/Cas9 based genome editing of Drosophila for the generation of a Vps13 

knockout mutant and Vps13-GFP flies

The genome editing technique CRISPR/Cas9 has gained extreme popularity in many fields of research 

over the last couple of years because of the easy implementation, high specificity and low costs. 

Initially discovered as an adaptive immune system in bacteria, CRISPR/Cas9 is now applied as a targeted 

mutagenesis technique but can also be used to endogenously tag genes of interest with a fluorescent 

marker like a Green Fluorescent Protein (GFP). In Chapter 4 we elaborately describe the implementation 

of the versatile CRISPR/Cas9 technique to generate a Vps13 knockout mutant and a Vps13-GFP fly line. 

We showed that by injection of two sgRNAs into cas9 expressing Drosophila embryos it is possible 

to introduce a double stranded break in the Vps13 gene. This led to the creation of a Vps13 knockout 

mutant that does not express the Vps13 gene, leading to the complete absence of Vps13 protein. With 

the simultaneous injection of a sgRNA and a donor plasmid containing the GFP sequence flanked by 

two homologous arms of the C-terminus of Vps13 we were able to create a Vps13-GFP fly line with 

proper expression of Vps13-GFP and presence of Vps13-GFP protein. We also discussed our most striking 

observations about the application of the CRISPR/Cas9 technique for the creation of both lines. Further 

validation and application of both lines is described in Chapter 5. 

Chapter 5: Timely removal of nurse cell corpses requires cell-autonomous function of Vps13

The Drosophila ovary system is widely used to study biological and cellular processes because of its easy 

accessibility and the availability of many genetic tools. Cell death and removal of superfluous Nurse Cells 

(NCs) during late oogenesis is a poorly understood mechanism, of which mainly non-autonomous factors 

in Follicle Cells (FCs) have been discovered. In Chapter 5 we identified Vps13 as a cell-autonomous player 

during developmental programmed cell death in the Drosophila ovary using the Vps13null and Vps13-GFP fly 

lines we created in Chapter 4. Vps13 mutant females have a deficit in egg lay and produce lower numbers 

of offspring. A striking accumulation of persistent nurse cell nuclei (PNCN) in late stage egg chambers 

of mutant females was observed. Absence of Vps13 in NCs specifically led to PNCN accumulation, while 

knockdown of Vps13 in FCs does not. Antibody staining and endogenous Vps13-GFP expression showed 

a specific signal in close proximity to nuclei of dying NCs in late-stage oogenesis. Large scale electron 

microscopy revealed a novel Vps13-dependent membrane structure adjacent to the plasma membrane 

of NCs undergoing cell death in control flies that was almost entirely absent in Vps13 mutants. Together 

these data implicate a cell-autonomous function of Vps13 in proper egg development and removal of 

cells that undergo programmed cell death. 
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Chapter 6: Human VPS13A is associated with multiple organelles and required for lipid 

droplet homeostasis

Previous research about the function of VPS13A indicates a versatile role for the protein in a wide range 

of cellular processes, including autophagy, protein homeostasis and actin polymerization. In Chapter 

6 we investigated the subcellular localization, dynamics, binding partners and individual domains of 

VPS13A to provide more understanding about its molecular function. We demonstrated that VPS13A is 

associated with mitochondria and interacts with VAP-A, thereby establishing membrane contact sites 

between mitochondria and endoplasmic reticulum (ER). Altering levels of fatty acids induces a dynamic 

shift in VPS13A localization from mitochondria to lipid droplets (LD). When VPS13A is localized to LDs their 

movement is temporarily paused while absence of VPS13A leads to increased LD number and size that 

show faster directional mobility. Finally we showed that Drosophila Vps13 mutant flies accumulate LDs in 

the central nervous system using large scale electron microscopy which indicates functional conservation 

of VPS13 in LD homeostasis.

Chapter 7: Summarizing discussion and future perspectives

Chapter 7 summarizes the main results presented in this thesis. Furthermore it provides a general 

discussion and future perspectives that follow from the data presented here. 
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ABSTRACT
Despite great advances in clinical diagnostics, genetics and molecular biology, neurodegenerative diseases 

like Parkinson’s disease (PD), Alzheimer’s disease (AD) and Huntington’s disease (HD) still pose great 

challenges, both in terms of understanding their pathophysiology as well as their treatment. Organisms 

able to adequately model the intricacies of the disease mechanism and response to potential treatment, 

whilst not compromising on ease of handling, studying and manipulating in order to study them, 

represent the holy grail of translational biology and medicine. Here, we review the suitability of the 

fruit fly, Drosophila melanogaster, as a model organism in the field of neurodegeneration. We briefly 

summarize the history of scientific research concerning this organism, review the molecular, genetic and 

pharmacological toolbox available and we discuss the ways this toolbox has been applied to research in 

neurodegeneration. Finally, by reviewing some findings in the fruit fly which were subsequently translated 

to and validated in other organisms on their way to the clinic, the power and robustness of Drosophila 

melanogaster is highlighted.

Keywords: Drosophila melanogaster, fruit fly, neurodegenerative diseases, model organism, 

neurodegeneration
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INTRODUCTION
Human neurodegenerative diseases are an increasing burden to the current aging society. Scientific 

developments, necessary in order to start treating these disorders, include the identification of suitable 

drugs and drug targets, and lead to increased insights into the pathophysiology underlying these diseases. 

For this purpose, relevant aspects of disease need to be modelled in a system that allows the appropriate 

degree of simplification, comes with reasonable costs and convenience, without compromising on the 

findings’ value. Different models provide different advantages and disadvantages, commonly associated 

with the organism’s evolutionary proximity to humans on one hand versus the efficacy with which they 

can be handled, manipulated and investigated on the other. In the scientific field of neurodegeneration in 

particular, the complexity of the organism’s central nervous system (CNS) is another important aspect to 

consider. In this review, we will discuss the contribution of Drosophila melanogaster, one specific species 

of the Drosophila or fruit fly family, to the field of research in neurodegeneration; demonstrating how 

its extensively developed toolbox, complex nervous system and facile handling have led and will lead 

to increasing knowledge regarding human neurodegenerative diseases. In this review, Drosophila refers 

specifically to Drosophila melanogaster unless stated otherwise .

Drosophila as a versatile model to study the brain

Over a century ago the first paper using the fruit fly Drosophila ampelophila Loew for biological 

research was published1, which was the beginning of extensive research with the fruit fly as a model for 

developmental biology, behavior and disease. Their relatively short life span, easy and cheap culturing 

conditions, a quick reproduction time and the ability to produce a large number of offspring that is 

genetically identical make Drosophila an attractive model to use. In addition, the great majority of human 

disease associated or causative genes is conserved in the Drosophila genome further affirming the power 

of the fruit fly as a model for human disease2,3. Finally, the Drosophila brain is well organized and described 

with about 200.00 neurons employing various neurotransmitters comparable to human neurons.

The first steps on the path leading to Drosophila neuroscience were made when Seymour Benzer 

identified fruit fly strains with aberrant behaviour 4. Rather than solely describing the behaviour, which 

included “staggering” and early lethality, he attempted to make correlations between the observed 

behaviour and neuropathological findings, discovering that a mutant named drop dead  displays 

locomotor abnormalities at the time the fly brain starts degenerating, leading to a vacuolized brain, “shot 

full of holes”4.

From the notion of Benzer that the neurodegeneration he observed resembled human neurological 

disease, Drosophila neuroscience remained a subject of interest. Drosophila research at this time 

depended heavily on mutant screens, which introduced mutations using chemical mutagens or radiation 

in a variably random manner along the genome, leading to the resulting mutants being “found” rather 

than specifically generated5,6. Using this strategy, two other neurodegenerative fly mutants were found 

and named eggroll and spongecake7. 
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Figure 1. The UAS/GAL4 system for targeted gene expression

The UAS/GAL4 system allows the targeted expression of a genetic construct of choice. The system contains two constructs: a driver, 

which is a genetic construct that leads to expression of the transcription factor GAL4, and a responder element (UAS) to which GAL4 

can bind. Binding leads to the expression of the genetic construct (X) coupled to the UAS. By crossing a driver fly line to a responder 

line the subsequently expressed GAL4 binds to the UAS and results in expression of gene X. 
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Figure 2. RNA interference 

Schematic representation of RNA interference (RNAi), which is a biological process where protein translation is inhibited by RNA 

molecules leading to knockdown of a target protein. Single-stranded mRNA, generated by RISC-mediated processing of short hairpin 

RNA, hybridizes with a complementary mRNA of the target protein to form double-stranded RNA (dsRNA). This dsRNA is subsequently 

degraded. Due to the destruction of this mRNA, translation of the target protein is reduced and protein levels are decreased.
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The modelling of particular human genetic defects in Drosophila stimulated the development of other 

sophisticated genetic techniques, such as expression of specific transgenes: this led to the first dedicated 

models of spinocerebellar ataxia type  (SCA3, or Machado-Joseph disease) and Huntington’s disease (HD) 

in 19988,9. An example of the powerful genetics available for Drosophila research is the binary UAS-GAL4 

system (Figure 1) which offers the possibility of spatiotemporally controlled expression of a construct 

of choice (Figure 3a), enabling overexpression of disease-related genes. When combined with RNA 

interference (RNAi, Figure 2), the system can be used to induce tissue specific gene knockdown (Figure 

3b). Both techniques are often utilized to study human (neurodegenerative) diseases. Over time different 

techniques were developed and applied to specifically target and mutagenize a gene of interest, including 

homologous recombination, ZFN and TALEN and most recently the very popular gene editing technique 

CRISPR/Cas910–12. In addition to mimicking the pathophysiology of human disease, Drosophila has an 

elaborate range of complex behaviour, like learning and memory, aggression and behaviour influenced 

by olfactory stimuli. This complex behaviour can contribute to the study of a disease of interest since the 

underlying molecular pathways are highly conserved13,14. 

Act-GAL4
UAS-X

nSyb-GAL4
UAS-X

repo-GAL4
UAS-X

repo expressing glial cell
nSyb  expressing neuron

CNS

UAS/GAL4-mediated overexpression of X

Act-GAL4
UAS-Y RNAi

nSyb-GAL4
UAS-Y RNAi

repo-GAL4
UAS-Y RNAi

UAS/GAL4-mediated overexpression of Y

(a)

(b)

Figure 3. Applications of the UAS/GAL4 system

In Drosophila, the GAL4 is placed under the control of a native gene promotor and therefore GAL4 is only expressed in cells where 

the gene is naturally active. 

(a) The use of the driver element Actin-GAL4 leads to production of GAL4 wherever and whenever actin is expressed. In practice, 

this means that Actin-GAL4 is a ubiquitous driver. However, the driver element neuronal Synaptobrevin-GAL4 (nSyb-GAL4) leads 

to a production of GAL4 that is restricted to neurons since neuronal Synaptobrevin is only expressed in neurons. Similarly, reversed 

polarity-GAL4 (repo-GAL4) drives expression only in glial cells since Repo is a glial protein.

(b) By coupling the RNAi technique to the UAS/GAL4 system, the knockdown can be targeted to specific cell types and/or 

developmental stages. The degree of knockdown can be regulated with the temperature, where increased temperature leads to 

increased expression of the GAL4 driver and therefore increased expression of the RNAi construct and a stronger knockdown. 
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Drosophila models of neurodegenerative diseases

A wide range of neurodegenerative disorders has been studied with the use of Drosophila models so 

far, among which polyglutamine (polyQ) disorders, Alzheimer’s (AD) and Parkinson’s disease (PD) and 

various rare neurodegenerative diseases like Chorea-Acanthocytosis (ChAc) and Panthothenate Kinase 

Associated Neurodegeneration (PKAN). Figure 4 shows a number of assays that are often used to assess 

neuronal dysfunction and neurodegeneration in Drosophila. Dominantly inherited polyQ diseases, 

including the aforementioned Huntington’s disease (HD) and SCA3, are caused by the expansion of CAG 

repeats in the gene-coding DNA which is translated into abnormal proteins15–17. Those aberrant proteins 

form insoluble aggregates that are associated with neuronal dysfunction and degeneration18,19. An in vivo 

model of SCA3 in Drosophila was established by the overexpression of a truncated C-terminal domain of 

the gene affected in SCA3: MJD18. Both a pathogenic protein (SCA3tr-78Q) with an extended polyQ repeat 

length and a control protein (SCA3tr-27Q) were expressed in different tissues using the UAS-GAL4 system. 

Expression of the SCA3tr-78Q protein in the developing eye disrupts eye morphology and targeted 

expression of the pathogenic protein to the peripheral and central nervous system is lethal, while SCA3tr-

27Q expression does not have any effects, indicating severe consequences of SCA3tr-78Q expression. 

Moreover, the expanded ataxin-3 protein forms nuclear inclusions in a time- and concentration-

dependent manner, which recapitulates the pathological aspects of SCA38. After that, subsequent studies 

used the Drosophila eye to further investigate the pathogenesis underlying SCA3, e.g.20–22. As for HD, 

the Drosophila eye also proved to be a valuable model, where it was shown that expression of the first 

exon (exon1) of the HD gene with disease-associated polyQ expansions (Q75 and Q120) causes late-

onset progressive degeneration. Severity of the degeneration is dependent on the polyQ repeat length9, 

thereby resembling the human disease. 

AD is the most prevalent neurodegenerative disease. Clinically, it is associated with progressive memory 

loss and pathologically by the presence of extracellular amyloid beta (Aβ42) plaques as well as intracellular 

tangles containing hyperphosphorylated tau in brains of AD patients23,24. The majority of AD cases is of 

sporadic aetiology; mutations in the genes encoding Amyloid precursor protein (APP), Presenilin 1 and 

2 (PS1 and PS2) cause familial AD, making up only 1% of all AD patients25. Mutations in one of those genes 

cause production of large amounts of the aggregate-prone Aβ42 that accumulates into extracellular 

plaques in the brain26,27. Many different Drosophila models for AD have been established over the last two 

decades13. Flies deficient for the APP ortholog, Appl, present with behavioural deficits that can be rescued 

by expression of the human APP in the Appl mutant background, indicative of functional conservation28. 

Since overexpression of AD related Aβ42 and tau protein in flies was shown to cause memory deficits and 

neuronal loss, resulting in a shortened life span and reduced locomotion, Drosophila also demonstrated 

to be a feasible model organism to study AD pathology29–32, although currently the causative role for Aβ42 

in AD is under debate.

The rare neurodegenerative disease Chorea-Acanthocytosis (ChAc), caused by mutations in the Vacuolar 

protein sorting 13 homolog A (VPS13A), has recently been modelled and described in Drosophila33. The 

pathophysiology underlying this disease is largely unknown and models for this disease are limited due to 

the large size of the gene and protein, which make it hard to study. The Drosophila Vps13 mutant presents 
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Figure 4. Frequently used assays to study neuronal dysfunction and degeneration in Drosophila

(a) Lifespan analysis of a Drosophila neurodegenerative disease model for Chorea-Acanthocytosis (ChAc) compared to controls, 

where neurodegenerative mutants typically have a shortened lifespan.

(b) A climbing assay, also known as negative geotaxis, is often used to examine age- and disease-related motor deficits. Flies are 

tapped to the bottom of the vial after which healthy flies will immediately start climbing up the walls. The number of flies that climb 

above a certain height within a certain time period is recorded. For this assay a Drosophila neurodegenerative disease model for 

Chorea-Acanthocytosis was used.

(c) Disease-related genes can be expressed in the eye using the UAS/GAL4 system (Figure 2) after which the eyes are scored for retinal 

degeneration. Flies can develop a ‘rough’ eye phenotype and sometimes rough-eyed flies also have black patches with increased 

degeneration, here due to expression of SCAtr-78Q. Eyes can be analyzed using light microscopy (top images). Scanning electron 

microscopy shows loss of tissue integrity.

(d) Neurodegeneration in Drosophila is often accompanied by the presence of vacuoles in the brain and can be visualized in sections 

of the brain. Fly heads or brains are embedded in plastic or paraffin and the morphology can be examined. For this assay a Drosophila 

neurodegenerative disease model for Chorea-Acanthocytosis was used.

A,B & D are reprinted from33; C is reprinted from34.
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with multiple neurodegenerative characteristics including a shortened lifespan, decreased climbing 

ability and vacuoles in the brain. In addition, a defect in protein homeostasis was found. Rescue of some 

of these phenotypes by overexpression of human VPS13A in the Drosophila mutant background supports 

functional conservation of both genes and emphasizes the relevance of a fly model for ChAc33. 

Drosophila has been of major importance in the study of PD, a movement disorder featuring bradykinesia, 

resting tremor and rigidity amongst other symptoms. Pathological findings include neuronal loss of 

dopaminergic nigrostriatal neurons and presence of intraneuronal aggregations called Lewy bodies, 

that contain α-synuclein35. As with AD, most PD cases are sporadic and only a small fraction, less than 

10%, is caused by genetic mutations in PINK1, parkin and others36. However, these genetic cases provide 

understanding about the underlying disease mechanisms37. Drosophila parkin mutants exhibit muscle 

degeneration, locomotor defects and structural alterations of mitochondria38. Flies mutant for the 

Drosophila PINK1 ortholog share phenotypic similarities with degeneration of flight muscles accompanied 

by mitochondrial defects39,40. Subsequent overexpression of parkin compensates for the absence of PINK1, 

suggesting both to function in one single pathway, where Parkin functions downstream from PINK1 since 

PINK1 overexpression could not compensate for loss of Parkin39,40. Furthermore, Lewy bodies are present 

in flies overexpressing mutant α-synuclein, which also cause age-related degeneration of dopaminergic 

neurons and climbing defects, thereby recapitulating the most important features of human PD41. 

PD patients are often treated with dopamine agonists, which also have a beneficial effect in different 

Drosophila PD models reinforcing the power of Drosophila models for PD42–44. 

Genetic and pharmacological screening possibilities

Due to its short life cycle and straightforward handling, Drosophila enables high-throughput analysis 

of complex neurophysiological traits such as locomotor function. This facilitates its use as a platform 

to find genetic and chemical modifiers of neurodegeneration on a large scale, and when required in 

a fully unbiased manner. A recent screen of antioxidants in a Drosophila model of Parkinson’s disease 

(PD) identified compounds that ameliorated the locomotor phenotype of mutant flies, which were 

subsequently validated in neuronal cell culture studies45. More recently, a genome-wide association study 

was performed to investigate the influence of genetic background variation in a fly model of PD, which 

identified new genes that influence loss of dopaminergic neurons and locomotor dysfunction46. In this 

latter study, the Drosophila Genetic Reference Panel (DGRP, http://dgrp2.gnets.ncsu.edu/) was used as 

a resource. The DGRP is a collection of 148 lines with a genetically diverse background which have all 

been sequenced. This collection, available to the community, is especially powerful to identify genetic 

modifiers of phenotypes of interest. In another study, using a library of deletion constructs, an unbiased 

genetic screen was carried out to find modifiers of Aβ42-neurotoxicity47; a similar approach had been 

taken to find modifiers of tau using a library of transposable elements48, both with the aim of elucidating 

pathophysiological mechanisms behind Alzheimer’s disease. Exploiting the ease with which the SCA3 eye 

phenotype (as mentioned before) can be screened, transposable elements were used to find modifiers 

for the disease process in an unbiased way49. A similar eye phenotype, induced by expression of TDP-43 

as a model for amyotrophic lateral sclerosis (ALS), was used to selectively screen regulators of chromatin 
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remodelling for effects on the degenerative phenotype; the resulting insights regarding the role of 

chromatin regulation in the neurodegenerative process active in ALS were supported by findings in 

patient tissue50. These strategies illustrate the potential of Drosophila, unmatched by other more classical 

model systems such as the mouse, to identify novel pathophysiological and therapeutic aspects of 

neurodegeneration. 

Application of Drosophila findings to human disease

The value of Drosophila in the study of neurodegenerative diseases is reflected by the insights provided 

over recent years, which have been translated to more complex model organisms and in some cases 

approach clinical application. The recognition of histone deacetylase (HDAC) inhibition as a beneficial 

intervention in Huntington’s disease51 exemplifies the robustness of Drosophila in the identification of 

therapeutic strategies; once this principle was well-established in Drosophila, it was transferred to mouse 

models where it exerted the same effects in models of Huntington’s disease52–54 and other polyglutamine 

diseases55,56. Preliminary studies have shown that this efficacy may extend to patients as well57. Similarly, 

strategies for neurodegeneration secondary to metabolic disease have been devised in Drosophila. The 

neurodegenerative disease pantothenate kinase-associated neurodegeneration (PKAN) is caused by 

mutations in pantothenate kinase 2, the first enzyme in the pathway that transforms vitamin B5 into the 

ubiquitous cofactor coenzyme A. Flies that lack fumble, the sole Drosophila orthologue of pantothenate 

kinase, feature neurodegeneration, motor defects and a shortened lifespan. In this model, pantethine 

was identified as a rescue compound capable of reversing not only the reduced coenzyme A levels, 

but also ameliorating the phenotypes reminiscent of the human disease58,59. This was subsequently 

validated in a mouse model of PKAN60. Continuing the development of therapeutics that supply a 

source for coenzyme A synthesis in the absence of pantothenate kinase, studies in Drosophila brought 

forth 4’-phopshopantetheine as a potential therapeutic61. This lead compound was further derivatised 

to acetyl-4’-phosphopantetheine, which showed a favourable pharmacokinetics as well as therapeutic 

efficacy in both Drosophila and mice models of the disease62. Acetyl-4’-phosphopantetheine currently 

has the orphan drug status and is further developed for clinical use.

Conclusion and future perspectives

Major advances in the field of genetics have revolutionized the study of neurodegenerative diseases, 

enabling the identification of causative mutations in patients and as a consequence, the creation of 

model organisms by means of genetic rather than phenotypical similarity. The powerful new possibility to 

precisely edit the genome by CRISPR/Cas9 enables the generation and study of patient-specific mutations 

in model systems. In addition, findings from unbiased studies such as GWAS can be verified with the 

modelling power of Drosophila. Although the first descriptions of neurodegenerative phenotypes in the 

fruit fly already approach their fiftieth anniversary, the disease-directed modelling of neurodegenerative 

pathology in Drosophila is still a flourishingly developing field, where novel insights are readily translated 

to more classical systems and in some cases, patient care. The ease to study, manipulate and screen 

an organism of such biological and neurological complexity places Drosophila at the centre of novel 

discoveries regarding pathophysiology and therapy of neurodegenerative disorders in years to come.    
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ABSTRACT
Chorea-Acanthocytosis (ChAc, MIM 200150) is a rare, neurodegenerative disorder characterized by 

progressive loss of locomotor and cognitive function. It is caused by loss of function mutations in the 

Vacuolar Protein Sorting 13A (VPS13A) gene, which is conserved from yeast to human. The consequences 

of VPS13A dysfunction in the nervous system are still largely unspecified. In order to study the 

consequences of VPS13A protein dysfunction in the ageing central nervous system, we characterized a 

Drosophila melanogaster Vps13 mutant line. The Drosophila Vps13 gene encoded a protein of similar size 

as human VPS13A. Our data suggest that Vps13 is a peripheral membrane protein located to endosomal 

membranes and enriched in the fly head. Vps13 mutant flies showed a shortened life span and age 

associated neurodegeneration. Vps13 mutant flies were sensitive to proteotoxic stress and accumulated 

ubiquitylated proteins. Levels of Ref(2)P, the Drosophila orthologue of p62, were increased and protein 

aggregates accumulated in the central nervous system. Overexpression of the human VPS13A protein 

in the mutant flies partly rescued apparent phenotypes. This suggests a functional conservation of 

human VPS13A and Drosophila Vps13. Our results demonstrate that Vps13 is essential to maintain protein 

homeostasis in the larval and adult Drosophila brain. Drosophila Vps13 mutants are suitable to investigate 

the function of Vps13 in the brain, to identify genetic enhancers and suppressors and to screen for 

potential therapeutic targets for ChAc.
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INTRODUCTION
Chorea-Acanthocytosis (ChAc) is a rare neurodegenerative disorder characterized by chorea, orofacial 

dyskinesia and psychiatric symptoms including tics (reviewed in 1,2). In addition to the neurological 

symptoms, spiky red blood cells (acanthocytes) are often observed. ChAc is a recessively inherited 

disease caused by mutations in the VPS13A gene, hereafter called HsVPS13A 3,4. These mutations mostly 

lead to absence or reduced levels of the HsVPS13A (or also called chorein) protein5. Symptoms manifest on 

average at the age of 321. The pathophysiology of ChAc is largely unknown and it is not clear why HsVPS13A 

loss of function leads to the symptoms presenting in ChAc patients. HsVPS13A is evolutionarily conserved 

and orthologues are present in various organisms such as Mus musculus, Drosophila melanogaster, 

Caenorhabditis elegans, Tetrahymena thermophila, Dyctiostelium discoidenum and Saccharomyces 

cerevisiae 6-8.

HsVPS13A belongs to the VPS13 family of proteins, which in humans consists of four members, VPS13A to D. 

All members have an N-terminal chorein domain of unknown function. Besides HsVPS13A other members 

of this family are also associated with medical conditions. VPS13B mutations cause Cohen syndrome, a 

developmental disorder characterized by mental retardation, microcephaly and facial dysmorphisms9. 

VPS13B has been reported to be a Rab6 effector that controls Golgi integrity10,11. VPS13C mutations have 

recently been described to cause autosomal-recessive early-onset Parkinson’s disease, probably by 

alteration of mitochondrial morphology and function12. The VPS13C protein has also been suggested 

to play a role in adipogenesis13. Additionally, a number of genetic studies have found an association of 

VPS13C with glucose and insulin metabolism14,15, and of VPS13D with altered interleukin 6 production16.

Knowledge about the cellular function of the Vps13 protein family members mainly comes from 

investigations in S. cerevisiae where a single VPS13 gene encodes a peripheral membrane protein17, Vps13, 

which is involved in the trafficking of multiple proteins from the trans-Golgi network to the pre-vacuolar 

compartment17,18. Vps13 is also required for the formation of the prospore membrane by controlling the 

levels of phosphatidylinositol-4-phosphate19. Recently, it has been demonstrated that Vps13 is important 

for mitochondrial integrity and at least some functions of Vps13 are redundant with functions of ERMES, 

a protein complex that tethers the endoplasmic reticulum and the mitochondria 20,21. Although ERMES 

plays an important role in yeast, so far no counterpart has been identified in metazoans. 

In various organisms Vps13 function has been linked to lysosomal degradation pathways. In the ciliate 

Tetrahymena thermophila TtVPS13A is required for phagocytosis7,22 and in Dictyostelium discoideum TipC, 

the HsVPS13A Dictyostelium orthologue, plays a role in autophagic degradation8. A role for HsVPS13A in 

autophagy has also been supported by experiments performed in human epitheloid cervix carcinoma 

cells, where knock down of HsVps13A leads to an impairment of the autophagic flux8. 

Studies to understand a possible function of VPS13A in the brain are limited. Vps13A knockout mice show 

recapitulation of some of the patient’s characteristics such as acanthocytic red blood cells and an altered 

gait at an older age. Additionally, gliosis and TUNEL positive cells are present in the brain of these mice23. 

However, it is reported that the severity and penetrance of neurological phenotypes in mouse models of 
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ChAc are variable or absent depending on the genetic background of the strains24. Therefore, additional 

animal models are required to identify genetic modifiers and to further understand the role of VPS13A in 

an ageing brain. 

To further study the cellular function of VPS13A in an aging, multicellular model organism with a complex 

central nervous system we used Drosophila melanogaster. We established a Drosophila model for ChAc 

which showed a reduced life span, decreased climbing ability and age-associated neurodegeneration. 

Additionally it showed sensitivity to proteotoxic stress and impaired protein homeostasis. The phenotypes 

of Vps13 mutant flies were rescued by overexpression of the Human VPS13A protein, indicating a functional 

conservation of Drosophila Vps13 and HsVPS13A. Drosophila Vps13 mutants will be valuable for further 

detailed studies to investigate the role of VPS13A in brain tissue and to screen for possible therapeutic 

strategies.

RESULTS

Characterization of Drosophila Vps13 mutant flies 

ChAc is caused by mutations in the VPS13A gene 3,4, which lead to absence or reduced levels of HsVPS13A 

protein5. The Drosophila genome encodes for three predicted Vps13 proteins, orthologues to human 

VPS13A, B and D; in this study we focused on the structural orthologue of HsVPS13A, further referred to 

as Vps136. The Exelixis Drosophila fly line Vps13c03628 carries a PiggyBac transposable element in an intronic 

region of the Vps13 gene (Figure 1A)25. Flies heterozygous for this mutation (Vps13-/+) did not show any 

mutant phenotype; homozygous mutants (Vps13-/-) were viable and were investigated further. Analysis 

by qPCR showed lower levels of Vps13 mRNA in homozygous Vps13 mutant flies (Figure 1B). Polyclonal 

antibodies were raised against two different epitopes of the Vps13 protein (Figure 1A). Both antibodies 

recognized a band in extracts from control fly heads (Figure 1C,D), which migrated with the same mobility 

as the human protein in samples derived from HEK293 cells and detected with a HsVPS13A-specific 

antibody (Figure 1F). Vps13 was highly enriched in samples from fly heads compared to samples from 

whole flies (Figure 1E), suggesting that Vps13 is enriched in the Drosophila central nervous system. In 

homozygous Vps13 mutant flies full length Vps13 protein levels were below the detection limit, visualized 

using Western blot analysis using the antibody against the C-terminal domain (Figure 1C). The antibody 

directed against the N-terminal part of the protein, recognized a truncated Vps13 product in extracts 

of homozygous mutants, consistent with the presence of the Piggybac element insertion, indicating 

that the antibodies are specific, that the expression of full length Vps13 is strongly decreased and a 

truncated Vps13 product is present in mutant flies (Figure 1C-E). Exact excision of the PiggyBac element 

in 3 independent lines resulted in recovery of the expression of a full length Vps13 protein in fly heads 

(Figure 1F, Supplementary Figure 2A). The excision lines were used as controls in further studies. These 

results indicate that the Vps13 mutant line is a suitable tool to study the function of Vps13 in Drosophila. 
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Fig 1. Vps13c03628 encodes for a truncated Vps13 protein.

(A) Schematic representation of the Vps13 gene and the genomic localization, RNA and protein is depicted. The epitopes of the 

polyclonal Vps13 antibodies (Vps13 NT and Vps13 #62) are indicated.(B) Relative levels of Vps13 mRNA in control and Vps13 mutant 

flies were determined by Q-PCR. Mean and SEM (n=2) are plotted. (C) Western blot analysis of Vps13 protein in control and Vps13 

mutant fly heads using the Vps13 #62 antibody. β-Actin was used as a loading control. (D) Western blot analysis of the level of Vps13 

protein in control and Vps13 mutant fly head extracts analyzed with the Vps13 NT antibody. α-tubulin was used as a loading control. 

(E) Lysates of the heads of control flies and whole control flies were analyzed for Vps13 levels. α-tubulin was used as a loading control. 

(F) Lysates of the heads of control flies, Vps13 mutant flies and three excision lines were analyzed for Vps13 levels. Human VPS13A 

was detected in samples of Hek293 cells. Drosophila samples and human samples were run on the same gel, separated by a lane 

containing the molecular weight standards, after transfer of the membrane, the marker lane was split to detect human and Drosophila 

VPS13 separately using species specific antibodies. The marker lane was used to align the blots after antibody detection. α-tubulin 

was used as a loading control.
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Vps13 co-fractionates with Rab7 and Rab5 

We aimed to determine the subcellular localization of Vps13 in brain tissue; however, the antibodies that 

were generated against Vps13 failed to show a specific staining using immunolabeling. We therefore 

followed a cell fractionation approach to determine the subcellular localization of Vps13. We found that 

Vps13 was mainly, but not exclusively, present in the isolated membrane fraction (Figure 2A). To determine 

whether Vps13 is a peripheral or integral membrane protein, the membranes were treated with a variety 

of buffers to extract proteins as previously described26. High salt buffer could not remove Vps13 from 

the membrane fraction, while high pH and high concentration of urea did (Figure 2B). This shows that 

Vps13 has characteristics similar to a peripheral membrane protein, such as Golgi Matrix protein 130 kDa 

(GM130)26, but different from an integral membrane protein like Epidermal Growth Factor Receptor 

(EGFR), both of them were used as controls in these experiments (Figure 2B). The membrane fraction 

was separated on a sucrose gradient and the distribution of Vps13 was determined in relation to marker 

proteins for various organelles. The distribution of Vps13 was different compared to the distribution of 

markers for Golgi (GM130), lysosomes (Lamp1) and mitochondria (ATP5A) (Figure 2C and E). Vps13 was 

mainly present in fractions 12 to 16 in which also Rab5 and Rab7, Rab-GTPases involved in the regulation of 

endosomal trafficking, were present. Rab5 is mainly present on early endosomes and Rab7 is enriched on 

late endosomes27. To study this further, Rab7 positive membranes from fraction 14 were immuno-isolated 

and Vps13 was shown to be present in these samples (Figure 2D). Furthermore, Rab7, but not Rab5 was 

enriched in membranes immuno-isolated with Vps13 antibodies (Figure 2D). Together, these data suggest 

that Vps13 is a peripheral membrane protein associated with Rab7 positive membranes. 

Vps13 mutant flies have a decreased life span and show age dependent neurodegeneration

After validation of the Drosophila Vps13 mutant and characterizing its subcellular localization, we 

investigated the physiological consequences of impaired Vps13 function. Characteristics of several 

Drosophila models for neurodegenerative diseases are a decreased life span, impaired locomotor 

function and the presence of brain vacuoles28. As a control an isogenic fly line (w1118) and 3 independent 

precise excision lines were used. Homozygous Vps13 mutant flies showed a decreased life span compared 

to isogenic controls and the excision lines (Figure 3A-C, Supplementary Table 1). 75% of the mutant flies 

died between 16 and 20 days of age while control flies showed a more gradual decline (Figure 3B). Young 

Vps13 mutant flies showed climbing capabilities comparable to controls, however around day 17 the 

climbing ability of Vps13 mutant flies was decreased (Figure 3D, Supplementary movie 1). 

To further investigate neurodegenerative features in Vps13 mutants, brain sections were analyzed by light 

microscopy and an increase in vacuoles was observed in brains of 20 day old flies while they were absent 

in brains from isogenic controls (Figure 3E). Vacuoles in Vps13 mutant flies were (among other regions) 

present in the central complex, known for its function in locomotor control (Figure 3F)29. The impaired 

locomotor function upon ageing, shortened life span and the presence of large vacuoles in the brain of 

Vps13 mutant flies are all characteristics of neurodegeneration in Drosophila28.
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Fig 2. Vps13 co-fractionates with Rab7 and Rab5.

(A) Western blot analysis of control fly head samples fractionated into a cytosolic and membrane fraction from postnuclear supernatant 

(PNS). EGFR was used as a membrane marker and GAPDH as a cytosolic marker. (B) Membrane fractions from control fly heads treated 

with 1 M KCl, Na
2
CO

3
 pH 11 or 6 M urea were centrifuged to separate the soluble and insoluble (membrane containing) fractions. The 

level of Vps13 was determined in these fractions. Markers for peripheral membrane proteins (GM130), integral membrane proteins 

(EGFR) and the cytosolic proteins (GAPDH) were used. The “Vps13 lysate” lane contains a lysate derived from Vps13 homozygous 

mutant fly heads, as expected no Vps13 is detected, demonstrating the specificity of the antibody against Vps13. (C) Membranes from 

control fly heads were fractionated on a sucrose gradient. Western blot analysis was performed to analyze the distribution of Vps13 in 

relation to markers associated with membranes of various organelles: Rab7 (late endosomes), Rab5 (early endosomes), GM130 (golgi), 

Lamp1 (lysosomes) and ATP5A (mitochondria). (D) Immunoisolation of membranes from fraction 14 of the sucrose gradient using 

Vps13 NT, Rab7 and Rab5 antibodies. (E) Quantification of the sucrose gradient fractionation of Fig 2C.
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Fig 3. Vps13 mutant flies show a decreased life span, age dependent impairment of locomotor function and neurodegeneration.

(A) Life span analysis of isogenic control and Vps13 mutant flies. (B) The fraction of dead flies of total flies used,observed within the 

indicated time intervals. (C) Life span curve of Vps13 mutant flies and three excision lines. (D) Climbing behavior was analyzed by 

determining the percentage of isogenic control and Vps13 mutant flies (4 and 17 days old) able to climb 5 cm against gravity within 15 

seconds. Mean and SEM are plotted (n=5). For statistical analysis a two-tailed students T-test was used. P<0.001 is ***. (E) Fly heads (20 

day old) of control and homozygous Vps13 mutant flies were fixed, dehydrated and embedded in epon. Sections, visualizing a cross 

section of the complete brain, were stained with toluidine blue. The scale bar indicates 50 µm.(F) Higher magnification images of the 

boxed area’s in Fig E. The central complex is denoted with a dotted line. The scale bar indicates 25 µm.
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Vps13 mutant flies show impaired protein homeostasis

Since neurodegenerative phenotypes are often linked to impaired protein homeostasis, we investigated 

the viability of Vps13 mutants under proteotoxic stress by using a previously established eclosion assay30. 

The percentage of homozygous survivors was 19.76% of the total amount of eclosing flies at 25oC (Figure 4A), 

which is less than the expected 33.3% according to Mendelian inheritance. This indicates that the viability 

of Vps13 mutants was decreased compared to controls. To induce proteotoxic stress we analyzed the 

eclosion rate at increased temperature. The eclosion rate further decreased in a temperature dependent 

manner, indicating a temperature sensitivity of Vps13 homozygous animals during development (Figure 

4A). As controls, the excision lines were tested and no decreased viability at 29oC was observed (Figure 

4B). Subsequent crosses with the Vps13 allele over two deficiency lines lacking a genomic region including 

the Vps13 gene (Supplementary Figure 2C) also showed a decreased eclosion rate at 29oC (Figure 4C), 

supporting the fact that temperature sensitivity is due to loss of Vps13 function.

To further investigate increased sensitivity to proteotoxic stress, Vps13 mutant flies were fed with 

L-canavanine, an arginine analogue that induces protein misfolding, during development31. Vps13 

homozygous mutants showed an L-canavanine induced decrease in eclosion rate in a concentration 

dependent manner (Figure 4D) indicating a defect in the ability of these flies to maintain protein 

homeostasis. Defects in cellular protein homeostasis are often associated with an accumulation of 

ubiquitylated proteins32. Indeed, extracts derived from Vps13 mutant fly heads contained increased levels 

of ubiquitylated proteins compared to isogenic controls and excision lines (Figure 4E, Supplementary 

Figure 2B). Extracts derived from flies containing the Vps13 allele over a deficiency chromosome gave 

comparable results (Supplementary Figure 2D). Further specification revealed an increase in lysine K48 

ubiquitylated high molecular weight (around 170 kDa) proteins, however no difference was observed in 

K63 ubiquitylated proteins (Figure 4E). Because K48 ubiquitylated proteins are targeted for degradation, 

this accumulation may indicate that Vps13 mutant flies suffer from an impairment in protein homeostasis32. 

Protein aggregation in Drosophila Vps13 mutant central nervous system

Impaired protein homeostasis often leads to the aggregation of proteins, therefore protein aggregation 

was investigated in Vps13 mutants. Larval ventral nerve cords and brains from adult flies were dissected, 

fixed and stained for DAPI to visualize structures containing neuronal cell bodies (DAPI positive) and to 

visualize neuropils (DAPI negative), containing axons and dendrites33-35. The tissues were co-stained for 

Ubiquitin. Mainly neuropils in both larval ventral nerve cords and adult brains of Vps13 mutants showed an 

increased number of ubiquitylated protein puncta compared to control (Figure 5A-E and Supplementary 

Figure 3 and 4). Furthermore, samples from Vps13 mutant fly heads contained more Triton x-100 insoluble 

ubiquitylated proteins compared to controls (Supplementary Figure 3C), indicating an accumulation of 

protein aggregates in Vps13 mutants. Protein aggregation is often accompanied by an accumulation 

of Ref(2)P, the Drosophila orthologue of p6236. Western blot analysis showed an increase in Ref(2)

P in Vps13 mutant fly heads compared to isogenic control and excision line fly heads (Supplementary 

Figure 2B). Extracts derived from fly heads of the Vps13 allele over a deficiency gave comparable results 

(Supplementary Figure 2D). In addition a partial colocalization was observed between Ref(2)P and ubiquitin 
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Fig 4. Impaired Vps13 function leads to defects in protein homeostasis.

(A) Percentage of isogenic control and Vps13 mutant flies that eclosed at increasing temperatures. (B) Percentage of homozygous 

Vps13 mutant flies and excision line flies that eclosed at 29 oC. (C) Percentage of flies of various genotypes that eclosed at 29 oC. 

Two independent deficiency lines (lacking a genomic area containing the Vps13 gene) were crossed with Vps13/ CyO heterozygous 

flies. Eclosion rate of the following genotypes was analyzed: Vps13/+, Df #7535/+, Vps13/Df #7535, Df #7534/+ and Vps13/Df #7534. 

(D) Percentage of Vps13 flies that eclosed at 22 oC on food with increasing concentrations of L-canavanine. (E) Western blot analysis 

of lysates of 1 day old control and Vps13 mutant fly heads. Ubiquitylated proteins, K48 ubiquitylated proteins and K63 ubiquitylated 

proteins were detected. All quantifications show the mean and SEM of at least three independent experiments per condition. For 

statistical analysis a two-tailed students T-test was used in combination with a Welch’s correction if necessary. P<0.05 is *, P<0.01 is ** 

and P<0.001 is ***.
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positive protein aggregates in Vps13 mutant brains mainly in areas containing neuronal cell bodies (Figure 

5E, Supplementary Fig 4). This is consistent with published data showing the accumulation of ref(2)P in 

autophagy mutants and proteostasis mutants mainly in DAPI-positive areas36. These experiments show 

that Vps13 mutant flies accumulate protein aggregates in the central nervous system of larvae and adult 

flies.

Vps13 mutant phenotypes are rescued by overexpression of HsVPS13A

Homozygous Vps13 mutants display various characteristics indicative of neurodegeneration accompanied 

by an impairment in protein homeostasis. To further validate our model and investigate its relevance 

for HsVPS13A function we overexpressed HsVPS13A in the Vps13 mutant background. The sequences of 

Vps13 and HsVPS13A show 29% identity, while the N-terminal chorein domains have an identity of 50% 

(Supplementary Figure 1). Using the UAS-GAL4 system37 HsVPS13A was ubiquitously overexpressed in the 

Drosophila Vps13 mutant background to investigate whether this could rescue the phenotypes observed 

in the Vps13 mutant flies. Fractionation and Western blot analysis, using an antibody against the HsVPS13A 

protein, showed that HsVPS13A was expressed in the transgenic flies and was mainly present in the 

membrane fraction (Figure 6A). Overexpression of HsVPS13A in the Vps13 mutant background increased 

the viability (Figure 6B), reduced the amount of ubiquitylated proteins (Figure 6C-E) and decreased 

the number of ubiquitylated protein puncta in the larval ventral nerve cord (Figure 6D). In addition, 

overexpression of HsVPS13A extended the life span of Vps13 mutant flies (Figure 6F, Supplementary table 

1). These results indicate not only a structural conservation but also a functional conservation between 

the human VPS13A and the Drosophila Vps13 protein for at least a subset of the functions of these proteins.

A Vps13 / + Vps13 Vps13 / Df #7534 Vps13 / Df #7535

B

Vps
13

 /+
Vps

13

Vps
13

 / D
f #

75
34

Vps
13

 / D
f #

75
35

0

50

100

150

N
um

be
r o

f p
un

ct
a

pe
r 2

50
 b

y 
25

0 
pi

xe
ls

***** *
C D

U
bi

qu
iti

n 
/ D

A
P

I
D

A
P

I
R

ef
(2

)p
U

bi
qu

iti
n

U
bi

qu
iti

n 
/ R

ef
(2

)p
 

D
A

P
I

E Control Vps13 Excision line 3

DAPI
Con

tro
l

Vps
13

Exc
isi

on
 lin

e 3
0

20

40

60

80

N
um

be
r o

f p
un

ct
a

pe
r 1

25
 b

y 
12

5 
pi

xe
ls

******Figure 5 continues on the next page.



42 

CHAPTER 3

A Vps13 / + Vps13 Vps13 / Df #7534 Vps13 / Df #7535

B

Vps
13

 /+
Vps

13

Vps
13

 / D
f #

75
34

Vps
13

 / D
f #

75
35

0

50

100

150

N
um

be
r o

f p
un

ct
a

pe
r 2

50
 b

y 
25

0 
pi

xe
ls

***** *
C D

U
bi

qu
iti

n 
/ D

A
P

I
D

A
P

I
R

ef
(2

)p
U

bi
qu

iti
n

U
bi

qu
iti

n 
/ R

ef
(2

)p
 

D
A

P
I

E Control Vps13 Excision line 3

DAPI
Con

tro
l

Vps
13

Exc
isi

on
 lin

e 3
0

20

40

60

80

N
um

be
r o

f p
un

ct
a

pe
r 1

25
 b

y 
12

5 
pi

xe
ls

******

Fig 5. Central nervous system of larval and adult Vps13 mutants contain protein aggregates.
(A) Ventral nerve cords of control, Vps13 mutant, Vps13/Df #7534 and Vps13/Df #7535 third instar larvae were stained for ubiquitylated 
proteins and DAPI. The presence of DAPI indicates areas where nuclei of neuronal cell bodies or glial cells are located. DAPI negative 
regions represent areas mainly containing axonal and synaptic structures (33,35). The areas in the grey boxes are shown below as 
higher magnification images. The scale bar indicates 50 µm. (B) Quantification of the number of ubiquitylated protein puncta in the 
ventral nerve cord. (C) Staining of 1 day old adult control brains using DAPI. The grey box denotes the area in the brain where the two 
antennal lobes are located. The presence of DAPI indicates areas where nuclei of neuronal or glial cell bodies are located. The center 
area which is negative for DAPI contains axonsand synaptic structures (34). The scale bar indicates 50 µm. (D) Quantification of the 
number of puncta of ubiquitylated proteins in the antennal lobes derived from 1 day old isogenic controls, Vps13 mutants and excision 
line 3. (E) Staining of brains derived from 1 day old controls, Vps13 mutants and excision line 3 flies for ubiquitylated proteins, Ref(2)p 
and DAPI. The scale bar indicates 20 µm Arrows indicate colocalization of Ref(2)P and Ubiquitin positive foci. All quantifications show 
the mean and SEM of at least three independent experiments per condition. For statistical analysis a two-tailed students T-test was 
used in combination with a Welch’s correction if necessary. P<0.05 is *, P<0.01 is ** and P<0.001 is ***.
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DISCUSSION
ChAc is a recessively inherited neurodegenerative disorder caused by loss of function mutations in the 

HsVPS13A gene3,4. The study of HsVPS13A function and the pathological mechanisms playing a role in 

ChAc is hampered by the limited availability of multicellular models for ChAc. Although Vps13A knock-out 

ChAc mouse models were generated, they possess variable or no abnormalities in brain tissue depending 

on the genetic background24. This underscores the complexity of studying VPS13A in the central nervous 

system and suggests the presence of genetic factors playing a role in the phenotype induced by impaired 

function of VPS13A in the brain. The goal of this study was to use Drosophila melanogaster to establish a 

relatively simple multicellular model for ChAc and study the consequences of Vps13 dysfunction in the 

ageing central nervous system.

We established a Drosophila melanogaster model for ChAc by using Vps13 mutant flies which express 

a truncated Vps13 protein. ChAc has been shown to be caused by loss-of-function mutations, most of 

them leading to total absence of protein5. In addition, alteration of the most C-terminal region of the 

main protein isoform, leading to the presence of a truncated protein, have also been found5,(Velayos-

Baeza et al, unpublished results). Although a detailed phenotypic study of ChAc patients comparing 

consequences of no protein or a truncated protein present, has not been performed, it can be 

concluded that the main features of the disease are present in all cases regardless the presence of a 

truncated protein or the absence of VPS13A protein. The presented Drosophila model may be of use 

for future studies to investigate effects of various specific mutations in the VPS13A gene and how this 

affects protein homeostasis, neurodegeneration and life span. The Vps13 mutant flies show progressive 

neurodegenerative phenotypes such as a shortened life span, impaired locomotor function and the 

presence of vacuoles in brain tissue at older age28. These phenotypes are accompanied by defects in 

protein homeostasis and by accumulation of protein aggregates in the central nervous system. Many 

neurodegenerative diseases are characterized by defects in protein homeostasis and the accumulation of 

protein aggregates in the brain38. It will be of interest to investigate protein homeostasis and the presence 

of p62 positive protein aggregates in ChAc mouse models or in post-mortem tissue of affected ChAc 

individuals.

Our results demonstrate that Drosophila Vps13 is a peripheral membrane protein associated with Rab7 

positive membranes. Rab7 positive late endosomes are involved in lysosomal protein degradation 

pathways such as autophagy and phagocytosis39, suggesting a role of Drosophila Vps13 in the lysosomal 

degradation pathway. This is consistent with findings that knock down of HsVPS13A is associated with 

impaired autophagic degradation in HeLa cells8. In addition, an accumulation of Ref(2)P and colocalization 

with Ubiquitin positive dots was also observed in Drosophila autophagy mutants36, further suggesting a 

role for Vps13 in autophagy. It should be stressed however that Ref(2)P accumulation and colocalization 

with Ubiquitin also occurs when proteosomal degradation is impaired. Future research is therefore 

required to determine whether impaired autophagy or impaired proteosomal degradation (or both) lay 

at the base for the disturbed protein homeostasis in Vps13 mutants. Furthermore, a study in Tetrahymena 

thermophila suggests a potential role for VPS13 in phagocytosis7. Together, these studies 
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Fig 6. Overexpression of HsVps13A rescues phenotypes of Vps13 mutants.
(A) Samples from fly heads of Actin-GAL4 / + (as a control) and Actin-GAL4 / UAS-HsVps13A (HsVps13A expressing) flies were 
separated into a membrane and cytosol fraction and analyzed by Western blot for HsVps13A levels. EGFR and GAPDH used as controls 
for membrane and cytosolic proteins, respectively. (B) Eclosion rate of Vps13 mutant flies a Actin-GAL4/+ (control) or Actin-GAL4/
UAS-HsVp13A (HsVps13A expressing) background at 25 oC. (C) Ubiquitylated proteins from samples of 1 day old fly head extracts of 
Vps13/CyO ; Actin-GAL4/+ (as a control), Vps13/ Vps13 ; Actin-GAL4/+ (representing homozygous mutants) and Vps13/ Vps13 ; Actin-
GAL4/UAS-HsVps13A (representing homozygous mutants expressing human VPS13A). (D) Representative picture of ubiquitylated 
protein staining of the third instar larval ventral nerve cord of Vps13/CyO ; Actin-GAL4/+ (as a control), Vps13/ Vps13 ; Actin-GAL4/+ 
and Vps13/ Vps13 ; Actin-GAL4/UAS-HsVps13A. Arrows indicate accumulations of ubiquitylated positive structures. The scale bar 
indicates 50 µm and 12,5 µm in the enlargement. (E) Quantification of the number of puncta in third instar larval ventral nerve cord 
of the experiment presented in figure 6D. (F) Life span curve of Vps13/ Vps13 ; Actin-GAL4/+ and Vps13/ Vps13 ; Actin-GAL4/UAS-
HsVps13A. All quantifications show the mean and SEM of at least three independent experiments per condition. For statistical analysis 
a two-tailed students T-test was used in combination with a Welch’s correction if necessary. P<0.05 is *, P<0.01 is ** and P<0.001 is ***.
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show that a number of lysosomal degradation pathways may potentially be affected by VPS13 dysfunction, 

and together this could contribute to the impaired protein homeostasis in Vps13 mutants. In an ageing 

organism damaged proteins may accumulate and cause the observed neurodegenerative phenotype40. 

Future research is required to show whether Drosophila and human VPS13A play a role in a single or in 

multiple lysosomal degradation pathways and whether in the nervous system VPS13 is linked to membrane 

contact sites, as was demonstrated for VPS13 in yeast 20,21.

The Drosophila Vps13 mutant phenotype was partly rescued by human VPS13A, demonstrating at least 

a degree of functional conservation between flies and human. The availability of our characterized 

Drosophila model will enable future genetic screens to find modifiers of ChAc and will enable screens for 

chemical compounds that rescue one or multiple pertinent phenotype(s) of neurodegeneration. 

MATERIALS AND METHODS

Fly stocks and genetics

Fly stocks were maintained and experiments were done at 25 oC on standard agar food unless otherwise 

indicated. The Vps13{PB}c03628 stock was acquired from the Exelixis stock centre 25 and isogenized to 

the w1118 stock. The generation of the isogenic controls was performed as previously described41. In short, 

The isogenic fly lines that serve as a control were generated by backcrossing the Vps13 mutant line for 

6 generations with the control stock (w1118). Backcrossing the mutant line for 6 generations is required to 

remove background mutations and isogenized control stocks are being generated and used as controls 

in all experiments. The following stocks were acquired from the Bloomington Stock Centre: w1118; CyO, 

P{Tub-PBac\T}2/wgSp-1 (8285), Df(2R)Exel6053 (7535), Df(2R)Exel6052 (7534), Actin-GAL4/Tm6B (3954).

The Vps13{PB}c03628 excision lines were created by crossing the Vps13{PB}c03628 stock with the 

PiggyBac transposase overexpressing fly line (Bloomington stockcenter; #8285) to remove the Piggybac 

insertion. The acquired “Hopout” chromosomes of these excision lines were balanced over CyO and 

three independent offspring lines balanced over CyO were established. They are referred to as excision 

lines 1 to 3.

Generation of HsVPS13A expression flies

The full-length cDNA of the human VPS13A gene, variant 1A, corresponding to positions 252 to 9907 of 

GeneBank NM_033305 (but containing synonymous SNPs rs17423984 (A5583G, Thr1861Thr) and rs3737289 

(A9069G, Gly3023Gly), was available after combination of several fragments amplified by RT-PCR (6) and 

cloning into pcDNA4-TO-mycHis (Invitrogen). To obtain a plasmid for expression of HsVPS13A in D. 

melanogaster, the above insert was transferred to vector pUAST37. The plasmid was sent to Bestgene for 

embryo injection and generation of the transgenic flies.
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Physiological assays

Crosses for the life span assays were performed at 25oC and offspring were selected 24 hours after the 

start of eclosion. 10 to 20 flies per tube were housed at 25oC and put into fresh vials every 3 or 4 days. The 

incidence of dead flies was counted at least every 4 days. Life spans were repeated at least three times.

The climbing assay was performed with at least 5 vials with 10 to 15 flies each. The flies were tapped to the 

bottom and the amount of flies that reached 5 cm within 15 seconds was noted as climbers and flies under 

the 5 cm mark were scored as non-climbers. Experiments were repeated three times.

Crosses to determine the eclosion rate were performed with 10 female and 5 male flies. The flies were 

allowed to mate for 48 hours on Bloomington food at the indicated temperatures. The amount of offspring 

of the indicated genotypes was determined 5 days after eclosion of the first progeny. L-Canavanine 

(Sigma), was mixed with the food at the indicated final concentrations. Sensitivity to L-Canavanine was 

determined as previously described (30). In short: heterozygous Vps13 males and females (flies carrying a 

chromosome containing the Vps13 mutation over a balancer chromosome (Vps13/CyO)) were allowed to 

mate and the number of homozygous Vps13 mutant progeny was determined and given as percentage 

of the total progeny (sum of heterozygous (Vps13/Cyo) plus homozygous progeny (Vps13/Vps13)). Under 

control conditions the percentage homozygous Vps13 eclosing progeny is 33 % (because the CyO/CyO 

genotype causes lethality). To determine the eclosion rate of combinations of different alleles, the alleles 

under investigation (Vps13, w1118 or one of the deficiency lines) were balanced over CyO and mated with 

each other (e.g. Vps13/CyO x Df #7535/CyO). Based on Mendelian laws, the percentage of non-CyO 

progeny flies from these crosses is around 33%. When the viability of the non-CyO flies is compromised, 

the percentage non-CyO eclosing flies is lower than the expected 33% of the total eclosing flies. For 

all eclosion experiments more than 100 eclosed flies were scored per condition. Due to toxicity of the 

Actin-GAL4 driver in the Vps13 background, all rescue experiments using human VPS13A were performed 

at 25oC. 

Western blot analysis

Flies were flash frozen in liquid nitrogen and heads were separated from bodies by using a vortexer. 30 

µl freshly prepared Laemmli buffer (2% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.004% bromophenol 

blue, 0.0625 M Tris HCl pH 6.8) was added per 10 heads and the samples were sonicated three times for 5 

seconds on ice. 5% 2-mercapthoethanol (Sigma) was added and the samples were subsequently boiled for 

5 minutes. Samples were run on 12% polyacrylamide gels and transferred onto nitrocellulose membranes. 

For Vps13 detection the samples were prepared using 2x Laemmli buffer without 2-mercaptoethanol 

containing 0,8 M urea and 50 mM DTT. The samples were run on a 6% polyacrylamide gel and blotted 

overnight using transfer buffer containing 10% methanol. Membranes were incubated in 5% milk in PBS 

0,1% Tween-20 and subsequently stained using the primary antibody in PBS 0.1% Tween-20 over night at 

4 oC. Staining with secondary antibodies (1:4000, GE Healthcare) was done at room temperature in PBS 

0.1% Tween-20. Signal on membranes was visualized using ECL or super-ECL solution (Thermo Scientific) 

in the dark room, the GeneGnome (Westburg) or the ChemiDoc Touch (BioRad).
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The following antibodies were used for Western blot analysis: beta-actin (1:2000, Cell Signalling, #3700), 

alpha-tubulin (1:4000, Sigma, T5168), ubiquitylated proteins (1:1000, FK2, Enzo life sciences, BML-

PW8810-0500), K48-ubiquitinated proteins (1:1000, Cell signalling, #8081), K68-ubiquitinated proteins 

(1:1000, Cell signaling, #5621), Ref(2)p (42), HsVPS13A (1:1000, Sigma, HPA021662), EGFR (1:1000, Santa 

Cruz Biotechnology, sc-03-G), GAPDH (1:1000, Novus biologicals, NB100-56875), GM130 (1:2000, Abcam, 

ab30637), Rab5 (1:1000, Abcam, ab31261), Rab7 (1:1000, (43), ATP5A (1:5000, Mitoscience via Abcam, MS507) 

and Lamp1 (1:1000, Abcam, ab25630).

Generation of Drosophila Vps13 antibodies

The Vps13 #62 antibody was made by immunizing rabbits with a synthetic peptide containing the amino 

acids 3299 to 3314 of Vps13 (Eurogentec). A dilution of 1:1000 was used for Western blot experiments.

For the Vps13 NT antibody Vps13 cDNA corresponding to amino acids 576-976 was cloned in pET28a 

(Novagen) to generate a His-Tag fusion protein that was expressed and purified with Ni-NTA resin 

(Qiagen) following manufacturer’s instructions. The resulting recombinant protein was used to immunize 

rabbits. This antibody was used in a 1:1000 dilution for Western blot analysis.

TX-100 detergent fractionation

Separation of the Triton X-100 insoluble and soluble fractions of fly heads was performed as described 

in44. In short, fly heads of 7 day old flies were separated from the bodies by freezing in liquid nitrogen and 

subsequent vortexing. The heads were kept on ice and homogenized with a pellet pestle in 1% Triton 

X-100 in PBS containing protease inhibitors. The sample was centrifuged at 4 oC at 20800 g for 10 minutes. 

The supernatant was removed and the samples were washed in 1% Triton X-100 in PBS containing protease 

inhibitors. After a second centrifugation step the supernatant was removed, 5% Laemmli buffer was added 

and the sample was sonicated on ice. 5% beta-mercapthoethanol was added and the sample was boiled 

for 10 minutes. 

Cytosol vs Membrane fractionation and membrane extraction

A slightly modified protocol45 was used. Approximately 800 fly heads were resuspended in 800 µl 

homogenization buffer HB (50mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, Protease inhibitor) and 

mechanically shredded using a pellet pestle motor (Kontes). The nuclei and intact cells were pelleted 

by centrifugation 5 min at 800 g, and the resulting postnuclear supernatant (PNS) was applied to 

ultracentrifugation at 100,000 g for 1 h using a TLA 100.3 rotor to generate the cytosol (C) and the 

membrane fraction (M). To analyze the association of Vps13 with membranes, the membrane fraction 

was treated with HB, 1 M KCl, 0.2 M sodium carbonate (pH 11), or 6 M urea for 45 min on ice, and then 

separated into a supernatant (Soluble) or a pellet (Insoluble) fraction by centrifugation at 4°C, 100,000 

g for 1 h. Laemmli sample buffer was added to the insoluble and soluble fractions and the samples were 

processed for Western blot analysis.
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Subcellular fractionation and immunoisolation

A protocol based on Silvis et al.46 was used. In short: For subcellular fractionation around 1000 fly heads 

were resuspended in 1 ml of homogenization buffer HB (50mM Tris HCl pH 7,5, 150mM NaCl, 1mM EDTA, 

Protease inhibitor, 0.25 M sucrose). The fly heads were homogenized by 20 strokes of a Potter-Elvehjem 

PTFE pestle and centrifuged at 800 g for 5 min, the pellet was discarded and the supernatant (post nuclear 

supernatant, PNS) was collected. The fly heads PNS was then pipeted onto a sucrose gradient containing 

5%, 17.5%, 30%, 42.5%, 55% (w/v) in HB, the volume was 2 ml per concentration, and the gradient was spun 

at 4 °C at 274 000 g for 4 h using a swinging bucket SW41 rotor in a Sorvall Discovery 90se. Fractions of 0.5 

ml were harvested top to bottom from the gradient and transferred into 1.5 ml microcentrifuge tubes. The 

proteins present in each fraction were precipitated and concentrated using TCA, resuspendend in 75 µl of 

sample buffer, processed for Western blot analysis as described before and analyzed by Western blot. All 

the procedures were performed on ice.

To perform the immunoisolation, a Vps13-enriched fraction containing vesicles positive for markers 

of the early and late endosomal populations was obtained as described above. The Vps13 enriched 

fraction (30% sucrose) was collected (approximately 1 ml). Rabbit anti-Rab7, anti-Rab5, anti Vps13 NT, or 

a nonspecific rabbit IgG was added to the Vps13 enriched fraction and incubated overnight at 4°C with 

rotation. In addition, 30 µl A/G plus agarose beads per condition were washed with 1% BSA/HB three 

times and incubated with 1 ml 1% BSA/HB overnight at 4°C. The following day the beads were recovered 

and resuspended in 30 µl of HB per condition. 30 µl of the blocked and washed beads were then added 

and incubated with each condition for 3 h at 4°C with rotation. The bead–antibody–organelle complexes 

were collected and washed five times with HB. Laemmli sample buffer was added to the immunoisolated 

complexes, and samples were analyzed using Western blot analysis to detect the indicatedproteins.

Q-PCR

RNA was extracted from whole flies (RNeasy purification kit) and transcribed into cDNA (M-MLV, Invitrogen). 

Q-PCR was done using Sybergreen (Biorad) and a Biorad i-cycler. The primers were directed to a sequence 

downstream of the PiggyBac insertion. RP49 mRNA levels were used for normalization. The following 

primers were used for Vps13 mRNA: For – AGACGTGCCTGGGTCTAT and Rev – AAGGCTCGTGAGAGGTAC; 

and for RP49 mRNA: For – GCACCAAGCACTTCATCC and Rev – CGATCTCGCCGCAGTAAA.

Immunofluorescence

Adult and L3 larval brains were dissected in PBS and directly put on ice. The brains were fixed for 20 minutes 

in 3.7% formaldehyde and subsequently washed 3 times 10 minutes in PBS 0.1% Triton X-100, followed by 

an optional 1 hour blocking at room temperature in 10% normal goat serum in PBS 0.1% Triton X-100. 

Primary antibodies: ubiquitylated proteins (1:200, FK2, Enzo life sciences, BML-PW8810-0500) and Ref(2)

P (1:1000) (42). A Leica SP8 CLSM, and a Zeiss-LSM780 NLO confocal microscope were used to obtain the 

fluorescent images.
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Histology 

Flies were sedated using CO
2
, the proboscis was removed and the flies were decapitated. The heads 

were immediately transferred into fixative at 4°C containing 2% Glutaraldehyde, 0.2% picric acid and 4% 

paraformaldehyde in 0.1 M Cacodylate buffer. The fly heads were fixed at 4°C on a rotator for at least 48 

hrs followed by three wash steps with Cacodylate buffer. Next, the heads were transferred to postfix (1% 

osmium tetroxide and 1,5% potassiumferrocyanide in 0.1 M Cacodylate buffer) for 2hrs at 4°C and washed 

with ddH
2
O, dehydrated using an ethanol series and embedded in Epon. Thick sections were produced 

using a Leica EM UC7 Ultramicrotome, sections were transferred to glass slides, stained using Toluidine 

blue and imaged with an Olympus BX50 light microscope.

Quantifications and statistical analysis

Quantification of images obtained by immunohistochemistry (ubiquitylated proteins and Ref(2)p 

accumulations) of the central nervous system were blindly scored. In ImageJ a region of 250 by 250 pixels 

in the center of the brain was selected to exclude the background fluorescence at the edges of the brains. 

Subsequently the puncta were counted using the “find maxima” function.

The statistical significance of the data was calculated using the Student’s t-test (2-tailed and where 

appropriate with welches correction). Plotted values show the average of at least 3 independent 

experiments and error bars show the standard error of the mean. P-values below 0,05 were considered 

significant. In the figures P≤0,05 is indicated by a *, P≤0,01 by ** and P≤0,001 by ***.

Significance of the life span analyses was calculated with Graphpad prism5 using a Log-rank (Mantel-Cox) 

Test and a Gehan-Breslow-Wilcoxon Test. Graphs and life span curves were made using Graphpad prism5.
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Sup Fig 1. Alignment of Vps13 and HsVps13A.

Identical amino acids are indicated in red. The conserved “Chorein domain” is indicated.
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Sup Fig 2. Western analysis of Vps13, excision lines and deficiency lines.

(A) Western blot analysis of Vps13 protein level in isogenic control, Vps13 mutant and excision line fly heads using the Vps13 #62 

antibody. Tubulin was used as a loading control. (B) Western blot analysis of ubiquitylated proteins and Ref(2)p in control, Vps13 mutant 

and excision line fly heads. Tubulin was used as a loading control. (C) Western blot analysis of Vps13 protein in Vps13/+, Vps13, Vps13/

Df #7534 and Vps13/Df #7535 fly heads using the Vps13 #62 antibody. Tubulin was used as a loading control. (D) Western blot analysis 

of ubiquitylated proteins and R=ef(2)p in Vps13/+, Vps13, Vps13/Df #7534 and Vps13/Df #7535 fly heads. Tubulin was used as a loading 

control.
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Sup Fig 3. Accumulation of puncta of ubiquitylated protein in the larval ventral nerve cord.

(A) Ventral nerve cords of control and Vps13 mutant third instar larvae were stained for ubiquitylated proteins. The areas in the grey 

boxes are shown below in higher magnification. Quantification of the number of puncta in the ventral nerve cord is given. The scale 

bar indicates 50 µm and 12.5 µm in the enlargement. (B) Quantification of the number of puncta present in a 250 by 250 pixel section 

of larval ventral nerve cord as depicted in 5A. (C) Triton x-100 fractionation of samples from control and Vps13 mutant fly heads 

analyzed for the levels of Triton x-100 insoluble ubiquitylated proteins. The quantification shows the mean and SEM of at least five 

larval ventral nerve cord stainings per condition. For statistical analysis a two-tailed students T-test was used in combination with a 

Welch’s correction if necessary. P<0.01 is **.
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Sup Fig 4. Accumulation of ubiquitylated protein puncta in the adult eye lobe.

Stainings of the eye lobes of 1 day old adult control, Vps13 mutant and excision line 3 stained for ubiquitylated proteins, Ref(2)p and 

DAPI. The higher magnification pictures are of the areas in the grey boxes. Arrows indicate colocalization of Ref(2)P and Ubiquitin 

positive foci . The scale bar in the overview picture indicates 50 µm and the scale bar in the zoom in indicates 20 µm. 
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Supplemental table 1

Figure Genotype # of flies Median life span P value M-C test P value G-B-W test

3 Control 142 37 days
Vps13 159 20 days < 0,0001 < 0,0001

3 Vps13 164 18 days
Excision line #1 414 54 days < 0,0001 < 0,0001
Excision line #2 141 53 days < 0,0001 < 0,0001
Excision line #3 259 53 days < 0,0001 < 0,0001

6 Vps13 69 5 days
Vps13 + HsVps13A 71 6 days < 0,0001 0,0016

Sup Table 1. Details of the life span experiments presented.

Depicted per figure are the fly lines used, the number of flies used for the experiment, the median life span, the Mantel-Cox test (M-C 

test) and Gehan-Breslow-Wilcoxon test (G-B-W test).
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ABSTRACT
Drosophila melanogaster has been a very valuable model organism in genetic research for almost 

a century by now. Over time many different techniques were applied for genome engineering and 

mutagenesis that are often time consuming and laborious including ethyl methane sulfonate (EMS), X-ray 

radiation, transposable elements, zinc-finger nucleases (ZFNs) and transcription activator-like effector 

nucleases (TALENs). The CRISPR/Cas9 system is currently the most popular tool for targeted mutagenesis 

due to high efficiency, specificity and easy application. 

Chorea-Acanthocytosis (ChAc) is a very rare neurodegenerative disease caused by mutations in the 

VPS13A gene and consecutive absence of the VPS13A protein. Patients present with different movement 

disabilities and deformed red blood cells called acanthocytes. Data on the function and localization of 

Vps13A and its orthologs in different organisms is still limited and mainly based on studies in unicellular 

organisms. Here we shortly discuss the most commonly used methods for mutagenesis in Drosophila and 

elaborately describe the successful application of the CRISPR/Cas9 technique to generate a Drosophila 

Vps13 knockout mutant and a Vps13-GFP fly line. Both lines will be used in the future to help elucidate the 

function and localization of Vps13 and to gain more insight in the underlying mechanisms of ChAc. 

Keywords

CRISPR/Cas9, Genome editing, Drosophila melanogaster, Chorea-Acanthocytosis, Vps13, Knockout, 

Endogenous tagging
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INTRODUCTION

Mutagenesis and genome engineering in Drosophila melanogaster

The fruit fly (Drosophila melanogaster) is a broadly studied and powerful model organism to study a wide 

variety of biological processes and human diseases. The availability of a very extensive genetic toolkit is 

one of the core strengths of Drosophila research. Chemical and insertional mutagenesis in Drosophila 

is applied often to disrupt and study gene function and many mutants were successfully uncovered by 

unbiased forward genetic screens after X-ray radiation1 or ethyl methanesulfonate (EMS) treatment2. 

EMS is a chemical mutagen which is easy to administer and induces random mutations in the DNA 

by nucleotide substitutions at a high frequency3,4. Disadvantageous of EMS treatment is the laborious 

mapping of mutations and the creation of mosaic F1 flies that might not transfer the mutation to the 

next generation unless the germline is also mutant2. Radiation with X-rays was the first method used 

to induce mutagenesis and can cause chromosome breaks, deletions, transpositions and inversions3. 

Mutation frequency is lower compared to chemical mutagenesis but there is no risk of mosaic offspring 

as X-ray induced mutations are mainly double-stranded DNA breaks that do not cause mosaicism in the 

progeny2,4. 

Transposable elements

Another common technique for mutagenesis in Drosophila makes use of transposable elements 

(P-elements and piggyBacs). Transposable elements are pieces of DNA that are mobile in the genome 

and mutations can be created by either insertion of the transposable element or imprecise excision of the 

inserted transposable element which leads to a large deletion in the genome (reviewed by5). The benefit 

of this technique compared to EMS is the reduced chance of secondary mutations in the genome. In 

addition, it is possible to combine the transposable element with a visible marker like white+ thereby 

making it easy to screen potential mutants based on absence or presence of the marker6. One drawback 

of using transposable elements for mutagenesis is that often the insertions are not accompanied by any 

phenotype due to the genomic location they are inserted7, but the major disadvantage of P-elements 

is their preference to insert in so-called “hotspots”. Although piggyBac elements have less insertional 

specificity and can therefore be used for more random insertion, their downside is that they only excise 

precisely and mutagenesis can only be reached via direct gene disruptions after the insertion5,6. On the 

other hand, if direct insertion of a piggyBac element leads to gene disruption, excise precision of the 

element can be of benefit because it will create a suitable control for the observed phenotype and further 

functional studies.

Homologous recombination

The above mentioned mutagenesis techniques are all used to create random mutations that involve 

extensive screening (a so called forward genetic screen) of potential mutants and mapping of the 

induced mutation in the DNA. When the genome sequence of a gene of interest is known it is possible 
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to specifically mutagenize this gene via a reverse genetic approach. Homologous recombination (HR) is 

the classical technique used for targeted mutagenesis5. HR repairs double strand breaks (DSBs) after DNA 

damage and normally occurs regularly at low frequencies5. With the use of HR, mutations can be created 

either by disruption of the gene or by replacing an allele with a donor sequence8–10. To make use of this HR 

repair mechanism, first a donor sequence has to be randomly inserted into the genome as a transgene. 

This donor sequence consists of a P-element with DNA homologous to the target site and a recognition 

site for a restriction enzyme. Later this donor sequence is excised from the DNA as circular DNA after 

which a DSB needs to be introduced via the restriction site to provoke homologous recombination 

with the complementary DNA of the “host” cell4,8,11. Unfortunately those techniques suffer from low 

recombination frequency and many false-positives and are therefore not ideal for large screenings5. 

ZFN and TALEN

More recently, new techniques were developed to introduce a DSB in the genomic DNA and target 

basically any gene of interest12. Different repair mechanisms in the cell are activated after introduction of 

a DSB. Since this repair is not always error-free it can lead to mutations in the targeted gene. Zinc finger 

nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) have been successfully 

applied in Drosophila for targeted mutagenesis13,14. Both ZFN and TALEN are chimeric enzymes that have 

a DNA binding domain and a non-specific DNA-cleavage domain5,15. The DNA binding domain can be 

designed to match and target a specific region in the gene of interest5. By combining multiple ZFN or 

TALEN domains it is possible to create a long and therefore more specific DNA recognition sequence. 

Every ZFN domain recognizes a triplet of nucleotides while an individual TALEN domain recognizes a 

single nucleotide, which provides greater design flexibility5,14. The biggest drawback is that both ZFN and 

TALEN require the design and generation of a new and unique protein for every target5 and therefore this 

method is still not very suitable for large scale and systematic gene-targeting.

CRISPR/Cas9

Almost 30 years ago, clustered regularly interspaced short palindromic repeats (CRISPRs), were discovered 

in E. coli16. Nowadays it is a very popular genome engineering technique that is applied in many model 

systems and organisms. In conjunction with a Cas protein, the CRISPR/Cas system functions as an adaptive 

immune system against foreign invasion of viruses and plasmids in many bacterial species17,18. The best 

studied CRISPR/Cas system, from Streptococcus pyogenes, makes use of the Cas9 endonuclease and is 

now widely implemented as a genome editing technique. In this system a dual-RNA structure, the single-

guide RNA (sgRNA), directs the Cas9 endonuclease to the DNA target site to create a double stranded 

break (DSB) (Figure 1A). The sgRNA consists of a CRISPR RNA (crRNA) module and a transactivating crRNA 

(tracrRNA) module19. The crRNA provides specificity to the CRISPR/Cas9 complex by base pairing of a 20 

nt targeting sequence that is complementary to the targeted DNA, while the tracrRNA module is required 

for the Cas9 nuclease activity19. The only prerequisite for the system is that the target site of the sgRNA lies 

immediately 5’ of a so-called PAM sequence. This 3 nt NGG protospacer-adjacent motif (PAM) is required 

for the DNA targeting20,21. Once the DSB is induced by the CRISPR/Cas9 complex, this DSB can be repaired 



4

63 

Generation of Vps13null and Vps13-GFP flies using CRISPR/Cas9

by one of the endogenous DNA repair pathways: non-homologous end joining (NHEJ) or homology 

directed repair (HDR) (Figure 1B). Both of these repair pathways can be used to generate mutant alleles. 

NHEJ is an error-prone repair mechanism and can lead to localized small mutations due to deletion and/

or insertion (indel mutations) of a couple of bp at the DSB-site22. These indel mutations can then result 

in null mutations or truncations of the protein sequence by shifting the reading frame of protein coding 

genes21,23. The HDR pathway allows more possibilities in genome editing and can introduce precise point 

mutations or insertions (knock-ins)21,24. For HDR it is necessary to supply a donor template that includes 

the desired insert flanked by two arms that are homologous to the target region22.

 CRISPR/Cas9 in Drosophila melanogaster

CRISPR/Cas9 based gene editing has become a very popular method for targeted mutagenesis in 

Drosophila research because it has advantages over the other previously mentioned techniques. Firstly, 

it is enough to generate a 20 bp sgRNA which is sufficient for the Cas9 to function specifically, while for 

PAM

Cas9 protein

Genomic DNA

Target sequence

Cleavage site
NGG

sgRNA

A

HDRNHEJ

Knock-in/gene modifications

Donor sequence

Indel mutations

B

Figure 1. The CRISPR/Cas9 system. 

(A). Schematic representation of the CRISPR/Cas9 system. The Cas9 protein (grey) is guided to the DNA by the sgRNA (blue). This 

sgRNA contains a region of 20 nt that is complementary to a target sequence (orange) in the DNA (dark blue) and a region that 

mediates binding and activity of the Cas9 protein (light blue). Cas9 cleaves both DNA strands (cleavage site, red triangles) 3 nt from 

a protospacer adjacent motif (PAM (NGG) green) thereby creating a double-strand break (DSB). (B) Cas9-induced DSBs can be 

repaired via the NHEJ or HDR pathway. The imprecise NHEJ repair often leads to indel mutations of variable lengths, while the HDR-

mediated pathway allows for knock-in and other gene modifications when a donor sequence is provided. 
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ZFN and TALEN it is necessary to create individual proteins for specific gene targeting5. In addition, NGG 

sequences that serve as PAM-sites are very abundant in the genome, providing many targeting areas. 

Second, it is possible to combine the Cas9 with a selection marker thereby simplifying the screening 

for potential mutants. It is also possible to combine the Cas9 with the Cre-loxP system25,26 to create 

conditional knock-out fly lines5. Finally, multiple methods are available to deliver the CRISPR/Cas9 system 

to fly embryos, which gives researchers the option to select their method of preference5,24. These methods 

include the injection of the CRISPR/Cas9 components as in vitro constructs (Cas9 mRNA and sgRNA) or 

as DNA plasmids, as well as the injection of a sgRNA DNA plasmid into Cas9 transgenic embryos and the 

establishment of sgRNA expressing transgenic fly lines that are crossed with a Cas9 transgenic fly line for 

mutagenesis to occur24. Injection of a sgRNA plasmid into Cas9 transgenic embryos is considered to be 

the fastest, easiest and most cost-effective method to generate new mutant fly lines24,27,28. Transgenic 

Cas9 fly lines are available with the construct under control of a general promotor for both the germline 

and somatic cells28, or under the control of germline specific promotors like nanos and vasa25–27. Since the 

Cas9 transgene is available on different chromosomes it is possible to out-cross the transgene after the 

generation of the desired lines24. 

Chorea-Acanthocytosis and Vps13

Chorea-Acanthocytosis (ChAc) is a rare neurodegenerative disorder caused by mutations in the vacuolar 

protein sorting 13 A (VPS13A) gene29,30. Mutations in the VPS13A gene lead to the absence of the VPS13A 

protein, also called Chorein31. The disease is characterized by progressive onset of hyperkinetic movements 

and the presence of deformed red blood cells with spike-like protrusions: acanthocytes32,33. Recent 

research of Vonk et al.34 published data on the first multicellular model for ChAc (Chapter 3 of this thesis). 

This work supports previous data by discovering a role for Drosophila melanogaster Vps13 in autophagy 

and protein homeostasis. In this study a mutant fly line (Vps13c03628) was adopted from the Harvard Exelixis 

insertion collection that carries a P-element insertion in an intronic region of the Vps13 gene located in 

the center of the gene7,34. Because of the P-element insertion site the Vps13c03628 mutant is not a full Vps13 

knock-out and a truncated Vps13 protein is still present. Potentially this truncated protein might have a 

dominant negative function and therefore the need arises to create a new mutant Drosophila model in 

which Vps13 is entirely absent. Furthermore, technical difficulties associated with the Vps13 gene made it 

impossible to rescue the Vps13c03628 mutant by overexpression of a wild type transgene. Therefore it is of 

high importance to create an independent Vps13 mutant fly model that shows comparable phenotypes 

as the Vps13c03628 mutant. In this case we can be most certain that those phenotypes are in both cases 

caused by the mutated Vps13 gene rather than them being the consequence of the genetic background 

unrelated to the Vps13 gene. 

Here we aimed to generate a new Drosophila melanogaster mutant model for Chorea-Acanthocytosis 

with the use of the CRISPR/Cas9 system that can be used to support and extend the knowledge about the 

underlying disease mechanism of ChAc. In addition, we successfully applied the CRISPR/Cas9 system to 

endogenously tag the Vps13 gene and Vps13 protein with a Green Fluorescent Protein (GFP) reporter to 

investigate Vps13 localization. The creation of a Vps13null mutant in combination with a Vps13-GFP fly line 
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proved to be of high importance for especially the investigation of Vps13 localization in a multicellular 

organism (Chapter 5 of this thesis). In this methodology Chapter we elaborately describe the materials and 

methods for the generation and identification of a Vps13 knock out mutant and Vps13-GFP flies with the 

use of the CRISPR/Cas9 technology. The strategy can be adapted for every Drosophila gene of interest. 

MATERIALS AND METHODS    

sgRNA design for Vps13 mutants and Vps13-GFP flies

DSBs generated with CRISPR/Cas9 will be primarily repaired via NHEJ when a donor construct is absent, 

leading to indel mutations at the target site35. NHEJ is very effective to generate frame-shift mutations 

in coding sequences that lead to premature stop-codons13 and therefore is the preferred approach for 

gene disruption22. For the creation of the Vps13 mutants, two sgRNAs were designed and directed against 

the N-terminus of the Vps13 gene. With the use of two sgRNAs we aimed to generate a large defined 

deletion in the Vps13 gene giving rise to a full Vps13 knockout mutant36. In addition, this approach offered 

the possibility to create mutations caused by either one of the sgRNAs that result in a full Vps13 knockout 

mutant or possibly mutants with smaller indel mutations that do not lead to the complete absence of the 

Vps13 protein. For the generation of a Vps13-GFP line the sgRNA target was the final exon of Vps13 as close 

as possible to the gene terminator. All sgRNAs had to be 20 nt long and had to start with a G to optimize 

the U6-driven transcription of the sgRNAs 24 and target sites should be followed by a 3-nt PAM sequence 

of NGG. SgRNAs were selected using the Optimal Target Finder of flyCRISPR (http://tools.flycrispr.molbio.

wisc.edu/targetFinder/ ; retrieved in May 2015). For the generation of new Vps13 mutants we selected 

one sgRNA that targets exon 4 and a second sgRNA targeting exon 8 (Figure 2). Those sgRNAs met the 

previously mentioned requirements and had the highest quality score, which is determined by the inverse 

likelihood of off-target binding (tested on crispr.mit.edu). The sgRNA for the generation of the Vps13-GFP 

fly line was selected in the same manner.

5’ 3’

sgRNA Exon 4 sgRNA Exon 8 PBac c03628

CT antibody #62

7566809 7580675

sgRNA GFP tag

Vps13

Vps13

Figure 2. The Vps13 gene and sgRNA target sites. 

Schematic representation of the Vps13 gene and the sgRNA target sites for the generation of a Vps13 knockout mutant (orange) and 

Vps13-GFP flies (green). Exons are shown as grey boxes. Location of the PBac element of the current Vps13c03628 mutant is indicated 

(blue triangle). Vps13 protein and the epitope of the polyclonal C-terminal Vps13 antibody (#62) are depicted. 
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Cloning of sgRNA oligonucleotides into the pU6-BbsI-chiRNA plasmid

SgRNA targeting sequences are synthesized as oligonucleotides (Table 1) that are annealed and cloned 

into the pU6-BbsI-chiRNA plasmid (Addgene plasmid #45946; gift from Melissa Harrison, Kate O’Connor-

Giles & Jill Wildonger) via BbSI restriction sites. Both oligonucleotides contain an overhang sequence 

that is complementary to the overhangs generated by BbsI digestion and should be 5’ phosphorylated. 

Annealing was done by increasing the temperature to 95°C followed by a slow cool down of the mixture 

by 5C°/minute in T4 ligation buffer (Figure 3). After digestion of the pU6-BbsI-chiRNA plasmid with the 

BbsI restriction enzyme the annealed oligos were ligated with the linearized plasmid using quick ligase 

and transformed into E. coli. Multiple colonies were sequenced to analyze correct insertion of the sgRNAs 

into the vector (data not shown) before injection. 

Donor plasmid design and cloning for Vps13-GFP flies

For the creation of the Vps13-GFP flies we used the Bluescript II SK+ plasmid (Stratagene) donor plasmid 

in which we cloned the GFP sequence flanked by two homologous arms. This assembly vector is injected 

together with the sgRNA and serves as a template for the homology directed repair after the DSB 

induction. To prepare the donor plasmid we linearized it by restriction digestion with NotI HF and EcoRV 

and then extracted it from agarose gel following electrophoresis. The inserted fragment consisted of 

three DNA fragments: a 5’ Vps13 homologous arm, a GFP fragment and a 3’ Vps13 homologous arm (Figure 

4A; Table 1) that were PCR amplified individually. When designing the HDR fragments it is important to 

disrupt the sgRNA target site by changing the PAM sequence in the HDR construct. Introduction of a 

silent mutation in the PAM sequence that does not alter the amino acid sequence can be done by one 

or more nucleotide changes thereby preventing continuous cleavage by the Cas9 protein after the HDR 

construct is inserted in the genome. Both homologous arms, with a sequence immediately adjacent to 

the cleavage site of the sgRNA to facilitate efficient HDR, were generated with the use of a Bac clone 

(Pacman BAC collection, clone CH321-1b19, bacpacresources.org), while for the GFP fragment we used a 

pEGFP-C1 (Clontech) plasmid as template. The primers for the PCR products were designed to overlap to 

be able to anneal the individual PCR products using the Gibson assembly reaction (Figure 4A,B). With the 

Gibson assembly it is possible to assemble multiple overlapping DNA fragments, regardless of fragment 

length or end compatibility in a single-tube isothermal reaction37,38. We included the linearized Bluescript 

II SK+ vector in the Gibson reaction to assemble all independent PCR fragments and the vector in one 

Table 1. Primers sgRNA & donor plasmid

Name Forward primer Reverse primer

sgRNA exon 4 CTTCGAAGGGACTACCCGTCGTTG AAACCAACGACGGGTAGTCCCTTC

sgRNA exon 8 CTTCGTATGATGCGCCAACCATAT AAACATATGGTTGGCGCATCATAC

sgRNA GFP tag CTTCGATTATGAGCCGGATAGGCGA AAACTCGCCTATCCGGCTCATAATC

5’ homologous arm HDR plasmid GCTCCACCGCGGTGGCCAATCCCTA

TGGCCTAGTGG

ATTATGAGCCGGATAGGCGACTGTA

GCCCTTAACGGATTG

GFP tag CTATCCGGCTCATAATGCCGCCGCC

AGCAAGGGCGAGGAGCTGTTCAC

GGGAAATAAATTCAGTTCTATTGGCC

GCCGCCTTACTTGTACAGCTCGTCCAT

3’ homologous arm HDR plasmid GGCGGCGGCCAATAGAACTGAAT

TTATTTCCCAAC

GAGGTCGACGGTATCGATAAGCTTGA

TCCGTGTATGGTCTCATAGACTC
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U6 promotor
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U6 terminator

NNNN5’
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GTTTNNNN

NNNN 5’
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tracrRNA

OR

Exon 8
CTTCGTATGATGCGCCAACCATAT

CATACTACGCGGTTGGTATACAAA 5’

3’5’

3’

Target sequence 

crRNA guide sequence

sgRNA

CTTCGAAGGGACTACCCGTCGTTG

CTTCCCTGATGGGCAGCAACCAAA 5’

3’5’

3’

Figure 3. Cloning of sgRNA oligonucleotides into the pU6-BbsI-ChiRNA plasmid. 

Schematic representation of the pU6-BbsI-ChiRNA plasmid containing the U6 promotor sequence, two BbsI restriction sites, the 

tracrRNA sequence and the U6 terminator sequence. The target sequence of the sgRNA (crRNA guide sequence) is formed by 

annealing two oligonucleotides that both have an overhang sequence complementary to the overhangs that are created by BbsI 

digestion of the plasmid. After BbsI digestion of the plasmid the annealed oligonucleotides are ligated into the plasmid forming the 

sgRNA together with the tracrRNA sequence already present in the pU6-BbsI-ChiRNA plasmid. 

Bluescript NotI Bluescript EcoRVGFP5’ homologous arm 3’ homologous arm

1.3 kb
750 bp

1.2 kb

Gibson reaction

3’
5’

3’
5’

OverlapFragment A

Fragment B

Removal 5’ ends with exonuclease

Annealing DNA fragments

Extending 3’ ends with DNA polymerase
Sealing with DNA ligase

Fragment A+B
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Figure 4. HDR plasmid design and Gibson reaction. 

(A) Primer design and DNA fragment size for assembly of the HDR plasmid digested with NotI and EcoRV (blue boxes) including a 5’ 

homologous arm of Vps13 (purple box), the GFP sequence (green box) and a 3’ homologous arm (yellow box) used for generation of 

Vps13-GFP flies. Primers create DNA fragments that have overlapping sequences to facilitate assembly of all DNA fragments with the 

Gibson reaction. (B) Schematic representation of the Gibson Assembly cloning method. Individual DNA fragments with overlapping 

ends are combined in three steps within one reaction: first the 5’ end of the DNA fragments are removed by an exonuclease creating 

complementary 3’ overhangs. Second the DNA fragments are annealed. Finally the 3’ ends are extended by a DNA polymerase that fills 

in gaps within each annealed fragment and the nicks of the assembled DNA are sealed by a DNA ligase. (Figure adapted from neb.com).
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reaction after which the product was transformed directly into E. coli. Multiple colonies were investigated 

using restriction analysis for insertion of the product into the vector and correct donor plasmids were 

sequenced to confirm correct insertion of the PCR products into the vector (data not shown).

Embryo injection and establishing stable lines

For the generation of Vps13 mutant and Vps13-GFP flies we chose to inject the sgRNAs and donor 

plasmid into embryos that express Cas9 only in the germline. The advantage of using embryos with Cas9 

expression limited to the germline is that they are more reliable in producing heritable mutations because 

somatic mutations in the injected flies that can lead to lethality do not occur27,28. In addition, it was shown 

that transgenic expression of Cas9 in the germline increases mutagenesis efficiency and is more effective 

than coinjection of the Cas9 DNA/mRNA and sgRNA27,39. 

Embryo injection was performed by BestGene (Chino Hills, CA, United States) into yw;;nos-Cas9(III-

attP2)/Tm6C embryos according to their protocol after which larvae were shipped back for further 

establishment of stable lines (Figure 5). Adults that developed from injected embryos were individually 

crossed to if/CyO
dfd

YFP balancer flies to obtain nonmosaic flies, after which we again crossed all F1 adults 

individually to if/CyO
dfd

YFP flies. Stable stocks were established from F2 flies (Figure 5). 

nos-cas9 embryo

Pole cells

Injection of sgRNA plasmids ♂ or ♀ Germline stem cells with or without mutations

Mutant #1 (?) 
        if  

Mutant #2 (?) 
      CyO  

OR

G0

F1

Mutant #2 (?) 
      CyO  

Mutant #1 (?) 
      CyO  

OR

Sibling ♂ & ♀
F2

   if      
CyO  ♂ or ♀

   if      
CyO  ♂ or ♀Mosaic

    +  
♂ or ♀

♂ ♂ or ♀

Figure 5. Embryo injection and crossing scheme to establish stable fly lines. 

Schematic representation for the generation of stable lines after embryo injection. sgRNAs were injected into nos-cas9 expressing 

embryos that developed into mosaic adult flies with male or female germline stem cells with or without mutations. Individual mosaic 

flies were crossed with a balancer stock, if/CyO
 dfd

YFP in this case since Vps13 is located on the second chromosome. Individual F1 flies 

were again crossed with the if/CyO
dfd

YFP stock. F2 flies were then used to establish a stable line by crossing male and female siblings. 
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Screening of stable lines

There are several methods available to detect genome alterations caused by CRISPR/Cas9. Screening can 

be done with F1 flies prior to establishing stocks. In order to do so, genomic DNA can be extracted from 

a single wing without killing the flies40 allowing selection of F1 mutants prior to individual crossing and 

establishing stable stocks22. Figure 6 shows a flow diagram of the screening process for both potential 

Vps13 mutants (Figure 6A) and potential Vps13-GFP lines (Figure 6B). One of the phenotypes of the 

current Vps13c03628 mutant is male sterility. We hypothesized that the potential new Vps13 mutants would 

also show male sterility and therefore this was used as the initial screen. For the Vps13-GFP flies we did 

not want the GFP tag to functionally influence the Vps13 protein, and potential Vps13-GFP lines should 

therefore behave as wild type controls without male sterility or other phenotypes. Homozygous males 

from the stable lines were allowed to mate with w1118 females for five days after which vials were analyzed 

for wandering larvae. 

In addition to male sterility, homozygous flies of all stocks were screened for the presence of additional 

visible phenotypes. Potential Vps13 mutant lines that showed homozygous male sterility and other 

phenotypes were further analyzed using Western blotting for the presence or absence of Vps13 protein 

and affected mutants were confirmed by DNA sequencing across the cleavage sites of both sgRNAs to 

determine the exact location and nature of the mutation (Figure 6A). In addition, those lines were crossed 
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Figure 6. Screening methods for identifying Vps13 knockout mutants and Vps13-GFP flies. 

Flow diagram of the used screening methods to identify Vps13 knockout mutants (purple) and Vps13-GFP flies (green). (A) After 

embryo injection and establishment of stable stocks potential Vps13 mutant lines were tested for male sterility and other homozygous 

phenotypes. Fly lines that showed male sterility or other homozygous phenotypes were then tested on Western blot to investigate 

Vps13 protein levels. In parallel, those same lines were crossed with the current Vps13c03628 mutant and transheterozygous flies were 

tested for male sterility and the other observed homozygous phenotypes. The same lines that were tested on Western blot were 

further analyzed for presence of mutations by DNA sequencing across the cleavage sites of both sgRNAs. Finally, fly lines of which 

sequencing revealed a mutation in Vps13 were crossed with the mutated allele over a deficiency allele and scored for presence of 

their original phenotype. (B) Following injection and establishing of stable lines, potential Vps13-GFP lines were PCR screened for the 

GFP sequence. For a small selection of GFP positive lines we tested whether the GFP sequence was inserted in the proper genomic 

location through PCR screening for GFP and flanking regions with the use of primers directed against the genomic DNA upstream and 

downstream of the GFP insertion site. Next those lines were tested for male sterility followed by DNA sequencing to confirm proper 

insertion of the GFP sequence. Finally, expression of the Vps13-GFP protein was confirmed by Western blot. 
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with the current Vps13c03628 mutant and transheterozygotes were again screened for male sterility and 

other phenotypes. The lines of which sequencing revealed a mutation in the Vps13 gene were eventually 

crossed with the mutated Vps13 allele over a deficiency line lacking a genomic region including the Vps13 

gene and tested to see whether their original homozygous phenotype was still present. 

For the potential Vps13-GFP lines we started with PCR amplification screening for the presence of GFP 

in the genome. Lines positive for GFP were then further analyzed by spanning PCR that amplifies the 

entire modified region to test whether the GFP was correctly inserted in the right genomic location at the 

C-terminus of the Vps13 gene. In addition, those lines were tested for male sterility. The identified Vps13-

GFP lines were then sequenced and further confirmed using Western blot analysis (Figure 6B). 

Western blot analysis

Western blot analysis was performed on samples of fly heads to check for Vps13 protein levels in potential 

mutant Vps13 fly lines. For the Vps13-GFP fly lines Western blot was used to confirm Vps13-GFP expression 

in lines that were already identified as Vps13-GFP using PCR and sequencing. In addition to Vps13, samples 

of potential Vps13-GFP lines were also tested using a GFP antibody. Flies were snap frozen in liquid 

nitrogen and decapitated by using a vortex. 4 µL of 2x Laemmli buffer (2% SDS, 10% glycerol, 0.004 % 

bromophenol blue, 0,0625 M Tris HCl pH 6,8) containing 0,8 M urea and 50 mM DTT was added per fly 

head. Samples were sonicated 5 times for 5 seconds and boiled for 5 minutes. Protein extracts were run 

on 8% polyacrylamide gels, transferred onto PVDF membranes overnight using transfer buffer containing 

10% methanol. Membranes were blocked with 5% milk in PBS 0,1% Tween-20 and subsequently incubated 

with primary antibodies overnight at 4°C. The primary antibodies used were: rabbit anti-Vps13 #62 (1:1000, 

Vonk et al. 2017), rabbit anti-Vps13 NT (1:1000, Vonk et al. 2017), mouse anti-GFP (1:5000, Clontech), mouse 

anti-alpha-tubulin (1:5000, Sigma). Appropriate secondary HRP-conjugated antibody staining (1:5000, GE 

Healthcare) was done at room temperature in 5% milk for both Vps13 antibodies and PBS 0,1% Tween-20 

for GFP and alpha-tubulin. Detection was performed using ECL or super-ECL solution (Thermo Scientific) 

with the ChemiDoc Touch (BioRad).

Genomic DNA isolation and PCR screening Vps13-GFP flies

To isolate Drosophila genomic DNA (gDNA) of potential Vps13-GFP flies, two different protocols were 

used:

1) Two flies of the potential Vps13-GFP lines were placed in an eppendorf tube containing 100 µL squishing 

buffer (10mM Tris-HCl pH 8.2, 1 mM EDTA, 25 mM NaCl and 400µg/ml proteinase K) and mashed for 20-

30 seconds. After 30 minutes incubation at 37°C the proteinase K was inactivated by heating the samples 

to 95°C for 3 minutes. The samples were centrifuged shortly and the supernatant was used for PCR.

2) Five flies of the potential Vps13-GFP lines were collected and mashed for 20-30 seconds using a yellow 

pipet tip with 50 µL solution A (0.1 M TrisHCl pH 9.0, 0.1 M EDTA and 1% SDS). Samples were incubated at 

70°C for 30 minutes after which 7 µL 8M KAc (Merck) was added per sample and followed by incubation 
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on ice for 30 minutes. The samples were centrifuged for 15 minutes at 13.000 rpm at 4°C after which 

the supernatant was transferred to a fresh tube. 30 µL of isopropanol (Sigma Aldrich) was added to 

each sample and after some shaking the samples were centrifuged for 5 minutes at 10.000 rpm at 4°C. 

Afterwards the supernatant was removed and the pellet was washed with 70% EtOH and centrifuged for 5 

minutes at 13.000 rpm. After removing the supernatant, the pellet was dried to open air. Finally the pellet 

was resuspended in 20 µL RNAse and DNAse free H
2
O (Life Technologies). 

The DNA sequences of the potential Vps13-GFP lines were initially screened for presence of GFP (gDNA 

isolation protocol 1) using the “GFP” primers listed in Table 2. A small selection of lines positive for GFP 

were then further analyzed by PCR for the flanking regions of the GFP sequence to check whether the 

GFP was fused to the 3’ end of the Vps13 gene (gDNA isolation protocol 2) using the “GFP + flanking 

regions” primers listed in Table 2. DNA sequences were amplified using Paq5000 Hotstart PCR Master 

Mix (Agilent). After amplification the samples were run on an 0,8% agarose gel and visualized with the 

Chemidoc MP System (Bio-Rad).

Sequencing of potential Vps13 mutants

Genomic sequencing was performed for potential mutant flies that showed absence of Vps13 protein 

on Western blot and for fly lines with additional homozygous phenotypes. Genomic DNA was isolated 

using a TRIZOL method: 25 embryos or 8 L3 larvae were collected and snap frozen in liquid nitrogen. 

The samples were homogenized in 250 µL of TRIZOL (Invitrogen) with a motor pestle and incubated 

at room temperature for five minutes. Afterwards 100 µL of chloroform was added and tubes were 

shaken vigorously by hand or vortex and incubated at room temperature for 2-3 minutes. Samples were 

centrifuged at 12.000 rpm for 15 minutes at 4°C. The aqueous phase was transferred to a fresh RNase/

DNase tube and stored for potential RNA analysis. For the DNA extraction we used TNES-6U containing 

10 mM Tris-HCl, pH 7.5; 125 mM NaCl; 10 mM EDTA pH 8.0; 1% SDS; 6M Urea. To fully dissolve the Urea 

the solution was pre-heated to 40°C (40°C TNES-6U). Per sample 75 µL of the 40°C TNES-6U was added 

to the organic phase and interphase and samples were mixed by gentle shaking and incubated at room 

temperature for 10 minutes. Then samples were centrifuged for 15 minutes at 13.000 rpm at 4°C. About 

100 µL of the aqueous phase was transferred to a clean tube and the interphase and organic phase were 

discarded. An equal volume of isopropyl alcohol was added to the aqueous phase per sample followed 

by incubation at -80°C for 2 hours. After the samples were thawed they were centrifuged at 13.000 rpm 

for 15 minutes at 4°C. The supernatant was discarded and the pellet was washed twice by resuspending it 

in 70% EtOH followed by 3 minutes incubation and 5 minutes centrifugation at 13.000 rpm. All EtOH was 

removed and the pellet was dried to open air. Finally the pellet was re-dissolved in 50 µL low EDTA TE 

buffer (10 mM Tris; 0,1 mM EDTA pH 8.0) that was preheated at 65°C and the samples were incubated at 

65°C for 15 minutes. 

Table 2. Primers PCR Vps13-GFP

Name Forward primer Reverse primer

GFP GCCGCCGCCCTTGTACAGCTCGTCCAT AAGGGCGAGGAGCTGTTCAC

GFP + flanking regions CCTTCTTCGAGCGCGAGTAT GAAGTTCGTGTACCAGGCCA
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Genomic regions surrounding the sgRNA target sites in exon 4 and exon 8 were PCR amplified using 

Phusion (New England Biolabs) and additional DMSO in the reaction mixture and sent for sequencing 

using the primers listed in Table 3.

Sequencing of identified Vps13-GFP line

Genomic DNA extraction for sequencing of the identified Vps13-GFP line and corresponding control was 

performed using protocol 2. Sequencing was done using the primer listed in Table 3. 

Table 3. Sequencing primers

Name Forward primer Reverse primer

Seq. pU6-BbsI-chiRNA TAATACGACTCACTATAGG (T7 primer) -

Seq. pBluescript II SK+ GTAAAACGACGGCCAGT ATGCTTCCGGCTCGTATGTTG

Seq. GFP GGTGGTGCCCATCCTGG CCAGGATGGGCACCACC

Exon 4 GGAGGCCAAATATGAGATGGAC -

Exon 8 TTGCCCGCATCGTAGACTCC -

Vps13-GFP TATAATGCGGCCGCGCTGTCGTGGGGATGTGATTGG -

RESULTS

Generation and identification of a Vps13 knockout mutant

We aimed to establish a Vps13 knockout mutant line for the further investigation of Vps13 function and 

localization. For the generation of a Vps13 knockout mutant more than 300 nos-cas9 embryos were 

injected with two sgRNAs targeting either exon 4 or exon 8 of the Vps13 gene. Out of the embryo 

injection we got 10 fertile mosaic flies (male or female) that gave rise to 282 independent stable lines 

(Suppl. Table 1). Most of the stable lines did not show any abnormalities, however in some occasions 

different homozygous phenotypes were observed among those lines in different stages of development 

including embryonal and pupal lethality, rough eyes and held-out wings (Figure 7). 

In addition, multiple lines appeared to be male sterile when tested. Table 4 lists the lines that showed any 

of the before mentioned phenotypes that were further investigated and tested on Western blot. Each 

line was given a number which consists of the number of the original mosaic precursor line followed by a 

specific number for the individual stable line. We also selected one stable line per mosaic progenitor that 

did not show any phenotype to serve as internal control, with the exception of progenitor 14, that only gave 

rise to stable lines that showed one or the other phenotype (held-out wings or male sterility). Progenitor 

line 14 and 22 gave rise to many lines with comparable phenotypes, we only selected 3 individual lines per 

phenotype for further investigations. To examine whether the observed phenotypes are accompanied by 

the absence of Vps13 protein all lines were tested using western blot (Figure 8; Table 4). 
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Adult fly
Egg

1st

2nd3rd

Pupa

Male sterility

Embryonal lethality

Held-out wingsRough eyes

Pupal lethality

Figure 7. Drosophila life cycle and observed homozygous phenotypes during different stages of development of potential 

Vps13 knockout lines. 

Schematic representation of Drosophila development that consists of the following stages: embryogenesis, three larval stages, a 

pupal stage and the adult stage. Screening of stable lines that were established after injection of the two sgRNAs for the generation 

of a Vps13 knockout mutant revealed several phenotypes during different stages of development including embryonal lethality, pupal 

lethality, rough eyes, held-out wings and male sterility.
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Figure 8. Vps13 protein levels of potential Vps13 knockout lines. 

Samples from homozygous fly heads of selected fly lines with homozygous phenotypes were analyzed by Western blot for Vps13 levels 

using the C-terminal Vps13 #62 antibody. W1118 was used as a positive control while the Vps13 c03628 mutant served as a negative control. 

α-Tubulin was used as a loading control.
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Table 4. Overview of selected lines with homozygous phenotypes and their controls.

Line 
number

Phenotype Transheterozygous 
phenotype

Protein Sequence abnormalities

4-2 (Control) Yes -

4-4 ♂ sterile Yes -

4-28 Pupal lethal Yes -

8-1 (Control) Yes -

8-2 Pupal lethal Yes -

8-6 Pupal lethal Yes -

10-3 (Control) Yes -

10-36 Pupal lethal Yes -

10-39 Pupal lethal Yes -

14-3 Held-out wings Yes 6 bp deletion + bp missense exon 4

14-6 ♂ sterile ♂ sterile No 1 bp deletion exon 4

14-7 Held-out wings Yes 6 bp deletion + bp missense exon 4

14-11 ♂ sterile ♂ sterile No 1 bp deletion exon 4

14-16 Held-out wings Yes 6 bp deletion + bp missense exon 4

14-27 ♂ sterile ♂ sterile No 1 bp deletion exon 4

22-1 Embryonal lethal ♂ sterile No 2 bp deletion exon 8

22-2 Embryonal lethal Yes -

22-7 ♂ sterile ♂ sterile No 2 bp deletion exon 8

22-8 (Control) Yes -

22-39 ♂ sterile ♂ sterile No 2 bp deletion exon 8

23-1 (Control) Yes -

23-17 Rough eyes Yes -

23-18 Rough eyes Yes -

42-1 (Control) Yes -

42-17 Pupal lethal Yes -

Since extracts of adult fly heads were used for the analysis, lines that showed homozygous lethality, either 

during embryonal stage or pupal stage, were crossed with the current Vps13c03628 mutant that shows no 

protein when detected using the C-terminal antibody (Vps13 #62), and transheterozygous flies were 

analyzed to enable analysis of adult fly heads. Although there is some variability between the lines, it is 

surprising that many lines with homozygous phenotypes still show presence of Vps13 protein. For some 

of the lines, Vps13 protein levels were below detection limit, making them interesting candidates for new 

Vps13 knockout mutants. Because of the presence of Vps13 protein in the other lines it is unlikely that 

those observed phenotypes are caused by reduced Vps13 levels. It is however still possible that potential 

mutations do not affect Vps13 protein levels but do interfere with normal function. To investigate whether 

the sgRNAs induced genomic mutations the DNA from all selected lines and from both targeted loci was 

amplified and sequenced (Table 4). Most of the stable lines accompanied by a homozygous phenotype 

like embryonal or pupal lethality and rough eyes, but without the absence of Vps13 protein, did not show 

any sequence abnormalities in either exon 4 or exon 8. One exception are the flies with the held-out 

wing phenotype (line 14-3; 14-7 and 14-16), that have a mutation in exon 4 consisting of the deletion of 

6 base pairs (bp) followed by a missense mutation of one bp. Because this mutation does not lead to a 

DNA frameshift, the Vps13 gene is probably still transcribed and translated properly which explains why 

the protein can still be detected. As those three stable lines are all originating from the same mosaic 
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precursor fly, and the mutation is the same for all three lines they probably were derived from the same 

germline stem cell. Even though those three fly lines show the homozygous phenotype of held-out wings 

and have a mutation in the Vps13 gene, combining their mutated allele with a deficiency line abrogated 

their held-out wing phenotype which indicates that the phenotype is caused by an off-target mutation 

rather than the mutation found in Vps13. Sequencing revealed that the selected male sterile lines from 

mosaic precursor number 14 (14-6; 14-11 and 14-27), of which protein levels are below detection limit, all 

have the same mutation in exon 4 (one bp deletion). Those lines still show a male sterile phenotype as 

transheterozygotes with the current Vps13c03628 mutant as well as when their mutated allele is crossed over 

a deficiency line. 

The male sterile lines that originate from mosaic precursor number 22 (22-7 and 22-39) both have a 

deletion of two base pairs in exon 8 that leads to the absence of Vps13 protein visualized by Western 

blotting. Combining those mutated alleles with either the current Vps13c03628 mutant or with the deficiency 

line maintains the male sterility, and therefore line 22-7 and 22-39 can be considered as bona fide Vps13 

knockout mutants. Besides those two male sterile lines, the embryonal lethal line 22-1 shows the same 

mutation. Interestingly, when this line is combined with either the Vps13c03628 mutant or with the deficiency 

line the embryonal lethality is lost, but transheterozygous males are sterile. This suggests that the deletion 

of the two base pairs found in exon 8 leads to male sterility and that the embryonal lethality is caused by 

an off-target mutation induced in the genome at an unknown position. This is further supported by the 

data of line 22-2, which shows the embryonal lethality as well, but this is not accompanied by the absence 

of Vps13 protein and no mutation was found in the Vps13 gene when this line was sequenced. In addition, 

transheterozygotes of line 22-2 with either the Vps13c03628 mutant or the deficiency line do not show any 

phenotypes. 

Taken together, many of the lines we selected based on their homozygous phenotype are not 

accompanied by a mutation in the Vps13 allele and absence of Vps13 protein. Overall germline transmission 

rate, which is the number of mutant offspring divided by the total number of stable lines, is 10%. The lines 

14-6, 14-11, 14-27, 22-7 and 22-39 can be considered new Vps13 knockout mutants caused by a mutation in 

either exon 4 or exon 8 leading to the absence of Vps13 protein and male sterility. Mosaic progenitor 14 

did not produce stable lines containing an intact Vps13 gene, so mutant lines derived from this progenitor 

cannot be compared to a proper control line with the same genetic background and similar treatment. 

For line 22-7 and 22-39 this is possible since line 22-8 does not have any mutations or phenotypes and can 

therefore serve as the proper control for future experiments. 

Generation and identification of a Vps13-GFP fly line

Next to generating a Vps13 knockout mutant, we aimed to establish a fly line that endogenously expresses 

Vps13-GFP to further investigate Vps13 localization. To generate such a Vps13-GFP line the sgRNA and 

HDR donor plasmid were simultaneously injected into ~300 nos-cas9 embryos after which the larvae 

were shipped to our lab and we established stable lines as described in the materials & methods section. 

Genomic DNA of almost 70 stable lines (which were numbered in the same way as for potential Vps13 

mutant lines, but with the addition of a ‘g’ to indicate they are potential GFP lines) was isolated (protocol 1 
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in Material and Methods) after which a PCR amplification screening for the presence of GFP in the genome 

was performed (Figure 9). This PCR revealed that many of the lines we tested were positive for GFP. 

Next we wanted to further investigate the GFP positive lines and analyze whether the GFP sequence 

was inserted in the right location at the C-terminus of the Vps13 gene by using primers upstream and 

downstream of the GFP in the genomic DNA. We randomly selected 12 lines derived from two precursor 

flies (g10 and g16) of which we extracted genomic DNA using a different protocol to continue the PCR 

screening (protocol 2 in Material and Methods). Since the primers are directed against the genomic 

DNA upstream and downstream of the preferred GFP insertion site, both control and GFP-tagged Vps13 

gave a PCR product (Figure 10A). Correct insertion of the GFP sequence however leads to the addition 

of 750 bp to the PCR product. Figure 10 shows that two lines do not contain GFP-tagged Vps13 (g10-21 

and g16-7), but multiple lines do (g10-4; g10-22; g10-25; g16-2; g16-27 and g16-28) based on PCR product 

size. Male sterility tests with those lines showed no abnormalities in offspring and males were fully fertile 

which suggests that the fused Vps13-GFP protein is still functional, although protein function has to be 

investigated further. Finally we selected line g16-28 as potential Vps13-GFP line with g16-7 as internal 

control and sequencing of line g16-28 revealed the proper insertion of the GFP sequence at the selected 

site downstream of Vps13 while the genomic sequence of line g16-7 was not different from wild type (data 

not shown). Western blot analysis further confirmed the presence of the Vps13-GFP protein in line g16-28 

(Figure 10B). This line is potentially of high importance to study the endogenous localization of Vps13. 
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Figure 9. PCR screening for GFP of potential Vps13-GFP lines. 

PCR amplification of the GFP sequence was performed to test for presence of GFP in the genome of potential Vps13-GFP lines using 

genomic DNA extracted from adult flies. Genomic DNA of flies expressing GFP was used as a positive control and w1118 flies served 

as negative control. 
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DISCUSSION
Our results demonstrate that the CRISPR/Cas9 technique can be employed to create precisely targeted 

mutations in the Drosophila melanogaster Vps13 gene, thereby generating a Vps13 knockout mutant. In 

addition, we successfully applied the technique to genetically fuse the Vps13 gene with a fluorescent GFP 

tag by providing a donor construct and making use of the homology directed repair pathway. To generate 

a Vps13 knockout mutant we aimed to increase the efficiency of mutagenesis by simultaneous injection 

of two sgRNAs with target sequences in the N-terminus of the Vps13 gene, as generation of mutations 

and defined deletions using two sgRNAs was shown to increase the mutagenesis efficiency27. However, 

the efficiency and overall germline transmission rate for mutations in Vps13 was relatively low: 10% of 

which 6% actually has a mutation that leads to absence of the Vps13 protein. Accessibility of the target 

site, secondary structures within the sgRNA and thermodynamic stability of the sgRNA-DNA duplex were 

all suggested to influence cleavage efficiency23. In addition, CG content of sgRNAs, and mainly of the six 

most proximal nucleotides to the PAM sequence, affects mutagenesis efficiency with sgRNAs containing 

four or more CGs in this region giving rise to a high heritable mutation rate20. Carefully selecting the most 

efficient sgRNA based on CG content will most likely improve the efficiency in future studies.
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Figure 10. Identification of a Vps13-GFP fly line. 

(A) PCR amplification of the GFP sequence and flanking genomic regions was performed on a small selection of potential Vps13-GFP 

lines that were GFP positive. Primers were designed upstream and downstream of the preferred GFP insertion site at the C-terminus 

of the Vps13 gene to confirm proper insertion of the GFP sequence. Without GFP the primers give a product of 2820 bp (Vps13, black 

triangle) and correct insertion of GFP gives a PCR product of 3570 bp (Vps13-GFP, open triangle). Samples containing heterozygous 

flies will show both bands.  (B) Extracts of control (g16-7) and the identified Vps13-GFP line g16-28 fly heads were analyzed by Western 

blot to confirm presence of Vps13-GFP protein using a GFP antibody. Vps13 #62 antibody was used to demonstrate presence of Vps13 

protein and α-tubulin was used as a loading control. 
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Target genes of mutagenesis efficiency studies that were published were limited to white, vermillion, 

ebony, rosy and yellow with overall germline transmission rates up to 100%, although there is a high 

variation between studies and experiments and it remains difficult to predict sgRNA efficiency39. It might 

be that some mutations in Vps13 went unnoticed due to our screening method. For example, flies that 

presented with held-out wings appeared to have  a deletion in exon 4, but by combining the mutated 

allele with a deficiency line the held-out wing phenotype was lost indicating an off-target effect being 

responsible for the observed phenotype. Since the mutation in Vps13 did not lead to the absence of Vps13 

protein and male sterility it illustrates that mutations in Vps13 can occur without influencing previously 

reported phenotypes of Vps13 dysfunction. This shows that those mutations might have been overlooked 

as they do not come up in the initial screening method of male sterility thereby underestimating the 

overall germline transmission rate. Based on the described experiments we cannot exactly determine 

the overall germline transmission rate because some of the crosses were affected by fungal growth in the 

food that might have led to the absence of viable offspring.  

To our surprise we did not identify any mutant that had a defined deletion between the target sites of 

both injected sgRNAs while previously it was shown that simultaneous injection of two sgRNAs targeting 

the white gene significantly improved the overall heritable mutation rate27. It is possible that the creation 

of two DSBs at a relatively large distance in the genome (~1,5 kb) leads to chromosomal rearrangements 

that have detrimental effects on development and are often lethal41. This might have reduced the overall 

germline transmission rate in our study. 

Next to efficiency, specificity of the CRISPR/Cas9 system is of high importance when applying this 

technique. Research of Fu et al.42 in three different mammalian cell types showed that sgRNAs can 

efficiently induce DSBs at off-target sites that have up to five mismatches compared to the original on-

target sites. Mutagenesis efficiency on those off-target sites can even exceed efficiency at the original 

on-target site42. Although off-target cleavage sites are larger concern when the CRISPR-technique is 

applied to mammalian and other systems compared to Drosophila because of its relatively small genome 

size23,27, our data show that also in Drosophila off-target effects do occur. Most of the homozygous 

phenotypes we found were not caused by mutations in the Vps13 gene but rather by an unidentified off-

target cleavage. It is therefore crucial to properly control for off-target effects by combining potentially 

mutated alleles with deficiency lines and always confirm mutations by genomic sequencing of the target 

region. 

In vivo tagging of endogenous genes can be of high importance for studying endogenous protein 

expression, localization and function. By making use of HDR induced by the CRISPR/Cas9 system it is 

possible to attain precise genomic insertions, which includes the in vivo tagging of a protein of interest 

with a fluorescent marker like GFP39,43. Here we showed that by simultaneous injection of a sgRNA and a 

donor plasmid that contains the GFP sequence flanked by two homologous arms into Cas9-expressing 

embryos it is possible to precisely insert the GFP before the stop codon of Vps13, thereby creating a fly 

line that expresses Vps13-GFP at the endogenous level. Flies expressing the Vps13-GFP gene did not show 

male sterility and therefore we predict that the protein is functional. It is however still important to further 

validate functionality and exclude other phenotypes. 
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Both the Vps13 knockout mutant and the Vps13-GFP line will be used to gain more insight in the function 

and localization of Vps13. Since the localization of Vps13 has never been demonstrated in a multicellular 

organism, this will be a helpful tool to elucidate the role of Vps13.
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SUPPLEMENTARY MATERIAL
Supplementary Table 1. Overview of the CRISPR/Cas9 treated embryos, larvae and flies for the generation of a Vps13 
knockout mutant

# Injected embryos # Surviving larvae # Crosses # Fertile crosses

Embryo injection >300

Larval count ~120

G0 42 10

F1 353 282

F2 282

  



4

83 

Generation of Vps13null and Vps13-GFP flies using CRISPR/Cas9





CHAPTER 5
Timely removal of nurse cell corpses requires a   

cell-autonomous function of Vps13  

 

Anita Faber1, Marianne van der Zwaag1, Ellie Eggens-Meijer1, Bart Kanon1,            
Carmen IJsebaart1, Ben Giepmans1, Raimundo Freire2, Nicola Grzeschik1,           

Catherine Rabouille1, Ody Sibon1

1Department of Cell Biology, University Medical Center Groningen, University of Groningen, Groningen, the Netherlands.
2Unidad de Investigación, Hospital Universitario de Canarias, Instituto de Tecnologías Biomédicas, Ofra s/n, La Laguna, 

Tenerife, Spain.

Manuscript submitted in revised version



86 

CHAPTER 5

ABSTRACT
Programmed cell death and consecutive timely removal of cellular remnants is essential for development. 

During Drosophila melanogaster oogenesis, the relatively small follicle cells that surround the larger nurse 

cells, promote nurse cell death, subsequently engulf them and contribute to the timely removal of nurse 

cell corpses. Players involved in these follicle cell driven processes are starting to emerge. Relatively less 

is known about endogenous factors expressed by nurse cells required for their complete removal after 

induction of their cell death by follicle cells. Here we identified a cell-autonomous and nurse cell specific 

role for Vps13 involved in proper removal of nuclei of nurse cell corpses downstream of developmental 

programmed cell death. Vps13 is an evolutionary conserved peripheral membrane protein belonging 

to the VPS13 gene family. It is associated with membrane contact sites and lipid transfer. In Drosophila 

melanogaster Vps13 mutants, induction of cell death occurs normally but remnants of nurse cells persist. 

Vps13 protein is detected in close proximity to the plasma membrane in nurse cell corpses. Ultrastructural 

analysis revealed the presence of a Vps13-dependent membranous structure at this subcellular 

localization in partly degraded nurse cells. The newly identified Vps13-dependent structure and function 

reveal a cell-autonomous process required for complete degradation of bulky remnants of dying cells. 

Overexpression of human Vps13A rescues the Drosophila Vps13 mutant phenotype, suggestive for a 

functional conservation of this Vps13-dependent process.

Key words: Vps13; Drosophila melanogaster; Programmed cell death (PCD); Cell-autonomous; Nurse 

cells; Oogenesis
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INTRODUCTION
During development and tissue remodeling excessive or unnecessary cells undergo programmed cell 

death (PCD) after which they are removed by phagocytic cells. The most extensively studied form of 

PCD is apoptosis, which involves the activation of caspases. Apoptosis is characterized by condensation 

of chromatin and cytoplasm, nuclear fragmentation and membrane blebbing1. Other examples of PCD 

include necrosis and autophagic cell death of which the mechanisms and players involved are starting 

to be unravelled2–5 . In addition to those self-induced mechanisms, cell-death can also be initiated in a 

non-autonomous manner by surrounding cells2,6–9. After the induction of cell death, efficient clearance 

of the dead cell’s remnants is required. Lack of clearance of dead cells has been linked to multiple 

human diseases including chronic obstructive pulmonary disease (COPD), atherosclerosis and cancer10, 

underscoring the importance of this process. 

Both PCD and subsequent clearance of remnants of dying cells play an important role during late stages 

of oogenesis in Drosophila melanogaster. Drosophila females have two ovaries, each containing 15-

17 tubular ovarioles in which the egg chambers develop11. Egg chambers consist of 16 germline cells, 

including 15 nurse cells and 1 oocyte. The germline cells are surrounded by a layer of somatically derived 

follicle cells. The individual egg chambers are produced by germline and somatic stem cells in the 

germarium, after which they grow through 14 well-defined developmental stages11. During the first stages 

of oogenesis, nurse cells produce nutrients that are transferred into the oocyte cytoplasm through ring 

canals. At stage 10-11, the nurse cells deposit their entire cytoplasm in the oocyte in a process called 

cytoplasmic dumping. This is followed by the initiation of developmental PCD and subsequently removal 

of dying nurse cells occurs through phagocytosis by the surrounding follicle cells12–14. Failure of either 

developmental PCD or impairment of subsequent phagocytosis by follicle cells leads to accumulation of 

persistent nurse cell nuclei during the last stages of oogenesis15. 

Little is known about the nature of the nurse cell PCD. It is considered to be non-apoptotic as caspases 

do not play a major role16–19. Autophagy also plays a role in the induction of cell death during late stages of 

Drosophila oogenesis, because the apoptotic inhibitor dBruce is degraded by autophagy and thereby cell 

death is triggered20. However, autophagy and caspases only play a minor role in PCD during oogenesis 

because combined inhibition of autophagy and caspases does not largely interfere with developmental 

PCD21, suggesting the presence of other inducers of cell death. Indeed, the stretched follicle cells 

surrounding the late oogenesis nurse cells also play a role in triggering nurse cell PCD, because after 

genetic ablation of these cells, PCD is prevented22. Moreover, stretched follicle cell specific downregulation 

of the engulfment gene draper results in impaired DNA fragmentation of nurse cell nuclei, which is an 

early marker of induced cell death22. 

The phagocytic gene Ced-12/ELMO, the JNK pathway, integrins and genes associated with lysosomal 

function and intracellular trafficking are all factors involved in removal of nurse cells22,23, suggesting a 

major stretched follicle cell-specific and phagocytosis-like function in the process of the timely removal 

of nurse cells remnants. Combined a model is arising in which stretched follicle cells are required to 
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induce nurse cell death, provide lysosomes that decorate the nurse cell remnants and cause acidification 

of the nuclear remnants, allowing for DNAse II activity, and finally engulf the nurse cell corpses, all in 

concert contributing to efficient removal of the remnants22–24. It is currently not clear for all mentioned 

follicle cell specific factors whether they solely play a role in nurse cell PCD or whether they also play a role 

in the following process of removal. In contrast to this emerging picture of the role of follicle cells, nurse 

cell specific functions in this whole process are less clear. Besides a role for DNAse II, playing a role in the 

degradation process of DNA and a role for lysosomal genes for the timely removal of cell remnants24, cell-

autonomous factors involved in the removal of nurse cells are unknown. 

Here we demonstrate that the peripheral membrane protein Vps13 (Vacuolar protein sorting 13 homolog), 

the Drosophila ortholog of human VPS13A, is required for the timely removal of nurse cell corpses during 

late oogenesis. VPS13-family members are multitasking proteins playing important roles in membrane 

formation, membrane contact sites and lipid transfer25–31. Mutations in the human VPS13A gene lead to 

the rare autosomal recessive neurodegenerative disease Chorea-Acanthocytosis (ChAc), which is also 

characterized by neurodegeneration and the presence of acanthocytes (spiky red blood cells)32–34. We 

have previously reported that Vps13 Drosophila mutants show a neurodegenerative phenotype upon 

ageing, yet, it is largely unknown why mutations in VPS13A lead to ChAc35. While characterizing the 

phenotype of Drosophila Vps13 mutant flies, we observed a significant accumulation of persistent nurse 

cell nuclei in mutant ovaries. By using CRISPR/Cas9 we created a Drosophila Vps13 loss of function mutant 

and a Vps13-GFP expressing Drosophila line to investigate the role of Vps13 during oogenesis. Vps13 is 

expressed in nurse cells and localized in close association with the plasma membrane at stage 11-12 during 

late oogenesis. Ultrastructural analysis revealed a Vps13-dependent membrane structure in late stage 

nurse cells in which PCD has been induced and removal by phagocytosis is ongoing. Our results reveal 

a Vps13-cell autonomous function in nurse cells required for the timely removal of nurse cell corpses 

downstream of PCD.    

RESULTS

Vps13 mutants have a reduced fecundity 

Previously, we have reported that insertion of a piggyBac transposable element in the Vsp13 gene (Vps13PB) 

leads to a neurodegenerative phenotype35. Upon further examination we noticed that homozygous female 

Vps13PB mutants produced less offspring compared to control flies (w1118). Further investigation revealed 

that the fecundity of Vps13PB females was indeed strongly reduced and a delay and reduction in egg laying 

compared to control female flies was observed (Figure 1A,B). accordingly, ovaries of homozygous Vps13PB  

females contained smaller ovaries harboring a smaller amount of mature eggs when compared to ovaries 

from control females (Figure 1C). 

In agreement with the ovary phenotype, Western blot analysis using an antibody against the C-terminal 

domain of Vps1335, revealed the presence of full length Vps13 protein in extracts of control ovaries (Suppl. 
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Figure 1. Vps13 mutants have a reduced fecundity and the Vps13null mutant resembles the Vps13PB mutant phenotype

A. Egg lay capacity of control (w1118) and Vps13PB mutant flies was recorded for 14 days. The average number of eggs laid per female 

per day is shown and total egg production is quantified in B.  C, F. Dissected ovaries of 4 day old female control (w1118) and Vps13PB (C) 

or control (w1118) and Vps13null mutant flies (F). Scale bar indicates 1 mm. D. Schematic representation of the Vps13 gene showing the 

target sites of the sgRNAs for the generation of a Vps13null mutant using the CRISPR/Cas9 system. Exons are shown as black boxes. 

Target sites of the qPCR primer set 1 and 2 are indicated. In addition the localization of the PBac insertion site of the Vps13PB mutant 

is depicted. Sequences of the Vps13 genomic region are indicated of the control (CC control) strain and the Vps13null. The released 

sequence of the Vps13 gene (flybase.org) is provided as well as the sequence of exon 8. E. Western blot analysis of Vps13 levels in 

control (w1118 and Precise excision line) and both Vps13 mutants using the Vps13 #62 and Vps13 NT antibodies. Tubulin staining was used 

as a loading control.
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Fig. 1). In contrast full length Vps13 was below detection levels in ovary extracts from Vps13PB homozygous 

mutants. Conversely, an antibody against the N-terminal domain detected a truncated protein in the 

mutant extract (Suppl. Fig. 1). This is consistent with Vps13 expression patterns in samples derived from 

homozygous Vps13PB fly heads35, and suggests that only the N-terminus of Vps13 is expressed in the mutant 

in agreement with the position of the piggyBac. Precise excision of the piggyBac element (hereafter called 

‘precise excision’, which resembles Excision line 1 from Vonk et al. 201735) restored the levels of full length 

Vps13 protein in ovary extracts (Suppl. Fig. 1). 

The presence of a truncated Vps13 product in the Vps13 mutant could lead to a toxic gain of function 

(dominant negative effect), obscuring the interpretation of the mutant phenotype. Therefore, we created 

a null Vps13 mutant in which the Vps13 protein is entirely absent. To do this, we used the widely used 

gene editing system CRISPR/Cas9 that enables precise editing of the genome in various cells, tissues and 

organisms including Drosophila melanogaster36–39. A Vps13 knockout mutant was generated by targeting 

exon 4 and exon 8 at the N-terminus of the Vps13 gene (Figure 1D and Methods). Potential mutant lines 

were analyzed by Western blot using both antibodies recognizing either the Vps13 N- and C-terminus. A 

null mutant was searched for expressing neither a full length protein nor a N-terminus fragment. Indeed 

one of the lines fulfilled these characteristics, hereafter called Vps13null (Figure 1E). Sequencing of the 

target regions exon 4 and exon 8 of the Vps13null mutant revealed a 2 bp deletion in exon 8 (Figure 1D), 

leading to a premature stop codon and consequently the absence of the Vps13 protein. 

Analysis of Vps13null mutant ovaries showed a similar size reduction compared to controls as the Vps13PB 

mutant (Figure 1F). qPCR analysis showed a significant reduction in Vps13 mRNA product in the Vps13null 

compared to an isogenic CRISPR/Cas9 control line harboring no mutations in the Vps13 gene (CC control) 

(Suppl. Fig. 2A). To further validate the new Vps13null mutant, we tested whether one of the hallmarks 

of the Vps13PB mutant, a reduction of life span with the majority of mutant flies dying around day 16-20 

after eclosion35, was also observed in the Vps13null mutant. Homozygous Vps13null mutants indeed had a 

shortened life span when compared to the isogenic CC control (Suppl. Fig. 2B). Furthermore, Vps13PB and 

Vps13null mutants showed a comparable life span curve (Suppl. Fig. 2B). 

Taken together, these results indicate that the Vps13null CRISPR/Cas9 mutant is a validated Vps13 null (at the 

genetic, protein and RNA level) mutant that can be used to investigate the role of Vps13 during oogenesis. 

Vps13 mutant ovaries show an accumulation of persistent nurse cell nuclei, a phenotype 

partly rescued by overexpression of hVPS13A 

To understand why loss of Vps13 leads to a reduction of eggs, we examined oogenesis in control and 

Vps13null females. Compared to controls, ovaries of Vps13 mutants exhibited a significant accumulation 

of persistent nurse cell nuclei at the final stage of oogenesis (stage 14) (Figure 2B,C). As explained in the 

introduction, after dumping of cytoplasm from the nurse cells into the oocyte compartment, the nurse 

cells undergo programmed cell death and are fully removed and degraded by the surrounding follicle 

cells13. When the removal of the nurse cell remnants by the surrounding follicle cells is defective, the 

phenotype of “persistent nurse cell nuclei” is observed, and this can lead to obstruction and failure of 

oogenesis and production of mature ooocytes15,22 (Figure 2A). 
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Specific overexpression of human Vps13A in the Vps13PB homozygous mutant background using the UAS/

GAL4 system40 partly abolished the persistent nurse cell nuclei phenotype (Figure 2D), whereas expression 

of actin-GAL4 or a non-induced hVps13A transgene (as controls) had no effect (Figure 2D). These results 

demonstrate that Vps13 is required to prevent the formation of persistent nurse cell nuclei and supports a 

functional conservation between Drosophila Vps13 and human VPS13A in this process. 
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Figure 2. Vps13 mutant ovaries show an accumulation of persistent nurse cell nuclei, a phenotype partly rescued by 

overexpression of hVPS13A

A. Schematic representation of a normal stage 14 egg chamber and a stage 14 egg chamber with persistent nurse cell nuclei (PNCN) in 

magenta. B. Stage 14 egg chambers of w1118, Vps13PB and Vps13null, nuclei and persistent nurse cell nuclei are visualized by DAPI staining. 

PNCN are indicated by the arrowheads. Scale bar indicates 50 µm. C. Quantification of the percentage of stage 14 egg chambers 

containing PNCN in w1118, Vps13PB, Vps13null and in the precise excision control line. D. The hVps13A gene was overexpressed in ovaries 

of homozygous Vps13 mutant flies (Vps13PB/Vps13PB;hVps13A/act-GAL4) and the percentage of stage 14 egg chambers containing 

PNCN was compared to homozygous Vps13 mutants with only the driver (Vps13PB/Vps13PB;act-GAL4/+) or the UAS-hVps13A construct 

(Vps13PB/Vps13PB;hVps13A/Tm6B) in the background. As negative control, hVps13A was expressed in heterozygous flies (Vps13PB/

CyO;hVps13A/act-GAL4). Data are mean ± SEM, n≥3, *p<0,05, **p<0,01, ***p<0,001.
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Vps13 mainly localizes to the nurse cells during late stages of oogenesis. 

To further understand this specific Vps13 mutant phenotype, we localized Vps13 during the last stages of 

oogenesis using previously published antibodies35 and by using our newly generated Vps13null mutant as 

a negative control. In addition, using the CRISPR/Cas9 system, we engineered a fly line expressing Vps13 

tagged with GFP fusion at the Vsp13 endogenous locus (Suppl. Fig. 3). In short, we inserted the GFP coding 

sequence at the 3’ end of the Vps13 coding region (Suppl. Fig. 3A), which gave rise to a functional fusion 

protein. The Vps13-GFP fly line is viable, no persistent nurse cell nuclei are visible, and their life span is 

similar to control flies (Suppl. Fig. 3). 

Immunofluorescence staining of w1118 control ovaries with the Vps13 NT antibody revealed a distinct Vsp13 

expression pattern close to the boundaries of nurse cells around stage 11-12 while a more diffuse staining 

was visible in the surrounding follicle cells (Figure 3B,B’).  The distinct pattern (Figure 3B,B’) was absent 

in Vps13null ovaries, demonstrating the specificity of this signal (Figure 3D,D’). Furthermore, Vps13-GFP 

expressing ovaries, showed a similar pattern that overlapped with the Vps13 NT antibody staining near the 

plasma membrane of the nurse cells (Figure 3C).

To confirm the Vsp13 localization close to the plasma membrane, we expressed the plasma membrane 

marker mCD8-GFP in nurse cells using a nurse cell specific driver (Suppl. Fig. 4A,B). Co-staining with the 

Vps13 NT antibody revealed that Vps13 localization to late oogenesis nurse cells indeed corresponds to a 

close association with the plasma membrane, likely at its cytoplasmic face in line with the fact that Vsp13 is 

not an integral membrane protein35 (Figure 4). Conversely, co-staining with the nuclear envelope marker 

Lamin-D showed that the Vps13 signal did not co-localize with the nuclear membrane, but rather was 

visible adjacent to the Lamin-D signal (Suppl. Fig. 5). Of note, at this stage during oogenesis, the nurse cell 

nuclei are large, the cytoplasm is reduced because of cytoplasmic dumping and the nuclear envelope is 

very close to the plasma membrane.

Together these results clearly show that Vps13 is expressed in the late ovarian tissue and mainly localized 

near the cytoplasmic face of the nurse cell plasma membrane. Although a specific Vps13 signal is not 

clearly visible in the follicle cells, this does not formally exclude that Vps13 is expressed in these cells at 

very low levels. 

Downregulation of Vps13 in the nurse cells, and not in follicle cells leads to the accumulation 

of persistent nurse cell nuclei

Given the prominent localization of Vsp13 in the late oogenesis nurse cells, we hypothesized that Vps13 

functions in preventing persistent nurse cell nuclei removal via a cell-autonomous process. To test this, 

we specifically downregulated Vps13 in the nurse cells or in follicle cells by RNA interference (RNAi) and 

analyzed the ovaries. Efficacy of general RNAi (using the actin-GAL4 driver) was tested using Western blot 

analysis that showed that the Vps13 protein level was below detection limit (Suppl. Fig. 6). 

Consistent with Vps13 localisation, Vps13 downregulation specifically in follicle cells does not affect the 

Vps13 specific signal in the nurse cells, a pattern similar to the signal in control cells (Figure 5A).  Importantly, 
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Figure 3. Vps13 is expressed during late stages of oogenesis

A-A’. Schematic representations of a stage 12 egg chamber. A’ is an enlargement of the red box in A. Immunolabeling of stage 12 egg 

chambers from w1118 (B-B’), the generated Vps13-GFP fly line (C) and Vps13null (D-D’) flies showing endogenous localization of Vps13 as 

visualized with the Vps13 NT antibody (magenta) and the Vps13-GFP fusion protein in the Vps13-GFP fly line (green). Arrows indicate 

the Vps13 specific signal. Nuclei of follicle cells are indicated with an arrowhead, nurse cell nuclei are marked with asterisks. B’ and D’ 

are enlargements of the red boxes in B and D respectively. Scale bars indicate 50 µm.
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the resulting ovaries did not display any persistent nurse cell nuclei (Figure 5C). In contrast, knockdown of 

Vps13 in the nurse cells resulted in the absence of Vps13 staining in the nurse cells (Figure 5B). Furthermore, 

the nurse cell specific knockdown of Vps13 resulted in a significant increase in the percentage of stage 

14 egg chambers with persistent nurse cell nuclei when compared to control (Figure 5C). These results 

indicate that Vps13 is specifically expressed and required in nurse cells, not in follicle cells, either to induce 

nurse cell PCD or to facilitate phagocytosis of dead nurse cells.
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Figure 4. Vps13 is expressed in nurse cells during late stages of oogenesis

Stage 12 egg chambers of wild type flies with the expression of mCD8-GFP (green) in the nurse cells (UAS-mCD-GFP;nos-GAL4:VP16) 

(A-A’) or follicle cells (UAS-mCD8-GFP;GR1-GAL4) (B-B’), nuclei are visualized by  DAPI staining (blue) and the Vps13 NT antibody 

staining is visualized in magenta. A’ and B’ are enlargements of the red boxed regions in the upper images. Scale bars indicate 50 µm. 

Note that follicle cells at this developmental stage have extensions that reach in between the nurse cells. 
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Vps13 acts downstream of programmed cell death during late stage oogenesis.

Accumulation of persistent nurse cell nuclei can be indicative for a defect in cell death induction or a 

defect in removal of the dying cells. Nurse cells that undergo PCD display pyknotic nuclei, breakdown 

of nuclear lamins and acidification visualized by the presence of large lysotracker positive structures22–24. 
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Figure 5. Downregulation of Vps13 in nurse cells and not in follicle cells leads to the accumulation of PNCN 

Stage 12 egg chamber of Vps13 RNAi/+;GR1-GAL4/+ (targeted Vps13 downregulation in follicle cells; A) and Vps13 RNAi/+;nos-

GAL4/+ (targeted Vps13 downregulation in nurse cells; B) stained with DAPI (blue) and Vps13 NT (green). Scale bars indicate 50 µm. 

C. Quantification of the percentage of stage 14 egg chambers containing PNCN in various genetic backgrounds; Vps13 RNAi/+;nos-

GAL4/+, Vps13 RNAi/+;GR1-GAL4/+, Vps13/act-GAL4 (control) and Vps13 RNAi/+ (control). 
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To determine whether Vps13 plays a role upstream or downstream of PCD, ovaries were investigated for 

these markers. Vps13 mutant ovaries show pyknotic nuclei, breakdown of nuclear lamins (Suppl. Fig. 5) and 

an acidification pattern indistinguishable from control ovaries (Figure 6). These data suggest that Vps13 

is not required for PNCD and rather plays a role in efficient removal of remnants of nurse cell corpses.  
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Figure 6. Nurse cell acidification during developmental PCD is not affected in Vps13 mutants

Stage 12 egg chambers of w1118 (A); Vps13PB (B); Precise excision (C) and Vps13null (D) were labeled with DAPI (green) and Lysotracker (red) 

to visualize acidification of nurse cell nuclei. Scale bars indicate 50 µm.
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Vps13 localization is independent of the phagocytic receptor Draper and Draper localization 

is not affected in Vps13 mutants. 

The follicle cell dependent phagocytic machinery is required for removing dying nurse cells, a process in 

which the engulfment gene draper plays an essential role23. To test a possible interaction between Draper 

and Vps13, we stained late stage ovaries of Vps13-GFP expressing flies with an antibody against Draper. 

We did not detect any overlap between the signals in the nurse cells (Figure 7A,A’). Draper was detected 

in the stretched follicle cells surrounding the nurse cells, whereas, Vps13 is mainly detected in the nurse 

cells (Figure 5; 7A,A’). Furthermore, Draper localization and levels were not affected in the Vps13null mutant 

(Suppl. Fig. 7), and conversely, Vps13 localization was not changed in the draper mutant (drprΔ5) (Figure 

7C,D). These results indicate that Draper and Vps13 are not likely to directly interact during the process 

of timely removal of nurse cell nuclei. The role of Draper is follicle cell-dependent and therefore acts 

in a non-cell autonomous manner in the nurse cell removal process, whereas our results point to a cell 

autonomous role of Vps13. 

Largescale ultrastructural analysis of Drosophila ovaries reveals a novel Vps13-dependent 

membrane structure during late oogenesis 

Vsp13 is localized in close association to the cytoplasmic leaflet of the plasma membrane (Figure 4) and 

co-localization studies with different organelle markers (for plasma membrane, nuclear envelope and 

lysosomes) did not reveal specific co-localization with cellular organelles and Vps13 around stage 11-12 of 

oogenesis (Figure 4; Suppl. Fig. 5 & 8), during which its expression is most pronounced.

In order to further examine the role of Vsp13 in the removal of nurse cell corpses, we analysed the cellular 

ultrastructure of control and Vps13 mutant ovaries using electron microscopy. To do this, ovaries were 

embedded, processed, and semi-thin sections of stage 11-12 egg chambers were pre-selected using light 

microscopy (Suppl. Fig. 9). After identification of the desired stage, ultrathin sections were generated, 

stained and analysed by electron microscopy. In control nurse cells at this stage, and consistent with 

our immunofluorescence data (Suppl. Fig. 5) and published data41 the nucleus is irregular, the nuclear 

membrane is still intact and shows invaginations, the cytoplasmic part of the nurse cells is reduced and 

the plasma membrane is in close proximity to the nuclear envelope, vacuoles (large translucent areas) 

are present representing the acidification process, a degradative process is ongoing characterized by 

structures containing cellular degradation products and the to-be-degraded nurse cells are surrounded 

by the engulfing follicle cells (Figure 8A - 8A”). All mentioned ultrastructural characteristics are present 

in Vps13 mutant ovaries as well at this stage (Figure 8C - 8C”; Suppl. Fig. 10), further indicating that the 

PCD process and the follicle cell dependent engulfment process were not affected in Vps13 mutants. 

However, in control cells at stage 11-12, we observed the presence of a structure (Figure 8B - 8B”; black 

arrowhead) very close to the plasma membrane. This structure appears to be stained by osmium and is 

likely to be membranous. The structure seems discontinuous, however, examination using 3D analysis 

is required to conclude this. Three out of three scanned and analysed dying nurse cells of w1118 at this 

stage revealed stretches of the specific membrane structure closely adjacent to the plasma membrane, 

in close association with and surrounding the nucleus (Figure 8B - 8B”). This structure is not observed in 
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Figure 7. Vps13 localization and intensity is independent of the phagocytic receptor Draper in late oogenesis

A. Stage 12 egg chambers of Vps13-GFP female flies visualizing Draper with a Draper antibody (red) and Vps13 localization by Vps13-GPF 

(green). The boxed region represents the enlargement shown in A’. Immunolabeling using a Vps13 antibody to visualize Vps13 in green 

in stage 12 (B&C) and stage 13 (D) egg chambers in w1118 (B), and in the drprΔ5 mutant background (C&D). DAPI (magenta) was used to 

visualize nuclei. Scale bars indicate 50 µm.
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Figure 7. Vps13 localization and intensity is independent of the phagocytic receptor Draper in late oogenesis

A. Stage 12 egg chambers of Vps13-GFP female flies visualizing Draper with a Draper antibody (red) and Vps13 localization by Vps13-GPF 

(green). The boxed region represents the enlargement shown in A’. Immunolabeling using a Vps13 antibody to visualize Vps13 in green 

in stage 12 (B&C) and stage 13 (D) egg chambers in w1118 (B), and in the drprΔ5 mutant background (C&D). DAPI (magenta) was used to 

visualize nuclei. Scale bars indicate 50 µm.
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Figure 8. Vps13-dependent membrane structure during late oogenesis

Large scale electron microscopic images of a nurse cell nucleus (NCN) of a control (w1118; A) and Vps13null (C) stage 12 egg chamber, 

surrounded by stretch follicle cells (FC). Red arrows indicate structures of the cellular degradative pathway (MVB), black arrows 

indicate translucent vesicles (TVs) and nurse cell cytoplasm (NC Cyto). A’ & C’. Schematic representation of the dying NC nuclei 

in A and C where the plasma membrane (red) and nuclear envelope (dark blue) are still largely intact. Structures seen in A and C 

are indicated as well. A” & C”. Enlargement of the red box in A and C showing a schematic representation of the plasma membrane 

(pink), the nuclear envelope (blue) with invaginations (asterisks) and the Vps13-dependent membrane (green) found at this stage of 

PCD in controls. B-B’ & D-D’. Enlargements of the large scale electron microscopic images of A and C. Membrane structures in B and 

D are indicated in the same colors as A” and C” for reference. B” and D” are enlargements of the red boxes in B’ and D’. The plasma 

membrane is indicated with a black arrow, pink arrows indicate the nuclear envelope, arrowheads indicate the Vps13-dependent 

membrane. Scale bars in A-A” and C-C” indicate 5 µm. Scale bars in B-B” and D-D” indicate 500 nm.

Ultrastructural data sets are available through the links below (name “Fly”; password “away”) for the w1118 image: http://nanotomy.org/

PW/Lahaye2014/AnitaFaber/2016-1444h1/index.html; for the Vps13null image: http://nanotomy.org/PW/Lahaye2014/AnitaFaber/2016-

1467r4/index.html.
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nurse cells during earlier stages of oogenesis. Strikingly, this structure was absent or disrupted in six out 

of six stage 11-12 nurse cells of Vps13 mutants (Figure 8D – 8D”; Suppl. Fig. 10B – 10B”). Our data indicate 

that this novel membrane is generated in a Vsp13 dependent process and that it is required for the proper 

completion of the removal of all nurse cell corpses by phagocytosis.

DISCUSSION
Human VPS13A and its orthologs have been implicated to play a role in multiple cellular processes 

including autophagy42–44, intracellular trafficking45–49, regulation of membrane morphogenesis during 

sporulation26–28, membrane contact sites25,29,50,51 and protein homeostasis35. Here we report a novel cell-

autonomous and nurse cell specific role for Drosophila Vps13 in the timely removal of dying nurse cell 

nuclei downstream of induced cell death during development. Absence of Vps13 is associated with failure 

of the formation of a specific membrane structure closely associated with the plasma membrane of dying 

nurse cells, suggesting a role for this Vps13-dependent novel structure in timely removal of large cellular 

remnants. 

Our results further underscore the variety of cellular processes in which the conserved VPS13 protein family 

plays a role. Our results are consistent with several previously independently reported functions of Vps13 

in other organisms. Firstly, in yeast Vps13 is required for proper formation of prospore membranes26–28. 

The prospore membrane is a newly formed double membrane structure which forms during meiosis, and 

while meiosis progresses, the newly formed daughter nuclei are engulfed and surrounded by this now 

closed double membrane structure. This membrane structure serves as the plasma membrane of the 

newly formed spore. In yeast Vps13 localizes to the newly formed propsore membranes and is required 

for closure of the prospore membrane. Our data suggest that Vps13 in Drosophila is also associated with 

a membranous structure and in Vps13 mutants this membrane structure is disrupted or not detectable 

at the ultrastructural level, at least not at the specific position close to the plasma membrane. Together 

with data published by others26–28 this suggests that Vps13 serves a conserved function in membrane 

morphogenesis and/or membrane positioning. The conserved function is further strengthened by our 

results that the Drosophila oogenesis phenotype is rescued by overexpression of human VPS13A in the 

mutant background. Studies in yeast and mammalian cells showed a close association with Vps13 and 

VPS13A at contact sites between endoplasmic reticulum (ER) and other organelles and functions as a 

lipid transfer protein25,29–31,50,51. It is therefore likely that in Drosophila Vps13 plays a role at establishing or 

maintaining membrane contact sites between our described membranous structure and the plasma 

membrane, enabling transfer of some cargo, required for timely removal of nurse cell corpse. Interestingly, 

in Drosophila ER residing proteins, Pretaporter and DmCaBP1 have been identified that become 

extracellularly exposed upon induction of apoptosis, they serve as ligands for Draper and are required for 

effective phagocytosis during embryonal development52,53. It is therefore an attractive hypothesis that the 

Vps13 dependent membranous structure is ER derived and that Vps13 plays a role in tethering the ER to the 

plasma membrane. This allows extracellular exposure of ER residing factors that are required for effective 
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phagocytosis of the nurse cell corpses. Those factors could then serve as eat-me-signals or do-not-eat-

me-signal inhibitors and as such could play a role in effective phagocytosis. 

Mutations in human VPS13A lead to ChAc, a disease with two distinct characteristics: neurodegeneration 

and acanthocytes, a possible explanation for these two seemingly independent phenotypes is 

currently missing. Interestingly, ongoing efficient clearance of cell corpses is required both for healthy 

brain functioning as well as for timely removal of aging erythrocytes10, it may therefore be that both 

characteristics of the disease can be explained by less efficient clearance of to-be-degraded-cells in the 

circulation and in the brain.

The conserved role of Vps13 in Drosophila oogenesis, a well-studied system with relatively large cells 

applicable for a wealth of genetic tools, and our developed tools to visualize and localize endogenous 

Vps13, could all contribute to further elucidation of the molecular function of Vps13 proteins in health and 

disease. 

MATERIALS & METHODS

Drosophila maintenance 

Drosophila melanogaster stocks and crosses were raised on the standard cornmeal used at the Bloomington 

Stock Center (Nutri-Fly Bloomington Formulation, Cat# 66-113) at 25°C. For lifespan experiments standard 

agar food was used. The following stocks were collected from the Bloomington Stock Center (Indiana 

University, USA): w1118, Actin-GAL4/Tm6B (3954), Actin-GAL4/CyO (4414), nos-GAL4:VP16 (64277, here 

called nanos-GAL4); UAS-mCD8-GFP (5137), Vps13 RNAi (38270). The Vps13PB mutant (Vps13c03628), precise 

excision line (Excision line 1) and UAS-hVps13A line are described in and obtained from Vonk et al. (2017). 

The GR1-GAL4 line was a generous gift from Trudi Schüpbach. The w;Sp/CyO;DrprΔ5rec9/TM6b line, 

here referred to as drprΔ5, was a generous gift from Mark Freeman. 

Drosophila female fecundity assay

To investigate female fecundity and egg lay, 10 freshly eclosed females were housed on apple juice agar 

plates supplemented with yeast paste. Three w1118 males were included to ensure mating. Flies were 

transferred to fresh plates every 24 h and the number of eggs laid in each 24h period was recorded for 14 

days. 

Drosophila life span 

One day old male adult CRISPR/Cas9 treated flies were collected with the appropriate control and kept on 

standard agar food at 25°C. Flies were housed in fly food vials with 10-20 flies each and put into fresh vials 

every 2 or 3 days. The incidence of dead flies was counted every 2 or 3 days. 
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Generation of a Drosophila Vps13null mutant and Vps13-GFP line using the CRISPR/Cas9 system 

We used the CRISPRS/Cas9 system to generate a Vps13 null mutant. In addition we constructed a fly line 

expressing a Vps13-GFP fusion protein. For the generation of the Vps13 null mutant we designed two 

sgRNAs targeting either exon 4 or exon 8 of the Vps13 gene (Table 1). For selection of the sgRNA the DRSC 

Find CRISPR Tool was used. Each of the sgRNAs was cloned into the pU6-BbsI-chirRNA plasmid (Addgene 

plasmid #45946; gift from Melissa Harrison, Kate O’Connor-Giles & Jill Wildonger) via BbsI restriction 

sites54 (Chapter 4 of this thesis). Both constructs were injected simultaneously into transgenic embryos 

expressing Cas9 in the germline (yw;;nos-Cas9(III-attP2)/Tm6C) by BestGene (Chino Hills, California, 

USA). Potential mutant lines were balanced with a homozygously lethal CyO second chromosome 

balancer. Offspring homozygous for the potential mutant Vps13 allele was screened for male sterility (data 

not shown) and used for further study. Fly lines that were male sterile were analyzed on Western blot with 

antibodies directed to the N-terminal and C-terminal part of the Vps13 protein35 to identify new Vps13 null 

mutants.

Table 1. Primers gRNA for Vps13 knockout mutant and Vps13-GFP flies

Name Forward primer Reverse primer

sgRNA Exon 4 CTTCGAAGGGACTACCCGTCGTTG AAACCAACGACGGGTAGTCCCTTC

sgRNA Exon 8 CTTCGTATGATGCGCCAACCATAT AAACATATGGTTGGCGCATCATAC

sgRNA GFP tag CTTCGATTATGAGCCGGATAGGCGA AAACTCGCCTATCCGGCTCATAATC

For the creation of the Vps13-GFP line, one sgRNA was designed directed against the 3’ end of the Vps13 

gene and cloned into the pU6-BbsI-chirRNA vector (for primers, see Table 1). A HDR plasmid was created 

in pBluescript II SK+ (Stratagene) with Gibson assembly Cloning kit (New England Biolabs, Ipswich, MA, 

USA). Briefly a 5’ and 3’ flanking arm of about 1.2 kbp and eGFP were created with PCR, all three products 

were inserted in PBluescript II SK+ that was linearized with NotI and EcoRV (for primers, see Table 2). 

Injection of the sgRNA and HDR plasmid and further balancing of potential Vps13-GFP lines was done as 

described before. Potential Vps13-GFP lines were screened for the presence of GFP using PCR. Vps13null 

and Vps13-GFP lines were confirmed by sequencing. 

RNA isolation and quantitative Real-Time PCR of CRISPR/Cas9 treated flies

Flies of Vps13null and CC Control were collected and snap frozen in liquid nitrogen. The samples were 

lysed in TRIZOL (Invitrogen) for RNA extraction and reverse transcribed using M-MLV (Invitrogen) and 

Table 2. Primers HDR donor plasmid

Name Forward primer Reverse primer

5’ flanking arm GCTCCACCGCGGTGGCCAATCCCTATGGCCTA
GTGG

ATTATGAGCCGGATAGGCGACTGTAGCCCTTA
ACGGATTG

GFP sequence GGCGGCGGCCAATAGAACTGAATTTATTTCC
CAAC

GAGGTCGACGGTATCGATAAGCTTGATCCGTG
TATGGTCTCATAGACTC

3’ flanking arm CTATCCGGCTCATAATGCCGCCGCCAGCAA
GGGCGAGGAGCTGTTCAC

GGGAAATAAATTCAGTTCTATTGGCCGCCGCC
TTACTTGTACAGCTCGTCCAT
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random primers (Invitrogen). Relative changes in transcript levels were determined on the CFX Connect 

(Bio-Rad) using SYBR green supermix (Bio-Rad). Calculations were done using the relative CT method. 

For each primer set the PCR efficiency was determined. The sequences of used primers are listed in Table 

3. The expression levels were normalized for rp49 (house-keeping gene). Primer set 1 was directed to the 

N-terminus of Vps13 upstream of the gRNA. Primer set 2 was directed to a sequence downstream of the 

PiggyBac insertion site of the Vps13c03628 mutant. 

Table 3. Primers qPCR of new Vps13null mutant

Name Forward primer Reverse primer

Primer set 1 GCGAACGCCAGATTGTTTGA CAAGACGACATCGCCTCCC

Primer set 2 AGACGTGCCTGGGTCTAT AAGGCTCGTGAGAGGTAC

RP49 CCGCTTCAAGGGACAGTATC GACAATCTCCTTGCGCTTCT

Genomic DNA isolation and PCR screening of potential Vps13-GFP flies 

To isolate Drosophila genomic DNA (gDNA) from the potential Vps13-GFP flies, two different protocols 

were used:

1) Two flies of the potential Vps13-GFP lines were collected and mashed for 20-30 seconds in 100 µL 

squishing buffer (10mM Tris-HCl pH 8.2, 1 mM EDTA, 25 mM NaCl and 400µg/ml proteinase K). After 30 

minutes incubation at 37°C the proteinase K was inactivated by heating the samples to 95°C for 3 minutes. 

The samples were centrifuged shortly and the supernatant was used for PCR.

2) Five flies of the potential Vps13-GFP lines were collected and mashed for 20-30 seconds using a yellow 

pipet tip with 50 µL solution A (0.1 M TrisHCl pH 9.0, 0.1 M EDTA and 1% SDS). Then samples were incubated 

at 70°C for 30 minutes. Afterwards 7 µL 8M KAc (Merck) was added per sample and samples were 

incubated on ice for 30 minutes. The samples were centrifuged for 15 minutes at 13.000 rpm at 4°C after 

which the supernatant was transferred to a fresh tube. 30 µL of isopropanol (Sigma Aldrich) was added 

to each sample and after some shaking the samples were centrifuged for 5 minutes at 10.000 rpm at 4°C. 

Afterwards the supernatant was removed and the pellet was washed with 70% EtOH and centrifuged for 5 

minutes at 13.000 rpm. After removing the supernatant, the pellet was dried to open air. Finally the pellet 

was resuspended in 20 µL RNAse and DNAse free H
2
O (Life Technologies). 

The DNA sequences of the potential Vps13-GFP lines were initially screened for presence of GFP (gDNA 

isolation method 1, data not shown) using the ‘GFP’ primers listed in Table 4. A small selection of lines 

positive for GFP were then further analyzed by PCR for the flanking regions of the GFP sequence to check 

whether the GFP was fused to the 3’of the Vps13 gene (gDNA isolation protocol 2) using the ‘GFP + flanking 

regions’ primers listed in Table 4. DNA sequences were amplified using Paq5000 Hotstart PCR Master Mix 

(Agilent), run on an 0,8% agarose gel and visualized with the Chemidoc MP System (Bio-Rad). 
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Table 4. Primers PCR screening of potential Vps13-GFP lines

Name Forward primer Reverse primer

GFP GCCGCCGCCCTTGTACAGCTCGTCCAT AAGGGCGAGGAGCTGTTCAC

GFP + flanking regions CCTTCTTCGAGCGCGAGTAT GAAGTTCGTGTACCAGGCCA

Drosophila ovary dissection 

Drosophila female flies were collected 0-8 h after eclosion and kept on standard Bloomington food 

supplemented with yeast paste at 25°C. Three to five w1118 males were added to ensure mating and to 

stimulate oogenesis. Ovaries of 4 day old females were dissected in PBS and imaged immediately with 

a Leica M165 FC microscope for size analysis or fixed in 4% formaldehyde (Thermo Scientific) in PBS for 

further antibody staining. 

Antibody staining and microscopy

Ovaries of 4 day old females were dissected in PBS and fixed for 30 minutes in 4% formaldehyde in PBS at RT. 

The fixed tissue was washed 3 times 10 minutes in PBS + 0.1% Triton X-100 (Sigma-Aldrich) and afterwards 

permeabilized with PBS + 0.3% Triton X-100 for 1h followed by an optional blocking step with PBS + 5% 

BSA for 1h. The following antibodies were used: rabbit anti-Vps13 NT (1:500, Vonk et al. 2017), mouse anti-

Draper 5D14 (1:100, DSHB), mouse anti-Lamin-D (1:400, DSHB). Appropriate secondary antibodies used 

were: Alexa 488- or Alexa 594-conjugated antibodies (Invitrogen) used at 1:500. Nuclear staining with 

4’,6-diamidino-2-phenylindole (DAPI; 0,2 µg/mL) was performed together with the secondary antibody 

staining. Lysotracker Red DND-99 (20µM Invitrogen) was used to detect acidification of nurse cells. 

Freshly dissected ovaries were incubated with Lysotracker for 3 minutes at RT. After a short wash with PBS 

ovaries were fixed according to normal protocol and stained with DAPI. Ovaries were mounted in CitiFluor 

(Agar Scientific) or 80% glycerol and analyzed on a Zeiss-LSM780 NLO confocal microscope with Zeiss 

Zen software. Adobe Photoshop and Illustrator (Adobe Systems Incorporated, San Jose, California, USA) 

were used for image assembly. 

Ovary sample electron microscopy processing

Ovaries of 4 day old female flies were dissected and fixed overnight on a rotator at 4°C in freshly 

prepared fixative containing 2,5% Glutaraldehyde in 0,1 M sodiumcacodylate buffer, pH 7,4. After three 

short washes with 0.1 M sodiumcacodylate buffer samples were post-fixed using 1% osmiumtetroxide 

and 1.5% potassiumferrocyanide for 2 hours at 4°C. Then samples were washed with milliQ water at room 

temperature followed by dehydration in an ethanol series. Finally the samples were embedded in epoxy-

resin (EPON). Semi thin sections were stained with Toluidine blue dye and used to select the correct 

stage of egg chambers after which ultrathin sections (70 nm) were collected on formvar coated copper 

grids and contrasted with 5% uranyl acetate and Reynolds lead citrate. Images were acquired on a Supra 

55 scanning EM (SEM; Zeiss, Oberkochen, Germany) using a scanning transmission EM (STEM) detector 

with 2.5 nm pixel size using an externa scan generator ATLAS 5 (Fibics, Ottawa, Canada) as described by 

Kuipers et al. (2016)55. Individual tiles were stitched and data was exported as an html file. Html files were 

converted to czi files and areas of interest were selected and exported as TIF images using Zeiss Zen 
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software for further image analysis in Adobe Photoshop. 

Western blot analysis

For samples of fly heads, flies were snap frozen in liquid nitrogen and decapitated by using a vortex. 4 

µL of 2x Laemmli buffer (2% SDS, 10% glycerol, 0.004 % bromophenol blue, 0,0625 M Tris HCl pH 6,8) 

containing 0,8 M urea and 50 mM DTT was added per fly head. For samples of ovaries, 4 day old females 

were dissected in PBS and ovaries were snap frozen in liquid nitrogen. Per ovary, 4 µL of 2x Laemmli buffer 

with 0,8 M urea and 50 mM DTT was added. Samples were sonicated 5 times for 5 seconds and boiled 

for 5 minutes. Protein extracts were run on 8% polyacrylamide gels, transferred onto PVDF membranes 

overnight using transfer buffer containing 10% methanol. Membranes were blocked with 5% milk in 

PBS 0,1% Tween-20 and subsequently incubated with primary antibodies overnight at 4°C. The primary 

antibodies used were: rabbit anti-Vps13 #62 (1:1000, Vonk et al. 2017), anti-Vps13 NT (1:1000, Vonk et al. 2017), 

mouse anti-GFP (1:5000, Clontech), mouse anti-alpha-tubulin (1:5000, Sigma). Appropriate secondary 

HRP-conjugated antibody staining (1:5000, GE Healthcare) was done at room temperature in 5% milk for 

both Vps13 antibodies and PBS 0,1% Tween-20 for GFP and alpha-tubulin. Detection was performed using 

ECL or super-ECL solution (Thermo Scientific) with the ChemiDoc Touch (Bio-Rad).

Quantifications and statistical analysis

To quantify the percentage of PNCN, ovaries stained with DAPI were analyzed with a Leica fluorescent 

microscope. Quantification was performed by calculating stage 14 egg chambers with PNCN divided by 

all stage 14 egg chambers analyzed and presented as a percentage. 

Data were analyzed with GraphPad Prism5 statistical software. Statistical significance was determined using 

Student’s t-tests. Data are represented as mean values ± standard error of the mean (SEM). P-values below 

0,05 were considered significant.  In the figures, p<0,05 is indicated by a *, p<0.01 by ** and p<0,001 by ***.

All graphs and life span curves were made using GraphPad Prism5.
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Supplementary figure 1. Vps13 is expressed in Drosophila ovaries
Western blot analysis of Vps13 protein levels in ovaries of 4 day old Vps13PB mutant and controls (w1118 and Precise Excision line) 
using the Vps13 #62 and Vps13 NT antibody to confirm Vps13 presence in Drosophila ovaries and its absence in mutant lines. 
α-Tubulin staining was used as a loading control. 
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Supplementary figure 2. Validation of the Vps13null mutant

A. Relative levels of Vps13 mRNA in the Vps13null mutant and the isogenic CC control adult flies were determined with RT qPCR using 

two primer sets (primer set 1 and primer set 2). Data are mean ± SEM, n=3. B. Lifespan analysis of the Vps13PB and Vps13null mutant 

compared with control flies (CC control).
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Supplementary figure 3. Creation and validation of a Vps13-GFP fly line using CRISPR/Cas9

A. Schematic representation of the Vps13 gene showing the target site of the sgRNA for the generation of the Vps13-GFP line using 

the CRISPR/Cas9 system. Exons are shown as black boxes. B. Potential Vps13-GFP lines (g16-7, g16-21, g16-27 and g16-28) were screened 

by PCR amplification of the flanking regions of the GFP sequence to confirm the incorporation of the ~750 bp GFP sequence. GFP 

negative lines should give a PCR product of 2820 bp, while Vps13-GFP lines should give a PCR product of 3570 bp. Heterozygous 

Vps13-GFP flies should show both PCR products. C. Lifespan analysis of the identified Vps13-GFP line (g16-28) and an isogenic control 

(g16-7) was performed to examine any effects of the inserted GFP sequence on viability. D. Western blot analysis of control (g16-

7), homozygous Vps13-GFP and heterozygous Vps13-GFP/CyO
dfd

YFP fly heads was performed to visualize the Vps13-GFP fusion 

protein using a GFP antibody that detects the Vps13-GFP fusion protein in homozygous and heterozygous Vps13-GFP flies, but not 

in the control. Vps13 #62 and Vps13 NT antibodies were used to visualize the Vps13 protein in all samples. Free GFP could only be 

detected in heterozygous Vps13-GFP/CyO
dfd

YFP lysates because of the YFP-tagged balancer. α-Tubulin was used as a loading control. 

E.  Quantification of persistent nurse cell nuclei in stage 14 egg chambers of 4 day old Vps13-GFP and control (g16-7) females was 

performed to test functionality of the Vps13-GFP fusion protein in the Drosophila ovary and shows the absence of the Vps13 mutant 

ovary phenotype of PNCN accumulation in the newly generated Vps13-GFP fly line. 
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Supplementary figure 4 – Expression patterns of the follicle cell driver GR1-GAL4 and nurse cell driver nanos-GAL4

Overview of the expression patterns of the follicle cell driver GR1-GAL4 (A) and nurse cell driver nanos-GAL4 (B) driving UAS-mCD8-

GFP (green) in Drosophila ovaries showing that expression of mCD8-GFP is limited to the cell types in which GAL4 is active. DAPI was 

used to visualize DNA (blue). Scale bars represent 50 µm.
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Supplementary figure 5 – Vps13 does not localize to the nuclear envelope

Stage 12 egg chambers of w1118 (A), Vps13PB (B), precise excision (C) and Vps13null (D) stained with Lamin D (LamD, red) to visualize the 

nuclear envelope, Vps13 NT (green) and DAPI to visualize DNA. The panels in A’-D’  are zoom-in pictures of A-D to illustrate that Vps13 

NT and Lamin D do not co-localize. An intense Vps13 signal is found when the nuclear envelope and Lamin D are still intact, indicated 

with arrows. Degradation of the nuclear envelope is associated with loss of Vps13 staining (arrowheads). Scale bars represent 50 µm.
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Supplementary figure 6 – Validation of the Vps13 RNAi fly line using Western blot analysis

To test the efficiency of the Vps13 RNAi fly line, Vps13 protein levels were analyzed using Western blot in fly head samples of Vps13 

RNAi/act-GAL4 and control (4414 and Vps13 RNAi). In addition, fly head samples of w1118, precise excision and Vps13PB mutant lines were 

loaded. Vps13 levels were detected with both the Vps13 #62 and Vps13 NT antibody. α-Tubulin was used as a loading control. 
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Supplementary figure 7 – Absence of Vps13 does not affect Draper localization and intensity in ovaries during late stages of 

oogenesis

A-E. Immunolabeling of stage 12 egg chambers with a Draper specific antibody (green) in w1118 (A); DrprΔ5 mutant (B); Vps13PB (C); 

precise excision (D) and Vps13null (E) to visualize Draper in Vps13 mutant ovaries. DAPI (magenta) was used to visualize nuclei. Scale 

bars represent 50 µm.
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Supplementary figure 8 – Vps13 does not co-localize with different organelle markers during late oogenesis

A & A’. Different planes of a control stage 12 egg chamber labeled with Vps13 (green) and Lysotracker (red). Arrows indicate an acidified 

nurse cell nucleus. Acidic compartments, most likely lysosomes, are indicated with arrowheads. Scale bars represent 50 µm.
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Supplementary figure 9 – Scheme to select areas for ultrastructural analysis of Drosophila ovaries

A. Bright-field microscopic image of a semi thin section of a w1118 ovary stained with Toluidine blue which was used to select the right 

stage of the egg chamber after which ultrathin sections were processed for electron microscopy  B. Large scale electron microscopic 

image of the selected egg chamber and region, represented by the boxed area in A, containing nurse cells and follicle cells. C. 

Enlarged image of the boxed area in B showing an individual nurse cell nucleus at the correct stage of cell death.  
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Supplementary figure 10– Localization of Vps13-dependent membrane structures during late oogenesis

A. Large scale electron microscopic images of a dying NC during developmental PCD in Vps13PB ovaries. A’. Schematic representation 

of A with a nurse cell nucleus (NCN), follicle cells (FCs), mutlivesicular bodies (MVBs), translucent vesicles (TVs) and nurse cell 

cytoplasm (NC cyto). Plasma membrane is pictured in pink; nuclear envelope in blue. The red boxes indicates the area that are 

depicted in A”. B & B’. Enlargement of the boxed area in the large scale electron microscopic image in A. Membrane structures in B are 

indicated in the same color as A’ and A” for reference. B”. Enlargement of the boxed area in B’. The plasma membrane is indicated with 

a black arrow, pink arrows indicate the nuclear envelope. Scale bar in A indicates 5 µm. Scale bar in B indicates 500 nm.
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ABSTRACT
Human VPS13A is highly conserved among eukaryotes and associated with the autosomal recessive 

neurodegenerative disease Chorea-Acanthocytosis (ChAc). The cellular function, localization and 

dynamics of the VPS13A protein are unknown. Here, we show that VPS13A is associated with mitochondria 

and establishes membrane contact sites with the endoplasmic reticulum (ER) by interacting with VAP-A, 

via a FFAT domain, a binding influenced by calcium levels. Upon increased fatty acid uptake, VPS13A 

translocates from mitochondria to newly formed lipid droplets (LDs). Localization of VPS13A to LDs pauses 

their movements whereas loss of VPS13A induces increased LD motility and size. Accordingly, VPS13A 

plays a conserved role in LD homeostasis in Drosophila, as in its absence these organelles accumulate 

in glia cells of the central nervous system, a phenotype associated with neurodegeneration, impaired 

locomotor function and decreased life span. Altogether, our data link VPS13A with multiple organelles and 

its dysfunction induces an alteration in LDs homeostasis. 
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INTRODUCTION
The vertebrate VPS13 protein family consists of four closely related proteins, VPS13A, VPS13B, VPS13C and 

VPS13D 1. The VPS13D gene variants are linked with embryonic lethality, higher IL-6 production and septic 

shock lethality 2,3. Mutations in VPS13B and VPS13C are associated with the onset of neurological and 

developmental disorders 4–8. Mutations in the VPS13A gene are causative for a specific autosomal recessive 

neurological disorder, Chorea-Acanthocytosis (ChAc). Most reported VPS13A mutations in ChAc patients 

result in low levels or absence of the protein 9. ChAc patients display gradual onset of hyperkinetic 

movements and cognitive abnormalities. In addition to neuronal loss, the presence of circulating spiky 

red blood cells (acanthocytes) 1,5 implies that the function of VPS13A is not restricted to the brain but also 

to other tissues. In line with this, VPS13A mRNA is ubiquitously expressed in human tissues 1,5. 

Despite their medical relevance, the molecular and cellular function of VPS13 proteins remains largely 

unknown. The limited knowledge is largely derived from studies about yeast Vps13. Vps13 is a peripheral 

membrane protein. It is involved in the transport of membrane bound proteins between the trans-Golgi 

network and prevacuolar compartment (PVC) 10,11 and from endosome to vacuole 12. Vps13 is also required 

for prospore expansion, cytokinesis, mitochondrial integrity, membrane contacts and homotypic fusion. 

Last, the influential role of Vps13 in these processes is postulated to be dependent on the availability of 

phosphatidylinositides 13–19. It is currently unclear whether the four mammalian VPS13 proteins share similar 

functions with yeast Vps13. The cellular localization and function of VPS13A is largely unknown.

The VPS13A gene is located at chromosome 9q21 and encodes a high molecular weight protein of 3174 

amino acids 4,5. In various model systems, loss of VPS13A is associated with diverse phenotypes, such as 

impaired autophagic degradation, defective protein homeostasis 20–22, delayed endocytic and phagocytic 

processing 23,24, actin polymerization defects 25–28 and abnormal calcium homeostasis 29,30. These studies 

indicate that VPS13A plays a role in a multitude of cellular functions and its loss of function is associated 

with a wide range of cellular defects in eukaryotes. Here, to understand the versatile role of VPS13A at 

the molecular level, the subcellular localization, dynamics, binding partners and the role of the domains 

of VPS13A were determined in mammalian cells. Our results demonstrate that VPS13A is a protein with 

unique properties since it is associated to multiple organelles, its localization dynamically shifts upon 

altered levels of fatty acids and VPS13A influences lipid droplet homeostasis. These findings were further 

substantiated in a validated neurodegenerative Drosophila model for ChAc 22 using a large scale scanning 

electron microscopy (nanotomy) approach enabling identification of affected cells in large cross sections 

of the central nervous system. We discuss how these findings can explain neurodegeneration in ChAc. 
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RESULTS

Human VPS13A is a peripheral membrane protein 

To determine the subcellular localization of endogenous human VPS13A, we first separated the membrane 

and cytosolic fractions of HeLa cells by high-speed centrifugation. VPS13A was enriched in the pellet, 

which contained the transmembrane epidermal growth factor receptor (EGFR) and relatively little of 

α-tubulin, a cytosolic marker protein (Figure 1A). To further investigate the membrane association of 

VPS13A, a detergent based subcellular fractionation was performed in HEK293T cells 31. Following digitonin 

treatment and centrifugation, more than 80% of VPS13A, remained in the fraction containing membrane 

associated proteins such as EGFR and the ER integral protein VAP-A, and little VPS13A was detected in the 

cytosolic non-membrane bound and GAPDH containing fraction (Figure 1B and B’). The type of membrane 

association of VPS13A was further investigated by assessing its dissociation from lipid bilayers after 

treatment with different chemical agents. Similar to ATP5A, a peripheral membrane associated protein of 

mitochondria; part of VPS13A was solubilized by alkaline and urea-containing solutions. In contrast, the 

integral membrane protein EGFR remained in the membrane pellet irrespective of the treatment (Figure 

1C and D). Altogether, these analyses revealed that VPS13A is a peripheral membrane-associated protein.

To determine to which intracellular membranes endogenous VPS13A is associated to, we next performed 

subcellular fractionation experiment on a sucrose gradient. This experiment showed that VPS13A was 

predominantly detected in fractions containing VAP-A, Rab7 and ATP5A, which are marker proteins of the 

ER, endosomes and mitochondria respectively (Figure 1E and F).

VPS13A localization to mitochondria is mediated via the C-terminal end

To characterize the subcellular localization of VPS13A in more detail, GFP- and Myc-tagged VPS13A was 

expressed in HEK293T cells. This yielded a high molecular weight band, corresponding to full-length 

tagged VPS13A (Supplementary Figure 1A and B). Under normal growth conditions, VPS13A-GFP showed 

two main subcellular distribution patterns. In approximately 90% of the cells, VSP13A displayed a reticular 

pattern (Figure 2A). In the remaining cells, VPS13A localized to vesicular structures (Figure 2A’). To identify 

these compartments, we co-localized VPS13A with a variety of organelle marker proteins. Although 

not co-localizing with the endosomal and lysosomal marker proteins Rab5, Rab7, LAMP1 and FYCO1 

(Supplementary Figure 1C-F), VPS13A-GFP strongly decorated the circumference of nearly all mitochondria 

stained with mitotracker (Figure 2B and B’, and Supplementary movie 1). The striking VPS13A localization to 

the mitochondrial surface prompted us to determine the VSP13A domain that mediates this localization. 

To do so, we expressed GFP-tagged truncated forms of VPS13A (Figure 2C and Supplementary Figure 2) 

in different cell lines. Whereas most of the constructs were cytosolic, the C-terminal region of VPS13A (aa 

2615-3174) strongly localized to the mitochondria in the cell lines tested (Figure 2D and Supplementary 

Figure 3A-C). The localization of the VPS13A C-terminal domain to the surface of mitochondria was 

identical to the full-length VPS13A localization (Figure 2E). This strongly suggests that the C-terminal 

region of VPS13A is involved in targeting the protein to a close vicinity of the mitochondrial membrane. 
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Figure 1. VPS13A is enriched in membrane fractions and is peripherally associated to membranes.

(A) Light membrane fractions from HeLa cell homogenates were separated by centrifugation in a cytosolic and a membrane fraction. 

Equal amounts of proteins were processed for immunoblotting against VPS13A, EGFR and α-tubulin. (B) Digitonin extraction of 

cytosolic proteins in HEK293T cells. HEK293T cells were treated with digitonin on ice and the cell free fraction containing cytosolic 

proteins was collected after centrifugation. The remaining pellet containing all membranes was lysed in buffer containing NP-40. 

Extracted fractions were immunoblotted for the indicated proteins (left panel). The amount of protein was quantified using image 

J and presented as a percentage of the total (B’). (C) Membrane fractions were prepared as in A and subjected to different chemical 

agents to extract proteins from membranes. Equal amount of proteins were processed for immunoblotting using antibodies against 

VPS13A, EGFR and ATP5A. (D) The amount of protein was quantified as above and presented as a percentage of the total. (E) Sucrose 

gradient fractionation from HeLa cells. HeLa cells were lysed in detergent free buffer and separated in 5-55% sucrose gradients by 

high speed centrifugation. After TCA precipitation, fractions were processed for immunoblotting using antibodies against VPS13A, 

VAP-A, RAB7 and ATP5A. (F) Densitometric quantification of protein band intensities in E was performed using image J and plotted as 

percentage of the total. The plot of VPS13A is highlighted in green.
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Figure 2. Vps13A is localized at mitochondria via its C-terminal.

(A) HEK293T cells were transfected with VPS13A-GFP and the GFP signal was visualized using confocal microscopic examination. White 

arrowheads show reticular structures (A) and pink arrowheads show vesicular structures (A’). Cell borders are marked by white dots, 
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VPS13A localizes to the mitochondrial/ER interface

Furthermore, VSP13A also largely overlapped with the ER marker protein VAP-A (Figure 3A). However, 

not all ER membranes were positive for VPS13A-GFP (Figure 3B and C). To further investigate the co-

localization of VPS13A with the membranes of these organelles, we conducted time-lapse imaging of 

live cells expressing VPS13A-GFP and stained with mitotracker or co-transfected cells with mCherry-

VAP-A. This analysis showed that VPS13A-GFP was closely associated to the ER, and largely followed the ER 

dynamics (Figure 3D and Supplementary Movie 2). VPS13A positive regions of the ER co-localized with the 

mitochondrial marker (Figure 3C).

Given the complete decoration of mitochondria with VPS13A-GFP and its association to the ER, these 

results indicate that VPS13A was enriched at the interface between these two organelles. 

VSP13A directly binds VAP-A through its FFAT motif

We then asked what mediated the VPS13A association to the ER. Several membrane-associated 

proteins bind to the ER resident VAP-A through a 7 amino acids FFAT motif 32–34. Interestingly, VPS13A 

also contains a putative FFAT motif 34, which is located between the amino acids 842-848 (Figure 4A). To 

test whether VPS13A indeed interact with VAP-A, we performed a co-immunoprecipitation experiment 

with endogenous proteins. In line with this hypothesis, VAP-A was enriched in immunoprecipitates of 

endogenous VPS13A (Figure 4B); Similarly, VPS13A was present in the VAP-A immunoprecipitates (Figure 

4B’).

nucleus is marked by red dots. (scale bar=10µm). (B) Single stack image from a time-lapse recording of Hek293T cells expressing 

VPS13A-GFP for 48 hours (Supplementary Movie 1). Mitochondria were labeled using mitotracker orange. B’ Line scan analysis of 

VPS13A-GFP and mitotracker orange (right panel) indicates the peri-mitochondrial localization of VPS13A. Scale bar= 10µm, Insets=1 

µm. (C) Schematic representations of full length VPS13A and N-terminally GFP tagged VPS13A fragments. Numbers denote the first 

and last amino acid positions. (D) GFP-VPS13A constructs represented in C were co-expressed with mCherry-Sec61B in U2OS cells for 

24 hours. Scale bar=25 µm, Insets=5 µm. (E) U2OS cells co-expressing GFP-VPS13A (2615-3174) and BFP-Sec61B for 24 hours were stained 

with mitotracker red. The GFP-VPS13A (2615-3174) outlined the mitotracker signal indicating a mitochondrial outer membrane signal. 

Scale bar=10 µm, insets=2 µm
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To test whether VSP13A and VAP-A interact via the putative VSP13A FFAT motif, we conducted a set of 

in vitro pull-downs. We generated GST-tagged recombinant VPS13A fragments (Figure 4C) that were 

incubated with bacterially expressed 6x-His tagged VAP-A. We found that all the constructs containing 

the VPS13A FFAT motif were efficiently binding VAP-A (Figure 4D), including the FFAT motif itself (Figure 

Figure 3. Vps13A is localized at ER-mitochondrial interface.

(A) Hek293T cells were co-transfected with VPS13A-Myc and GFP-VAP-A. Cells were stained with anti-myc (red) and DAPI (blue). (B) 

Representative single stack image of Hek293T cells expressing BFP-Sec61B and VPS13A-GFP. Mitochondria labeled using mitotracker 

Red. White arrowheads indicate the enrichment of VPS13A at the ER-mitochondria interface. Pink arrows indicate ER tubule without 

mitochondrial contact and not marked by VPS13A-GFP. Scale bar=2 µm. (C) Representative single stack image of Hek293T cells 

expressing mCherry-VAP-A and VPS13A-GFP. Mitochondria labeled using anti-Tom20 antibody. White arrowheads indicate the 

enrichment of VPS13A at the ER-mitochondria interface. Scale bar=5 µm. (D) Representative time-lapse images of Hek293T cells 

expressing VPS13A-GFP and mCherry-VAP-A for 48 hours (Supplementary Movie 2). White arrowheads show continuous dynamic 

associations of VPS13A-GFP and mCherry VAP-A. Scale bar=10 µm, Insets= 2 µm.



6

127 

VPS13A is associated with multiple organelles

Figure 4. Direct interaction of VPS13A and VAP-A.

(A) Amino acid sequence alignment of VPS13A-FFAT and 4 other FFAT containing proteins. The FFAT containing region of each 

protein was selected and aligned using ClustalW multiple alignment tool. (B) Endogenous VPS13A was immunoprecipitated from 
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Lane 3). Importantly, the introduction of the D845A point mutation in this motif, which is known to affect 

VAP-A binding in other FFAT-containing proteins 32,35, strongly reduced its association to VAP-A (Figure 

4D, Lane 6). Similar results were obtained when GST-tagged recombinant VPS13A truncated proteins were 

incubated with HeLa cell lysates. Following GSH pull down, endogenous VAP-A from HeLa cells was found 

to be enriched together with GST-VPS13A variants in a FFAT-dependent manner (Supplementary Figure 

4). We concluded that VPS13A interacts with VAP-A via a FFAT domain.

To investigate whether the FFAT motif is required for the localization of VPS13A to the ER, we generated 

a VPS13A FFAT-deletion mutant (VPS13A∆FFAT) tagged with GFP. Analysis of confocal images showed that 

VPS13A∆FFAT localized to mitochondria but no longer to the ER-mitochondria interface indicating that the 

FFAT domain is the main hub for ER targeting of VPS13A (Figure 4E).  The FFAT domain was not sufficient 

for an in vivo association with the ER because FFAT containing truncated VPS13A constructs remained 

cytosolic and did not co-localize to the ER (Figure 2D). 

The assembly of membrane contact sites is regulated by cellular calcium levels 36,37. Calcium levels are 

mainly regulated through the activity of sarcoendoplasmic reticulum calcium ATPase (SERCA), which can 

be pharmacologically inhibited with thapsigargin (TG), leading to an increase in cytosolic calcium. In order 

to understand the effect of cellular calcium on VPS13A-VAP-A interaction, we treated cells with different 

concentrations of TG. Following TG treatment, we found an increased amount of VPS13A bound to VAP-A 

(Figure 4F and G) and such increase was proportional to the concentration of TG applied. The calcium 

mediated VPS13A-VAP-A interaction suggests that VPS13A plays a role in ER-mitochondria contact sites.

In conclusion, our data support a model in which VSP13A can associate simultaneously with mitochondria 

and ER via its C-terminus and FFAT domain, respectively. The FFAT domain is required but not sufficient for 

an ER association, suggesting that a full-length mitochondrial associated VPS13A is required to establish 

the VPS13A-ER connection.  

VPS13A is associated with lipid droplets independent of the FFAT motif 

As shown in Figure 2A’, VPS13A-GFP also brightly decorates vesicular structures in a small percentage of 

the cells, which were not mitochondria (Supplementary movie 1). We noticed that when this localization is 

observed, VPS13A-GFP is absent from the reticular ER-mitochondrial interface (Figure 2A’). Using confocal 

microscopy with lipid droplets (LDs) specific dyes, LipidTox red or Nile-red, we found that these vesicular 

structures were LDs (Figure 5A-B). 

HeLa cells using an anti-VPS13A antibody. Rabbit IgG was used as a control. (B’) Endogenous VAP-A was immunoprecipitated from 

HeLa cells using an anti-VAP-A antibody. Goat IgG was used as a control. Indicated proteins were detected by immunoblotting. (C) 

Schematic representations of bacterially expressed GST tagged VPS13A fragments used for the in vitro binding assays in D. (D) In Vitro 

binding assay using 6xHis-VAP-A and GST-fusions of VPS13A (depicted in C) expressed in E.Coli. GST-fusion proteins were enriched on 

Sepharose beads and incubated with equal amounts of bacterial lysate containing 6xHis-VAP-A. GST alone used as a control. Samples 

were immunoblotted against VAP-A, GST and N-terminal VPS13A (an antibody that is directed against amino acids 73-174 of VPS13A). 

(E)Representative single stack image of HEK293T cells expressing mCherry-VAP-A (red) and VPS13A-GFP (top) or VPS13A-GFP ∆ FFAT 

(bottom). Scale bar=10 µm. (F) GFP-VAP-A was immunoprecipitated from HeLa cells treated with different concentrations of TG for 

6 hours. DMSO vehicle was used as control. Indicated proteins were detected by immunoblotting. (G) Densitometric quantification 

of protein bands in Figure 4F. The ratio of VPS13A trapped was normalized to the respective amount of GFP-VAP-A. Cells treated with 

DMSO vehicle were used as controls. 
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To test this further, cells were cultured under conditions that elicit LD biogenesis. For instance, exogenous 

addition of oleic acid (OA), a fatty acid, known to induce intracellular LD formation 38–40. Cells expressing 

VPS13A-GFP were therefore visualized at different times after OA induction. Before the addition of OA, 

the majority of the VPS13A-GFP signal was present in the reticular pattern reflecting its distribution at the 

mitochondria-ER contact sites (Figure 5C, left panel). After 2h of exposure to OA, VPS13A-GFP was entirely 

re-localized to the FA-BODIPY-positive LDs. Line scan analysis of individual LDs revealed that VPS13A-

GFP uniformly encircled LDs (Figure 5D), suggesting enrichment of VPS13A at the membrane and not at 

the interior of LDs. Live-cell imaging showed that LDs that were VSP13A-GFP negative gradually acquired 

VPS13A from the reticular pool (Figure 5C). This indicated that VPS13A is not always associated with newly 

formed LDs and it can be recruited to already formed LDs.

To corroborate these observations, we next investigated whether endogenous VSP13A was also recruited to 

LDs. We thus analyzed the subcellular distribution of endogenous VPS13A by sucrose gradient fractionation 

of cells grown under normal conditions, starved for serum or exposed to OA for 24 hours (Supplementary 

Figure 5A). Western blot analysis of sucrose gradient fractions revealed that VPS13A was mainly enriched 

in the heavier fractions under starvation and normal growth conditions, and only a small portion (~4%) 

appeared in the fraction corresponding to LDs that floated on top of the sucrose gradient, which was 

identified using Perilipin2 (PLIN2) as the specific LD marker protein. Part of PLIN2 was sequestered in the 

fractions with high density organelles that contained marker proteins such as VAP-A, EGFR and ATP-5A 

(Figure 6A, B and B’, Supplementary Figure 5 C, D and D’), consistent with previous work showing that 

very minimal amount of LDs are formed under starvation conditions 40. Induction of LD formation after 

incubation of cells with OA for 24 hours leads to a shift in the distribution of endogenous VPS13A towards 

enrichment at the LD fraction. As expected, PLIN2 was enriched in the top fraction consistent with the 

fact that LDs are formed in response to OA induction (Figure 6C, D and D’, Supplementary Figure 5E, F and 

F’). The distribution of the plasma membrane protein, EGFR and the lysosomal protein-LAMP1 was not 

affected upon OA induction or serum starvation (Figure 6A-D’, Supplementary Figure 5 C-F’). In addition, 

comparison of the amount of VPS13A in the LD fraction showed that VPS13A was highly concentrated in 

the LD fractions of OA fed cells. Addition of 250 µm OA to starved 
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cells doubled the amount of VPS13A in the LDs fraction and 500 µm OA increased in the amount of LD 

associated VPS13A by about four fold (Figure 6E and F, Supplementary Figure 5B). Taken together, these 

data confirmed our observation that VPS13A is associated with lipid droplets and this association can be 

enhanced by oleate induced LDs formation.

We then questioned whether the ER localization through VAP-A binding was important for the LD 

localization of VPS13A. To do so, we expressed VPS13A∆FFAT in OA fed cells and showed that it was recruited 

to LDs similar to WT VPS13A (Figure 6G). This indicates that the FFAT motif of VPS13A is not required for its 

Figure 5. VPS13A decorates Lipid droplets.

(A) HEK293T cells were transfected with VPS13A-GFP for 24 hours. The vesicular structures colocalized with Lipidtox red that labeled 

LDs. (B) HEK293T cells transfected with VPS13A-GFP were processed as in A. LDs labeled with Nile red. (C) HEK293T cells transfected 

with VPS13A-GFP for 48 hours were pulsed with 1µM BODIPY-FA (red) at 37oC for 30 minutes followed by a chase in medium containing 

500uM OA. Confocal images of the same preparation were taken at different time points. Scale bar=10 µm. (D) Hek293T cells 

transfected with VPS13A-GFP for 48 hours were pulsed with 1µM BODIPY-FA (red) at 37oC for 30 minutes followed by a chase in medium 

containing 500uM OA for 2 hours at 37oC. A Zoom in image of a live cell is shown (top panel). Line profile analysis across the LD 

(bottom panel) showed the enrichment of the VPS13A-GFP signal on the LD membrane. Scale bar=1 µm.
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recruitment to LDs.  

In conclusion, our results showed that the subcellular localization of VPS13A-GFP is metabolically 

regulated. Surplus amount of cellular lipid leads to LDs biogenesis and directs VPS13A from mitochondria 

to LDs independently from its binding to ER-localized VAP-A.

VPS13A negatively affects lipid droplet size and motility

We further studied the role of VPS13A on LDs by investigating their motility and size under VPS13A 

overexpressing and downregulation conditions. We downregulated VPS13A in U2OS cells and analyzed LD 

number and dynamics. Under normal culturing conditions, VPS13A downregulated cells showed increased 

numbers of bigger LDs and a reduction in small (<5µm) LDs (Figure 7A and B). In addition, fluorescent 

activated cell sorting (FACS) quantification of the total Nile red intensity showed a significantly increased 

intensity in the absence of VPS13A (Figure 7C).  The largest LDs in both mock and VPS13A siRNA treated 

cells were generally immobile. However, smaller and peripheral LDs moved faster in VPS13A depleted cells 

compared to the controls (Figure 7 D and D’).

Live tracking of individual LDs showed that VPS13A-GFP positive LDs slowly and randomly oscillated for a 

longer time. Nonetheless, when these LDS were briefly dissociated from VPS13A-GFP, they directionally 

traveled fast and such mobility was interrupted when VPS13A-GFP was again associated with LDs (Figure 

7E, Supplementary movie 3). Quantitatively, when the mean intensity of VPS13A-GFP at LDs was measured 

in each frame and correlated to the distance it traveled, there was an inversely proportional amount of 
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Figure 6. Endogenous VPS13A is partially recruited to LDs.

(A) FCS starved HeLa cells were processed as described in Supplementary Figure 5A. Fractions with equal amounts of proteins were 

processed for Western blotting and detected by immunoblotting against antibodies for VPS13A, LAMP1, EGFR, PLIN2, VAP-A and 

ATP5A. (B) Densitometric quantification of protein band intensities in A was performed using image J and plotted as percentage of 

the total. B’ shows a zoomed in values of the top 3 light sucrose density fractions. (C) FCS starved Hela cells were further incubated 

with 500 µM OA and processed as A. Fractions with equal amounts of proteins were processed for Western blotting and detected by 

immunoblotting against antibodies for VPS13A, LAMP1, EGFR, PLIN2, VAP-A and ATP5A. (D) Densitometric quantification of protein 

band intensities was performed as in B. D’ shows a zoomed in values of the top 3 lowest sucrose density fractions. (E) HeLa cells 

were either grown in complete medium (Ctr), FCS starved (as in A) or further incubated with 250µM or 500µM OA and processed as 

described in A. LDs were isolated from the top fraction. Equal amounts of Proteins were resolved by Western blotting and detected by 

immunoblotting against antibodies for VPS13A, LAMP1, EGFR, PLIN2, VAP-A, ATP5A and a-tubulin. (F) Densitometric quantification of 

proteins in LD fraction in E was performed using image J and normalized to inputs of each condition. (G) Representative single stack 

image of HEK293T cells expressing and VPS13A-GFP or VPS13A-GFP ∆ FFAT.  Cells were incubated with 500µM OA  for 3 hours. LDs stained 

with LipidTox red. Scale bar=10 µm
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Figure 7. VPS13A negatively regulates LD mobility.

(A) Confocal image of U2OS cells treated with either Mock or VPS13A 

SiRNA for 72 hours. Cells were fixed and LDs were stained with LipidTox 

red. Nucleus stained with DAPI. Scale bar=10 µm. (B) Size distribution 

of LDs in A. Single stacks confocal images were captured at the middle 

of cells and LDs were categorized based on their sizes and plotted as 

percentage of the total. Student’s t-test, *p<0.05, ** p<0.01, *** P<0.001. 

(C) U2OS cells were treated with siRNA as in A. cells were stained with 

Nile red and intensity was measured using FACS.  Student’s t-test, 

*p<0.05, ** p<0.01, *** P<0.001. (D) U2OS cells were treated with siRNA as 

in A. cells were incubated with Lipidtox red 20 minutes before imaging. 

Time lapse images were taken every second. Two consecutive images 
were superimposed to see the mobility of LDs. D’ Colocalization of LDs in consecutive frames was manually counted and normalized to 

the total number of LDs and plotted as percentage of overlap. (E) Representative montage of HEK293T cells expressing and VPS13A-GFP.  

Cells were incubated with 500µM OA  for 3 hours. LDs stained with LipidTox red. Time lapse images were taken every 600 milliseconds. 

Scale bar=10 µm. (F) The intensity of VPS13A signal on the LD was quantified in every frame and plotted against the speed of the LD.
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VPS13A-GFP signal to the speed of  LDs (Figure 7F). 

In summary, the presence of VPS13A on LDs negatively influence their motility and when LDs temporarily 

escape from VPS13A, they showed faster directional mobility. In the absence of VPS13A, increased numbers 

and larger LDs are present, strongly indicating a role of VPS13A in LD homeostasis. 

Lipid droplets accumulate in glia cells of Drosophila Vps13 mutants

Given the influential role of VPS13A on LDs in cell culture, we investigated whether the previously 

established Drosophila vps13-/- model for ChAc 22 exhibits abnormal LD characteristics in brain tissue. 

Drosophila Vps13 is a structural and functional orthologue of human VPS13A 1,22. Homozygous Vps13 

mutants express low levels of a small truncated Vps13 protein and serve as a model for ChAc. Similarly, in 

most of the reported ChAc cases, VPS13A protein cannot be detected in patient material 9. Vps13 mutant 

flies show a decreased life span, normal locomotor function at young age, reduced locomotor function 

and brain vacuoles  upon ageing (17 days and older), indicative for neurodegeneration 22. 

Visualization of lipid droplets using fluorescent markers in combination with light microscopic analysis 

in the Drosophila brain did not show a positive signal, most likely due to limited tissue penetration of 

the dyes. Therefore, we used a large scale electron microscopy approach enabling analysis of entire 

brain areas and to identify possible LDs and affected cells at the ultrastructural level 41 (See materials and 

methods to access data set). As previously reported, in contrast to wild type brains, large vacuoles are 

apparent in neurodegenerative brains of Vps13  homozygous mutants  (Figure 8 A and B). In addition, 

electron microscopic analysis showed an accumulation of LDs throughout the (17 day old) Vps13  mutant 

brain. The central complex (an area with a dense network of neurons and glia,involved in locomotor 

function42) was selected for ultrastructural visualization and quantification of the lipid droplets. No LDs 

were observed in central complex of control brains (Figure 8 C). Only 1 LD was observed in an adjacent 

area (Figure 8E). >30 LDs were observed in the central complex of Vps13 mutants (N=2, complete central 

complexes were analyzed) (Figure 8D) in cells reminiscent of glia 43. LD were also observed in glia in other 

areas of the mutant brain (Figure 8 F-J). Glia are electron dense, non-neuronal cells, surrounding neuronal 

cells in the central nervous system, with a supportive and protecting function 44. The LDs varied in size and 

occasionally occupied the complete cytoplasm of the glia cells. LDs were absent in aged matched wild 

type brains (N=2) (for access to the full data set see materials and methods).

These data indicate that, comparable to mammalian cells, Vps13 could also play a role to regulate LD 

homeostasis in the Drosophila central nervous system.
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Figure 8. LDs accumulate in glia of Drosophila ChAc model 

(A-J) Large scale electron microscopic images. (A) 17 day old Drosophila wild type brain. Insert depicted in A is enlarged in C visualizing 

the central complex of wild type brain. 1 indicates the location of one lipid droplet visualized in E. (B) 17 day old Vps13 mutant brain. 

Insert depicted in B is enlarged in D visualizing the central complex of Vps13 brain. 2,4,5,6 indicate the location of lipid droplets 

visualized in F, H, I and J. (C) Central complex of the wild type brain (link and access codes are provided in materials and methods 

allowing the user to zoom). (D) Central complex of Vps13 mutant brain (link and access codes are provided in materials and methods 

allowing the user to zoom in). Insert depicted in D is visualized in G. Central complex area is indicated in red; Blue droplets indicate 

positions of LDs; blue triangles indicate LDs in higher magnifications; N=nucleus; M=mitochondria; red stars indicate electron dense 

cytoplasm characteristic for glia.
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DISCUSSION 
We show that VPS13A is at the interface between mitochondria and ER under normal culturing conditions. 

When cellular lipid content is increasing VPS13A dynamically shifts from its mitochondrial-ER interface 

to the membrane of LDs where it influences their mobility (Figure 9). Large LDs are also observed in glia 

cells of an aged Drosophila ChAc model suggesting altered LD homeostasis as a possible explanation for 

neurodegeneration in ChAc.

Our results are partly consistent with previous findings of other VPS13 family members, in addition, unique 

characteristics and functions of VPS13A are being revealed. The peripheral membrane characteristics 

of VPS13A are shared by human VPS13B and C, yeast VPS13p and Drosophila VPS13 8,11,22,45. In addition, 

we identified ER and mitochondrial membranes to be in close association with VPS13A and VPS13A 

directly binds to the ER protein VAP-A through the FFAT motif. VAP-A/B proteins have been extensively 

characterized as a hub when the ER establishes membrane contacts with other organelles including 

endosomes, mitochondria, peroxisomes, plasma membrane (PM) and Golgi 46–55. In combination with 

published data, our results suggest a function for VPS13A in tethering mitochondria and ER and thereby 

building membrane contacts sites facilitating exchange of molecules between these organelles under 

normal culturing conditions. The reported phenotypes of VPS13A depleted cells, impaired autophagic flux 

and mitochondrial clearance 20,21 may result from abnormal mitochondria-ER contact sites. Interestingly, 

in contrast to VPS13A depleted cells, increased mitochondrial clearance is observed in VPS13C depleted 

cells 8.

Under conditions of increased LD formation, an additional organelle is targeted and VPS13A translocates 

from the mitochondrial-ER interface to the surface of LDs. Vps13p in yeast also relocalizes in response to 

a metabolic shift, although to different interfaces;  from vacuole-mitochondria to vacuole-nucleus 16. The 

VPS13A specific association with ER, mitochondria and LDs reveals the presence of a directional pathway 

from the ER-mitochondrial interface to LDs. 

LDs have long been considered as inert lipid inclusions and studies of their biology were constrained 56. 

Evidence is now accumulating that LDs are far from being only fat depots as they are decorated by a large 

number of proteins that regulate their formation, destruction and communication with other organelles 
40,57–63. VPS13A influences the mobility of LDs a feature reminiscent of identified proteins regulating 

dynamics of endosomal vesicles. Endosomal movement is halted when endosomes make contacts with 

the ER 64 and, movement of peroxisomes is increased upon loss of the VAP-ACBD5 tethering complex 48,49. 

Consistent with this, we show that VPS13A negatively influences LD motility. LDs are more steady when 

they are decorated by VPS13A and move faster in a directional manner when they briefly lose the VPS13A 

signal. 

In addition to a role of VPS13A in mitochondria-ER contact sites, this reflects an additional possible function 

of VPS13A in mediating the formation of contacts between LDs and other organelles. We therefore predict 

that loss of VPS13A affects cellular processes that require mitochondria-ER contact sites and exchange of 

cargo between LDs and other organelles. So far, no other ER-mitochondria interface 
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proteins were identified that also influence the dynamics and thereby contact events of LDs with other 

organelles. Interestingly, we found that VPS13A depletion leads to increase number and size of LDs. A 

phenotype that is again opposite to VPS13C loss of function 65, demonstrating that the human VPS13 family 

members possess different functions, which is consistent with the fact that all 4 members are associated 

with unique diseases.

The question remains why loss of VPS13A leads to ChAc, a movement disorder, mostly presenting in the 

third decade of the patient’s life. LD abnormalities are associated with several neurodegenerative diseases 

such as Hereditary spastic paraplegias 66, Huntington’s disease 67, and Parkinson’s disease 68. In ageing 

Vps13 mutant flies, LDs are observed in glia at the age when locomotor function declines and brain 

vacuoles are present.  The role of LD in the adult central nervous system is largely unknown, however, LD 

are transiently formed in Drosophila glia cells surrounding photoreceptors in young flies in response to 

oxidative stress 69 . It is currently not clear whether in the absence of VPS13 LD formation is enhanced or 

degradation/turnover decreased. It may be possible that due to aging, oxidative stress builds up, LDs are 

being formed and accumulate because of a compromised turnover due to decreased contact sites with 

their target organelles. Gradually increasing numbers of large LDs in an aging organism may form physical 

obstructions and thereby hampering the cellular functions of glia and their neighboring neuronal cells. 

Glia cells contribute to increasing numbers of brain diseases 70. Glia cell functions have not been studied 

in ChAc models nor in ChAc patient derived material, leaving this field largely open for future research.

Our study reveals the dynamic localization of VPS13A and highlights a conserved importance of VPS13A 

to regulate LD dynamics and homeostasis in mammalian cells and the central nervous system. VPS13A’s 

movement from a mitochondrial residence to LDs upon metabolic changes reveals an inter-organelle 

directional pathway in which VPS13A plays a central role. 
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Figure 9. Proposed model for VPS13A function.

(A) Under normal growth conditions VPS13A is localized at the ER-mitochondria contact sites where it is anchored to VAP-A through 

its FFAT domain to facilitate cargo exchange between ER and mitochondria. (B) Inhibition of SERCA with thapsigargin increase 

cytosolic calcium and simultaneously increases VPS13A/VAP-A interaction thereby stabilizes ER-mitochondria contacts. (C) Upon 

increased cellular fatty acid intake, VPS13A translocates to LDs where it possibly regulates LD contact sites formation and stabilization 

thereby limiting LD mobility. 
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MATERIALS AND METHODS

Immunoblotting

Cells were homogenized by sonication in 2x laemmli buffer that contains urea (sigma) and DTT (Sigma) 

to a final concentration of 0.8M and 50mM respectively. After the homogenates were boiled at 99 oC 

for 5 minutes, the indicated proteins were resolved with polyacrylamide gel and transferred to PVDF 

membrane using the Trans-Blot Turbo System (Bio-Rad) or overnight wet transfer. Membranes blocked 

in 5% fat free milk for 1 hour at room temperature, rinsed in PBS-Tween 20. Incubations with primary 

antibodies were done overnight at 4 oC followed by incubations with secondary antibodies for 1.5 hours at 

room temperature. The following primary antibodies were used: anti-VPS13A (Sigma,1:1000), anti-VPS13A 

(N-terminal) (Santacruz Biotechnology, 1:500) anti-myc (1:1000), anti-GFP (Clontec 1:1000), anti VAP-A 

(Santacruz Biotechnology, 1:1000), anti-EGFR (Santacruz Biotechnology, 1:1000), anti-α tubulin (Sigma, 

1:5000), anti-GAPDH (Fitzgerald 1:10,000), anti-LAMP1 (abcam, 1:1000), anti ATP5A (abcam, 1:1000), anti-

GST (Santacruz Biotechnology, 1:1000), anti Rab7 (abcam, 1:1000), Membrane was developed using ECL 

reagent (Thermoscientific) and signal was imaged using the ChemiDoc imager (Biorad) , images exported 

as Tiff files and densitometric analysis of band intensities was performed using image J software. 

Cell culture and transfection

Hela, U2OS and Hek293T cells were cultured in DMEM (Gibco or Sigma) containing 10 % FCS and Penicilin/

streptomycin (Gibco) in 5 % CO2 at 37 OC. Plasmid transfections of Hela and U2OS cells were done using 

polyethylenimine (PEI) transfection reagent. Cells were analysed after 24 or 48 hours of transfection. 

Medium was refreshed 24 hours post transfection. For procedures that require overexpression of full 

length VPS13A-GFP or VPS13A-Myc, HEK293T cells were transfected using Calcium Phosphate precipitation 

method. Cells were analysed 24 or 48 hours after transfection. Medium was refreshed 24 hours after 

transfection
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SiRNA

SiRNA transfection was performed using lipofectamine 2000 (Invitrogen) according to manufacturer’s 

direction. SiRNA transfected cells were analysed 72 hours after transfection. VPS13A SmartPool SiRNA was 

purchased from Dharmacon. Non targeting SirNA pool was used as a control throughout. 

Immunoprecipitation

Hela cells were washed once with ice cold PBS and scrapped in ice cold PBS. After removal of PBS 

following brief centrifugation, cells were resusupended in immunoprecipitation buffer (50mM Tris Hcl, 

150mM NaCl, 1mM EDTA, 1.5mM MgCl2, 10mM KCl, 1% Triton x-100, PH 7.6) supplemented with protease 

inhibitor cocktail (Roche). Cells were snap frozen in liquid nitrogen and passed through 26 gauge 

needle. The homogenate was spun down at 10000 xg for 10 mins, the supernatant was recovered and 

subjected to overnight immunoprecipitation using indicated antibodies or control IgG of the same host. 

Immunoprecipitates were enriched on agarose beads (santacruz) at 4oC for 1.5 hrs. Agarose beads were 

gently washed with buffer and resuspended in 2x laemmli buffer containing DTT and urea and processed 

for immunoblotting as described above. Co-immunoprecipitation using GFP-Trap beads (Chromo Tek) 

was done according to manufactures directions. 

Digitonin extraction

Digitonin extraction of cytosolic proteins was performed according to 31. Briefly, HEK293T cells were 

cultured in 5cm dishes. When about 70% confluent, cells were collected by trypsinization, washed with 

ice cold PBS and resusupended in 5ml of digitonin buffer (150mM Nacl, 50mM HEPES PH=7.4, 25ug/ml 

digitonin, protease inhibitor coctail). After rolling the suspension for 10 minutes at 4oC, the tube was 

centrifuged at 2000xG for 5 minutes. The supernatant was collected as cytosolic fraction. The pellet was 

washed once with cold PBS and resuspended in 5 ml of NP-40 buffer (150mM NaCl, 50mM HEPES PH=7.4, 

1% NP-40, protease inhibitor coctail). After rolling the suspension for 30 minutes at 4 degrees, the tube 

was centrifuged at 7000xG for 5 minutes. The supernatant was collected as membrane fraction. Both 

the cytosolic and membrane fractions underwent TCA precipitation and equal amounts of proteins were 

processed for immunoblotting as described above.

Immunofluorescence

Fixed cells 

Cells grown on poly L-lysine coated coverglasses were transfected with the respective SiRNA. 72hours 

after SiRNA, cells were fixed in 4% paraformaldehyde. For LipidTox staining, cells were quenched for 10 

minutes in 50mM NH4Cl in PBS and permeabilized for 5 minutess with 0.1% Triton x-100 in PBS followed by 

incubation with LipidTox dye (1:200). Cells were mounted using citifluor mounting medium (Agar Scientific) 

and imaged immediately. Confocal images of cells were collected either using Leica sp8 confocal laser 

scanning microscope fitted with 63x oil immersion objective or DeltaVison confocal microscope (applied 

precision) fitted with 60x or 100x oil immersion objective. Images from the Delta vision were deconvolved 

by the SoftwoRx software (Applied Precision). Mitotracker (Invitrogen) was added for 20 minutes in serum 
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free medium at a concentration of 100nM (for live) and 200nM (for fixed) cells. 

Live cells

For Live imaging procedures, cells were seeded in 35mm glass bottom dishes coated with poly-d-lysine 

(Mat Tek). Live cell recordings were made using a DeltaVision confocal microscope. Prior to imaging, 

the cage was allowed to reach 37oC and cells were supplemented with 5% CO
2
 throughout the entire 

recording. Images were deconvolved by the softworx software and stored as movies.

Ultrastructural analysis

Fixation, embedding of Drosophila brain tissue and processing for ultrastructural analysis of large images 

was performed as previously described 71. 

For full access of the wildtype brain

Copy and paste the following link in a Firefox browser

http://www.nanotomy.org/PW/Lahaye2014/Ben2012-24310/index.html

username: Fly

password: butter

fill in pixel size 1 upon request

For full access of the Vps13 mutant brain

Copy and paste the following link in a Firefox browser

http://www.nanotomy.org/PW/Lahaye2014/2015-0731/index.html

username: Fly

password: butter

fill in pixel size 1 upon request

In vitro Protein-protein interaction

GST-tagged protein coding plasmids were transformed in E.coli BL21 and bacteria was grown overnight. 

Protein expression was induced using IPTG (final concentration of 1mM). Cells were pelleted by 

centrifugation and broken down by sonification in lysis buffer (50mM Tris HCl, PH+7.5, 150mM NaCl, 5% 

glycerol, 0.1% Triton x-100 and 1mM PSMF ) supplemented with protease inhibitor cocktail (Roche). Debris 

was removed by centrifugation and the clean supernatant was mixed with glutathione beads. For protein-

protein interaction assays, a bacterial lysate that contains His-VAP-A or HeLa cell lysate was added to the 

GST-VPS13A enriched beads and incubated at 4 oC. 

Cytosol and Membrane fractionation 

Around 4-5, 90% confluent, T75 flasks of HeLa cells were resuspended in 1ml homogenization buffer HB 

(50mM Tris HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, Protease inhibitor). The cell suspension was lysate 

through 2 freeze-thaw cycles and 20 strokes using a 27g needle. The nuclei and intact cells were pelleted 

by centrifugation 5 min at 800 g, and the resulting postnuclear supernatant (PNS) was applied to 

ultracentrifugation at 100,000 g, 4 C, for 1 h using a TLA 100.3 rotor to generate the cytosol (C) and the 

membrane fraction (M). Membrane fraction was washed in 1ml of HB and centrifuged 1h at 100000g. 

Laemmli sample buffer was added to the cytosol and membrane fractions, samples were quantified and 
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20µg of proteins of each sample were loaded on SDS-gel and processed for Western blot analysis. 

Membrane extraction

The membrane fractions were resuspended in HB (control), 1 M KCl, 0.2 M sodium carbonate (pH 11), 

or 6 M urea for 45 min shaking on ice, and then centrifuged at 4°C, 100,000 g for 1 h obtaining  soluble 

(supernatant) and insoluble (pellet) fractions. Laemmli sample buffer was added to the insoluble and 

soluble fractions, samples were quantified and 20µg of proteins of each sample were loaded on SDS-gel 

and processed for Western blot analysis. 

Subcellular fractionation 

For subcellular fractionation around 5-6, 90% confluent, T75 flasks of HeLa cells were resuspended in 

1 ml of homogenization buffer HB (50mM Tris HCl pH 7,5, 150mM NaCl, 1mM EDTA, Protease inhibitor, 

0.25 M sucrose). The cell suspension was homogenized as previously described to obtain PNS. The 

PNS was then loaded onto a 10ml continuous sucrose gradient containing 5%- 55% (w/v) in HB, and the 

gradient was spun at 4°C at 274 000 g for 4 h using a swinging bucket SW41 rotor in a Sorvall Discovery 

90se. Gradient fractions of 0.5 ml were collected from top to bottom. The proteins in each fraction were 

concentrated using TCA precipitation and resuspendend in 75-100 µl of sample buffer. All the procedures 

were performed on ice. Equal volume of each fraction was loaded on SDS-gel and processed for Western 

blot analysis. 

LD fractionation

Hela cells were collected by trypsinization and washed once with PBS. After the PBS was removed following 

brief centrifugation, cell pellets were resusupended in detergent free homogenizing buffer (50mM Tris 

Hcl, 150mM NaCl, 1mM EDTA, 1.5mM MgCl2, 10mM KCl, PH 7.6) supplemented with protease inhibitor 

cocktail. Cells were snap frozen in liquid nitrogen and passed through 26 gauge needle. Nucleus and 

unbroken cells were removed by spinning down at 1600 xg for 5 mins. The supernatant was recovered 

and mixed with equal volumes of 0.25M sucrose in homogenizing buffer. After saving an input, the sample 

was loaded on top of a discontinuous sucrose gradient prepared by layering 1 ml of 30%, 20%, 10% and 5 

% sucrose in SW55 ultracentrifuge tube. The gradient was centrifuged for 3hours at 40000 RPM using an 

ultracentrifuge (Beckman coulter). Tubes were carefully removed and 8 fractions of 600ul were collected 

from top to bottom. 600ul of the top fraction containing LDs was collected using a 20ul pipette with 

a tip cut off. The refractive index of each fraction was measured and correlated to the linearity of the 

sucrose concentration throughout the tube. The bottom part containing the pellet was resusupended 

with buffer to a final volume of 600ul and was neither included in the refractive index measurement nor in 

the quantification of protein distribution among gradients. Proteins from each fraction were precipitated 

using the trichloroacetic acid precipitation method. Equal amounts of proteins were processed for 

immunoblotting as described above. The amount of protein in each fraction was calculated as a ratio 

of the densitometric signal in each fraction to the sum of the total protein in fractions 1-8 (Protein per 

fraction = densitometeric signal of a fraction/ sum of total densitometeric signal (1-8) x 100%.
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Plasmids and constructs

Human VPS13A-GFP and VPS13A-Myc plasmids were kind gifts from A. Velayos-Baeza. To generate GFP-

VPS13A (2-854), GFP-VPS13A (835-1700), GFP-VPS13A (855-1700), GFP-VPS13A (2003-2606) and GFP-VPS13A 

(2615-3174), the fragments were amplified by PCR from the full length VPS13A and inserted in to pEGFP-C1 

(Clontech) via BamHI and Xhol restriction sites. To generate GST-VPS13A (4-113), GST-VPS13A (114-855), 

GST-VPS13A (2-835), GST-VPS13A (2-854), GST-VPS13A (835-1600), GST-VPS13A (855-1600), GST-VPS13A 

(2003-2606) and GST-VPS13A (2615-3174), the fragments were amplified by PCR from the full length VPS13A 

and inserted into PGEX5x2 (GE Healthcare) with Sall and Notl restriction sites. To produce GST-VPS13A (2-

854/ D845A), a mutagenesis was performed on GST-VPS13A (2-854), with the QuickChange Site Directed 

mutagenesis kit (Agilent) according to the protocol. To construct GST FFAT, oligonucleotides encoding 

the FFAT domain in human VPS13A (AA 842-848) and flanked with SalI and 3’ NotI were synthesized, 

annealed and inserted into pGex5x2 via SalI and NotI. To construct His-VAP-A, Human VAP-A was 

amplified with PCR from HEK293 cDNA and inserted into pET28a (EMD Biosciences) with NdeI and BamHI 

restriction sites. To construct GFP-VAP-A, VAP-A was amplified with PCR from His-VAP-A and inserted into 

pEGFP-C1 (Clontech) with EcoRI and BamHI. To construct mCherry-VAP-A, tubulin in pcDNA3.1 mCherry 

tubulin (kind gift from B. Giepmans) was replaced by VAP-A by using PCR and subcloned with BspEI and 

XhoI. BFP-Sec61B (Addgene plasmid #49154 ) and mCherry-Sec61B (Addgene plasmid #49155) were kind 

gifts from Gia Voeltz 72. GFP-Rab5 Q79L (Addgene plasmid #28046) and GFP-Rab7 Q67L (Addgene plasmid 

#28049 ) were kind gifts from Qing Zhong 73. Lamp1-mGFP (Addgene plasmid # 34831) was a kind gift from 

Esteban Dell’Angelica 74. mCherry Fyco1 was a kind gift from Harald Stenmark 64
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. VPS13A does not colocalize with endocytic compartment.

(A) 48 hours after transfection with either VPS13A-myc or VPS13A-GFP, HEK293T cells were processed for immunoblotting using 

antibodies against VPS13A, a-tubulin, Myc and GFP.. GFP transfected or non-transfected (NT) cells were used as controls. Note the 

enrichment of VPS13A in both VPS13A-myc or VPS13A-GFP lanes. (B) Densitometric quantification of protein bands in A. The ratio of 

VPS13A to α-tubulin was normalized to NT cells. (C) HEK293T cells were co-transfected with VPS13A-Myc and GFP-Rab5 Q79L. Cells 

were stained with anti-myc (red) and DAPI (blue). (D) HEK293T cells were co-transfected with VPS13A-Myc and GFP-Rab7 Q67L. Cells 

were stained with anti-myc (red) and DAPI (blue). (E) HEK293T cells were co-transfected with VPS13A-Myc and LAMP1-GFP. Cells were 

stained with anti-myc (red) and DAPI (blue). (F) HEK293T cells were co-transfected with VPS13A-Myc and mCherry FYCO1. Cells were 

stained with anti-myc (green) and DAPI (blue).
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Supplementary Figure 2. VPS13A truncated constructs.

GFP-VPS13A constructs represented in Figure 2C and used in figure 2D, 2E and Supplementary figure 3 were overexpressed in Hek293T 

cells for 24 hours. Western blot samples were resolved on SDS PAGE and probed for an anti-GFP antibody. GFP alone was used as a 

control. The stain free scan of the gel is shown as a loading control.
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Supplementary Figure 3. The C-terminal VPS13A localizes to mitochondria in different cell lines. 

(A) GFP-VPS13A (2003-2606) and GFP-VPS13A (2615-3174) constructs were Co-expressed with mCherry Sec61B in HEK293T. Scale bar=25 

µm. (B) GFP-VPS13A (2003-2606) and GFP-VPS13A (2615-3174) constructs were Co-expressed with mCherry Sec61B in HeLa cells. Scale 

bar=25 µm. (C) GFP-VPS13A (2003-2606) and GFP-VPS13A (2615-3174) constructs were Co-expressed with mCherry Sec61B in U2OS. 

Scale bar=25 µm.
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Supplementary Figure 4. VPS13A interacts with VAP-A. 

GST-fusion proteins of VPS13A fragments expressed in E.Coli were enriched on Sepharose beads and incubated with equal amounts of 

HeLa cell lysate. GST alone used as a control. Samples were immunoblotted against VAP-A, GST and N-terminal VPS13A (an antibody 

that is directed against amino acids 73-174 of VPS13A). 
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Supplementary Figure 5. Endogenous VPS13A is recruited to LDs up on OA induction.

(A) Workflow of LD isolation and sucrose gradient fractionation. FCS starved Hela cells and Hela cells further incubated for 24 hours 

with 500uM OA in FCS free medium were lysed and fractionated in 5-30% sucrose density gradients. Proteins in fractions were 

concentrated by TCA precipitation and subsequently separated by SDS- PAGE. (B) The ratio of VPS13A in the LD fraction of Figure 

6A and and 6C. The amount of VPS13A before OA (Stv) is was set to 1. (C) HeLa cells grown in complete medium were fractionated 

on sucrose gradient and processed as described in Supplementary Figure 5A. Equal amounts of proteins were resolved by western 

blotting and detected by immunoblotting against antibodies for VPS13A, LAMP1, EGFR, PLIN2, VAP-A and ATP5A. (D) Densitometric 

quantification of protein band intensities in B was performed using image J and plotted as percentage of the total. D’ shows a zoomed 

in values of the top 3 fractions. (E) FCS starved Hela cells were further incubated with 250uM OA and processed as described in B. Equal 

amounts of proteins were resolved by western blotting and detected by immunoblotting against antibodies for VPS13A, LAMP1, EGFR, 

PLIN2, VAP-A and ATP5A. (F) Densitometric quantification of protein band intensities in E was performed using image J and plotted as 

percentage of the total. F’ shows a zoomed in values of the top 3 fractions.
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Supplementary Figure 6. Original blots
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Supplementary Figure 6. Original blots
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After the initial discovery of VPS13A as the causative gene of the neurodegenerative disease Chorea-

Acanthocytosis (ChAc) 17 years ago, research and knowledge about its function progressed very slowly. 

Desired progression in management and treatment of ChAc demands better understanding of the 

underlying disease mechanisms and affected cellular processes. Therefore we aimed to shed more light 

on VPS13A function and localization by focusing on a multicellular Drosophila disease model, as well as by 

studying mammalian cell models. 

The fruit fly as a model organism to study neurodegenerative diseases and Chorea-

Acanthocytosis in particular 

The investigation of human diseases is largely dependent on the use of model systems and organisms, 

including different cell lines for in vitro studies and in vivo models like yeast, fruit flies and mice. Drosophila 

melanogaster, or the fruit fly, proved to be of high importance in the study and understanding of many 

human diseases. Their maintenance is easy and relatively cheap, they can be produced in large numbers 

with an identical genetic background and the possibilities for genetic and pharmacological manipulation 

are extensive. Research using the versatility of the fruit fly has already contributed to knowledge about 

various neurodegenerative diseases, which we reviewed in Chapter 21. For our research we aimed to 

utilize the fruit fly to investigate Vps13, the Drosophila ortholog of VPS13A. Because most data available on 

VPS13A function has been acquired with the use of unicellular eukaryotic organisms like yeast and ciliates, 

the urgency for a multicellular model to investigate the function of VPS13A and the consequences of 

VPS13A depletion or absence is high. A mouse model for ChAc was developed, but the neurodegenerative 

phenotypes are variable and depend heavily on the genetic background of the mice strain in which the 

VPS13A mutation is generated2, further increasing the need for a solid multicellular model organism. 

To address this issue, we established and characterized a Drosophila melanogaster model for ChAc as 

described in Chapter 3 of this thesis. With the use of this Vps13 fly mutant we assessed the consequences 

of Vps13 dysfunction on the central nervous system and found that it is associated with a reduced life span 

and neurodegeneration3. We further demonstrated that Vps13 mutant flies are sensitive to proteotoxic 

stress and show impaired protein homeostasis, which leads to the accumulation of ubiquitinated proteins 

in the central nervous system of both larvae and adult flies. Rescue of some of these phenotypes by the 

overexpression of human VPS13A in the Vps13 mutant flies is suggestive of functional conservation of both 

human and Drosophila genes and proteins3. 

Protein synthesis, folding, trafficking and degradation are kept in tight balance and defects in protein 

homeostasis have been associated with several neurodegenerative diseases for quite some time now4,5. 

Aggregation of misfolded proteins is a hallmark of diseases like Alzheimer, Parkinson and Polyglutamine 

diseases, usually as a consequence of a gain-of-function mutation. Since ChAc is caused by homozygous 

loss-of-function mutations it seems improbable that absence of VPS13A directly and actively promotes 

protein aggregation, it is therefore more likely that VPS13A plays a role in  the elimination of misfolded 

or defective proteins through mechanisms like autophagy to maintain a stable and functional 
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proteome. Autophagy is a cellular degradation mechanism that disassembles unnecessary and defective 

cytoplasmic content. VPS13A has been implicated to play a role in the autophagic pathway7 and it was 

shown that autophagic flux and autolysosomal degradation is impaired in cells of ChAc patients8. Our 

co-fractionation experiments revealed that Vps13 is a peripheral membrane protein associated with Rab7 

positive membranes3. Rab7 is a GTPase associated with late endosomes and lysosomes known to play 

an important role in endosomal membrane trafficking and autophagosome formation9,10. Dysfunction 

of Rab7 leads to the accumulation of autophagosomes11. Interestingly, VPS13A-depleted human cells 

accumulate autophagosomal markers7. In addition, yeast VPS13 plays an important role in transport of 

membrane proteins to the vacuole, the yeast version of the lysosome12–14. Our data suggest localization 

and function of Vps13 in the autophagic degradative pathway, possibly in the transport or fusion of 

autophagic organelles and lysosomes. 

A role for Vps13 in apoptotic cell removal

In Chapter 5 we identified a cell-autonomous role for Vps13 during developmental programmed cell 

death (PCD) in the Drosophila ovary. The processes of cell death induction and the consecutive removal 

of the dying nurse cells (NCs) and their enormous nuclei are still poorly understood. Currently, most 

attention is paid to non-autonomous cell death induction during developmental PCD in late oogenesis, 

where surrounding follicle cells (FCs) promote the death of NCs. The phagocytic receptors Draper and 

Ced-12 were identified as crucial factors in this process, as well as the integrin subunit βPS315,16. It was 

suggested that Draper functions in a parallel pathway from integrins and Ced-12, where integrins probably 

act upstream of Ced-1216. Combined inhibition of both pathways failed to completely block NC removal16 

which suggests the presence of another pathway or redundant mechanism necessary for the complete 

removal of all NCs. Absence of Vps13 in the NCs specifically causes defects in the clearance of dying 

NCs, leading to the accumulation of persistent nurse cell nuclei (PNCN), while Vps13 depletion in the FCs 

did not lead to PNCN accumulation (Chapter 5). Using antibody staining and expression of endogenous 

Vps13-GFP we localized Vps13 in close proximity to the plasma membrane and the nuclear envelope of 

NCs in late oogenesis. The Vps13 signal surrounding NC nuclei was most intense when nuclei were not 

yet completely fragmented and degraded (Chapter 5). Furthermore we showed that acidification of the 

NC nuclei is not affected in Vps13 mutants, which suggests that Vps13 functions downstream of cell death 

induction by Draper and integrins, but is required for the proper removal of dying NCs. Co-localization 

studies of Vps13 with multiple organelle markers in late oogenesis did not show any overlap (unpublished 

data) pointing to a possible novel underlying Vps13-dependent structure. To investigate this structure, we 

performed electron microscopy of wild type and Vps13 mutant ovaries to identify structural differences 

as a consequence of the absence of Vps13, focusing on NC nuclei in late oogenesis that started but not 

yet completed the nuclear fragmentation. In ovaries of control flies we observed a special membrane 

adjacent to the plasma membrane that was absent in Vps13 mutants, suggesting that this Vps13-dependent 

membrane structure is involved in the proper removal of dying NCs in developmental PCD. 

Selective removal and degradation of portions of the nucleus is under specific conditions necessary to 

promote viability of a cell17,18. This degradation occurs via the process of nucleophagy19. It often requires 
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the core autophagy genes20 and is described in yeast21, filamentous fungi22 and the ciliate Tetrahymena 

thermophila23,24. Usually nucleophagy involves only damaged and non-essential nuclear components, 

including parts of the nuclear envelope and the granular nucleolus, and is mainly crucial to promote 

viability of a cell17,25. Encapsulation of nucleus-derived cargo by autophagosomes that later fuse with 

lysosomes leading to degradation is referred to as macronucleophagy26,27, while during micronucleophagy 

the nucleus is in direct contact with lysosomes or the yeast vacuole that engulf small portions of the 

nucleus20,21,28. Nuclear vacuole junctions (NVJ) in the yeast Saccharomyces cerevisiae are known to 

promote micronucleophagy using two key proteins Vac8 and Nvj117,29. Interestingly, in yeast VPS13 was 

found at NVJs30,31 and loss of VPS13 increases the length of individual NVJs, possibly to compensate for the 

lack of VPS13-containing NVJs31. Although the exact function of VPS13 at NVJs still has to be resolved, VPS13 

is currently thought to play a role in lipid transport at different membrane contact sites, including NVJs. 

In combination with our results in Drosophila it is tempting to speculate that VPS13 in yeast plays a role in 

nucleophagy at NVJs. More research is necessary to investigate this hypothesis.

Autophagy is involved in developmental PCD in the Drosophila ovary, although its role is only minor32,33. 

However, it has been shown that apoptotic vesicles containing nuclear material of dying NCs are engulfed 

by follicle cells33,34 suggestive for nucleophagy. The origin of the membranes that enclose the nuclear 

material is unknown and needs to be studied in further detail. Vps13 could be involved in the process of 

nucleophagy, both in micronucleophagy via its localization at the NVJs in lower eukaryotes, as well as in 

macronucleophagy where Vps13 supports the formation of specialized membranes that enclose parts of 

the nucleus that need to be degraded. Further studies are required for the investigation of a function for 

nucleophagy during developmental PCD in the Drosophila ovary and the involvement of Vps13 herein. 

We demonstrated a functional conservation of human VPS13A in the removal of dying NCs during late 

oogenesis, as overexpression of human VPS13A in the Vps13 mutant background significantly reduced the 

accumulation of PNCN (Chapter 5). Unfortunately we cannot conclude yet whether the removal of dying 

cells is generally affected in ChAc patients. It would therefore be very interesting to investigate whether 

removal of dying neurons for example is impaired in the Vps13 Drosophila mutant, which might provide 

a link to the neurodegeneration that characterizes ChAc. Interestingly, it was reported that erythrocytes 

of ChAc patients show reduced exposure of phosphatidylserine (PS) upon stimulation with LPA35. PS is a 

highly conserved phospholipid that is exposed on the surface of apoptotic cells and is recognized as a 

universal ‘eat-me’ signal36–38. Vps13 might play a role in the exposure of PS in dying NCs and thereby induce 

their removal. Absence of Vps13 would then cause a delay or deficiency in the proper removal of dying 

NCs. Involvement of PS exposure during developmental PCD has not been shown to date, but due to the 

universality of PS as an eat-me signal it is likely that PS plays a role in the removal of dying NC during late 

oogenesis as well. Unfortunately, detection of PS in ovaries suffers from technical difficulties as stainings 

with Annexin V, the reporter often used to visualize PS exposure, is unable to penetrate the FC layer to 

reach the dying NCs (preliminary results).  
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VPS13A function in membrane contact sites and lipid droplet homeostasis

We and others found that Vps13 is a peripheral membrane protein associated with different membrane 

structures depending on the organism3,13 (Chapter 6). In Chapter 6 we showed that human VPS13A is 

dynamically associated with the Endoplasmic Reticulum (ER) and mitochondria via different binding 

domains. Association with mitochondria is dependent on the C-terminus of VPS13A, although it is unclear 

whether this is a direct or indirect binding. Direct binding of VPS13A to the ER protein VAP-A is dependent 

on the FFAT motif present in VPS13A. Furthermore we showed that an increase in lipid content causes 

translocation of VPS13A from mitochondria to lipid droplets (LDs) (Chapter 6). Presence of VPS13A on 

many organelle membranes and at the interface between ER and mitochondria, its response to increased 

lipid content and regulation of lipid droplet (LD) mobility implicates a function in lipid homeostasis and 

membrane contact sites. 

Movement, transport and exchange of lipids is crucial to maintain the proper composition of the different 

organelles in a cell39. Communication and exchange of ions, lipids and other metabolites between 

organelles can occur through vesicular trafficking pathways and membrane contact sites (MCSs), which 

are defined as regions where two organelles come closely together (10-30 nm)39–41. In Saccharomyces 

cerevisiae, VPS13 was shown to bypass defects in the ER-mitochondria tethering complex ERMES through 

its localization at vacuole-mitochondria contact sites, while combined loss of ERMES and VPS13 is 

lethal30,42, suggestive for a crucial role for VPS13 in MCSs. VPS13 localization to different MCSs is dependent 

on nutritional status and growth conditions of the yeast30,31. Very recent work of Bean and colleagues 

(2018)43 characterized a binding motif that can be found in multiple VPS13-adaptor proteins, with slight 

differences depending on the protein. VPS13 localization to different membranes and MCSs is regulated 

through competition of those adaptor proteins that all bind to a conserved six-repeat region in VPS1343. 

The exact function of VPS13 at the different MCSs still remains elusive.

We provide evidence that mammalian VPS13A localizes at membrane contact sites and plays a role in 

lipid homeostasis (Chapter 6). Most ER MCSs are mediated by VAP proteins44 that bind other proteins 

containing an FFAT domain45. Time-lapse imaging reveals simultaneous overlap of VPS13A signal with 

both mitochondria and ER, and the binding of VPS13A to VAP-A is dependent on its FFAT motif since a 

VPS13A FFAT-deletion mutant no longer localizes to the mitochondria-ER interface but solely localizes to 

mitochondria (Chapter 6). Increased cytoplasmic calcium levels caused an increase in VPS13A and VAP-A 

binding, which suggests VPS13A involvement in ER-mitochondria contact sites, as it known that cellular 

calcium levels regulate the assembly of MCSs46,47.

Induction of intracellular LD formation by exogenous addition of oleic acid (OA) causes VPS13A to shift 

from ER to LDs where it uniformly encircles the individual LDs. Furthermore, presence of VPS13A on 

LDs causes a slowdown in their movement while downregulation of VPS13A causes an increase in both 

numbers and size of LDs. Interestingly, the Drosophila Vps13 mutant shows accumulation of LDs in glia 

cells of the central nervous system (Chapter 6). Together this strongly implies a role for VPS13A in LD 

homeostasis, which might as well apply to Drosophila Vps13 as we reported the accumulation of LDs in glia 

of the central nervous system of Vps13 mutant flies.  
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LDs were found in close association with the newly identified membrane structures in the Drosophila 

ovary (Chapter 5). It is known that LDs are important for formation of membrane structures, including 

autophagomes48,49. In addition, autophagosomes derive their membrane from multiple other organelles 

including ER and mitochondria and form at ER-mitochondria contact sites41,49,50. Together this might 

connect the presence of VPS13A at MCSs, the formation of a Vps13-dependent membrane structure 

during developmental PCD and the accumulation of LD in the absence of Vps13, although a role for Vps13 

in MCSs in Drosophila has not been shown.  

CRISPR/Cas9 as the technique of the future?

The CRISPR/Cas9 technique that we adapted (Chapter 4) approved to be of high value in our research and 

enabled us to study the localization of Drosophila Vps13 in a well-controlled manner. However, a critical 

note must be placed about the generation of off-target mutations when applying this technique. While 

generating the Vps13null mutant using CRISPR/Cas9 we observed multiple lines with various phenotypes 

that turned out to be unrelated to a mutation in Vps13. It is therefore of importance to be aware of the 

possibility that off-target mutations are created, even though multiple prediction programs might have 

predicted otherwise. In our study we thoroughly verified that the phenotypes we observed in our CRISPR/

Cas9 generated Vps13null mutant are due to the particular mutation in Vps13, rather than them being the 

consequence of an off-target event (Chapter 4). A very recent publication of Kosicki et al. (2018)51 reports 

that large deletions and other mutations can occur several kilobases from the target site, which can be 

missed when only a relatively small genomic region surrounding the target site is screened. It might have 

potential pathogenic consequences when those events take place in stem cells or progenitor cells and 

go unnoticed51. So although CRISPR/Cas9 has many benefits and might be very promising for future 

applications in health and disease, potential pitfalls of the technique should not be underestimated. 

Concluding remarks and future perspectives

The data presented in this thesis expands the body of knowledge about VPS13A function and localization 

by identifying its localization in both mammalian cells and a multicellular organism, all summarized 

in Figure 1. The versatility and dynamic localization define VPS13A as a so-called “Swiss army knife” [R. 

Fuller, Ann Arbor, Michigan, 2016], whereby its function depends on the cellular localization and binding 

partners. The VPS13 adaptor binding (VAB) domain identified in yeast is conserved in human VPS13A43 and 

Drosophila Vps13 (unpublished data). Mass Spectrometry analysis of human VPS13A and Drosophila Vps13 

will be of high value in identifying new adaptor proteins that interact with the VAB domain and thereby 

opening new roads for the investigation of VPS13A function. The Drosophila models that we generated 

and characterized in this thesis will be of significant value for further studies on the pathophysiology 

underlying ChAc.
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Figure 1. Overview of VPS13A localization and function identified in this thesis and by others.

Schematic representation of localization and functions of VPS13 that we identified in this thesis (dark purple), in addition to previously 

found localization and function of VPS13 (faint structures, light purple), which are discussed in Chapter 1. Drosophila Vps13 was found 

in close proximity to the plasma membrane and is involved in formation of a specialized membrane structure during developmental 

programmed cell death in oogenesis (1). Human VPS13A localizes to the ER-mitochondria interface (2) and translocates to LDs upon 

an increase of cellular lipid content (3).
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NEDERLANDSE SAMENVATTING
Chorea-Acanthocytose (ChAc) is een extreem zeldzame neurodegeneratieve ziekte die veroorzaakt wordt 

door mutaties in het VPS13A gen dat codeert voor het VPS13A eiwit. Patiënten hebben daardoor nauwelijks 

tot geen VPS13A eiwit wat ertoe leidt dat specifieke hersencellen dood gaan, hun hersenfunctie achteruit 

gaat en ze verschillende bewegingsstoornissen ontwikkelen. Chorea, waarbij patiënten onwillekeurige 

bewegingen van armen en benen hebben, is de meest kenmerkende bewegingsstoornis. Daarnaast 

kunnen ook psychische problemen en epilepsie ontstaan. Veel ChAc patiënten hebben misvormde 

en puntige rode bloedcellen, die acanthocyten heten. Helaas bestaat er nog geen behandeling voor 

ChAc en overlijden patiënten vroegtijdig. Om vooruitgang in de behandeling en genezing van ChAc te 

bereiken is het nodig dat de onderliggende ziektemechanismen worden onderzocht.

Tot nu toe is er nog veel onbekend over de functie van VPS13A en de cellulaire processen waarin VPS13A 

een rol speelt. Het doel van dit onderzoek was daarom om inzicht te krijgen in de lokalisatie en functie 

van het VPS13A eiwit en daarmee meer duidelijkheid te creëren over de pathofysiologie van ChAc. Het 

gebruik van modelsystemen en -organismes is erg belangrijk voor onderzoek naar vele humane ziektes. 

Deze modelsystemen lopen uiteen van gekweekte cellijnen en ééncelligen zoals gist tot complexere 

proefdieren als de fruitvlieg en de muis. De fruitvlieg, ook Drosophila melanogaster genoemd, heeft een 

grote rol gespeeld in het bestuderen van verschillende hersenziektes. Fruitvliegen kunnen gemakkelijk en 

relatief goedkoop in grote hoeveelheden gekweekt en onderhouden worden. Een groot voordeel is ook 

dat het mogelijk is om een grote groep vliegen te creëren waarvan de genetische achtergrond identiek 

is. Daarnaast zijn er veel mogelijkheden om het DNA van Drosophila te manipuleren of aan te passen 

en om vliegen met verschillende farmacologische middelen te behandelen. In hoofdstuk twee geven 

we een overzicht van de manieren waarop de fruitvlieg heeft bijgedragen aan kennis over verschillende 

neurodegeneratieve ziektes. In dit proefschrift hebben we ook gebruik gemaakt van de veelzijdigheid 

van de fruitvlieg als diermodel voor ChAc. Allereerst hebben we een fruitvliegmodel gevalideerd en 

gekarakteriseerd in het derde hoofdstuk van dit proefschrift. Fruitvliegen hebben een gen dat erg veel lijkt 

op het humane VPS13A gen, namelijk Vps13. De vliegen die wij bestudeerden hebben een mutatie in het 

Vps13 gen wat ertoe leidt dat dit gen niet goed meer functioneert en er geen volledig Vps13 eiwit aanwezig 

is in de vliegen. Wij hebben laten zien dat deze Vps13 vliegen een verkorte levensduur hebben, motorische 

problemen hebben en slechter kunnen klimmen. Verder vonden we gaten in het brein van de gemuteerde 

vliegen, wat vaak een teken is van neurodegeneratie. Ook zagen we dat er eiwit-ophopingen waren in de 

hersenen van Vps13 vliegen en dit is suggestief voor defecten in de eiwit-huishouding van cellen. Een deel 

van de problemen van Vps13 vliegen konden we redden door het humane VPS13A gen terug te plaatsen 

in de gemuteerde vliegen. Dit is erg belangrijk want het laat zien dat de functie van het humane VPS13A 

en het vliegen Vps13 gen geconserveerd is, waardoor dit vliegenmodel erg relevant en nuttig is voor het 

bestuderen van ChAc. In hetzelfde hoofdstuk laten we zien dat Vps13 co-fractioneert met markers van 

endosomen, en met name Rab7, wat suggereert dat in vliegen Vps13 een rol speelt in transport en afbraak 

van eiwitten in een cel via autofagie. Autofagie is een cellulair opruimingsproces waarbij onnodige en slecht 

functionerende onderdelen in een cel worden afgebroken. Het is bekend dat het proces van autofagie in 

andere neurodegeneratieve ziektes aangedaan is, en mogelijk is dat ook het geval bij ChAc.
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Een nieuwe en tegenwoordig zeer populaire techniek om genetisch materiaal te veranderen is CRISPR/

Cas9. Deze techniek is namelijk makkelijk toe te passen en relatief goedkoop. CRISPR/Cas9 is ontdekt als 

immuun systeem in bacteriën, maar wordt nu gebruikt om mutaties te creëren of om specifieke genen 

te markeren met een fluorescerende marker zoals het Groene Fluoriserend Eiwit of Proteine (GFP). In 

hoofdstuk vier hebben wij deze techniek ook toegepast om een nieuwe Vps13 mutant te maken waarbij 

het volledige Vps13 eiwit afwezig is. Daarnaast hebben we een Vps13-GFP vliegenlijn gemaakt om het 

Vps13 eiwit te kunnen visualiseren en lokaliseren. Het hoofdstuk beschrijft uitgebreid hoe we deze 

techniek hebben toegepast. De gecreëerde vliegenlijnen hebben we vervolgens gebruikt om de functie 

en lokalisatie van Vps13 in fruitvliegen verder te onderzoeken.

Het ovarium van vrouwtjes fruitvliegen wordt veel gebruikt om verschillende biologische en cellulaire 

processen te bestuderen omdat het makkelijk toegankelijk is en er veel genetische tools beschikbaar 

zijn. Tijdens de productie van eitjes zorgen 15 voedingscellen ervoor dat de eicel voorzien wordt van 

genoeg voedingstoffen. Als dit voltooid is ondergaan de voedingscellen een geprogrammeerde 

celdood en worden vervolgens opgeruimd door omliggende follikelcellen. Dit proces wordt ook wel 

ontwikkelingsceldood genoemd, maar de mechanismes hiervan zijn nog erg slecht begrepen. Het 

goed en volledig opruimen van de voedingscellen is van belang voor het fatsoenlijk functioneren van de 

ovaria. Voornamelijk factoren uit omliggende follikelcellen zijn recentelijk geïdentificeerd en spelen een 

zogenaamde niet-autonome rol in de inductie van de ontwikkelingsceldood. In hoofdstuk vijf beschrijven 

we dat Vps13 juist een cel-autonome rol speelt in dit proces en dus van belang is in de voedingscellen 

zelf. Vps13 vliegen hebben namelijk een opeenhoping van voedingscellen die niet goed opgeruimd zijn. 

Afwezigheid van Vps13 in alleen de voedingscellen zorgt voor eenzelfde opeenhoping van voedingscellen, 

terwijl afwezigheid van Vps13 in de follikelcellen niet tot problemen leidt. Met behulp van de vliegenlijnen 

die we in hoofdstuk vier hebben gecreëerd met CRISPR/Cas9 vonden we dat het Vps13 eiwit gelokaliseerd 

is rondom de kernen van de voedingscellen, maar pas nadat de celkernen van de voedingscellen al 

aangezet waren tot celdood. Dit suggereert dat Vps13 niet nodig is voor het activeren van de celdood, 

maar juist voor het opruimen van de dode voedingscellen. Om in groot detail te kunnen zien wat de 

functie van Vps13 is en wat er dus mis gaat in de ovaria van Vps13 vliegen hebben we gebruik gemaakt van 

elektronenmicroscopie. Daarmee ontdekten we een specifieke membraan-structuur die afhankelijk is 

van Vps13, aangezien de structuur vrijwel geheel afwezig is in Vps13 vliegen. Alle data bij elkaar suggereren 

dat Vps13 een cel-autonome rol speelt tijdens de ontwikkelingsceldood en belangrijk is voor het goed 

opruimen van de voedingscellen. Ook in dit proces vonden we dat Vps13 een geconserveerde functie 

heeft, aangezien overexpressie van humaan VPS13A in de Vps13 mutante vliegen de opeenhoping van 

voedingscellen kon verminderen. Mogelijk is er ook een probleem met het opruimen van dode cellen in 

ChAc patiënten door de afwezigheid van VPS13A maar dit zal verder onderzocht moeten worden.

In hoofdstuk zes hebben we gefocust op de functie van het humane VPS13A eiwit en tonen we aan 

dat VPS13A geassocieerd is met het endoplasmatisch reticulum (ER) en mitochondriën en aanwezig 

is op verbindingsplaatsen tussen het ER en mitochondriën. Binding aan de verschillende organellen 

in de cel is afhankelijk van specifieke bindingsdomeinen in VPS13A, die we in dit hoofdstuk hebben 

geïdentificeerd. Daarnaast hebben we laten zien dat een verhoging van vetten in de cel zorgt dat VPS13A 



172 

Appendices

van de mitochondriën naar zogenaamde vet of lipide druppels overgaat. Afwezigheid van VPS13A zorgde 

ervoor dat de lipide druppels in de cellen in aantal en grootte toenamen. Ook vonden we met behulp 

van elektronenmicroscopie dat lipide druppels accumuleren in speciale cellen in het brein, de glia cellen, 

van de Drosophila Vps13 mutante vliegen. Deze data samen impliceren dat VPS13A een rol speelt in de 

huishouding van lipiden en contactplaatsen tussen membranen. 

In conclusie laten de resultaten in dit proefschrift zien dat VPS13A een geconserveerd en multifunctioneel 

eiwit is met een dynamische lokalisatie en functie in een cel. De data dragen bij aan de kennis over de 

cellulaire processen waarin VPS13A een rol speelt. Verder onderzoek naar de functies van VPS13A is nodig 

om de exacte pathofysiologische mechanismes van Chorea-Acanthocytose te kunnen begrijpen en 

daarmee hopelijk de nodige behandelingen te kunnen ontwikkelen.
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