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Highlights 

 Model organisms highlight mechanisms, protein functions and relevant pathways  

 A range of model organisms with various attributes enable in vivo 

experimentation 

 Therapeutic testing for NCLs relies on a range of suitable disease models  

 

Abstract 

The NCLs (neuronal ceroid lipofuscinosis) are forms of neurodegenerative disease 

that affect people of all ages and ethnicities but are most prevalent in children. 

Commonly known as Batten disease, this debilitating neurological disorder is 

comprised of 13 different subtypes that are categorized based on the particular gene 

that is mutated (CLN1-8, CLN10-14). The pathological mechanisms underlying the 

NCLs are not well understood due to our poor understanding of the functions of NCL 

proteins. Only one specific treatment (enzyme replacement therapy) is approved, 

which is for the treating the brain in CLN2 disease. Hence there remains a desperate 

need for further research into disease-modifying treatments. In this review, we present 

and evaluate the genes, proteins and studies performed in the social amoeba, 

nematode, fruit fly, zebrafish, mouse and large animals pertinent to NCL. In 
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particular, we highlight the use of multicellular model organisms to study NCL 

protein function, pathology and pathomechanisms. Their use in testing novel 

therapeutic approaches is also presented. With this information, we highlight how 

future research in these systems may be able to provide new insight into NCL 

proteinF functions in human cells and aid in the development of new therapies.  
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restriction enzyme-mediated integration; RNAi, RNA interference; UPS-ubiquitin 

proteasome system; US FDA, United States Food and Drug Administration; WGS, 

whole genome sequencing. 

 

1. Introduction 

Neuronal Ceroid Lipofuscinosis is a group of fatal neurodegenerative diseases that are 

characterised by lysosomal storage of ceroid lipofuscin. Each disease is designated 

CLN followed by a number that refers to a gene. Recessive mutation in one of those 

genes causes a specific type of NCL, for example mutations in the CLN3 gene cause 

CLN3 disease. Each form of NCL has a characteristic age of onset and speed of 

progression, as well as specific storage material and appearance under electron 

microscopy. Although the central nervous system is predominantly affected, 

pathology is seen in peripheral tissues as well[1, 2]. Currently, one approved 

treatment exists for CLN2 disease – an enzyme replacement therapy infused directly 

into the brain [3].  A few gene therapies and small molecule treatments are in clinical 

trials. These are reviewed elsewhere [4, 5]. Given that the NCLs are likely to end up 

affecting other parts of the body even if the brain or retina is successfully treated, 

there is still a huge need develop further treatments for this debilitating and 

devastating disease.  Animals are required for drug testing and large animal disease 

models are particularly useful for examining penetration of treatments as their brains 

are nearly human size.  Multicellular and animal models can also shed a light on 

pathological processes and the function of CLN proteins for which the function is 

unknown, with such information leading to potential drug target identification.  

The use of multicellular models and live animals in NCL research is crucial. Using 

live animals enables researchers to investigate the effects of single gene loss on whole 

tissues and organisms. Multi-cellular organisms are also needed for investigating 

pathology, treatment efficacy, tissue-specific toxicity and immunological reactions, as 
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well as determining the relevance of the blood-brain barrier, and how a treatment is 

metabolised. If experimental results are the same across several model organisms, this 

indicates that the researchers have identified a conserved feature (rather than a 

species-specific feature) and significantly raises confidence in the relevance of that 

finding. 

 

 

The experimental use of animals protected by legislation must be sufficiently justified 

by results from experiments using cells or animals that are not protected by 

legislation. These include invertebrates and embryonic vertebrates, and this review 

highlights these ethical issues and demonstrates the relative uses of each organism at 

relevant stages of development. 

Traditional drug discovery methods start either by identifying a target in cellular 

models and then identifying compounds that modulate that target (target-based 

screening), or by identifying compounds that ameliorate a phenotype (phenotypic 

screening) [6]. In both cases, many thousands of compounds may be screened. Target-

based screening requires the knowledge of a target thought to be centrally involved in 

the disease, but, due to a lack of understanding of nearly all forms of NCL, targets 

have not been identified. Indeed, although the function of some NCL proteins are 

known (e.g. lysosomal enzymes such as Protein palmitoyl thioesterase 1 (PPT1), Tri-

peptidyl peptidase 1 (TPP1) and Cathepsin D (CTSD)), the function of many other 

NCL proteins remains elusive, hampering efforts to identify targets.  To perform 

phenotypic screening, an assay is used that is thought to be relevant to the disease or 

the function of the protein, but this can be hard to judge when little is known about the 

disease and the screening is limited by being carried out in cellular models. For NCL, 

phenotypic screening has included assays for apoptosis, for example [7]. Once a set of 

compounds has been identified, animals are then used to verify which compounds 

improve the disease in the animal and, unfortunately, many compounds fail at this 

point. Of those compounds that do show improvement in the animal model, several 

will fail at clinical trial because the result (efficacy or toxicity) in the animal was not 

representative of humans [8]. It has been suggested that employing animal models 

such as the social amoeba, nematodes, fruit flies, or zebrafish earlier in the phenotypic 

screening process, the use of multiple animal models, and the use of phenotypes that 

are representative of clinical signs in patients will contribute to reduce the numbers of 

failures at clinical trial [9, 10]. However, it is unlikely that the numbers of compounds 

that can be screened using animal models would ever be as great as when using cells. 

A further issue is that it is difficult to identify the target of the lead compound. This is 

often required before approval of a new drug is granted but can be waived for rare 

diseases where a treatment is not yet available. 

Another route to treatment is the replacement of a protein known to be missing, for 

example by gene therapy or enzyme replacement therapy. This could be considered a 

target-based approach. In this case, cellular models, invertebrates and non-mammalian 

vertebrates are usually bypassed and the therapy is tested first in a mammalian model, 

usually starting with a mouse model as they are the cheapest and easiest to work with. 

However, the physiology and pharmacodynamics of larger animals are more likely to 

approximate the human condition. Therefore, it is usual to also test these therapies on 

larger animals such as dogs or sheep before clinical trials in patients. 
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In this review, we first provide a brief discussion on each of the model systems that 

will be presented in the review and why they are useful for NCL research (Section 2). 

In the sections that follow (Sections 3-15), we discuss each of the NCL subtypes in 

turn. For each subtype, we present details on the model systems that have been used 

to study that particular subtype of the disease, and highlight the recent advances 

made, both fundamental and applied, using those systems. In the final section (Section 

16), we provide concluding remarks on the future of NCL research using model 

systems.   

 

2. Animal models: characteristics and ethical considerations 

2.1 Large animals and veterinary species 

Large animal models of NCL are a critical in understanding disease pathogenesis and 

testing disease modifying agents.  NCLs have been identified in dogs, cats, sheep, 

cattle, horses and most recently a monkey, however many of these are isolated 

apparently single cases reported in veterinary journals and not always with confirmed 

genetic diagnosis.  Of those that have been established as research colonies, the dog 

and sheep models are the best studied and will form the major focus for large animal 

discussion in this review, especially work described since the last Biochimica et 

Biophysica Acta - Molecular Basis of Disease review [11].  

In terms of understanding biology, pathogenesis and developing treatment strategies, 

each model system has key advantages and disadvantages. The large animal models 

replicate more of the clinical features of the human conditions and have gyrencephalic 

brains (highly folded cortices with gyri and sulci) more similar to humans. However, 

these models are generally more expensive to keep, restricted to certain facilities with 

housing capacity and limited to seasonality for collection of tissues/breeding. The 

longer lifespan and development of disease in many models also makes these more 

challenging models, though together with small animals and cellular systems provide 

a key component in the NCL research network. 

Historically, sporadic cases of NCL in large animals was identified by veterinary 

pathologists [12, 13]. Characteristic clinical signs of NCL were confirmed by 

biopsy/pathology for autofluorescent storage material and by electron microscopy to 

classify membrane structure for a preliminary definition of probable subtype. Since 

the elucidation of NCL genes, most large animal models can be identified by 

genotype. This diagnosis is still problematic in some species with incomplete genome 

coverage, however in dogs, exome and / or whole genome sequencing (WGS) 

analysis allows most forms to be distinguished. The genetically characterised forms of 

NCL in large animal models are shown in Table 1. Those that have been recently 

identified and / or established as research colonies are discussed further in relevant 

gene-associated subsections. 

Genetic modification technologies have been instrumental for the development of 

animal models, especially in mice. The technology has been slower to develop in 

large animals, though is possible [14, 15]. Several new large animal models, including 

pig models of CLN2 (J. Weimer, Sanford Research, SD, personal communication) 

and CLN3 disease [16] and a sheep model of CLN1 disease [17], are currently being 

developed. These advances will, importantly, allow the generation of  animal models 

expressing allele -specific mutations identified in patient populations, especially for 

those forms that differ dramatically in phenotype depending on underlying genotype.  
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Pre-clinical testing in large animal models is often required prior to clinical trial 

approval, at least to show safety and tolerability of any gene/drug therapy. At 

minimum these therapies require testing in non-human primates (NHP), most often in 

“wildtype’ species as, other than for CLN7 [18] no NHP models of other NCLs 

currently exist. These will be discussed in more detail where they have been used in 

specific preclinical studies. 

 

2.2 Rodents 

Rodents are probably the most commonly used animal model for studying human 

neurological diseases, among which mouse models are the most popular and 

economical option. The mouse and human genomes share around 85% identity, and a 

large number of proteins are evolutionally conserved between the mouse and human 

both in structures and functions. For monogenetic diseases, genetically modified 

mouse models provide a powerful tool for both studying human disease pathogenesis 

and testing potential therapeutic strategies. In particular, as mice have been employed 

in neuroscience research for a long time, a variety of mouse-based research tools, 

methods and databases have been well established and widely employed for 

neurobiological and behavioural studies.  

Almost all types of NCL have available mouse models with corresponding gene 

alterations, except for CLN14 disease (Table 2). Most of these models are genetically 

modified mouse lines; except for two naturally occurring mouse NCLs (mnd and 

nclf), both corresponding to human NCL subtypes [19-21] [22-25]. These mouse 

models recapitulate many typical NCL features (motor and/or visual impairments, 

neuronal lipofuscin accumulation confirmed by light and electron microscopic 

analysis, gliosis, neuro- and/or retinal degeneration, etc.)  and utilising these models 

has markedly advanced our understanding of NCL pathogenesis and also promoted 

delineating the functions of the proteins mutated in NCLs. Moreover, mouse models 

are particularly useful for investigating potential therapeutic approaches. The small 

body size/weight, ease of handling and low cost makes the mouse an ideal 

mammalian model for testing novel therapies or drugs with a decent sample size but 

not over-expenditure. However, due to dramatic differences in the lifespan, 

brain/body size and structures between the mouse and human, pre-clinical therapy 

testing with large animal models is still irreplaceable before proceeding to clinical 

trial, especially for testing long-term efficacy, safety and tolerability. Available 

murine models of all NCLs as well as corresponding use in pre-clinical studies are 

listed in Table 2. NCL research advances using mouse models will be discussed in 

detail in the following sections of this article.     

 

2.3 Zebrafish 

In the 1980s, George Streisinger (Univ. Oregon, USA) was the first researcher to 

substantially promote the use of zebrafish, Danio rerio, for genetics and 

developmental biology. Since then, publications have increased from a handful each 

year to about 5000 in 2016 (reviewed in [26]). The main driver for the uptake of this 

model organism into laboratories is that is the only vertebrate that is transparent 

during embryonic and larval stages, and can be maintained as transparent using either 

chemical or genetic tricks. Add in features such as external fertilisation and 

development, easy care, easy generation of large numbers, breeding all year round, 
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ability to breed for at least a year, and a diploid genome, and you have a powerful 

vertebrate model organism for developmental genetics. Furthermore, zebrafish 

embryos and larvae prior to free-feeding at 5 days post-fertilisation (dpf) are not 

protected species in relation to animal experimentation. As zebrafish hatch from their 

chorion at 3dpf, are swimming and have developed several behaviours, they are useful 

for motor function and behavioural studies from this age. Many zebrafish mutants 

have an earlier onset phenotype than their mammalian equivalents (e.g. zebrafish 

versus mouse and canine models of CLN2 disease [27-29]), enabling quicker results. 

Although genetic manipulation is not as simple as for invertebrate model organisms, 

many of the methods generated in Drosophila have been translated to the zebrafish. A 

variety of genetic screens have been performed using mutagens, transposons, viruses, 

antisense morpholinos, and, more recently, gene editing. Transgenics are easily 

generated and these frequently exploit the model’s transparency to label proteins, 

visualise processes or activate neurons via optogenetics in a spatio-temporal manner, 

as well as kill target cells with a laser. Transgenics are also useful for identifying 

donor and host cells after transplantation of tissue. Examples of all these methods are 

reviewed elsewhere [26].  

Zebrafish embryos and larvae readily absorb chemicals in which they are bathed and 

this provides a quick and easy delivery route for chemicals. They are just 1-2 mm in 

length so can be housed in very small wells such as in a 96 or 384 well plate, 

therefore needing only small amounts of chemical, and making chemical treatments 

relatively cheap.  These advantages have resulted in the use of zebrafish embryos are 

larvae for toxicological assessment and chemical screens, which is particularly useful 

when searching for new drugs. Although the delivery route is likely to be somewhat 

different from a final drug, and the zebrafish may not have yet developed its blood-

brain barrier (which it does at 3 dpf), this is nevertheless a powerful method in drug 

discovery (reviewed in [30]). 

As a vertebrate, the zebrafish is closer in evolutionary terms to humans than the fruit 

fly and other invertebrates, but less close than the mouse and other mammals. Indeed, 

the nervous system has a very similar plan throughout and homologous structures and 

connections can be identified, except for the lack of a cerebral cortex. However, 

zebrafish vision is cone-dominated and therefore considered to reflect the human 

situation better than the mouse [31] and this may be pertinent to NCL research. On the 

other hand, the ability of the zebrafish to regenerate tissues such as various parts of 

the retina, the spinal cord and the heart, is something many scientists are trying to 

understand to enable us to stimulate regeneration of human tissues. 

The last 15 years has seen a huge increase in the number of diseases modelled in 

zebrafish, including those affecting the nervous system. Indeed, some models are 

turning out to be very useful as the effect of drugs in zebrafish is predictive of the 

effect in humans and this has led to drugs reaching clinical trials for human 

neurological diseases such as epilepsy [32, 33] and amyotrophic lateral sclerosis 

(ALS) [34, 35]. The generation of genetic models of disease can sometimes be 

hampered by genome duplications during evolution, meaning that there are often two 

zebrafish homologs for a human gene [36]. As we do not know what functions are 

retained or altered in each homolog, we frequently have to target both to generate a 

model. Quite often, antisense morpholino oligonucleotides (MO) are injected into the 

newly fertilised embryo to knock-down the target protein during the first few days of 

life. This frequently results in NCL-like phenotypes, but great care must be taken to 



 7 

control for off-target effects and toxicity (guidelines found in [37]).   Fortuitously, 

several large forward and reverse mutagenesis screens have resulted in mutations in 

NCL genes, and these are awaiting phenotyping to assess their suitability as disease 

models. To generate new mutations in NCL genes, gene-editing techniques are now 

predominantly used [38]. It is curious that not all loss-of-function mutations in CLN 

genes result in an NCL-like phenotype, and it remains to be seen if a compensatory 

mechanism is elicited in these mutant, but phenotypically normal, zebrafish. If this 

turns out to be the case, perhaps that compensatory mechanisms can be elicited in 

patients to provide a novel therapeutic strategy.  

To date, acceptable zebrafish models for CLN2 and CLN10 diseases exist (Table 3), 

with both of these exhibiting embryonic and larval phenotypes reminiscent of NCL to 

varying degrees. Many other mutants have not yet been researched, and details of 

these can be found on the zebrafish database ZFIN (zfin.org). This suggests that the 

zebrafish is currently being under-utilised for NCL research. 

 

2.4 Fruit fly 

The fruit fly, Drosophila melanogaster, has been used as a model to study genetics, 

developmental biology and neurobiology for more than a century. The unparalleled 

genetic tools available in Drosophila allow for more detailed manipulation of genes, 

genotypes and phenotypes than in any other laboratory model and the short generation 

times, ease of handling and absence of licencing requirements permit these tools to be 

used on a genome-wide basis [39]. Drosophila has homologues of 75% of human 

disease-causing genes [40] and the ease of manipulating these genes has made flies a 

popular choice to model human diseases. They are particularly useful for monogenic 

inherited disorders where the Drosophila gene can be mutated to mirror the human 

condition, and in gain-of-function disorders, including forms of neurodegeneration 

such as Alzheimer’s, Parkinson’s and Huntington’s diseases [41-43]. In addition, the 

Drosophila CNS has been used for many decades as a model system to understand 

aspects of neural development and function: from identifying the transcription factor 

networks that regulate neural specification; how components of the synapse function; 

to the pioneering of optogenetic tools to manipulate neural activity to map the circuits 

that control behaviour [44-46]. Despite the much smaller size and obvious anatomical 

differences between the mammalian and insect brains, many functions are 

orthologous, and the smaller size enables in vivo imaging. Like the mammalian brain, 

the fly brain is modular, with regionally-specific functions controlling complex 

behaviours, including learning and memory, movement and visual processing [47]. 

The major excitatory and inhibitory neurotransmitters used in the mammalian CNS 

are also used in the fly, along with numerous neuropeptides [48, 49]. The fly brain 

also has specialised glia with orthologous roles to mammalian glia, and a blood-brain-

barrier isolating the CNS [50]. 

Drosophila has only a subset of the human CLN disease genes: the soluble lysosomal 

enzymes, Ppt1 (CLN1), cathepsin D (Drosophila gene name = cathD) and cathepsin F 

(CG12163); the membrane proteins, Cln3, Cln7 (CG8596) and ATP13A2 (anne 

boleyn); and cysteine string protein (Csp). Unusually, cysteine string protein had been 

studied extensively for its role in synaptic function prior to its identification of as a 

NCL disease locus. Of the remainder, Ppt1 and Cln3 are perhaps the best understood 

with both gain-of-function and loss-of-function studies reported for both genes. 

Recent single cell transcriptomics studies indicate that the lysosomal enzymes are 

file://///cmontap01/crussell/temp%20one%20drive%20backup%20from%202%20in%201-plus%20move/techni%20one%20drive%20from%202in1/BBA%20review%202018/animal%20model%20BBA%202019/www.zfin.org
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widely expressed within the CNS and present in most, potentially all, neurons. In 

contrast, the Cln3 and Cln7 genes are more restricted. Both genes are expressed 

primarily in glia, with Cln3 also expressed in some neurons (see 

http://scope.aertslab.org/ for scRNA-seq data). 

 

2.5 Nematode 

Caenorhabditis elegans (C. elegans) is a small, non-parasitic nematode worm. In the 

wild, it feeds on bacteria in decomposing vegetable matter. In the laboratory, it is 

normally maintained on agar plates with bacteria (usually E. coli) added as a food 

source. Over 99% of worms are self-fertilising hermaphrodites, and a single 

hermaphrodite can produce around 300 eggs using its own sperm [51]. The ability of 

a single worm to generate large numbers of genetically identical offspring is very 

useful, as it enables stable maintenance of mutant strains without the need for mating. 

Nevertheless, rare males can be isolated and mated with hermaphrodites, which 

increases fecundity to around 1000 eggs per hermaphrodite. This ability to mate with 

males is important, as it enables genetic crossing for applications such as construction 

of double mutant strains. Development from an egg through four larval stages to the 

approximately 1 mm-long adult usually takes around 3 days at 20°C [52]. However, if 

food is scarce, worms arrest their development and enter an alternative larval form 

known as dauer. These dauer larvae can survive without eating for several months, 

resuming normal development once food becomes available. This is useful in the 

laboratory, as worms on agar plates can be left unattended for many weeks without 

fear of losing an important strain. Furthermore, C. elegans can withstand freezing and 

thawing, permitting the long-term maintenance of worms as frozen stocks. Adult 

lifespan is usually around 3 weeks under well-fed conditions, which facilitates the 

analysis of age-related phenotypes, such as adult onset forms of NCL.  

These characteristics help to explain why C. elegans was adopted by Sydney Brenner 

as a new model organism in the 1960s. However, Brenner’s main reason was that the 

extreme simplicity of C. elegans made it feasible to determine the complete structure 

of the nervous system [52]. Indeed, the C. elegans nervous system comprises just 302 

neurons, out of a total of 959 cells in the adult hermaphrodite; whereas Drosophila 

contains around 100,000 neurons. C. elegans is unique among animals in that the 

position and developmental fate of every cell from zygote to adult is fully 

documented [53, 54], as are all of the synaptic connections made by its 302 neurons 

[55]. The animal is naturally transparent, and individual neurons can be visualised in 

freely moving animals via cell-specific promoters driving fluorescent reporter 

proteins such as GFP. This is particularly useful for studies of neurodegenerative 

diseases such as NCL, as it enables direct assessment of neuronal degeneration and 

death in vivo by visualising neuronal fluorescence as a readout [56]. Thousands of 

hermaphrodites can be stably maintained on agar plates without the need for mating, 

making C. elegans well suited to high-throughput genetic screens. Indeed, the unique 

ability to perform genome-wide knock down of protein expression via RNA 

interference (RNAi) simply by feeding the worms transformed versions of their 

standard laboratory food source, E. coli, is particularly powerful in this regard [57]. 

One drawback for the study of NCLs is that worm neurons are relatively resistant to 

RNAi compared to other tissues, but this issue can be addressed by using strains that 

are generally hypersensitive to RNAi [58] or exhibit enhanced RNAi specifically in 

neurons [59]. Finally, the extreme simplicity of the worm nervous system means there 

http://scope.aertslab.org/
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are no ethical issues about animal suffering to be considered. Taken together, these 

various features of C. elegans explain why it has become one of the main model 

organisms used worldwide despite being developed comparatively recently. 

 

2.6 Social amoeba 

The social amoeba Dictyostelium discoideum has emerged as an excellent model 

organism for studying a variety of neurological disorders (e.g. Alzheimer’s, 

Parkinson’s and Huntington’s Disease, epilepsy, etc) , including the NCLs [60-65]. Its 

34 MB haploid genome, which is contained on six chromosomes, encodes 

approximately 12,500 proteins, is fully sequenced and annotated, and contains 

homologs of 11 of the 13 human NCL genes [62, 66, 67]. One of the main advantages 

of using Dictyostelium as a biomedical model system is its 24-hour life cycle that is 

comprised of distinct unicellular and multicellular phases [68] (Fig. 1). This allows 

researchers to study the effects of gene-deficiency on conserved cellular and 

developmental processes (e.g., cell movement, cell differentiation, intracellular 

trafficking, autophagy, etc.) within the context of a whole organism [68]. In the 

presence of nutrients, Dictyostelium grows as single cells, dividing by mitosis and 

obtaining nutrients by endocytosis [68] (Fig. 1). Nutrient depletion prompts a 24-hour 

developmental program that consists of a sequence of well-defined events. Upon 

starvation, cells secrete cAMP, which acts as a chemoattractant causing cells to 

aggregate into multicellular mounds. Mounds then form motile slugs (or 

pseudoplasmodia) composed of primarily two cells types, pre-stalk and pre-spore. 

Terminal differentiation of these cells results in the formation of a fruiting body 

comprised of a mass of dormant spores that are supported above the surface by a 

slender stalk. In nature, the spores are dispersed and when conditions are favourable 

(e.g., food source available), they germinate to form single cells, thus re-starting the 

life cycle.  

Dictyostelium cells grow rapidly in the lab at room temperature and can be cultured 

inexpensively in liquid medium (8-12 hour doubling time) or on agar plates with 

bacteria (3-4 hour doubling time) [69]. Due to their fast doubling time, cells can be 

harvested in large numbers and used for a variety of cellular, developmental, and 

biochemical assays [68]. Dictyostelium is amenable to genetic manipulation (RNA 

interference, restriction enzyme-mediated integration mutagenesis, site-directed 

mutagenesis, multiple gene knockout via homologous recombination or 

CRISPR/Cas9-mediated targeting) and a variety of expression constructs have been 

generated to facilitate studies on protein localization and function [70-76]. In addition, 

several proteomic analyses have been performed in Dictyostelium to reveal proteins 

that are secreted during development, proteins that are contained within the 

extracellular matrix (ECM), and proteins that localize to the macropinocytic pathway 

[77-80]. These analyses show that 10 of the 11 NCL protein homologs are present in 

the macropinocytic pathway and 5 of the 11 homologs are secreted [77, 78, 80]. 

Importantly, these results are consistent with results from mammalian models of 

Batten disease that link the NCL proteins to a shared or convergent biological 

pathway [81]. Finally, there are many resources available to Dictyostelium researchers 

including dictyBase (the model organism database for Dictyostelium), dictyExpress 

(web application that compiles data from over 1,000 Dictyostelium microarrays and 

RNA-seq experiments of wild-type and mutant cell lines), and the Dicty Stock Center 
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at Northwestern University (central repository for Dictyostelium cell lines and 

expression constructs) [66, 82, 83].   

Despite the evolutionary time gap between Dictyostelium and human, there are many 

advantages of using this organism as a model system for biomedical research. Since 

many human diseases, particularly those affecting the nervous system, share common 

cellular features such as storage body accumulation, mitochondrial dysfunction, and 

the accumulation of autophagic vacuoles, the study of Dictyostelium allows for the 

examination of these and other relevant processes in an organism with measurable 

phenotypic outcomes [60, 84]. Due to the metazoan-like behaviour of Dictyostelium 

cells, findings from this organism are highly translatable to more complex eukaryotic 

systems. Finally, the biology underlying the life cycle of Dictyostelium has been 

studied for more than 80 years, which has allowed the research community to reveal 

key components of the signal transduction pathways that regulate the growth and 

development of the organism.  

 

 

Figure 1. The life cycle of Dictyostelium discoideum. During growth, single cells 

feed on bacteria and divide by mitosis. Upon starvation, cells chemotactically 

aggregate to form multicellular mounds. Mounds then form fingers, which fall on the 

surface to generate motile slugs (also known as pseudoplasmodia). During 

culmination, terminal differentiation of pre-stalk and pre-spore cells forms fruiting 

bodies. Each fruiting body is composed of a slender stalk that supports a mass of 

dormant spores. When environmental conditions are favourable (e.g., food source 

available), the spores germinate allowing the cells to restart the life cycle. Top panel 

was previously published in [68]. Bottom panel was previously published in [85]. 
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3. CLN1 disease, caused by mutations in Palmitoyl protein thioesterase (PPT1) 

Homozygous mutations in the lysosomal enzyme Palmitoyl protein thioesterase 1 

(PPT1) cause CLN1 disease. 

 

3.1 Large animals  

To date mutations in CLN1 have been confirmed in miniature Dachshunds 

(CLN1:c.736-737insC; [86] and the Cane Corso (CLN1:c.124 +1G>A, a splice site 

mutation; [87]). Both founders exhibited symptoms around 8 months of age with 

progressive blindness, ataxia and lethargy. To our knowledge neither of these dogs 

have been established as a research colony.  

 

3.2 Rodents 

The mouse homolog of PPT1, a 306 amino acid protein encoded on chromosome 4, 

shares 85% identity with human PPT1 (CLUSTALW (2.1) Multiple Sequence 

Alignment on Ensembl (www.ensembl.org)). For both mice and rats, PPT1 is highly 

expressed in the developing brain and eyes [88-91]. Particularly, PPT1 is expressed in 

the synaptic compartments of mouse neurons [90, 92-94], indicating its potential 

involvement in synaptic development or function.  

Genetically modified mouse models with PPT1 deficiency have been developed to 

model CLN1 disease. Two Ppt1 null mouse lines were generated independently by 

disruption of either exon 9 or 4 of the Ppt1 gene [95, 96]. Characterising studies 

showed typical NCL-like pathology in various CNS regions, including neuronal 

autofluorescent storage material accumulation, astrocytosis, microgliosis and 

neurodegeneration, with changes in the cerebellum and thalamus earlier than in the 

cerebral cortex [95-99]. In the visual system, apart from pathology of the visual nuclei 

in the thalamus, Ppt1 null mice also show retinal ganglion cell and photoreceptor cell 

loss as well as immune cell infiltration into the optic nerve [98, 100, 101]. Ppt1 null 

mice exhibit phenotypes typical of CLN1 disease, including progressive motor 

abnormalities, seizures, vision loss and a markedly shortened lifespan [95, 96, 102]. 

Khaibullina et al. found the Ppt1 mouse also displayed age-dependent impairment of 

thermoregulation, which is also observed in a group of CLN1 patients [103, 104]. 

More recently, another two mouse lines modelling CLN1 disease have been generated 

by knocking in the most common CLN1 disease-causing nonsense mutation R151X, 

both of which recapitulated the phenotype and pathology hallmarks of CLN1 disease 

[105, 106]. These knock-in mice offer more options for in vivo studies of CLN1 

disease, and particularly, provide a more disease-relevant model for testing nonsense 

suppression therapies.  

Mouse models of CLN1 disease are invaluable tools for neurobiological studies 

especially at pre-symptomatic stages of the disease, which could provide important 

information on PPT1 functions and mechanisms underlying CLN1 disease. A 

proteomic analysis of the Ppt1 null mouse has revealed protein profile changes at 

different stages, and highlighted dysregulated protein trafficking and mitochondrial 

function starting pre-symptomatically, and changes of synaptic and myelin proteins at 

early-symptomatic stages [107]. It provides clues for the biological pathways initially 

affected in the disease and different aspects of PPT1 functions. Several studies using 

the Ppt1 null mouse combined with in vitro culture systems have revealed PPT1 
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functions in the lysosome, such as contribution of PPT1 on maintaining lysosomal 

degradative functions by affecting cathepsin D maturation [108] and on lysosomal 

normal acidification by promoting vacuolar ATPase assembly [109]. Moreover, given 

that PPT1 is observed in the synaptic compartments of neurons, PPT1 functions in 

synapses could be of particular importance in the CNS. Indeed, the Ppt1 mouse shows 

impaired recycling of synaptic vesicle proteins and decreased synaptic vesicle pools 

in the presynaptic terminal, which is caused by loss of the PPT1 depalmitoylating 

activity [94]. Such synaptic changes may represent a potential mechanism underlying 

CLN1 disease progression, independent of PPT1-related lysosomal dysfuctions. 

Additionally, astrocytes appear to contribute to the pathogenesis of CLN1 disease. 

Characterization of Ppt1 null mice showing astrocytosis occurring prior to neuronal 

loss and microgliosis in the thalamus, cerebellum and cerebral cortex suggests 

astrocyte alteration as an early pathological change rather than a secondary response 

to neurodegeneration [98, 99, 110]. In vitro evidence shows PPT1 deficiency in 

astrocytes results in an exacerbated reactive state that is more neurotoxic, but exact 

contribution of such changes to CLN1 disease still needs further validation in vivo 

[111].  

Full spectrum characterisation of the Ppt1 null mouse makes it a good model to test 

therapies. For CLN1 disease, various therapeutic strategies have been developed and 

studied pre-clinically in the Ppt1 null mouse models. Since PPT1 is a soluble 

lysosomal enzyme, enzyme replacement has been suggested. A recombinant PPT1 has 

been tested in the Ppt1 null mouse model [112, 113]. Chronic intravenous delivery 

from birth and short-term intrathecal delivery at 6 weeks of age (pre-symptomatic) 

both significantly delayed the behavioural phenotype development and increased the 

lifespan; however, the improvement is limited, probably due to lack of persistent high 

PPT1 activity in the CNS. NtBuHA, a non-toxic molecule crossing the blood-brain 

barrier and mimicking the thioesterase activity of PPT1, was also tested with the Ppt1 

mouse model and showed improvement of several PPT1-related lysosomal functions 

such as restoring vacuolar ATPase activity and cathepsin D activity [108, 109]. Also, 

pathology including autofluorescent storage material accumulation, neuronal loss, 

astrocytosis and motor abnormality were improved with 3 months treatment starting 

pre-symptomatically, but still, lifespan was only slightly improved [114]. Similarly, 

since the mice only received 3 months treatment, the issue of achieving long-term 

enzyme activity needs to be resolved. Moreover, gene therapy is considered as an 

attractive strategy for various NCLs. For CLN1 disease, brain-targeted gene therapy 

via recombinant AAV vectors has also been performed on the Ppt1 null mouse. Brain 

pathology and motor function impairment were significantly decreased in a few pre-

clinical studies with AAV gene therapy intracranially delivered to newborn mice 

[115-118].  Although seizure frequency and lifespan were not obviously changed in a 

study published in 2006 [116], improvement was shown in other later studies using a 

much higher dose of viral vectors [115, 118]; however, the lifespan was still much 

shorter than wild-type mice.  Combining gene therapy with systemic administration of 

either a PPT1 mimetic or an anti-inflammatory drug did not produce a large 

synergistic effect [115, 118]. Interestingly, coupled intracranial and intrathecal AAV 

gene transfer was found to rescue the pathology throughout the CNS including the 

spinal cord and largely increase the lifespan to around 19 months, suggesting the 

clinical significance of more widespread CNS treatment for CLN1 disease [119]. 

Therefore, in future, novel approaches could be further studied on CLN1 mouse 

models in order to achieve more persistent and broader distribution of PPT1 

correction.   
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3.3 Zebrafish 

The zebrafish has one homolog of PPT1. The surrounding synteny is preserved, as are 

the splice sites. The zebrafish gene encodes a predicted 303 amino acid protein with 

65% identity with humans (CLUSTAL W (1.81) multiple sequence alignment on 

Ensembl (www.ensembl.org)). Zebrafish Ppt1 is expected to be found in all tissues. 

The mRNA is highly expressed from fertilisation to gastrulation 

(https://www.ebi.ac.uk/gxa/home), and then at a lower level up to 5 days post 

fertilisation (dpf). Expression of the mRNA appears to be higher in the developing 

brain [120]. The protein has been reported as found in synaptosome fractions in the 

adult zebrafish central synapses, in contrast to both synaptosome and post-synaptic 

density fractions in mice [121]. To date, there are no publications showing phenotypes 

caused by mutation in zebrafish Ppt1. Two nonsense mutations do exist (Table 3), 

which could be examined for NCL-like phenotypes. 

 

3.4 Fruit fly 

CLN1 disease was the first NCL to be modelled in the fruit fly [122]. Drosophila Ppt1 

protein shares greater than 55% identity with the human protein and the gene is 

widely expressed throughout the development stages of the fly and is maintained in 

adults. Recent single cell transcriptomics indicates that Ppt1 is expressed in both 

neurons and glia in the adult CNS but expression is not detectable at high levels in all 

neurons. This is consistent with similar scRNA-seq data from human CNS cells (see 

atlas at http://scope.aertslab.org/). The Ppt1 gene lies on the X chromosome and is 

uncovered by a small deficiency, Df(1)446-20,  that deletes three genes. Male flies 

hemizygous for this deficiency or females trans-heterozygous for the deficiency and 

either of two point mutations in the Ppt1 gene accumulate autofluorescent storage 

material in lysosomes. The material differs somewhat from the classic granular 

deposits seen in CLN1 disease and instead are more laminar in nature [122]. 

Interestingly, Ppt1 deficient flies show little or no sign of neurodegeneration despite 

quite dramatically reduced lifespan [122]. 

A major advantage of using Drosophila to study aspects of human disease is the 

ability to use unbiased, genome-wide genetic screens to provide an insight into the 

cellular pathways and genes involved in the biology of the disease. This approach has 

been used to screen for modifiers of a Ppt1 overexpression phenotype in the 

developing fly eye which disrupts the regular array of ommatidia [123, 124]. The 

genes emerging from these screens pointed strongly to a role for Ppt1 outside of the 

lysosome in regulating endocytosis, confirmed by follow-up experiments that 

revealed defects in endocytosis in Ppt1 deficient cells [124]. Interactions were also 

regulating pre-synaptic development via retrograde signalling from the post-synaptic 

cell [123, 124]. These intriguing interactions led to experiments that exploited a 

second strength of Drosophila – as a model system for neurobiology – to look for 

roles of Ppt1 in neural function.  

Maintaining normal synaptic activity is highly dependent on endocytosis to retrieve 

synaptic vesicle membrane. Thus, blocking endocytosis, for instance with the 

temperature-sensitive dynamin mutation shibirets, leads to rapid paralysis when flies 

are shifted to the restrictive temperature. Flies carrying both the shibirets and loss-of-

function Ppt1 point mutations, became paralysed far more quickly than shibirets flies 

http://scope.aertslab.org/
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alone suggesting endocytosis is further compromised when Ppt1 function is missing 

[125]. Synaptic vesicle transmission is also dependent on a palmitoylation cycle of 

key proteins, including SNAP, VAMP and syntaxin [126]. This suggests Ppt1, as a 

de-palmitoylating enzyme, may be involved in the regulation of synaptic 

transmission. Searching for such a role, Korey and colleagues examined synaptic 

vesicle release at the Drosophila larval neuromuscular junction, an accessible 

glutamatergic synapse that is used extensively as a model of mammalian excitatory 

synapses. In Ppt1 mutants, synaptic vesicles were released spontaneously at an 

increased rate but, importantly, the amplitude of the miniature evoked junction 

potentials (EJPs) recorded from the post-synaptic cell was unaltered [125]. The mini 

EJP amplitude is dependent on the quantal content of the vesicles and the density and 

organisation of the post-synaptic glutamate receptors and, hence, these are likely to be 

largely unaffected by loss of Ppt1 function. The overall development of the larval 

neuromuscular junction was also unaffected, suggesting Ppt1 is not required for the 

BMP-based retrograde signalling[125]. This is in contrast to mutations in other 

lysosomal storage disorder proteins, including Spinster and Trpml, where mutations 

do result in clear developmental deficits at the neuromuscular junction [127, 128]. 

Still outstanding is to identify whether the Drosophila Ppt1 is present at synapses in 

addition to its principal localisation in lysosomes. However, Ppt1 has been detected in 

synaptosomes from human brain material and co-localises with the synaptic vesicle 

protein, synaptophysin, in cultured neurons [94]. Moreover, the levels of synaptic 

vesicle-associated proteins and synaptic vesicle trafficking are altered in brain 

material from CLN1 disease patients and form Ppt1 KO mice. The Drosophila 

electrophysiology studies are consistent with these mammalian findings. Viewed 

together, these studies argue that altered neuronal physiology results directly from 

loss of Ppt1 function in the pre-synaptic compartment and that this contributes to 

CLN1 disease, potentially independently of effects on lysosomal function. 

 

3.5 Nematode 

Although mutations in PPT1 cause very severe phenotypes and death at young ages in 

humans and mammalian models, mutation or RNAi knockdown of the C. elegans 

orthologue, ppt-1, has surprisingly little effect [129, 130]. A variety of phenotypes 

have been examined, including size, morphology, fecundity, lifespan, locomotion, 

age-dependent motility, mechanosensation, autofluorescence and lipid accumulation. 

Some very mild effects on individual phenotypes were observed for specific mutant 

alleles or RNAi knockdown. For example, gk131 deletion mutants exhibited a small 

increase in locomotion and maximum lifespan, whereas ppt-1 RNAi showed a 

decreased median lifespan using an RNAi hypersensitive strain [130]. However, no 

consistency was seen across the different mutant alleles analysed, suggesting that the 

observed effects were unrelated to loss of PPT-1 function. It is unlikely that the mild 

effects reported are due to inefficient impairment of PPT-1 protein function, as the 

gk131, gk134, gk139 and gk140 alleles studied are insertion/deletion mutants that are 

predicted to produce non-functional enzymes (Table 4). Furthermore, gk139 has been 

shown experimentally to be a null allele and lysates from gk139 strains display greatly 

reduced PPT-1 enzyme activity [129]. Interestingly, electron microscopy analysis of 

gk139 mutants exhibited altered mitochondrial morphology in young worms, which 

may be related to the slight developmental and reproductive delay observed in this 

strain and the gk140 mutant [129]. Although this may be relevant to mitochondrial 

dysfunction in CLN1 disease, it is difficult to understand why the reported 
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mitochondrial abnormalities in gk131 had no effect on lifespan [129], a phenotype 

that is known to be strongly affected by mitochondrial dysfunction. One potential 

explanation for why mutation and/or RNAi knockdown of ppt-1 has such a minor 

effect in C. elegans is redundancy with another depalmitoylating enzyme. The C. 

elegans genome encodes only one other predicted palmitoylprotein thioesterase: the 

cytoplasmic enzyme, ATH-1 [130]. However, double RNAi knockdown of both ppt-1 

and ath-1 together, or performing ppt-1 RNAi in an ath-1 mutant background also 

failed to produce strong phenotypes [130]. Presumably, an additional, as-yet-unknown 

mechanism in C. elegans compensates for the loss of PPT-1 function. Identification of 

this putative redundant mechanism could have therapeutic implications, as it might 

represent an alternative drug target for CLN1 disease. Additionally, interfering with 

this compensatory mechanism in a ppt-1 mutant genetic background might then create 

the required strong phenotype where the real power of C. elegans in applications such 

as high-throughput genetic and pharmacological screens could be used to good effect. 

For the moment, however, the very mild phenotypes exhibited by worm ppt-1 mutants 

make modelling CLN1 disease in C. elegans challenging. 

 

3.6 Social amoeba 

The Dictyostelium homolog of human PPT1 is a 303 amino acid, 34 kDa protein 

(Ppt1) encoded by the ppt1 gene. Within a 273 amino acid region of similarity 

between Ppt1 and PPT1, 46% of the amino acids are conserved and 69% are positive 

matches [62]. Like human PPT1, the Dictyostelium homolog contains a signal peptide 

for secretion, indicating that it may function extracellularly [62]. Not surprisingly, 

Ppt1 has been detected in conditioned buffer from developing Dictyostelium cells 

[77]. In addition, like many of the other NCL protein homologs in Dictyostelium, Ppt1 

is present in the macropinocytic pathway [80]. The expression of ppt1 increases 

dramatically upon starvation and peaks during the early stages of multicellular 

development [83]. Expression then decreases dramatically during the mid-to-late 

stages of development when cells terminally differentiate to form fruiting bodies [83]. 

This expression profile suggests that Ppt1 may play a role in cAMP-mediated 

chemotaxis and aggregation. While a knockout mutant has not yet been generated to 

study the function of Ppt1 in Dictyostelium, previous work suggests that the protein 

may play a role in phagocytosis, which is consistent with data from mouse models 

linking the function of PPT1 to phagocyte infiltration following neuronal death [131, 

132]. 

 

4. CLN2 disease 

Homozygous mutations in the lysosomal enzyme Tri-peptidyl peptidase 1 (TPP1) 

cause CLN2 disease. 

 

4.1 Large animals  

4.1.1 CLN2 disease in the Dachshund dog 

Mutations in canine CLN2 were first reported in the miniature longhaired Dachshund 

in 2006. These dogs present with cognitive impairments at 9 months old, and ataxia 

and visual deficits by 10 months of age.  The CLN2 dog mutation (c.325delC) causes 
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a frameshift and premature stop codon. TPP1 enzyme activity is undetectable in brain 

tissues in these animals [27].  

Disease progression has since been carefully characterised, using a range of 

biomarkers and behavioural analyses. CLN2-/- dogs display clinical signs by 5 months 

of age, progressing from hindlimb impairments to ataxia, loss of menace responses at 

6.5 months, eye involvement by 8.7 months and tremor at around 9 months, with end 

stage disease by 10-11 months. Cognitive decline is apparent using T-maze testing at 

7-9 months. These data, together with pathological findings, provide the basis for 

evaluating the efficacy of several therapeutic approaches including enzyme 

replacement therapy (ERT), mesenchymal stem cell transplantation, drug therapy and 

gene therapy. 

CLN2 disease is the first NCL to be treated clinically with enzyme replacement 

therapy (ERT) [133] and much of the pre-clinical work has been done in the CLN2-/- 

dogs [134-136]), validating previous mouse work [137, 138] and safety testing in 

dogs and monkeys [136, 139]. Catheterisation of dogs at 2 months of age was 

followed 2 weeks later, and fortnightly thereafter, with infusion of recombinant 

human TPP1. Affected and wildtype dogs (n=3/group) were assigned to one of three 

doses of enzyme or vehicle. Two dogs on the highest dose had adverse events due to 

the catheter/treatment. All dogs underwent neurological and physical examinations, 

cognitive testing and magnetic resonance imaging (MRI). Development of 

neurological deficits were delayed in the higher dose groups compared to vehicle and 

cognitive function and brain volumes were preserved and survival significantly 

increased.  Human clinical trials commenced in 2013 and both the US Food and Drug 

Administration (FDA) and the European Medicines Agency (EMA) have now 

approved ceroliponase alfa (Brineura) for clinical use in CLN2 patients [133]. 

The CLN2 dogs have also provided key data in the move towards gene therapy for 

CLN2 disease. Intracerebroventricular (ICV) infusion of canine AAV2-TPP1 at 3 

months of age (pre-symptomatic) resulted in predominantly ependymal transduction 

and spread of TPP1 protein throughout the brain and spinal cord [140]. Notably, the 

original studies in mice demonstrating AAV4 was the optimal serotype for ependymal 

transduction [141] failed to replicate in the dog, suggesting translation of animal data 

needs to be carefully considered in non-human primates. In addition, 

immunosuppression using mycophenolate mofetil and cyclosporine was required to 

prevent the generation of anti-TPP1 antibodies and loss of TPP1 activity in null dogs. 

Most importantly, AAV2-TPP1 administration to pre-symptomatic dogs delayed 

disease onset and extended lifespan, however the dogs did eventually succumb to 

disease. 

Although NCLs are primarily neurological diseases, there is increasing awareness of 

peripheral pathology, which have become more apparent as the neurological deficits 

are treated and lifespan increases. In CLN2-/- dogs, general blood biomarkers of tissue 

damage including cardiac troponin, alanine aminotransferase and creatine kinase 

increase over time, even in treated dogs. Electrocardiography (ECG) parameters were 

also significantly impaired in CLN2-/- dogs and not restored by ICV AAV2-TPP1.  

The authors suggested combined peripheral and central nervous system (CNS) gene 

transfer may be required [142]. 

Alternatively, newer generation vectors that provide both systemic and CNS 

transduction from systemic administration may provide body-wide therapy. AAV9-

TPP1 has recently been given orphan drug designation from the FDA, providing a 
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fast-track to clinical trial (https://regenxbio.gcs-web.com/news-releases/news-release-

details/fda-grants-orphan-drug-designation-rgx-181-gene-therapy). 

Another key organ for treatment in most NCLs is the eye. In CLN2-/- dogs, there is 

progressive loss of electroretinogram (ERG) activity with no recordable scotopic or 

photopic activity by 12 months of age [143].  ICV injection with AAV2-TPP1 

preserved the retinal ganglion cells, however the remainder of the retina eventually 

deteriorated and there was no preservation of ERGs in the treated affected dogs. 

[144].  

An alternative treatment approach used autologous bone marrow derived 

mesenchymal stem cells as a vehicle to deliver AAV2-TPP1 to the eye. AAV2-TPP1 

transduced stem cells were transferred into the vitreous of one eye in each of three 14-

week-old dogs [145]. Treated eyes had preserved retinal structure and ERG responses 

out to 10.5 months of age (end of study).  

Combined, these studies suggest that no one treatment will be sufficient and it is 

likely that a combination approach will be required for treatment of central and 

systemic pathologies.  

Translation of preclinical gene therapy studies in the mouse model of CLN2 disease, 

required safety studies to be completed in non-human primates. African green 

monkeys were used to demonstrate appropriate transduction and spread of TPP-1 in 

the larger monkey brain and that safety and toxicity data was obtained [146]. 

 

4.2 Rodents 

The mouse homolog of TPP1, a 562 amino acid protein encoded on chromosome 7, 

shares 88% identity with human TPP1 (CLUSTALW (2.1) Multiple Sequence 

Alignment on Ensembl (www.ensembl.org)). Tpp1 is highly expressed in the 

developing mouse, especially in the regions of high neurogenesis activity [147]. The 

expression pattern of TPP1 activity during development is slightly different between 

humans and mice. In the mouse CNS there is a persistent increase of TPP1 activity 

during the infantile and juvenile developing stages, which reaches the highest level at 

adulthood; while in the human brain the adult TPP1 activity level has been reached by 

2-4 years of age, suggesting potential differences in TPP1 function in the mouse 

compared to the human [148].  

A Tpp1 knockout mouse model has been generated to model CLN2 disease [29]. The 

mouse exhibits tremors starting from 7 weeks of age followed by progressive motor 

dysfunctions and a severely shortened lifespan (3-6 months) [29]. NCL-like 

neuropathology such as autofluorescent storage material accumulation and 

astrocytosis is observed, especially in the cerebellum [29, 138]. Cerebral and 

cerebellar neurodegeneration and axonal degeneration are also observed, but the 

pathology in the mouse cerebral cortex appears to be milder than in the human 

patients. Retinal degeneration is not observed in this mouse model. Despite the 

differences between the Tpp1 knockout mouse and human CLN2 disease, it still 

recapitulates many aspects of CLN2 disease and could be a useful tool for studying 

CLN2 disease, especially for testing potential therapies. Modification of this knockout 

model generated a line expressing Tpp1 with a missense mutation R446H that resulted 

in low levels (around 6%) of TPP1 activity in the brain [149]. This mouse line shows 

that 6% of normal TPP1 activity is capable of producing dramatic improvements and 

extension of lifespan, which provides clues for the minimal TPP1 levels that should 
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be achieved to produce proper therapeutic benefits. More recently, a knock-in mouse 

model harbouring R207X, equivalent to the most common CLN2 disease nonsense 

mutation (p.R208X), has been generated, which allows for assessing antisense 

oligonucleotides and nonsense suppression therapies [150]. This knock-in model 

exhibits severely decreased Tpp1 expression and TPP1 activity in the brain and 

visceral organs. Lysosomal accumulation of mitochondrial ATP synthase subunit C 

and astrocytosis are observed in the cerebral cortex of the knock-in model. The 

knock-in mouse displays tremors and motor function impairment from 3 months of 

age and a similar lifespan to the Tpp1 knockout mouse model. 

Pre-clinical studies with potential therapies for CLN2 disease have been widely 

performed. Brain-targeted gene therapy using the AAVrh.10 vector with TPP1 was 

investigated in Tpp1 knockout mice and showed promising improvements of 

neuropathology and behavioural performance and lifespan extension [137, 151, 152]. 

Notably, time of treatment appeared to have marked impacts on the therapeutic 

outcomes; pre-symptomatic delivery of gene therapy produced significantly better 

motor function improvement and particularly extended lifespan (around 11-12 

months), with possible reasons being early intervention before disease onset and/or 

wider distribution of transgene in the developing brain [152, 153]. Systemic delivery 

of viral vectors harbouring TPP1 has also been studied. Intra-arterial AAV-TPP1 

injection accompanied by pre-injection of mannitol (a blood-brain barrier 

permeabilizer) led to widespread transgene distribution in the mouse brain, which 

provided a novel gene transfer approach for CLN2 disease and other CNS diseases 

[154]. Apart from gene therapy, enzyme replacement therapy (ERT) is another 

attractive therapeutic strategy for CLN2 disease, given the establishment of a 

recombinant human TPP1 pro-enzyme that could be endocytosed and activated in the 

lysosome [155]. CNS-targeted ERT with this recombinant TPP1 pro-enzyme showed 

improvements of neuropathology and behavioural performance with a slightly 

extended lifespan in the knockout mouse model [138, 156], which was then tested in a 

CLN2 canine model and a small group of human patients and produced significant 

treatment benefits [133, 135, 136]. Furthermore, systemic (intravenous) delivery of 

recombinant human TPP1 produced dose-dependent brain TPP1 activity increase, 

which reached 10% of the wildtype level with a 2mg-dose injection [157]. As 

discussed earlier, achievement of 6% of the normal brain TPP1 level is capable of 

producing significant therapeutic benefits; so intravenous delivery of high dose TPP1 

could be an alternative therapeutic approach for CLN2 disease, particularly 

considering that human patients receiving CNS-targeted ERT via intraventricular 

infusion show risk of serious infusion-device-related complications [133] and that 

peripheral system could also be affected by TPP1 deficiency, systemic delivery of 

TPP1 might be a more appropriate therapeutic strategy for CLN2 disease, while 

potential risk of immune-related adverse effects that could be induced by systemic 

ERT should also be investigated. Combined intravenous injection of TPP1 and 

K16ApoE (a modified ApoE peptide) to the knockout model facilitated TPP1 

distribution throughout the brain without damaging the blood-brain barrier [158]. 

However, in vitro assays revealed a dose-dependent cytotoxicity of K16ApoE, which 

should be investigated before such an approach is considered clinically. Additionally, 

a recent study showed that orally administrated gemfibrozil (a lipid lowering drug) to 

the Tpp1 knockout mouse displayed a moderate but significant improvement of the 

disease phenotype, indicating a potential alternative and more accessible option for 

CLN2 disease treatment [159].   
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4.3 Zebrafish 

The sole homolog of TPP1 in zebrafish, called Tpp1, is 582 amino acids and has 57% 

identity with its human homolog at the protein level (CLUSTAL W (1.81) multiple 

sequence alignment on Ensembl (www.ensembl.org)). The exon/intron boundaries are 

well conserved but there is no synteny here between the zebrafish and human 

chromosomes around Tpp1. mRNA expression is predominantly in the brain of the 

developing zebrafish [120] and it has been shown in the retina at 48 hpf [28].  

The zebrafish tpp1sa11 homozygous mutant was published as a model of human CLN2 

disease [28]. A further mutant, tpp1hu3587 was homozygous viable, with trans-

heterozygotes demonstrating a mild and variable phenotype. Injection of antisense 

morpholinos designed to knock-down Tpp1 produced a similar phenotype to that seen 

in tpp1sa11 homozygotes. The tpp1sa11 model has been used most as the phenotype 

progresses very fast: it is first obvious as a small eye at 48 hours post-fertilisation 

(hpf), and mortality occurs by 7 days-post-fertilisation (dpf). With a variety of 

phenotypes and pathologies relevant to various aspects of the disease, the model can 

be used to study as many aspects of the disease as needed. However, there is an 

absence of auto-fluorescence – perhaps due to the fast disease progressing - and 

electron microscopy has not yet been performed to visualise the membrane profiles. 

 This model has been used to test premature-stop codon read-through drugs, 

demonstrating those tested to have little therapeutic potential ([160] and reviewed in 

[11]). Further conference abstracts suggest that it may be a suitable model for testing 

anti-epileptics as tpp1sa11 homozygotes treated with valproic acid have reduced 

epileptiform activity and better survival than those treated with pentobarbitone [161], 

and that a novel anti-epileptic drug was found through phenotypic screening of 

several hundred compounds [162]. Finally, abrogating inflammation does not improve 

the tpp1sa11 phenotype, as shown through genetically-induced microglia ablation and 

the use of ibuprofen and prednisolone [163]. 

Altogether, the information suggests that this model has potential for finding and 

assessing new compound treatments, though it is likely that compounds would need to 

be tested on other systems to assess the likelihood that the results can be translated to 

humans. 

 

4.4 Fruit fly 

Drosophila does not have a clear homologue of the TPP1 gene. 

 

4.5 Nematode 

C. elegans does not have a clear homologue of the TPP1 gene. 

 

4.6 Social amoeba 

The Dictyostelium genome contains six genes (tpp1A, tpp1B, tpp1C, tpp1D, tpp1E, 

and tpp1F) that encode proteins sharing sequence similarity with human TPP1 [164, 

165]. Of the six genes, tpp1B is the most highly expressed during the life cycle, 

followed by tpp1F and tpp1A [83]. tpp1C, tpp1D, and tpp1E are all expressed at 

http://www.ensembl.org)/
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relatively lower amounts [83]. tpp1A was the first homolog to be identified and 

characterized in Dictyostelium [164]. tpp1A encodes a 600 amino acid, 67 kDa protein 

(Tpp1A). Within  a 552 amino acid region of similarity between Tpp1A and TPP1, 

36% of the amino acids are conserved and 52% are positive matches [62]. Expression 

of tpp1A is low during growth but increases dramatically upon the onset of 

aggregation [83]. Expression peaks after 16 hours of development when the 

multicellular slug forms and then decreases dramatically during fruiting body 

formation [83]. Like human TPP1, Tpp1A localizes to the lysosome [164, 166]. Loss 

of tpp1A reduces Tpp1 activity in Dictyostelium and causes an accumulation of 

autofluorescent storage material in starved cells [164]. tpp1A-deficient cells are also 

less viable than wild-type cells and display impaired growth in autophagy-stimulating 

media suggesting that Tpp1A plays a role in regulating autophagy [164]. Importantly, 

autophagy defects have also been reported in fibroblasts obtained from CLN2 disease 

patients [167]. During the mid-to-late stages of development, loss of tpp1A causes 

cells to develop precociously and affects spore formation, suggesting that Tpp1A may 

also regulate cell differentiation [164]. While enzyme replacement therapy is 

currently being used to treat patients with CLN2 disease, alternate indirect approaches 

may also prove to be effective therapeutic options [3]. With this in mind, work in 

Dictyostelium used restriction enzyme-mediated integration- (REMI) mutagenesis to 

identify stpA (suppressor of Tpp1A) as a second site suppressor of tpp1A-deficiency 

[164]. StpA shares some similarity with oxysterol-binding proteins, which function in 

lipid metabolism and transport [168]. Intriguingly, altered lipid homeostasis has been 

linked to the NCLs [169, 170]. Thus, the discovery of a second site suppressor in 

Dictyostelium has set the stage for future work to study second site suppressors of 

loss-of-function mutations in human TPP1.  

In addition to Tpp1A, the localizations and functions of Tpp1B and Tpp1F have also 

been studied in Dictyostelium. Tpp1B is a 598 amino acid, 65 kDa protein. Within a 

589 amino acid region of similarity between Tpp1B and TPP1, 31% of the amino 

acids are conserved and 45% are positive matches. Tpp1F is a 702 amino acid, 76 

kDa protein. Within a 369 amino acid region of similarity between Tpp1F and TPP1, 

28% of the amino acids are conserved and 44% are positive matches. Unlike Tpp1A, 

both Tpp1B and Tpp1F localize to the macropinocytic pathway and are secreted 

during development [77, 78, 80]. Also, comparing the expression profiles of tpp1B 

and tpp1F with tpp1A suggests that the proteins function at different points during the 

life cycle. In contrast to tpp1A, tpp1B and tpp1F are highly expressed during growth 

[83]. Upon starvation, the expression of both genes decreases dramatically reaching 

their lowest levels after 8-12 hours of development [83]. Expression then remains low 

during the mid-to-late stages of development [83]. In contrast, tpp1A expression 

increases dramatically upon starvation, and remains high during all stages of 

multicellular development [83]. These findings indicate that Tpp1B and Tpp1F may 

be the dominant Tpp1 proteins during growth, while Tpp1A may be the dominant 

Tpp1 protein during development. Recent work has shown that Tpp1B and Tpp1F 

bind the Golgi pH regulator (GPHR), which is a transmembrane anion channel that 

acidifies compartments of the Golgi complex and regulates growth and the later stages 

of multicellular development [165, 171, 172]. This finding should fuel research in 

human models of CLN2 disease to further explore the possible functional interaction 

between TPP1 and the GPHR. In addition to the Golgi complex, Tpp1F also localizes 

to the endoplasmic reticulum (ER) and V-ATPase-positive vesicles [165]. Tpp1F has 

serine protease activity, but loss of tpp1F has no obvious effects on growth or 

development, which could be attributed to the activities of the other Tpp1 proteins in 
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Dictyostelium [165]. Unlike tpp1A and tpp1F, a tpp1B knockout mutant has not yet 

been generated. Therefore, future research that generates knockout models for the 

other tpp1 genes in Dictyostelium is highly likely to reveal their precise roles in 

regulating the growth and development of the organism.  

 

5. CLN3 disease 

Homozygous mutations in the transmembrane protein CLN3 (Battenin) cause CLN3 

disease. 

 

5.1 Large animals  

5.1.1 CLN3 disease in pigs 

No large animal models for CLN3 disease have been identified. Using gene 

technology, a pig model was reported at by the Weimer and Pearce laboratories [16] 

that will provide a powerful model for future screening of therapies, complementing 

current animal and cellular models. 

 

5.2 Rodents 

The mouse homolog of CLN3 shares 86% identity with human CLN3 (CLUSTALW 

(2.1) Multiple Sequence Alignment on Ensembl (www.ensembl.org)). CLN3 is 

ubiquitously expressed in various mouse tissues including the CNS. Within the mouse 

CNS, Cln3 is highly expressed in various brain regions at embryonic stages; however, 

from the perinatal stage Cln3 is constantly down-regulated and in the adult brain 

shows dramatically low expression levels [173, 174]. In vitro subcellular localization 

analysis suggests that CLN3 is observed in both the soma and neurites of primary 

neurons and mainly localized to late endo-lysosomal compartments [174]. CLN3Δex7/8, 

mimicking the most common CLN3 disease genetic mutant form, results in retained 

CLN3 in the ER, suggesting impaired CLN3 trafficking [174]. 

So far, there have been four CLN3 deficient mouse models generated [173, 175-178], 

which have previously been reviewed [179]. The most commonly utilised models are 

the Cln3Δex1-6 knockout mouse and the Cln3Δex7/8 knock-in mouse [176, 178]. Both 

lines reproduced many aspects of NCLs, such as locomotor abnormalities, 

memory/learning deficits, CNS storage material accumulation, gliosis and 

neurodegeneration [175, 178, 180-195]. These models provide useful tools for in vivo 

study of CLN3 functions and preclinical work of the CLN3 disease. However, 

although storage material accumulation is observed in the retina, retinal degeneration 

is found to be mild and late-onset in these mouse models [181, 186, 190, 192, 195], 

which is notable considering that visual loss and profound retinal degeneration is 

typically one of the earliest symptoms of CLN3 patients. However, retinal 

degeneration is remarkable when the CLN3 deficient mice are crossbred on a hypo-

pigmented background [175, 196], which provides an option for utilising the mouse as 

a model for study of CLN3-related retinal abnormalities and corresponding preclinical 

work. 

Recent studies employing CLN3 deficient mice showed that CLN3 deficiency led to 

pre-synaptic impairment, in several neuronal networks in the brain. 

Electrophysiological studies suggested pre-synaptic alteration in various brain regions 

http://www.ensembl.org/
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of CLN3 deficient mice, which preceded significant neuronal loss [182, 197, 198]. 

Widespread loss of synaptophysin (a pre-synaptic marker) was observed in the Cln3 

knockout mouse brain, and ultrastructural analysis revealed significantly decreased 

synaptic vesicles in the pre-synaptic terminals [197, 199]. Additionally, 

electrophysiological analysis revealed altered synaptic transmission and plasticity 

predominantly due to pre-synaptic changes [182, 197, 198]. Further study is still 

needed to address the association between synaptic abnormality, CLN3 disease 

progression and potential underlying molecular mechanisms.   

Studies of the CLN3 deficient mouse models also suggested involvement of immune 

cells in CLN3 disease progression. . In vitro studies with primary microglial cultures 

from CLN3 deficient mice suggested CLN3 deficient microglia exhibited a more pro-

inflammatory state upon neuronal lysate stimulation [200] and resulted in more 

neurotoxic effects on primary neurons [201]. Additionally, isolated peripheral antigen 

presenting cells (APCs) from the Cln3 knockout mouse displayed dramatically 

increased levels of both total and membrane CD11c, which was not changed in other 

immune cells, indicating an APC-specific alteration [202]. Furthermore, treatment 

with immunomodulatory drugs reduced microgliosis and degeneration in the retina 

and the optic nerve of CLN3 deficient mice [196, 203]. Therefore, the immune 

response is probably not just a secondary response to other pathology, but likely 

contributes to the CLN3 disease progression and could be a potential therapeutic 

target.  

As an attractive therapeutic strategy for NCLs, gene therapy has also been studied in 

CLN3 deficient mice. Intracranial administration of AAVrh10 vectors harbouring 

CLN3 into newborn Cln3Δex7/8 mice produced improvements in neuronal lysosomal 

storage material accumulation and astrocytosis, but the effect on microgliosis or 

neurodegeneration was very limited at 16-18 months of age when transgene 

expression was still widely detected in the mouse brain [204]. Lack of microgliosis 

improvement may be caused by low microglial transduction. This study thus may 

provide additional evidence for the potential influences of microglial CLN3 

deficiency. In another study, young Cln3Δex7/8 mice received intravenous injection of 

scAAV9 vectors with CLN3 and displayed improvements of both motor abnormality 

and brain pathology including lysosomal storage material accumulation, astrocytosis 

and microgliosis at 5 months after treatment [205]. Particularly, the importance of 

promoter selection is highlighted in this study, as shown by significant improvement 

produced only in the mice with the viral vector employing the neuron-targeted 

promoter MeCP2 [205]. However, long-term therapeutic effects were not assessed in 

this study, which could be one of the reasons for the efficacy differences revealed by 

these two studies. In summary, although in one study neuronal CLN3 correction with 

gene transfer appears to be sufficient to provide phenotypic and pathologic 

improvements, long-term assessment after treatment is necessary for fully evaluating 

its therapeutic effects. Because CLN3 is a lysosomal membrane protein rather than 

secreted, CLN3 deficiency would only be rescued in the cells and regions transduced 

by viral vectors and no cross-correction would occur. In future, modifications of 

current gene transfer approaches may be needed for treating CLN3 disease.  

Other therapeutic strategies have also been tested using the CLN3 mouse models. 

Cln3 is expressed in brain endothelial cells [173] and blood-brain barrier damage is 

suggested in CLN3 disease [206, 207]. In particular, CLN3 deficiency is found to 

result in impaired membrane microdomain protein trafficking in  CLN3-deficient 

brain endothelial cells, which provides more evidence and suggests a potential 
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mechanism for the blood-brain barrier damage [206]. Recently, the same research 

group employed carbenoxolone, a gap junction inhibitor, to investigate its effect on 

CLN3-associated endothelial cell deficits and brain pathology [169]. They showed 

that the endothelial cell deficit was rescued and the brain autofluorescence 

accumulation was largely reduced. Another approach aimed to restore cAMP levels, 

which are reduced in various brain regions of the Cln3Δex7/8 mouse [208]. 

Phosphodiesterase-4 inhibitors, inhibiting the degradative activity of 

Phosphodiesterase-4 on cAMP, were also tested for their therapeutic effects for CLN3 

disease [208]. Cln3Δex7/8 mice receiving 6-month treatment showed restored cAMP 

levels in the brain and significant improvements in behavioural deficits and brain 

pathology such as lysosomal storage material accumulation and gliosis [208].  A 

study also suggested trehalose as a potential therapy for CLN3 disease [209]. They 

found that trehalose administration to the Cln3Δex7/8 mouse induced upregulation of 

autophagy/lysosomal genes by activating TFEB and improved brain pathology of the 

Cln3Δex7/8 mouse including autofluorescent storage material accumulation, gliosis and 

brain atrophy, and slightly increased the lifespan. These studies provide more 

potential options that could be considered as CLN3 disease therapies.  

 

5.3 Zebrafish 

The sole zebrafish homolog of human CLN3 is 446 amino acids long and has 48% 

identify at protein level (CLUSTAL W (1.81) multiple sequence alignment on 

Ensembl (www.ensembl.org)). No synteny is seen between the zebrafish Cln3 and 

human CLN3 loci. Expression of mRNA in the developing embryo has been 

described [210]. cln3 mRNA is maternally deposited, zygotic expression is 

ubiquitous, but then becomes stronger in the brain. 

There is one strain available with a nonsense mutation in cln3 (Table 3) but the 

phenotype has not yet been described. There were also three additional alleles 

reported at NCL2018, but these do not appear to have any phenotypes: they are adult 

viable and fertile, have normal locomotion and circadian rhythm, and normal 

electroretinograms [211]. It remains to be seen whether the Cln3 protein has been 

successfully knocked down.  

Cln3 has been effectively knocked-down by antisense morpholino [210], 

demonstrating a phenotype similar to that seen in the zebrafish tpp1sa11 homozygotes 

and morphants. Phenotypes were obvious at 24 hpf, and by 4 dpf cln3 morphants have 

a smaller retina, midbrain and hindbrain, the fourth ventricle is dilated, the heart is 

elongated and erythrocytes are not pigmented. Axon tracts are disrupted, GFAP is 

increased, proliferation is reduced and cell death increases. Furthermore, lysosomes 

are enlarged and subunit c of mitochondrial ATPase levels is increased within 

lysosomes. Mitochondria seem to have reduced membrane potential when assayed 

with Mitotracker Red. Activity is increased at 30 hpf, perhaps indicating 

hyperactivity, but the escape response and swimming ability is impaired by 4 dpf. It 

appears, through electroencephalography, that cln3 morphants are experiencing 

seizures at 4 dpf and this correlates with the earlier hyperactivity. Epileptic zebrafish 

often travel further when seizing [212], but when a 4dpf cln3 morphant is not able to 

swim, their seizures cannot be detected by the distance they travel. 

On the surface, it seems that the lack of phenotype caused by mutation calls into 

doubt the specificity of the morphant phenotype. The lack of phenotype found by 
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others using morpholinos against cln3 [213] also suggests we remain cautious when 

interpreting results.  

 

Figure 2. Zebrafish injected with antisense morpholinos against cln3 exhibit seizures. 

Reproduced under the terms of the Creative Commons Attribution License from 

[210]. 

 

5.4 Fruit fly 

The Drosophila Cln3 protein shares a predicted topology with the human protein and 

is 43% identical. Initial studies of Cln3 used an overexpression strategy to generate 

gain-of-function phenotypes in the adult wing and eye that could be used for genome-

wide screens to identify interaction pathways and genes [214]. Subsequently, a Cln3 

mutant was generated by the imprecise excision of a transposable element within the 

Cln3 locus that deletes the N-terminal half of the locus, including the first third of the 

coding sequence [215]. 
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Overexpression of Cln3 in the developing wing led to a notching phenotype typical of 

classical mutations affecting Notch signalling and likely due to effects on vesicle 

trafficking. Cln3 was also seen to interact strongly with the JNK pathway that is a 

central regulator of stress signalling. In the eye, overexpression of Cln3 led to a 

glazing phenotype that could be blocked by increasing oxidative stress scavenging 

[214]. Taken together, the gain-of-function screens pointed to a role for Cln3 in the 

responses to stress signalling and this was confirmed by examining the loss-of-

function Cln3 mutant. Cln3 mutant flies are hypersensitive to oxidative stress and 

have reduced lifespan, as are primary neurons cultured from Cln3 deficient mice and 

CLN3 disease patient fibroblasts [215]. 

The neuromuscular junction (NMJ) of the late-stage Drosophila larva is a widely used 

model system to study the development and function of excitatory glutamatergic 

synapses and has provided insight into the neural functions of genes mutated in 

neurodegenerative disorders [216]. The NMJ is reduced in size in Cln3 mutant larvae 

and when Cln3 expression is knocked-down by RNAi expressed selectively in the 

neurons. Potentially, this phenotype is underpinned by a reduced activation of the 

JNK pathway in the mutants [128].  

The endogenous Cln3 protein has proven difficult to detect in mammalian tissues due 

to low expression levels and non-specific antisera. This has left researchers reliant on 

a nuclear -galactosidase reporter to detect where and when Cln3 is expressed during 

development in the mouse [173] and overexpression of tagged forms of Cln3 have 

generally been used to study its sub-cellular localisation. Tuxworth and co-workers 

used recombineering to generate a Drosophila YFP-Cln3 knock-in that would be 

expressed at endogenous levels and under the control of the endogenous regulatory 

regions. Interestingly, this reporter demonstrated a low level and very restricted 

pattern of expression in the CNS. Cln3 is expressed predominantly in glia that form 

the blood brain barrier and in these cells there is a prominent localisation of the Cln3 

protein at the plasma membrane [217]. Single cell transcriptomics of the fly CNS 

support these findings and provides an explanation for the absence of autofluorescent 

storage material accumulating in neurons in Cln3 mutant flies (Tuxworth, 

unpublished). However, cln3 must also be expressed in glutamatergic neurons, 

including motor neurons – albeit at very low levels – since knockdown of expression 

specifically in these cells leads to synaptic phenotypes [128]. 

One organ where cln3 is strongly expressed in the fly is the Malpighian tubule, the 

insect organ concerned with solute transport and water regulation. In this regard, the 

Malpighian tubule is orthologous to the mammalian kidney so it is probably not a 

coincidence that Cln3 is also highly expressed in the mouse kidney inner medulla 

where it is required for transport of potassium into the urine [218]. Somewhat 

unexpectedly, the Drosophila knock-in revealed that the large majority of YFP-Cln3 

protein was present at the apical domain in Malpighian tubules, abutting the lumen of 

the one cell-thick tubes. This was confirmed with a specific antibody capable of 

detecting the endogenous Cln3 protein [217]. While CLN3 is clearly lysosomal in 

cultured cells, potentially it has additional localisations in polarised epithelia. 

 

5.5 Nematode 

The C. elegans genome encodes three CLN3 homologues: cln-3.1, cln-3.2 and cln-3.3 

[219, 220]. Deletion of cln-3.1 resulted in a small but significant reduction in lifespan, 
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while cln-3.2 deletion mutants exhibited a 6% decrease in the number of eggs laid per 

hermaphrodite [221], but otherwise the three single cln-3 mutant worm strains 

appeared normal. In order to investigate whether the lack of strong phenotypes was 

due to redundancy, double and triple mutant strains were created [221]. Lifespan of 

the triple cln-3 mutant was shorter than the single cln-3.1 mutant, consistent with this 

idea; but the minor fecundity defect was no greater in the triple mutant than cln-3.2 

deletion mutants, suggesting that this phenotype is specific to cln-3.2. However, cln-3 

triple mutants exhibited normal movement and behaviour and no neuronal defects 

were observed. Similarly, there were no detectable changes in lipid accumulation or 

autofluorescence; and no signs of altered lysosome morphology or abundance when 

comparing cln-3 triple mutant and wildtype worms [221]; although a recent study has 

reported a 10% increase in mitochondrial abundance in the terminal bulb of the 

pharynx [222]. To investigate the tissue specificity of cln-3 expression in C. elegans, 

the putative promoters of each gene were fused to GFP and injected into worms. 

Based on the observed fluorescence signals, it can be concluded that cln-3.1 

expression is enriched in the intestine, cln-3.2 in the hypodermis and cln-3.3 in 

specific muscle cell types and the hypodermis [221]. The lack of observed GFP 

fluorescence in neuronal cells does not rule out the possibility that CLN-3 is 

expressed physiologically in neurons, but presumably this would be at relatively low 

levels compared to other tissues. Taken together, the lack of NCL-related phenotypes 

in the cln-3 triple mutants and the lack of observable cln-3 gene expression in neurons 

suggest that C. elegans is not the best organism for modelling CLN3 disease. 

Nevertheless, a recent study used the triple cln-3 mutant strain to test for therapeutic 

effects of several different calcium channel blockers, observing that flunarizine could 

ameliorate the lifespan and mitochondrial phenotypes [222].   

 

5.6 Social amoeba 

The Dictyostelium homolog of human CLN3 is a 421 amino acid, 47 kDa 

transmembrane protein (Cln3) encoded by the cln3 gene. Within a 429 amino acid 

region of similarity between Cln3 and CLN3, 27% of the amino acids are conserved 

and 45% are positive matches [62]. cln3 is expressed at low levels during growth and 

the first 4 hours of development [83]. At the onset of aggregation, the expression of 

cln3 increases dramatically reaching its highest level after 12 hours of development 

[83]. Expression then remains high during slug and fruiting body formation [83]. In 

growth and starved conditions, Cln3 localizes predominantly to the contractile 

vacuole (CV) system, and to a lesser extent, the Golgi complex and compartments of 

the endocytic pathway [78, 223, 224]. Loss of cln3 has pleiotropic effects during the 

Dictyostelium life cycle. During growth, cln3-deficiency increases cell proliferation, 

alters cytokinesis, increases endo-lysosomal pH, and causes defects in osmoregulation 

[223, 225, 226]. During the early stages of multicellular development, cln3- cells 

accumulate autofluorescent storage material and display impaired adhesion (cell-

substrate and cell-cell) and altered protein secretion, which delays aggregation [78, 

224, 226]. Loss of cln3 also alters nitric oxide homeostasis and causes cells to develop 

precociously [223, 226]. Finally, cln3-deficiency phenotypes in Dictyostelium can be 

suppressed by treating cells with the calcium chelator EGTA, which is consistent with 

aberrant calcium homeostasis reported in a mouse model of CLN3 disease [223, 224, 

227]. Together, this work revealed previously undiscovered CLN3-dependent 

processes (e.g., protein secretion), as well as cln3-deficiency phenotypes that align 

with those observed in other genetic models of CLN3 disease (e.g., osmoregulation) 
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[147, 201, 206, 218, 228-232]. These data therefore provide strong evidence that the 

molecular function of CLN3 is conserved from Dictyostelium to human. 

As discussed above, loss of cln3 alters protein secretion in Dictyostelium [78]. During 

growth, cln3-deficiency affects the secretion and cleavage of proliferation repressors, 

which may help to explain the enhanced proliferation of cln3- cells [223]. When 

starved, loss of cln3 alters the expression and secretion of cell adhesion proteins, 

which may contribute to the reduced adhesion and delayed aggregation of cln3- cells 

[224]. Based on these findings, mass spectrometry was used to further explore the role 

of Cln3 in protein secretion, which ultimately provided the first evidence in any 

system linking CLN3 to this conserved cellular process [78]. Twelve proteins that are 

not normally secreted by wild-type cells during starvation were detected in 

conditioned buffer from cln3- cells [78]. In addition, two proteins that play a role in 

regulating adhesion during the early stages of multicellular development were not 

detected in cln3- conditioned buffer, which may help to explain into the aberrant 

adhesion of cln3- cells [78, 224]. Label-free quantification revealed 42 proteins that 

were present in significantly higher amounts in conditioned buffer harvested from 

cln3- cells and three proteins that were present in significantly reduced amounts [78]. 

Bioinformatic analyses performed on these hits revealed an enrichment of proteins 

linked to vesicle-mediated transport, endocytosis, metabolism, and proteolysis; 

processes that have all been linked to CLN3 function in mammals [78, 206, 233, 234]. 

The proteomic analysis also revealed altered amounts of Tpp1F, Cln5, and CtsD in 

cln3- conditioned buffer, providing evidence that Cln3 modulates the secretion of  

NCL protein homologs in Dictyostelium [78]. A subsequent study used western 

blotting to confirm that cln3-deficiency increases the secretion of Cln5 [235]. That 

study also showed that Cln3 co-localizes with Cln5 at the CV system, which has been 

linked to unconventional protein secretion in Dictyostelium [235, 236]. The results of 

this work can now be used to fuel research in human systems to determine how 

altered protein secretion may play a role in the pathology underlying CLN3 disease. 

In fact, the role of CLN3 in protein secretion was explored in subsequent studies 

using mouse and human models. More specifically, glia and neurons isolated from 

Cln3-deficient mice were shown to display altered protein secretion profiles [201]. In 

addition, mass spectrometry was used to show that samples of brain and cerebrospinal 

fluid from the three major forms of NCL (CLN1, CLN2, and CLN3 disease) all have 

altered protein content compared to normal individuals [231]. Together, these studies, 

coupled with the proteomic analysis of conditioned buffer harvested from 

Dictyostelium cln3- cells, suggests that the role of CLN3 in protein secretion warrants 

further investigation. 

RNA sequencing was performed to gain insight into the mechanisms underlying cln3-

deficiency phenotypes during the early stages of multicellular development [226]. 

That study revealed 1153 genes that were differentially expressed in cln3- cells 

compared to wild-type cells during starvation [226]. STRING and GO term analyses 

showed an enrichment of differentially expressed genes linked to metabolic, 

biosynthetic, and catalytic processes [226]. In addition, these analyses showed that 

loss of cln3 affects pathways related to Ras/MAPK signalling, glycan processing, and 

methionine and folate metabolism, which aligns with observations in mammalian 

models of CLN3 disease [237-242]. Among the differentially expressed genes were 

the Dictyostelium homologs of human TPP1/CLN2 (tpp1D and tpp1F), CTSD/CLN10 

(ctsD), PGRN/CLN11 (grn), and CTSF/CLN13 [226]. Not surprisingly, cln3-

deficiency was subsequently shown to alter Tpp1 and CtsD enzymatic activity [226]. 
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These data provide further support for the molecular networking of NCL proteins. 

Finally, loss of cln3 alters the expression and activity of lysosomal enzymes during 

starvation, specifically N-acetylglucosaminidase, alpha-mannosidase, and beta-

glucosidase [226]. These findings are consistent with the altered activity of these 

enzymes in post-mortem gray matter from NCL patient brains [243]. 

RNA sequencing was also used to better understand the role of Cln3 in 

osmoregulation in Dictyostelium [225]. During hypotonic stress, 320 genes were 

differentially expressed in cln3- cells compared to wild-type cells, and 162 genes were 

differentially expressed during hypertonic stress. Bioinformatic analyses showed that 

the differentially expressed genes are linked to developmental processes, which was 

confirmed by work showing that cln3- cells develop abnormally when subjected to 

osmotic stress [225]. Genes differentially expressed during hypotonic stress are also 

linked to metabolic processes [225]. Genes involved in transport and catalysis were 

differentially expressed during both osmotic stress conditions, which supports the role 

of Cln3 in protein secretion, including the secretion of proteases [78, 225]. Finally, 

loss of cln3 increases the expression of tpp1A during hypertonic stress, which was 

shown to correlate with increased Tpp1 activity [225]. In total, this work supports a 

role for Cln3 in osmoregulation, which should fuel research in mammalian models of 

CLN3 disease to determine how altered osmoregulation contributes to clinical 

phenotypes observed in NCL patients. This is especially relevant considering that 

osmoregulatory defects have also been reported in mammalian models of CLN3 

disease [218, 229]. 

 

6. CLN4 disease 

Homozygous mutations in the transmembrane protein DnaJ homolog subfamily C 

member 5 (DNAJC5), also known as cysteine string protein alpha (CSPa), cause 

CLN4 disease. 

 

6.1 Large animals  

No large animal models for CLN4 disease have been identified. 

 

6.2 Rodents 

The mouse homolog of CSP, a 198 amino acid protein encoded by mouse Dnacj5 

gene, shares 99% identity with human CSP (CLUSTALW (2.1) Multiple Sequence 

Alignment on Ensembl (www.ensembl.org)). CSP is a well-known synaptic vesicle 

protein. Before human DNAJC5 mutations were identified to cause CLN4 disease, 

Dnajc5 knockout mice had been produced to study CSP functions in synapses and 

neurodegenerative diseases. The Dnajc5 knockout mouse develops progressive 

synaptic- and neuro-degeneration, retinal degeneration, sensorimotor dysfunctions 

and a severely shortened lifespan [244, 245]. Further studies show that loss of the 

SNARE protein SNAP-25 in presynaptic compartments is the predominant cause of 

CSP-deficiency-associated neurodegeneration [246, 247]. Overexpression of human 

alpha-synuclein, which also performs a SNARE chaperoning function, in the CSP-

deficient mouse rescues the neuropathology in the brain, rescues the motor 

impairments,  and improves mouse survival [244]. More research into CLN4 disease 

is obviously still needed and the Dnajc5 knockout mouse could be a valuable 

https://www.sciencedirect.com/topics/medicine-and-dentistry/cysteine-string-protein
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mammalian model for investigating CLN4 disease mechanisms and developing 

therapies. 

 

6.3 Zebrafish 

There are two versions of DNAJC5 in zebrafish, called Dnajc5aa and DNAJC5ab. 

Dnajc5aa is on chromosome 8 in a region with no synteny with the human homolog. 

This protein is 202 amino acids and has 81% identity at the protein level (CLUSTAL 

W (1.81) multiple sequence alignment on Ensembl (www.ensembl.org)).  Dnajc5ab, 

on the other hand, is on chromosome 23 in a region with a small amount of synteny 

with the human homolog, encompassing human DNAJC5, GUD8, SLC17A9, 

BHLHE23 on chromosome 20. Zebrafish Dnajc5ab is 199 amino acids long and has 

75% identity at the protein level (CLUSTAL W (1.81) multiple sequence alignment 

on Ensembl (www.ensembl.org)). Hence, synteny suggests that Dnajc5ab is the true 

homolog, but identity suggests that Dnajc5aa is more likely to have homologous 

function, though there may not be a large difference in function as the two homologs 

are 82% identical at the protein level. Both zebrafish proteins were found in 

synaptosomes from central synapses, similar to mouse Dnajc5 which is also found at a 

higher level in synaptosomes compared to post-synaptic densities [121].  Clearly more 

investigation is needed and it is likely that both genes will need to be mutated to make 

a zebrafish model of CLN4 disease. To date, no one has yet performed any 

experiments with these zebrafish genes. 

 

6.4 Fruit fly 

Cysteine string protein has perhaps been better studied in Drosophila than in any 

other model system since it was first identified in 1990 as the  antigen recognised by 

one of a set of classic neurobiology monoclonal antibodies generated from 

Drosophila heads [248]. It was subsequently named for its long string of cysteines. 

The single Csp gene in flies is widely expressed, including in all neurons. The protein 

localises to the neuropil of the larval and adult brain and is found in the synaptic 

terminals of the larval neuromuscular junction but not in the cell bodies of neurons. 

Mutations in Drosophila Csp severely affect neural transmission leading to locomotor 

defects, spasms and paralysis and a progressive neurodegeneration due to synapse 

failure [249, 250]. The phenotypes are somewhat temperature sensitive, consistent 

with a role for Csp as a chaperone. Csp appears to play several different roles in 

synaptic transmission. These include Ca2+-triggered exocytosis, regulation of pre-

synaptic Ca2+ levels and protection from thermal stress. Endocytosis of the synapse 

appears to be intact, however, in Csp mutants and not all of Csp’s pre-synaptic 

functions require binding to its chaperone partner, Hsc70 [251, 252]. 

 

6.5 Nematode 

C. elegans has a single homologue of the human DNAJC5 gene mutated in CLN4 

disease: dnj-14. The worm DNJ-14 protein displays extensive similarity to the human 

DNAJC5 gene product, cysteine string protein (CSP), in the DnaJ domain and the 

central cysteine string domain, with more sequence divergence apparent in the N- and 

C-terminal regions [253]. Notably, the two leucine residues within the cysteine string 

domain that are mutated in CLN4 disease (L115/L116) are conserved in C. elegans 

http://www.ensembl.org)/
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DNJ-14 (L138/L139). To date, there has been no report of a direct CLN4 model 

whereby these leucines have been specifically mutated to mirror the human disease. 

However, because CLN4 disease ultimately results in the loss of CSP from its 

physiological location on synaptic vesicles due to aggregation and retention in the 

neuronal cell body [254-256], null mutants of C. elegans dnj-14 can be used as 

surrogate models of CLN4. The ok237 deletion allele contains a 2229 bp deletion that 

eliminates the great majority of the dnj-14 open reading frame and its promoter, and 

so is a molecular null exhibiting a complete loss of DNJ-14 protein expression. Young 

dnj-14 (ok237) mutant worms are essentially wild type for most phenotypes, although 

a very small reduction in locomotion is apparent. As the worms age, this locomotor 

impairment becomes progressively worse and a severe age-dependent chemosensory 

defect becomes apparent [253]. Normally, worms sense and move towards attractive 

sources, such as food and certain volatile compounds, but by 6-days-old, dnj-14 

(ok237) mutant worms have lost this chemotactic response. At 9-days-old, 

degeneration of sensory neurons in the head of dnj-14 (ok237) mutant worms 

becomes apparent, as seen by loss of fluorescence from GFP-labelled neurons, 

suggesting that the functional chemosensory impairment precedes morphological 

neurodegeneration. In keeping with these progressive, age-dependent phenotypes, 

dnj-14 (ok237) mutant worms exhibit a considerably reduced lifespan [253]. The large 

deletion in dnj-14 due to the ok237 allele also extends into a neighbouring gene, glit-

1, raising the potential concern that the observed phenotypes could be due to effects 

on glit-1. However, the lifespan and behavioural phenotypes of the ok237 allele were 

rescued by transgenic wild type dnj-14, and similar effects on lifespan and behaviour 

were observed using a smaller dnj-14-specific deletion allele, tm3223, or using RNAi 

knockdown of dnj-14 in an RNAi hypersensitive strain [253]. Taken together, these 

data indicate that the C. elegans dnj-14 null mutant model of CLN4 mirrors the 

human disease in terms of its late onset, progressive effects on the sensorimotor 

system, neurodegeneration and premature death. 

Genome-wide transcriptional profiling via DNA microarrays revealed a reduction in 

expression of genes involved in the ubiquitin proteasome system (UPS) – especially 

E3 ubiquitin ligases - in both the ok237 and tm3223 mutant strains [257]. Consistent 

with this, use of a GFP-tagged ubiquitin reporter revealed a decrease in ubiquitylated 

protein degradation in dnj-14 mutants [257]. These results indicate that disruption of 

the synaptic vesicle chaperone dnj-14 leads to reduced expression of UPS-related 

proteins, which in turn impairs proteasome-mediated protein degradation in the C. 

elegans model of CLN4. Given that proteasome inhibitor drugs are therapeutic in 

dnajc5 knockout mice [258], there appears to be an evolutionarily conserved role for 

the UPS in CLN4 disease The specific over-representation of E3 ubiquitin ligase 

components observed in worms [257] suggests that proteins and complexes upstream 

of the proteasome may potentially be beneficial therapeutic targets worthy of 

exploration in more complex models.  

One advantage of C. elegans over mammalian models is that compound screening can 

be performed quickly and cheaply with no ethical restraints. A focused drug screen 

identified the polyphenolic compound, resveratrol, as being able to ameliorate the 

various phenotypes of the C. elegans dnj-14 mutants [253]. Resveratrol’s 

neuroprotective effects are often ascribed to its ability to activate the protein 

deacetylase, SIRT1, but its therapeutic action in the dnj-14 model is unaffected by 

deletion of the worm SIRT1 orthologue, sir-2.1. Instead, it appears that resveratrol 

acts by inhibiting phosphodiesterases and thereby increasing cyclic AMP levels, as its 
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effects on the dnj-14 model are mimicked by the phosphodiesterase inhibitor rolipram 

[253]. Another compound that was found to rescue the dnj-14 mutant is the anti-

epileptic drug, ethosuximide [259]. Ethosuximide was shown to act via the DAF-

16/FOXO transcription factor, which is an evolutionarily conserved master regulator 

of stress resistance and longevity. Indeed, ethosuximide is effective in cell culture 

models of Huntington’s disease [259] and in a rat in vivo acute Alzheimer’s disease 

model [260], suggesting that it has general neuroprotective properties that could 

extend to other NCLs. Most recently, a screen of ethosuximide-related compounds 

identified α-methyl α-phenylsuccinimide to be over 100 times more potent than 

ethosuximide in a C. elegans TDP-43 neurodegeneration model [261]. It will be 

interesting to test whether the various neuroprotective compounds identified using the 

C. elegans dnj-14 model also have therapeutic activity in mammalian NCL models 

and hence have translational potential. 

 

6.6 Social amoeba 

The Dictyostelium homolog of human DNAJC5 appears to be the protein product of 

an uncharacterized gene, DDB_G0290017, which encodes a 176 amino acid, 20 kDa 

protein (DDB0306688). Within an 84 amino acid region of similarity between 

DDB0306688 and DNAJC5, 44% of the amino acids are conserved and 64% are 

positive matches. The expression of DDB_G0290017 is highest during growth and the 

protein product of the gene localizes to the macropinocytic pathway [80, 83]. Upon 

starvation, the expression of DDB_G0290017 decreases dramatically, reaching its 

lowest level as cells are aggregating into multicellular mounds [83]. Expression then 

remains low during the mid-to-late stages of development [83]. This expression 

profile suggests that the protein may function primarily during the growth phase of 

the Dictyostelium life cycle. As previously reported, the Dictyostelium genome 

encodes another protein (Ddj1, Dictyostelium DnaJ homolog 1) that shares sequence 

similarity with human DNAJC5 [62]. Ddj1 localizes to the centrosome, phagosome, 

and macropinocytic pathway and is predicted to play a role in phagocytosis [80, 262, 

263].  However, Ddj1 is significantly larger (411 amino acids, 46 kDa) than the 198 

amino acid human DNAJC5 protein and the alignment between the two proteins only 

encompasses a 69 amino acid region of similarity [62]. For these reasons, it is more 

likely that the protein product of the uncharacterized gene DDB_G0290017 is the 

Dictyostelium homolog of human DNAJC5. Knockout mutants of DDB_G0290017 

and ddj1 have not yet been generated. Therefore, future research will be required to 

determine which of the above-described proteins is the true homolog of human 

DNAJC5 in Dictyostelium.  

 

7. CLN5 disease 

Homozygous mutations in the lysosomal protein CLN5 cause CLN5 disease. 

 

7.1 Large animals  

7.1.1. CLN5 disease in dogs 

CLN5 mutations have been described in several breeds of dog. The Border collie 

NCL mutation (CLN5:c.619C > T ; [264]) is well known in breeding circles and 

pedigree dogs are routinely screened. More recently, the same CLN5 mutation was 
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identified in Australian cattle dogs [265]. In addition, a different mutation 

(c.934_935delAG) causes CLN5 disease in Golden Retrievers [266]. Border Collies 

and Golden Retrievers with CLN5 disease display indistinguishable clinical 

development with symptom onset at around 13 months of age with terminal disease 

by three years old. These dogs may provide a useful addition/alternative to the sheep 

model for preclinical studies. 

7.1.2 CLN5 disease in Borderdale sheep 

The Borderdale sheep NCL was first described by Jolly et al. in 2002 [267]and 

subsequently confirmed to be caused by a mutation in CLN5 by Frugier and 

colleagues [268].  

Gene therapy efforts in the sheep flocks were initiated in 2008 with testing of 

lentiviral vectors [269, 270] and subsequently AAV9 vectors [270]. Initial testing 

using vectors expressing GFP, showed that lentiviral- mediated gene delivery was 

limited to the site of parenchymal injection or, following ICV injection, the ependyma 

and sub-ependymal layers. This low-level transduction was however sufficient for 

suppressing disease progression in CLN5 disease. AAV9 resulted in widespread 

expression from single sites of injection, however inflammatory responses were seen 

after parenchymal injections of AAV9-GFP and current studies focus on ICV 

administration ([270] and in preparation). Both lentivirus and AAV9 vectors 

expressing CLN5 protected sheep from development of behavioural deficits and 

pathology [271] when administered pre-symptomatically and AAV9-CLN5 stabilised 

disease when given after disease onset [272]. AAV serotypes differ in tropism 

between species and to date only AAV7 and 9 have been tested in sheep models 

[271]. It will be important when heading toward clinical trials to optimise the vector 

serotype used and test safety and toxicity in NHPs. These preclinical studies in sheep 

required the development of biomarkers. Extensive work has resulted in a suite of 

behavioural and clinical measurements [270], and electroencephalography (EEG), 

computed tomography (CT) [273], ERG [274] and imaging biomarkers that can be 

used to test additional therapeutic strategies. Combining electromyography (EMG), 

electrooculography (EOG) and electroencephalography (EEG) measurements allows 

sleep status to be evaluated [275, 276]. These later studies identified abnormal 

epileptiform activity and sleep abnormalities in CLN5 mutant sheep that could be 

traced longitudinally, similar to that seen in CLN5 patients. Combining these 

biomarkers will enhance the ability to determine efficacy in therapeutic trials in 

future. 

 

7.2 Rodents 

The mouse homolog of CLN5, a 341 amino acid protein encoded by mouse Cln5 

gene, shares 74% identity with human CLN5 (CLUSTALW (2.1) Multiple Sequence 

Alignment on Ensembl (www.ensembl.org)). Cln5 is widely expressed throughout the 

mouse brain and upregulation during brain development is remarkably observed [277, 

278]. In situ hybridization and immunohistochemistry on postnatal brain tissue reveal 

prominent Cln5 expression in cerebellar Purkinje cells, cerebral cortical neurons, 

hippocampal and hypothalamic neurons [277], though a different study on primary 

cell cultures suggests higher expression levels in glial cells than in neurons [278].  

A Cln5 knockout mouse line has been developed by disrupting exon 3 of Cln5 gene to 

model CLN5 disease [279]. Initial characterization of the model shows that it 

http://www.ensembl.org/
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reproduces several aspects of CLN5 disease such as progressive visual loss beginning 

from 13 weeks of age and autofluorescent storage material accumulation in the brain 

and retina [279].  Ultrastructural analysis of the cortical neurons with storage material 

accumulation shows typical fingerprint lamellar profiles [279]. Loss of GABAergic 

interneurons is observed in various brain regions by 6 months of age, while no 

obvious brain atrophy occurs at this stage [279]. A later study has further 

characterized this model, showing that significant neurodegeneration occurs as early 

as 4 months in the cerebral cortex and later in the thalamus while obvious brain 

atrophy and thinner cortical layers are observed by 12 months of age [280]. Also, 

recent research points to other neurobiological changes that might contribute to 

CLN5-deficiency-related neurodegeneration. Neurogenesis is found to be impaired in 

the Cln5 knockout mouse brain, as shown by impaired generation of mature neurons 

with normal neuritic morphology, in spite of increased neural progenitor cell 

proliferation [281]. Interestingly, astrocytosis appears to occur much earlier (1 month 

of age) compared to neurodegeneration [280], suggesting potential direct contribution 

of CLN5-deficient astrocytes to the disease and/or perhaps any early neural functional 

changes that could induce astrocytosis prior to neuronal loss. More research into the 

Cln5 knockout mouse at the stages prior to significant neurodegeneration also 

suggests early microgliosis and myelination deficits in the brain, plus systemic serum 

cholesterol elevation [278], which provides clues for potential unknown functions of 

CLN5 relevant to CLN5 disease, particularly in cell types other than neurons. 

Additionally, since progressive visual loss is a typical and early manifestation of 

CLN5 disease and the Cln5 knockout mouse also shows such a phenotype, the retinal 

pathology is of great interest in CLN5 studies. 

Characterization of retinal pathology in the Cln5 knockout mouse reveals progressive 

retinal photoreceptor cell apoptosis and glial infiltration beginning by 1 month of age 

[282]. The retinal outer nuclear layer shows dramatic atrophy by 3 months of age and 

further progresses with ageing [282]. Electroretinogram shows early-occurring and 

progressive rod-mediated functional decline, and cone-mediated functional decline at 

late stages [282]. In summary, the Cln5 mouse model represents an invaluable in vivo 

tool for studying CLN5 functions and CLN5 disease. However, further investigation 

of the model is still needed, such as to reveal deficits in behavioural performance and 

neurobiological changes relevant to the disease, as well as the mouse survival and 

endpoint manifestations, which could be particularly important for employing this 

model in novel therapy development and assessment.  

 

7.3 Zebrafish 

The zebrafish has one homolog of CLN5, found on chromosome 9 and encoding a 

protein of 329 amino acids. Zebrafish Cln5 is 55% identical to the human protein 

(CLUSTAL W (1.81) multiple sequence alignment on Ensembl (www.ensembl.org)) 

and there is a small syntenic region encompassing CLN5, FBXL3, MYCBP2 and 

SLAIN1. No experiments appear to have been performed to investigate zebrafish 

Cln5. 

 

7.4 Fruit fly 

Drosophila has no clear homologue of the CLN5 gene. 

 

http://www.ensembl.org)/
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7.5 Nematode 

C. elegans does not have a clear homologue of the CLN5 gene. 

. 

 

7.6 Social amoeba 

The Dictyostelium homolog of human CLN5 is a 322 amino acid, 37 kDa protein 

(Cln5) encoded by the cln5 gene [62]. Within a 301 amino acid region of similarity 

between Cln5 and CLN5, 30% of the amino acids are conserved and 47% are positive 

matches [62]. The Dictyostelium genome also encodes three additional 

uncharacterized proteins that share sequence similarity with human CLN5 

(DDB0346861, DDB0308005, and DDB0346698) [283]. However, the genes 

encoding these proteins (DDB_G0271546, DDB_G0279757, and DDB_G0293236) 

are all expressed at significantly lower amounts compared to cln5 [83]. The most 

significant discovery from work in Dictyostelium was that both Dictyostelium Cln5 

and human CLN5 have glycoside hydrolase activity [283]. This knowledge can now 

be used to fuel research in human models to develop therapies to restore the potential 

loss of glycoside hydrolase activity in patient cells. As in human cells, loss of Cln5 

function in Dictyostelium causes an accumulation of autofluorescent storage bodies 

within cells [235]. Recent work has shown that Cln5 is glycosylated in the ER and 

then trafficked to the cell cortex where it appears to be secreted via the CV system 

[78, 235, 283]. A proteomics-based analysis has also localized Cln5 to the 

macropinocytic pathway [80]. The secretion of Cln5 in Dictyostelium is consistent 

with the presence of a signal peptide for secretion in human CLN5, as well as the 

detection of CLN5 in conditioned media from cultured mammalian cells [283-285]. 

When Dictyostelium cells are starved, autophagy is induced, providing nutrients for 

multicellular development [286]. Intriguingly, Cln5 secretion is reduced when wild-

type cells are treated with lysosomotropic agents, suggesting that autophagic 

mechanisms regulate the secretion of the protein [235]. This result is in line with 

observations from mouse and human cell models of CLN5 disease that link the 

function of CLN5 to autophagy [282, 287]. The expression of cln5 increases 

dramatically during the early stages of development [83]. Upon starvation, cln5- cells 

display reduced cell-substrate adhesion, which is exacerbated when cells are treated 

with lysosomotropic agents, further supporting a link between Cln5 function and 

autophagy [235]. During this stage of the life cycle, cln5- cells also display reduced 

cell-cell adhesion [235]. These findings are consistent with the reduced adhesion of 

cells derived from Cln5-deficient mice and CLN5 disease patients [288, 289]. As a 

likely consequence of the reduced adhesion, Dictyostelium cln5- cells also display 

defects in chemotaxis during the early stages of multicellular development [235]. 

Finally, Dictyostelium Cln5 interacts with lysosomal enzymes (e.g., beta-glucosidase, 

alpha-mannosidase), cysteine proteases, other homologs of NCL proteins (e.g., 

Tpp1B, CtsD, DDB0252831/similar to CTSF), and proteins linked to Cln3 function in 

Dictyostelium (e.g., AprA, CfaD, CadA) [283]. In addition, ten Cln5-interactors are 

differentially secreted by cln3- cells, providing further support for the molecular 

networking of NCL proteins in Dictyostelium [78, 283]. In total, work from 

Dictyostelium shows that Cln5 is secreted during the early stages of multicellular 

development and suggests that it may function as a glycoside hydrolase to modulate 

adhesion. Future studies can now utilize this knowledge to examine the role of 

extracellular CLN5 in the pathology underlying NCL. 
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8. CLN6 disease 

Homozygous mutations in the CLN6 transmembrane protein cause CLN6 disease. 

 

8.1 Large animals  

8.1.1 CLN6 disease in sheep 

The CLN6 South Hampshire (New Zealand) flock has been key to understanding 

pathology, and more recently, testing therapies in a large animal brain. In vivo 

pathology and identification of storage has been extensively reviewed previously 

[290]. Here we focus on data published since 2013 and reported at NCL2018 

(www.ncllondon2018.com). The availability of tissue samples continues to allow 

comparative pathology and testing of biomarkers. Embryonic sheep brain 

preparations, first developed in the 1990s [291, 292] have been recently used to 

establish early (pre-storage body) changes in the autophagy/lysosome and endocytotic 

pathways [293], and for testing of drug [293, 294] and gene therapy strategies [291] 

prior to in vivo testing. The relatively large brain provides ample cells for multiple 

studies and refinement of methods for storage of single cell suspensions in liquid 

nitrogen provides for a continued supply of cells from the same group of animals 

[269]. Similarly, use of body fluids, including urine, have been used to establish 

additional biomarkers that might be useful in preclinical trials [295] . Drug trials in 

sheep are limited by costs (mg/kg required compared to small models) and metabolic 

differences between ruminants and humans. Based on earlier reports that glial 

inflammation precedes neuronal loss in CLN6 sheep [296], Kay and Palmer tested 

chronic oral administration of minocycline, an antibiotic with anti-neuroinflammatory 

effects. While pharmacologically relevant levels of minocycline were detected in the 

brain, no significant effects on neuroinflammation or disease progression were found 

[297].  

The South Hampshire [12] and Merino [298] flocks have different CLN6 mutations, 

The South Hampshire sheep have a deletion in exon 1.  The Merino sheep have a 

point mutation c.184C>T resulting in p.Arg62Cys which is the subject of proteasome 

mediated degradation (Neverman and Hughes, unpublished). While mortality is 

reportedly earlier in the Merino (19-27 months compared to 25-30 months in South 

Hampshire) this may be reflective of pastural conditions between sites rather than 

disease associated differences. The Merinos have not yet been used in preclinical 

studies, however preparatory biomarker and clinical course studies have been done on 

a small number of sheep [299]. More extensive analysis and experience with the 

South Hampshire flock over the last 3 decades have established a suite of pathological 

and behavioural data sets (reviewed in [290]).  Most recently this flock have been 

used for gene therapy trials [290]. The only effective gene therapy in CLN6 mutant 

sheep was in pre-symptomatic sheep treated with AAV9. This was effective in 1/3 

and 1/6 sheep [272] in respective trials suggestive that gene therapy is possible in this 

form of the disease. Establishing why only some sheep respond to treatment will be 

important going forward with these preclinical studies.   

 

8.2 Rodents 

http://www.ncllondon2018.com/
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The mouse homolog of CLN6 shares 92% amino acid identity with human CLN6 

(CLUSTALW (2.1) Multiple Sequence Alignment on Ensembl (www.ensembl.org)). 

The mouse Cln6 gene is mapped to chromosome 9. Upregulation of Cln6 expression 

during postnatal development is observed in the developing mouse brain, especially in 

the cerebral cortex and cerebellum [300]. In the adult mouse, Cln6 is widely 

expressed throughout the brain, and in situ hybridization reveals localized expression 

in the cerebral cortex, cerebellar Purkinje cell layer, and hippocampal DG and CA1 

cell body layers [300]. An insertion mutation in exon 4 of mouse Cln6 resulting in a 

frameshift truncation is the cause of a murine form of NCL (nclf), thus the nclf mouse 

appears to be a naturally occurring mouse model for human CLN6 disease [19-21].  

Behavioural manifestations and CNS pathology of the nclf mouse have been 

characterized. Although the mice appear to be normal until 8 months of age when 

they start to develop progressive hind limb paralysis [19], research employing rotarod 

tests reveals that significantly impaired motor coordination is evident by 3 months of 

age [301]. Impaired memory and learning performance is also reported in the mouse 

[301]. Characterization of the pathology in the nclf mouse shows accumulation of 

lysosomal storage material in the CNS beginning postnatally [19], and by 12 months 

of age strong autofluorescence accumulation is widely observed throughout the brain 

[302]. Early-onset gliosis in the nclf mouse brain is another hallmark of the model, 

which is consistent with the CLN6 sheep model [296, 302]. Furthermore, prior to 

observation of neurodegeneration, the nclf mouse displays significant synaptic and 

axonal pathology at the pre/early-symptomatic stages, as shown by cortical spine 

density decrease, dysregulated synaptic protein levels in the thalamocortical system, 

demyelination and axonal degeneration in the spinal cord and decreased internal 

capsule volume [19, 301, 303]. Such pathology suggests the existence of early neural 

functional changes potentially contributing to the behavioural phenotype of the model 

before neuronal loss. Additionally, progressive retinal degeneration is another early 

event in the nclf mouse [301, 304, 305]. Similar to the brain pathology, astrocytosis 

and autofluorescent storage material accumulation are also observed in the retina at 

early stages [304, 305]. The mouse then exhibits impaired visual acuity by 8 months 

of age [304, 305]. Interestingly, a recent study has found a significant difference in 

the disease progression between male and female nclf mice, with the female mouse 

showing accelerated autofluorescence accumulation and behavioural deficits [306].  

As CLN6 disease is a monogenetic disease due to CLN6 deficiency, gene therapy is 

an attractive approach. An earlier study testing effects of AAV gene therapy on the 

retinal phenotype of the nclf mouse showed that intravitreal administration of AAV 

variant 7m8 vectors with CLN6 rescued the photoreceptor cell loss in the retina [307]. 

A preclinical study of AAV9 gene therapy, where the human CLN6 gene was under 

the control of the chicken-actin promoter, using the nclf mouse was recently 

reported at NCL2018: significant improvements were seen in motor performance, 

learning and memory and survival, as well as a reduction in autofluorescent storage 

material [308]. Subsequent test on Cynomolgus Macaques demonstrated no adverse 

effects and high levels of the transgene in the brain and spinal cord [308]. Safety trials 

for intrathecal gene therapy for CLN6 disease have since begun [309].  

 

8.3 Zebrafish 

Zebrafish have two homologues of CLN6, called Cln6a and Cln6b. Cln6a is a 298 

amino acid protein on chromosome 7 with 68% identity with human CLN6 

http://www.ensembl.org/
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(CLUSTAL W (1.81) multiple sequence alignment on Ensembl (www.ensembl.org)).  

Only two genes, CLN6 and CALML4, are syntenic. Cln6b may code for three 

proteins of different lengths – 309, 310, 241 amino acids. It is on chromosome 26, has 

synteny over four genes, CALML4, CLN6, FEM1B, ITGA11, but has only 57% 

identity (for the 310 amino acid protein) (CLUSTAL W (1.81) multiple sequence 

alignment on Ensembl (www.ensembl.org)).   

Three alleles of cln6a have been generated (Table 3). A further four alleles were 

reported at NCL2018. One has been examined for a phenotype and homozygotes 

appear to be normal, adult viable and fertile, with normal electroretinograms [211]. 

Knock down of the Cln6a protein has not yet been demonstrated in these alleles. 

 

8.4 Fruit fly 

Drosophila has no clear homologue of the CLN6 gene. 

 

8.5 Nematode 

C. elegans does not have a clear homologue of the CLN6 gene. 

. 

 

8.6 Social amoeba 

The Dictyostelium genome does not encode a homolog of human CLN6. 

 

9. CLN7 disease 

CLN7 disease is caused by homozygous mutations in the transmembrane protein 

called Major facilitator superfamily domain-containing protein 8 (MFSD8). 

 

9.1 Large animals  

9.1.1 CLN7 disease in dogs 

Dog models of CLN7 NCL have recently been described in the Chinese -crested dog 

[310] and Chihuahua [311] (Table 1), however research colonies are not currently 

established.  

9.1.2 CLN7 disease in monkeys  

The first genetically confirmed monkey NCL was reported in 2018 [18]. The Japanese 

macaque disease is caused by a frameshift mutation in CLN7, c769delA, which causes 

a truncated protein, MFSD8. Monkeys presented clinically at around 5 years with 

symptoms including incoordination, ataxia, hindlimb weakness and impaired balance. 

Six monkeys were followed from three until six years. Progressive loss of cerebral 

and cerebellar volume was observed by magnetic resonance imaging (MRI), and 

retinal degeneration tested using optical computed tomography (OCT) and ERG. 

Hallmark pathology including autofluorescent storage material and gliosis were also 

found in the brain at necropsy. This model is now being established as a research 
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colony at the Oregon National Primate Research Center, providing the first NHP 

model with which to study therapeutic strategies. 

 

9.2 Rodents 

The mouse homolog of MFSD8 shares 81% amino acid identity with human MFSD8 

(CLUSTALW (2.1) Multiple Sequence Alignment on Ensembl (www.ensembl.org)). 

The first Mfsd8 deficient mouse model was generated in 2014, reproducing typical 

NCL-like pathology such as autofluorescent storage material accumulation and gliosis 

throughout the brain and retinal degeneration [312]. Since this mouse model still 

expressed low levels of Mfsd8, the same research group developed another Mfsd8 

knockout mouse model with no detected Mfsd8 expression in the brain [313]. The 

knockout mouse exhibited clasping, hind limb paralysis, seizures and a shortened 

lifespan [313]. Pathology in the brain included autofluorescent storage material 

accumulation, accumulated mitochondrial ATP synthase subunit c and saposin D, and 

brain gliosis [313]. Furthermore, upregulated expression of lysosomal cathepsins and 

accumulated autophagic proteins in the brain of the knockout mouse suggested 

impaired autophagy-lysosomal pathway [313]. Additionally, the knockout mouse also 

showed retinal pathology including retinal degeneration, microgliosis and lysosomal 

dysfunction [314]. In future, this mouse model, together with the monkey CLN7 

disease model [18], could be a valuable tool for pre-clinically studying novel 

therapies for CLN7 disease.  

 

9.3 Zebrafish 

Zebrafish chromosome 12 harbours the homolog of human MFSD8 with a syntenic 

region that spans MFSD8, ZCCHC4, ABLIM2 and AFAP1. Zebrafish Mfsd8 has 504  

amino acids with 61% identity with human MFSD8 protein (CLUSTAL W (1.81) 

multiple sequence alignment on Ensembl (www.ensembl.org)). Five mutations exist 

in the gene. They have not yet been investigated to see if they provide a suitable 

model for CLN7 disease (Table 3). Three further alleles were created by gene editing 

and one was examined for phenotypes in homozygotes but they were adult viable and 

fertile with no obvious health defects, as presented at NCL2018 [211]. The 

consequence of these mutations on the protein still needs to be examined.  

 

9.4 Fruit fly 

Drosophila has one MFSD8/CLN7 homologue. A recent study generated a YFP-Cln7 

fusion knock-in construct by CRISPR/Cas9 gene editing to allow the expression and 

sub-cellular localisation of Cln7 protein to be assessed without overexpression. This 

line, together with a second line in which the Cln7 promoter drives expression of a 

nuclear RedStinger protein, reveals widespread expression of Cln7 but a surprisingly 

restricted expression within the CNS. Drosophila Cln7 is largely restricted to glia in 

the larval CNS and only expressed in neurons in the developing visual system [217]. 

As with Cln3, Cln7 is expressed in the glia that comprise the blood brain barrier along 

with other glia along the midline of the ventral nerve cord. At the larval 

neuromuscular junction, Cln7 expression is restricted to the post-synaptic muscle and 

apparently absent from the pre-synaptic nerve. Interestingly, Cln7 is recruited to the 

post-synaptic membrane where it co-localises with Dlg, the Drosophila homologue of 

http://www.ensembl.org/
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PSD-95. This mirrors the localisation of human Cln7 in receptor the outer plexiform 

layer of the retina where it also co-localises with PSD-95 [315]. A Cln7 mutant 

generated by imprecise excision of a transposable element reveals a requirement for 

Cln7 for the normal development of the synapse (Connolly et al, submitted: available 

at bioRxiv: https://www.biorxiv.org/content/10.1101/278895v3).  Given the 

localisation of Cln7 to the post-synaptic side of the synapse, this suggests a role in 

retrograde signalling across the synapse. 

 

9.5 Nematode 

The C. elegans genome encodes a large number of proteins with significant similarity 

to the human MFSD8 protein based on BLASTP analysis. Of these, six display more 

than 29% amino acid identity over 95% of the full length protein sequence: 

Y53G8AR.7, ZK550.2, F14D7.6, T28C12.1, T28C12.2 and W05E10.1 (Table 4). All 

that is known about the function of these genes is that RNAi knockdown of 

Y53G8AR.7 increases resistance to the oxidative stressor, paraquat, and increases 

lifespan [316]. It is unclear which of the worm MFSD8 homologues corresponds to 

the human protein and it may be that there is considerable genetic redundancy among 

the numerous paralogues. If so, construction of strains containing multiple mutation 

might be required. Given that there are no currently available deletion mutants, this 

would represent a significant challenge. It therefore seems unlikely that a worm 

model of CLN7 disease will be developed in the near future.  

 

9.6 Social amoeba 

The Dictyostelium homolog of human MFSD8 is a 498 amino acid, 55 kDa protein 

(Mfsd8) encoded by the mfsd8 gene [62]. Within a 530 amino acid region of 

similarity between Mfsd8 and MFSD8, 29% of the amino acids are conserved and 

47% are positive matches [62]. Like other homologs of NCL proteins in 

Dictyostelium, Mfsd8 localizes to the macropinocytic pathway [80]. The expression of 

mfsd8 remains relatively constant throughout the Dictyostelium life cycle, but peaks 

after 8 hours of development, suggesting that the protein may play a role in cAMP-

mediated chemotaxis and aggregation [83]. Future work that generates and 

characterizes a Dictyostelium mfsd8 knockout mutant is likely to provide novel insight 

into the precise function of MFSD8 in human cells and the processes it regulates. 

 

10. CLN8 disease 

CLN8 disease is caused by homozygous mutations in the transmembrane protein 

CLN8. 

 

10.1 Large animals  

10.1.1 CLN8 disease in dogs 

The English Setter dog was the first described naturally occurring dog model [13] and 

has been extensively studied and reviewed [317].  There has been confirmation of the 

English Setters mutations as being in CLN8 [318], and additional mutations in the 

https://www.biorxiv.org/content/10.1101/278895v3
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Australian Shepherd [319] and Alpenlandisiche Dachsbracke [320] have been 

identified (Table 1). None of these models have been used recently. 

 

10.2 Rodents 

The mouse homolog of CLN8 shares 84% amino acid identity with human CLN8 

(CLUSTALW (2.1) Multiple Sequence Alignment on Ensembl (www.ensembl.org)). 

Mouse Cln8 is ubiquitously expressed in various tissues, and particularly, upregulated 

in the developing brain [321].  

A homozygous Cln8 mutation causes a naturally occurring mouse NCL (mnd) [22-

25]. The mnd mouse develops typical NCL pathology, such as autofluorescent storage 

material accumulation, gliosis, neurodegeneration and retinal degeneration [23, 322, 

323]. Also, autofluorescent storage material accumulation and lysosomal abnormality 

are observed in peripheral tissues particularly in the liver [322]. The mnd mouse 

exhibits motor coordination impairment and decreased learning and memory [24, 324-

326]. The mnd mouse is thus a valuable model for studying CLN8 functions and 

CLN8 disease. Several studies have suggested pathways that might be involved in 

CLN8 disease progression. ER stress and mitochondrial deficits are found in the mnd 

brain at pre-symptomatic stages [327, 328]. A recent study employing the mnd mouse 

model and in vitro culture systems found that CLN8 is required for lysosomal enzyme 

trafficking [329]. To date, no pre-clinical therapeutic study has been performed in the 

mnd mice.  

 

10.3 Zebrafish 

The zebrafish Cln8 protein is 289 amino acids long with 54% identity with human 

CLN8 (CLUSTAL W (1.81) multiple sequence alignment on Ensembl 

(www.ensembl.org)). Cln8 is encoded by a gene on chromosome 17 which has 

synteny with human CLN8, ARHGEF10, KBTBD11. One zebrafish strain containing 

mutation in cln8 has been generated but not yet investigated (Table 3). 

 

10.4 Fruit fly 

Drosophila has no clear homologue of CLN8. 

 

10.5 Nematode 

C. elegans does not have a clear homologue of the CLN8 gene. 

. 

 

10.6 Social amoeba 

The Dictyostelium genome does not encode a homolog of human CLN8. 

 

11 CLN10 disease 

http://www.ensembl.org/
http://www.ensembl.org)/
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Homozygous mutations in the lysosomal enzyme Cathepsin D (CTSD) cause CLN10 

disease. 

 

11.1 Large animals  

CLN10 mutations have been identified in the American Bulldog and Swedish 

Landrace Sheep (Table 1). In contrast to the sheep which show congenital disease 

[330] and complete loss of Cathepsin D (CatD) activity, the bulldog has a protracted 

presentation with onset around two years of age and terminal disease by 7 years and 

retains some CatD activity [318]. The sheep are no longer maintained as a research 

flock. 

 

11.2 Rodents 

The mouse homolog of cathepsin D (CTSD) shares 80% amino acid identity with 

human CTSD (CLUSTALW (2.1) Multiple Sequence Alignment on Ensembl 

(www.ensembl.org)). Ctsd null mice have been used to model human CLN10 disease. 

The CTSD deficient mice are born normally, and then from around 2 weeks of age 

they develop behavioural deficits (seizures and motor abnormalities) and typical 

pathology of NCLs (neuronal lipofuscin deposition, lysosomal accumulation of 

mitochondrial ATPase subunit c, microgliosis and neurodegeneration), and die at the 

age of P26±1 [331-333]. Apart from brain pathology, severe visceral pathology is also 

observed, such as destruction of intestine and lymphoid organ, which might be the 

main lethal factor  [333]. Early functional and structural synaptic alterations are 

observed in the Ctsd null mouse, especially in the thalamus and hippocampus [334, 

335]. Ctsd null mice also show deficient myelination and lipid metabolism in the 

brain [335-338]. A study delivering AAV vectors with mouse Ctsd into the brain of 

the Ctsd null mice shows improvement of both the CNS and visceral pathologies and 

prolonged lifespan until around 2 months of age when the mice die from recurrent 

visceral pathology [339]. Surprisingly, the lethal recurrent visceral pathology was not 

accompanied by development of any NCL-like CNS pathology [339]. Cumulatively, 

CTSD appears to play some vital roles in the periphery in mice. It calls into question 

whether it is equally important for humans, and if so, preclinical work of gene therapy 

via systemic delivery may be necessary. 

 

11.3 Zebrafish 

Chromosome 14 harbours the zebrafish ctsd gene in a region without synteny with the 

human. The single homolog encoded by this gene is 59% identical to human 

Cathepsin D (CTSD) (CLUSTAL W (1.81) multiple sequence alignment on Ensembl 

(www.ensembl.org)). mRNA is maternally deposited and becomes stronger in the 

brain and yolk syncytial layer as development progresses [120, 340]. In the adult it is 

expressed in many tissues, including strong expression in the brain [341]. The Ctsd 

protein was found in the synaptosome compartment in central synapses of adult 

zebrafish, similar to the situation in mouse where Ctsd is found in higher levels in the 

synaptosome compared to post-synaptic densities [121]. Processing of zebrafish Ctsd 

is slightly different from CTSD in humans and this may be relevant to the 

interpretation of some studies [342]. 

http://www.ensembl.org/
http://www.ensembl.org)/
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Antisense morpholinos have been injected into embryos to knock down Ctsd in 

zebrafish embryos and larvae [340, 343]. In 2011, Follo et al. demonstrated many 

phenotypes in common with zebrafish lacking Tpp1, such as lack of a swim bladder, 

curved tail, larger yolk sac, micropthalmia and premature death from 3 - 10 dpf using 

the T-MPO morpholino. They went on to demonstrate a lack of microvilli on the 

retinal pigmented epithelial cells, which normally express high levels of Cathepsin D, 

but did not define the mechanism by which this results in micropthalmia [340] . It 

would be interesting to compare retinal phenotypes in zebrafish lacking Tpp1, Cln3 

and Ctsd and define their relationships and mechanisms in common. Given that CLN6 

seems to be required in the inner nuclear layer in mice [307], there may be multiple 

mechanisms causing retinal degeneration. 

Follo et al. next examined the somites and musculature in straight zebrafish lacking 

Ctsd (T-MPO injected). They found a reduction in myofibres and thinner myosepta 

[343]  This phenotype was seen at 4 dpf and it is not yet clear if the phenotype is due 

to a defect within the muscle itself or if the phenotype is an indirect consequence of 

loss of Ctsd in another tissue. It is possible that abnormal, or reduced numbers of, 

motor neurons could result in muscle phenotypes. Alternatively, the zebrafish skeletal 

muscle may be uniquely sensitive to levels of Ctsd as such a phenotype has not yet 

been reported in the mouse [344]. One mutation exists in zebrafish ctsd, which has not 

yet been investigated for a phenotype (Table 3). 

 

11.4 Fruit fly 

CLN10 disease has been modelled in Drosophila by generating a loss-of-function 

mutant in the one cathepsin D homologue, cathD [345]. Mutant flies exhibit a low-

level accumulation of autofluorescent storage material in the brains of ageing adult 

flies, there is no effect on lifespan and only a small number of apoptotic cells are 

detectable in the brains of older flies [345]. This mild phenotype is in contrast to the 

congenital onset of disease in human CLN10 disease patients and is surprising given 

that scRNA-seq indicates strong expression of cathD in neurons and glia throughout 

the adult fly brain. The visual system of cathD mutant flies do display a low level of 

vacuolation, indicative of degeneration. This phenotype was used as the basis of a 

small-scale candidate screen searching for genes capable of enhancing or reducing 

vacuolation, which identified a potential role in endocytosis, oxidative stress 

responses and cholesterol trafficking [346]. The mild phenotype of the cathD mutant 

flies has also proven useful to demonstrate the importance of lysosomal function in 

the pathology of late-onset forms of neurodegeneration: both -synuclein and Tau 

pathology is enhanced dramatically in a cathD mutant background [347, 348]. 

 

11.5 Nematode 

Several aspartic-type endopeptidases are encoded in the C. elegans genome, but the 

closest homologue of human CTSD (cathepsin D) is asp-4. Based on GFP fusion 

protein analysis, ASP-4 protein localises to the lysosome and is highly expressed in 

the worm intestine, although lower level expression in various other cell types, 

including neurons, is evident [349]. To date, there are no reports claiming asp-4 to be 

a worm model of CLN10. Nevertheless, asp-4 has been shown to play important roles 

in neurodegeneration. Early work established that the non-apoptotic, necrotic cell 

death of mechanosensory neurons induced by various neurodegenerative triggers was 
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dependent on the activity of just two aspartyl proteases: ASP-3 and -4. RNAi 

knockdown of asp-4 was shown to suppress degeneration of mechanosensory 

neurons, whereas overexpression of ASP-4 exacerbated neurodegeneration [349, 

350]. In contrast, RNAi knockdown of asp-4 has been shown to exacerbate transgenic 

α-synuclein accumulation while overexpression is protective against α-synuclein-

induced dopaminergic neuron degeneration [351]. It seems, therefore, that asp-4 is an 

important regulator of neurodegeneration that can act in a positive or negative manner 

depending upon the context. Further work on asp-4 as a potential model for CLN10 

disease is clearly warranted. 

 

11.6 Social amoeba 

The Dictyostelium homolog of human CTSD is a 383 amino acid, 41 kDa protein 

(CtsD) that localizes throughout the endocytic pathway, including phagosomes, 

macropinosomes, and lysosomes [80, 352-354]. Within a 359 amino acid region of 

similarity between CtsD and CTSD, 47% of the amino acids are conserved and 66% 

are positive matches [62]. CtsD is secreted by Dictyostelium cells during starvation, 

which is consistent with the presence of a signal peptide for secretion in both the 

Dictyostelium and human proteins [78]. The expression of ctsD is highest during 

growth [83]. ctsD expression decreases dramatically during the first 4 hours of 

starvation and then increases between 4 and 8 hours [83]. Expression then steadily 

decreases during the mid-to-late stages of development [83]. This expression profile 

suggests that CtsD may function primarily during growth and aggregation. ctsD-

deficiency has no obvious effects on Dictyostelium growth or development, except for 

a slight delay in aggregation, which is consistent with the secretion of CtsD during 

this stage of the life cycle [78, 354]. Insight into the function of CtsD in Dictyostelium 

has been obtained through indirect studies. For example, ctsD expression is 

downregulated 10-fold in cells lacking the DNA-binding protein serum response 

factor B (SrfB) [355]. srfB-deficiency in Dictyostelium reduces proliferation, impairs 

cytokinesis, increases pinocytosis, and causes aberrant aggregation [355]. These 

phenotypes, coupled with the dramatic reduction in the expression of ctsD in srfB- 

cells, the delayed aggregation of ctsD- cells, and the secretion of CtsD during the early 

stages of multicellular development, suggests that CtsD is required for optimal 

aggregation in Dictyostelium. In addition, these findings are supported by work in 

mammalian cells that reported reduced migration of CTSD-deficient cells due to the 

abnormal organization of cytoskeletal elements [356]. In human cells, this 

abnormality is predicted to impact neurogenesis, neuronal migration, and the 

maintenance of neuronal polarity and shape [356]. Work in Dictyostelium has also 

linked CtsD function to bacterial killing and cell death. When Dictyostelium cells are 

infected with Salmonella typhimurium, the agent of food-borne gastroenteritis, they 

activate a defense response that upregulates the expression of cysteine proteases, 

including ctsD [357]. These observations are consistent with studies in mice that have 

linked CTSD function to the innate immune response against Listeria monocytogenes 

infection [358]. CtsD in Dictyostelium is also speculated to play a role in 

staurosporine-induced cell death, as well as oxidative stress-induced cell death [359, 

360]. In line with these results, CTSD function has been linked to staurosporine-

induced apoptosis in human fibroblasts and oxidative stress-induced cell death in 

human cancer cells [361, 362]. In total, these findings indicate that the function of 

human CTSD is likely conserved in Dictyostelium and future work in this model 
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organism may be able to provide new insight into the function of CTSD in human 

cells and how mutations in CTSD cause CLN10 disease. 

  

12. CLN11 disease 

CLN11 disease is caused by homozygous mutations in the soluble protein Granulin 

(GRN). 

 

12.1 Large animals  

There are no large animal models of CLN11 disease. 

 

12.2 Rodents 

Similar to the GRN expression in the human brain, GRN is predominantly expressed 

by neurons and microglia in the adult mouse brain [363-365]. A Grn knockout mouse 

line was initially generated to study the role of progranulin in mouse sexual dimorphic 

behaviours[366]. Further research showed that aged Grn knockout mice displayed 

extensive autofluorescent lipofuscin accumulation and gliosis by light microscopy and 

abundant rectilinear profiles by electron microscopy in brain neurons, which is typical 

of NCLs [363, 367]. Such findings were also observed with the use of other 

independently generated Grn knockout mouse lines [368, 369]. Transcriptomic 

analysis revealed altered expression profiles of lysosomal genes in the brain of young 

adult Grn knockout mice [370, 371], suggesting lysosomal dysregulation as an early 

event in the mouse Grn null brain. Lipidomic analysis of the brain tissue from Grn 

knockout mice and from human patients with heterozygous-GRN-mutation-associated 

frontotemporal lobar degeneration (FTLD) showed specific lipidomic profiles distinct 

from healthy controls and other neurodegenerative patients without GRN deficiency 

[370], which suggests one of the potential mechanisms underlying GRN-related 

neurodegeneration and also indicates some extent of comparability between the 

human GRN deficient brain and the Grn knockout mouse brain. However, distinct 

neurodegeneration is not evident in the Grn knockout mice, except for appearance of 

vacuolation with ageing in the hippocampal CA2-3 regions and the habenular nucleus 

of the Kayasuga et al.’s mouse model that might suggest focal neuronal loss [363, 

372]. Significant neuronal loss in the hippocampus was detected in the aged Grn 

knockout mice generated by Petkau et al., but it appeared to be mouse strain 

dependent and only present in the mice on the B6 background [373]. Behaviourally, 

although deficits were reported in Grn knockout mice, such as increased aggression, 

altered social behaviour and learning impairment [366, 373, 374], results are to some 

extent variable and still need further confirmation. It seems, therefore, that mouse 

models have somewhat limited benefits for modelling the progression of CLN11 

disease, and thus development of large animal models that share more similarities 

with humans may be necessary.  

Progressive vision loss due to retinal dystrophy is one of the clinical features in 

CLN11 patients. Retinal changes were thus studied in the Grn knockout mice. The 

adult Grn knockout mice generated by Kayasuga et al. exhibited significant retinal 

ganglion cell loss and retinal astrocyte activation, which was already observed as 

early as P9 [375]. Moreover, increased retinal autofluorescence, thinning of the outer 

nuclear layer and reduced rhodopsin (rod photoreceptor marker) were also found in 



 45 

these mice [376, 377]. With the use of an independent mouse line [364], progressive 

retinal lipofuscinosis and retinal ganglion cell loss were also detected [378, 379]. 

Therefore, the Grn knockout mouse model might be a pre-clinical tool for developing 

therapies against retinal abnormalities of CLN11 disease that could somewhat 

improve the life quality of patients, though further retinal functional analysis and 

visual assessment of these mice need characterisation. 

As GRN is highly expressed by both neurons and microglia, one interesting question 

is whether microgliosis contributes to CLN11 disease pathogenesis or whether it is 

just secondary to neuronal pathology. In a study investigating the effects of GRN 

deficiency on acute MPTP-induced neurotoxicity in the mouse brain, Grn knockout 

accelerated the neuronal loss induced by MPTP treatment, which is replicated by 

microglial-specific conditional Grn knockout [364]. The mechanism may involve a 

microglial phenotype induction towards a more pro-inflammatory state and 

subsequent enhanced neuronal death [364]. Additionally, microglial lysosomal 

function impairment occurs earlier than the lysosomal abnormalities in other cell 

types in the Grn knockout mouse brain, indicating a vulnerability of microglia to 

PGRN deficiency [380]. Thus, microglial GRN appears to play an important role in 

regulating microglial functions.  However, the exact contribution of such role to the 

disease process of CLN11 still need further study. Interestingly, mice with conditional 

Grn knockout selectively targeting either neurons or microglia do not replicate the 

typical NCL pathology that the constitutive Grn null mice have shown [381, 382], 

indicating requirement of complete GRN depletion for CLN11 disease development 

and probably a non-cell autonomous manner of GRN function.  

GRN gene therapy has been studied pre-clinically on the Grn knockout mouse model. 

A study employing intracranial (intraparenchymal) injection of AAV vectors with 

GRN into  Grn knockout mice at 10-12 months of age, when they have already 

developed the NCL pathology, showed promising improvements of neuronal 

lipofuscin accumulation, microgliosis and lysosomal dysfunction in various brain 

regions, despite a very limited transduction area [368]. However, another recent study 

on GRN gene therapy via AAV intraventricular injection on the Grn knockout mice 

showed that GRN overexpression caused delayed dramatic hippocampal 

neurodegeneration accompanied by marked T-cell infiltration that preceded the 

neurodegeneration [372]. The hippocampal damage did not seem to be due to the viral 

vector injection or overexpressing a transgene in mice null of that gene, as there was 

no evident toxicity caused by AAV-eGFP injection into the Grn knockout mice or 

AAV-SGSH injection into an Sgsh knockout mouse model. So it might be a direct 

effect of excessive GRN expression and/or corresponding adaptive immune response. 

Such toxicity was not reported by Arrant et al.’s study we discussed earlier [368]. 

Notably, in that study the AAV-GRN vector injection induced a strong immune 

response at the injection site and systemic production of anti-GRN antibody in the 

mouse plasma, though no brain damage was observed [368]. Given that in Arrant et 

al.’s study the mice were harvested only 8-10 weeks after AAV injection [368] but in 

Amado et al.’s study the neuronal damage occurred with a delay relative to AAV 

injection [372], it is difficult to conclude that the GRN gene therapy and 

corresponding immune response induced in Arrant et al.’s study would have no 

adverse effects in the long term. In the case of CLN11 disease research, further study 

is definitely needed to investigate functions of GRN. In vitro models may be 

particularly useful for studying GRN functions in regulating immune cells and GRN-

overexpression-induced neuronal toxicity. More broadly, the importance of long-term 
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tracking and safety assessment is highlighted again in preclinical work of gene 

therapy. 

 

12.3 Zebrafish 

The zebrafish genome contain two homologs of GRN with multiple granulin domains, 

as seen in the human gene, and two homologs with far less granulin domains. grna 

encodes a protein that has 12 granulin domains and granb encodes a protein that has 9 

granulin domains, whereas grn1 and grn2 encode only 1.5 granulin domains each 

[383]. It is therefore not expected that grn1 or grn2 is the homolog of human GRN. 

grna on chromosome 3 is in a small syntenic region containing just human GRN and 

IFI35. It encodes a 1049 amino acid protein which has only 18% identity at the 

protein level (CLUSTAL W (1.81) multiple sequence alignment on Ensembl 

(www.ensembl.org)). The mRNA is predominantly expressed in the intermediate cell 

mass, which houses precursors of blood and immune cells (including microglia) in the 

developing embryo, in spinal cord motor neurons [384-386], and in the brain and 

many tissues in the adult [384]. grnb mRNA expression is restricted to the brain in 

embryos and is found in the various tissues including the brain in the adult [384]. The 

gene is located on chromosome 24 where there is synteny with the human 

chromosome synteny with the human chromosome encompassing GRN, MAP3K14, 

ARL17A, ARL17B, GRB7 and STCIN1. The encoded Grnb protein is 729 amino 

acids long and it has 25% identity at the protein level (CLUSTAL W (1.81) multiple 

sequence alignment on Ensembl (www.ensembl.org)). Wang et al. examined the 

structure of modules within the zebrafish Grn proteins and found that only Grna and 

Grnb contained modules that folded as expected. On testing the ability of a module 

from Grna, it was found to promote survival of neuronal cells in NSC 34 cells, but the 

module from Grnb was not tested [387].  It is difficult to determine, therefore, which, 

if any, of Grna and Grnb might be the direct homolog of human GRN.   

Several papers report the effects of knockdown of Grna and Grnb. Most recently 

Solchenberger et al. reported a lack of phenotypes, after extensive investigations, in 

maternal zygotic grna-/-;grnb-/-, as well as zygotic double mutants and single 

mutants [383]. This somewhat contradicted previous studies where phenotypes were 

seen in motor axons and muscle cell precursors using antisense morpholino 

oligonucleotides against grna [385, 388, 389]. Walsh et al. also saw  cells stuck in the 

cell cycle during retinal neurogenesis after injection with grna morpholinos [386] It is 

tempting to explain this by suggesting that the morpholinos cause off-target effects, 

but this is unlikely as the short motor axon phenotype can be rescued by injection of 

grna mRNA [385, 388]. Therefore, it may be that there is a compensatory mechanism 

that is only induced by the mutation. Further studies will help to distinguish the true 

roles of zebrafish Grna and Grnb, but this means that at the moment we are not 

completely satisfied that we have generated a suitable model of CLN11 disease in 

zebrafish. Four further mutants for grna and two for grnb currently exist and await 

description (Table 3).  

Further experiments have tested the protective role of Grna. grna mRNA injected into  

embryos engineered to have altered levels of TDP-43, FUS and Smn1 [385, 388, 390] 

rescue the TDP-43 and FUS induced phenotypes.  

 

12.4 Fruit fly 

http://www.ensembl.org)/
http://www.ensembl.org)/
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Drosophila has no clear homologue of the GRN gene. 

 

12.5 Nematode 

The C. elegans progranulin orthologue, pgrn-1, encodes a protein with three predicted 

granulin domains, compared with the 7.5 granulin domains in human progranulin 

[391]. Analysis of fluorescent transcriptional reporters indicates that pgrn-1 gene 

expression occurs in neuronal and intestinal cells throughout larval development and 

into adulthood. In contrast, a translational reporter using a fluorescent protein fused to 

PGRN-1 was not localised to specific tissues, suggesting that the worm protein is 

secreted [391]. Null mutants of pgrn-1 appear superficially wild type and have a 

normal lifespan, but exhibit a 20% reduction in fecundity as measured by the total 

number of progeny produced. More importantly, worms lacking progranulin exhibited 

a more rapid clearance of apoptotic cells, an effect that could be partially rescued by 

reintroduction of the wild type pgrn-1 gene [391]. Such a defect in programmed cell 

death kinetics could potentially contribute to neuronal loss over the lifetime of human 

progranulin-mutation carriers. Although a neurodegenerative phenotype was not 

observed in C. elegans pgrn-1 mutants, this may be because adult worms do not 

exhibit programmed cell death in somatic tissues, unlike vertebrates. Interestingly, 

pgrn-1 mutants are resistant to some (heat, osmotic and endoplasmic reticulum stress) 

but not all environmental stressors, a phenotype shared by mutations in other genes 

affecting distinct aspects of the apoptotic process [392]. A neuroprotective role for 

pgrn-1 that may relate more obviously to CLN11 disease is suggested by the 

observation that the PGRN-1 acts downstream of TDP-43 in a pathway that 

ameliorates the toxic effects of polyglutamine protein expression in a worm 

Huntington’s disease model [393]. A further link to TDP-43 comes from the 

observation that heterozygous pgrn-1 mutants exhibited worsened TDP-43 toxicity, 

although homozygous pgrn-1 mutants did not [394]. Intriguingly, transgenic 

expression of granulins 2 and 3 (but not granulin 1) exacerbated the toxicity of co-

expressed TDP-43, as indicated by defects in behaviours including locomotion and 

fecundity [394]. A recent pre-print has claimed that granulins selectively interact with 

the aspartyl protease ASP-3/cathepsin D in  C. elegans, impairing its enzymatic 

activity and hence lysosome function [395]. This direct connection between two 

proteins implicated in distinct CLN diseases revealed in C. elegans has potentially 

important mechanistic and therapeutic implications. 

 

12.6 Social amoeba 

The Dictyostelium homolog of human PGRN, Grn, shares sequence similarity with 

human GRNs 1–7 [66]. The grn gene encodes a 130 amino acid, 14 kDa protein.  

Within a 47 amino acid region of similarity between Grn and PGRN, 55% of the 

amino acids are conserved and 68% are positive matches [62]. Expression of grn is 

highest during growth [83]. Upon starvation, expression decreases dramatically 

reaching its lowest level during the mid-to-late stages of multicellular development 

[83]. This expression profile suggests that Grn likely functions during growth and 

may not be essential for aggregation or differentiation. Future work that generates and 

characterizes a grn-deficient Dictyostelium cell line may be able to provide insight 

into the primary function of PGRN in human cells and how mutations in this gene 

cause CLN11 disease.  
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13. CLN12 disease 

CLN12 disease is caused by homozygous mutations in the transmembrane 

protein ATPase Cation Transporting 13A2 (ATP31A2). 

 

13.1 Large animals  

The only confirmed cases of CLN12 disease in large animals was found in Tibetan 

terriers [396, 397]. While mutations in CLN12, encoding ATP13A2 can cause Kufor-

Rakeb syndrome, an early onset Parkinson’s disease, the dogs display a late-onset 

NCL, also now confirmed in human cases [398]. 

 

13.2 Rodents 

Mouse Atp13a2 is mapped to chromosome 4 [399], and the encoded protein shows 

>80% identity with human ATP13A2 (CLUSTALW (2.1) Multiple Sequence 

Alignment on Ensembl (www.ensembl.org)). It is expressed in all mouse tissues and 

shows particularly high expression in the brain at the transcriptional level [399]. Two 

research groups have generated and characterized Atp13a2 knockout mouse lines 

independently [400-402]:both lines develop and reproduce normally and display 

typical NCL features at old age, such as motor deficits and neuronal lipofuscin 

accumulation and gliosis throughout the CNS. Another mouse line with brain-specific 

conditional Atp13a2 knockout also confirms that ATP13A2 deficiency in the mouse 

brain resembles late-onset behavioural phenotypes (motor impairments) and typical 

NCL pathological characteristics (neuronal lipofuscin accumulation positive for 

mitochondrial ATPase subunit c) [403]. Interestingly, astrocytosis is found to occur 

much earlier (1 month of age) compared to other pathology such as lipofuscin 

accumulation (12 months of age) and the behavioural deficits (18 months of age) in 

the Atp13a2 null mouse [400]. Particularly, heterozygous Atp13a2 knockout mice 

show high-level astrogliosis throughout the CNS without robust lipofuscinosis [401], 

suggesting a potential independent role of ATP13A2 in astrocyte function. However, 

although it has been suggested that astrocyte ATP13A2 deficiency induces 

accelerated astrocyte inflammatory cytokine release in vitro [404], contribution of 

astrocyte ATP13A2 in CLN12 disease is still unclear and further study is needed to 

investigate the ATP13A2-deficiency-induced in vivo astrocyte changes at 

subcellular/molecular levels.  

As ATP13A2 mutations are also involved in Kufor-Rakeb syndrome (KRS, a genetic 

form of Parkinson’s disease), researchers investigated alpha synuclein aggregation 

and dopaminergic pathology in the Atp13a2 null mice. In contrast to the NCL 

pathology, the ATP13A2 deficient mice do not significantly show CNS alpha 

synuclein pathology or dopaminergic neuronal changes in the substantia nigra [400-

402], suggesting the Atp13a2 knockout mouse alone may not be an ideal model to 

recapitulate Parkinson’s disease. However, with respect to CLN12 disease, Atp13a2 

null mice clearly provide a valuable mammalian model for investigating the disease 

pathogenesis and future pre-clinical therapeutic studies.  

 

13.3 Zebrafish 
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The zebrafish encodes a homolog of ATP13A2 on the atp13a2 gene located on 

chromosome 23.  Atp13A2 is 1170 amino acids, with 51% identity with human 

ATP13A2 (CLUSTAL W (1.81) multiple sequence alignment on Ensembl 

(www.ensembl.org)). The small region of synteny encompasses ATP13A2 and SDHB 

only. Expression of atp13a2 mRNA is initially everywhere at 12 hpf, but soon 

becomes restricted to the brain [120, 405]. Knockdown using antisense morpholino 

oligonucleotides results in reduced embryonic survival, small eyes, a curved body, a 

large yolk sac and impaired locomotion, which are all phenotypes in common with 

Tpp1 [28] and Ctsd [340] knockdown zebrafish. However, others failed to generate a 

phenotype with morpholinos against ATP13A2 [213].  Five mutant alleles exist, 

which have not yet been investigated (Table 3).  

 

13.4 Fruit fly 

Drosophila has a clear homologue of ATP13A2 encoded by the anne boleyn (anne) 

gene (CG32000). scRNA-seq data indicate anne is highly expressed in most neurons, 

potentially all. Studies of anne are limited. However, knockdown of anne in neurons 

in the Drosophila CNS leads to accumulation of storage material in lysosomes that 

worsens with age, accompanied by increased insoluble ubiquitinated proteins. These 

phenotypes can be suppressed by overexpression of HDAC6 [406].  

 

13.5 Nematode 

catp-6 is the closest C. elegans homologue of human ATP13A2, although catp-5 and 

catp-7 also show significant homology. It seems there is some redundancy in function 

between these three paralogues, as although single null mutants are viable, catp-6; 

catp-5 and catp-6; catp-7 double mutants are sterile [407]. Studies using fluorescent 

proteins fused to CATP-6 suggest that the protein is expressed in various cell types, 

including neurons, where it localises to cortical vesicular structures [407]. Null 

mutant catp-6 worms are slow growing, exhibit uncoordinated locomotion, and have 

significantly reduced fecundity as determined by the number of progeny reaching the 

L4 larval stage within 2 days [407]. Transgenic expression of catp-6 in dopaminergic 

neurons ameliorated the degeneration of these cells induced by co-expressed α-

synuclein, whereas RNAi knockdown of catp-6 exacerbated dopaminergic 

neurodegeneration [408]. These findings are clearly relevant for Parkinson’s disease, 

given its established link to mutations in ATP13A2/PARK9, but may also have 

implications for CLN12 disease. 

 

13.6 Social amoeba 

The Dictyostelium homolog of human ATP13A2 is Kil2, a P-type ATPase that 

contains 10 putative transmembrane domains [62, 409]. The 1158 amino acid, 131 

kDa Kil2 protein is encoded by the kil2 gene.  Within a 1089 amino acid region of 

similarity between Kil2 and ATP13A2, 35% of the amino acids are conserved and 

53% are positive matches [62, 409]. Like other NCL protein homologs in 

Dictyostelium, Kil2 is present in the macropinocytic pathway [80]. Expression of kil2 

increases steadily during development reaching peak levels during fruiting body 

formation, suggesting that the protein plays a role in differentiation [83]. Kil2 

localizes to the phagosomal membrane and kil2-deficiency impairs the ability of cells 
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to kill ingested Klebsiella pneumoniae bacteria [409, 410]. However, this defect 

appears to be species-specific, since kil2- cells can kill several other species of 

bacteria without impairment (e.g., B. subtilis and P. aeruginosa) [409]. The impaired 

ability of kil2- cells to destroy ingested Klebsiella pneumoniae can be restored by 

supplementing the medium with magnesium [409]. These results suggest that Kil2 

functions as a magnesium pump to maintain the optimal concentration of magnesium 

in phagosomes, thereby enabling the activity of phagosomal proteases [409]. Recent 

work also indicates that the role of Kil2 in killing Klebsiella pneumoniae may involve 

vacuolar protein sorting protein 13F (Vps13F) [411]. Interestingly, VPS proteins have 

been linked to the function of NCL protein homologs in yeast [412, 413]. Finally, the 

function of Kil2 has also been linked to the predation of Dictyostelium amoeba on 

yeast [414]. In mammalian cells, ATP13A2 localizes to the lysosome and is 

speculated to function as a biometal transporter [415, 416]. As a result, the protein has 

been linked to processes that rely on biometal transport, such as autophagy [406, 417]. 

In total, work on Kil2 function supports the putative role of human ATP13A2 in 

maintaining biometal homeostasis in lysosomes and indicates that the future study of 

Kil2 in Dictyostelium may reveal novel insight into the function of ATP13A2 that is 

lost in patients with CLN12 disease. 

 

14. CLN13 disease 

Homozygous mutations in the lysosomal enzyme Cathepsin F (CTSF) cause CLN13 

disease. 

 

14.1 Large animals  

There are no large animal models of CLN13 disease. 

 

14.2 Rodents 

Mouse cathepsin F shares >80% identity with human human Cathepsin F [418]. The 

encoding gene was identified to be on mouse chromosome 19 and expressed 

ubiquitously in various mouse tissues [418]. Widespread expression of mouse 

cathepsin F in the CNS and its lysosomal localization was also confirmed [419]. 

Before mutation in human CTSF was identified as the pathogenic gene in CLN13 

disease, a Ctsf null mouse model had been generated by homologous recombination, 

exhibiting a late-onset NCL-like phenotype [419]. The Ctsf null mouse does not show 

obvious phenotypes (progressive hindlimb weakness and motor coordination 

impairment) until 12-16 months of age, and dies within the following 4-6 months 

[419]. Neuronal autofluorescent storage material accumulation accompanied by 

astrogliosis and neurodegeneration was observed in the CNS of the Ctsf null mouse 

model [419, 420]. Electron microscopic analysis revealed lamellated inclusions in the 

spinal cord neurons of Ctsf null mice [419, 420], though no increase was found in the 

levels of mitochondrial ATPase subunit c [419, 420]. Future work employing this 

mouse model may provide important information on in vivo functions of cathepsin F 

and may reveal biological mechanisms underlining how CTSF deficiency results in 

CLN13 disease progression.   
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14.3 Zebrafish 

Zebrafish Ctsf is 473 amino acids, 47% identical to the human homolog (CLUSTAL 

W (1.81) multiple sequence alignment on Ensembl (www.ensembl.org)) and encoded 

by the ctsf gene on chromosome 14. There is only one ctsf gene in zebrafish and it sits 

in a very small region of synteny that is made of TRPT1 and CTSF. The mRNA is 

known to be expressed in the adult retina [421] and in the brain and spinal cord during 

development [120]. Five mutations exist but a phenotype has not yet been reported 

(Table 3). 

 

14.4 Fruit fly 

The Drosophila Ctsf homologue is encoded by CG12163. It is expressed widely 

throughout the CNS but has not yet been studied in the context of the NCLs. Multiple 

lines are available to study CG12163, including UAS-RNAi lines and potential 

insertional mutants (see flybase.org).  

 

14.5 Nematode 

The predicted product of the C. elegans temporarily assigned gene tag-196 displays 

49% amino acid identity to Cathepsin F over a 300-amino-acid stretch among its 487-

amino-acid full-length sequence. According to WormBase, tag-196 is expressed in 

various tissues, including muscle, intestine, the reproductive system and neurons. 

Although four different predicted null mutant alleles are available, there are no 

published data on the phenotypes of these mutants, so the physiological function of 

tag-196 in C. elegans is unknown. 

 

14.6 Social amoeba 

A previous study identified cysteine proteinase A (CprA) as the likely homolog of 

human CTSF in Dictyostelium [62]. The cprA gene encodes the 343 amino acid, 39 

kDa CprA protein.  Within a 340 amino acid region of similarity between CprA and 

CTSF, 37% of the amino acids are conserved and 55% are positive matches [62]. 

CprA is speculated to play a role in the digestion of proteins to provide amino acids 

for developing cells [422]. cprA is not expressed during growth, but expression, 

which is induced by extracellular cAMP, increases dramatically during the early 

stages of development [83, 423]. cprA has also been identified as a pre-stalk specific 

gene [424]. CprA contains a signal peptide for secretion and is secreted during 

Dictyostelium development, which is consistent with the secretion of CTSF in humans 

[78, 425]. Indirect studies have provided insight into the function of CprA in 

Dictyostelium. For example, the expression of cprA is induced during hypertonic 

stress suggesting that the protein plays a role in osmoregulation [426]. Expression is 

also upregulated during starvation in response to rpkA-deficiency [427]. Receptor 

phosphatidylinositol kinase A (RpkA) is a seven transmembrane G-protein coupled 

receptor (GPCR) that localizes to phagosomes and is involved in the phagocytosis of 

infectious bacteria [428]. Importantly, this work is consistent with the proposed role 

of CTSF in cell immunity in mammalian cells [429]. Also, rpkA-deficiency impairs 

aggregation due an inability to respond to extracellular cAMP [427]. Given the 

increased expression of cprA in rpkA- cells, and the dramatic increase in cprA 
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expression upon starvation, these findings indicate that CprA may play a role in 

cAMP-mediated chemotaxis and aggregation.  

While CprA has been identified as the likely homolog of human CTSF in 

Dictyostelium, there are several additional cysteine proteases that share sequence 

similarity with the human protein. Among these proteins are cysteine proteinase B 

(CprB, 376 amino acids, 33% conserved amino acids and 47% positive matches 

within a 342 amino acid region of similarity) and the uncharacterized protein 

DDB0252831 (352 amino acids, 37% conserved amino acids and 52% positive 

matches within a 339 amino acid region of similarity, encoded by gene 

DDB_G0291191). Based on their size and similarity, either of these proteins could 

also be the Dictyostelium homolog of human CTSF. Like CprA, both proteins are 

secreted by Dictyostelium cells during starvation [77, 78]. Protein DDB0252831 also 

localizes to endocytic vesicles and the macropinocytic pathway [80, 430]. The 

expression profile of cprB is almost identical to that of cprA [83]. Like cprA, the 

expression of cprB is induced by extracellular cAMP and cprB is characterized as a 

pre-stalk specific gene [423, 424]. However, unlike cprA and cprB, gene 

DDB_G0291191 (protein DDB0252831) is expressed at high levels during growth 

[83]. Expression then decreases dramatically upon starvation, reaching its lowest level 

after 8 hours of development, and remains low during the mid-to-late stages of 

multicellular development [83]. This expression profile suggests that protein 

DDB0252831 functions primarily during growth, which is supported by previous 

work that linked the protein to the cellular response to bacterial pathogens [431]. 

Taken together, these findings indicate that protein DDB0252831 may function as the 

dominant CTSF-like protein during growth, while CprA and CprB may both function 

as the primary CTSF-like proteins during development. Gene-deficiency models have 

not yet been generated for cprA, cprB, or gene DDB_G0291191 in Dictyostelium. 

Therefore, future work to generate and characterize cells lacking these genes should 

provide insight into their functions, and hopefully shed light on which of these genes 

is the true homolog of human CTSF in Dictyostelium. 

 

15. CLN14 disease 

Homozygous mutations in Potassium Channel Tetramerization Domain Containing 7 

(KCTD7) cause CLN14 disease. Sequence analysis suggests that the protein may 

function as a voltage-gated potassium channel.  

 

15.1 Large animals  

There are no large animal models of CLN14 disease. 

 

15.2 Rodents 

Mouse Kctd7 at chromosome 5 encodes the mouse homolog of human KCTD7. The 

protein sequence of mouse KCTD7 is ~97% identical to human KCTD7 

(CLUSTALW (2.1) Multiple Sequence Alignment on Ensembl (www.ensembl.org)). 

It has been shown that KCTD7 is widely expressed in both developing and adult 

mouse brains, especially in the hippocampus, cerebral cortex and cerebellum [432, 

433]. However, the in vivo function of KCTD7 in the mouse brain is still not clear, 

and no murine models have yet been generated for CLN14 disease.  
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15.3 Zebrafish 

Chromosome 10 of the zebrafish harbours the sole zebrafish homolog of KCTD7. 

Synteny extends from CUX1, through to KCTD7 and RABGEF. The encoded protein 

is 339 amino acids, with 62% identity with the human protein (CLUSTAL W (1.81) 

multiple sequence alignment on Ensembl (www.ensembl.org)). No phenotype has yet 

been reported for the four mutations that exist (Table 3) and there are no studies so far 

showing mRNA or protein localisation. 

 

15.4 Fruit fly 

Drosophila has no clear homologue of KCTD7. 

 

15.5 Nematode 

The C. elegans genome encodes numerous predicted proteins with significant 

similarity to human KCTD7. It is unclear which, if any, of these represents the 

KCTD7 orthologue and therefore might represent a potential model for CLN14 

disease. 

 

15.6 Social amoeba 

A previous study reported that the Dictyostelium homolog of human KCTD7 is 

Kctd9, which is a 488 amino acid, 53 kDa protein that is encoded by the kctd9 gene 

[62]. Kctd9 contains four penta-peptide repeats, a double-courtin domain, and is 

highly similar to potassium channel tetramerization domain-containing proteins found 

in vertebrates [66]. Within a 96 amino acid region of similarity between Kctd9 and 

KCTD7, 38% of the amino acids are conserved and 58% are positive matches [62]. 

The expression of kctd9 decreases during the early stages of development and reaches 

its lowest level after 4 hours of starvation [83]. Expression then increases 

significantly, reaching its peak level by 12 hours, after which time expression 

decreases steadily during the mid-to-late stages of development [83]. In addition to 

Kctd9, there are three additional proteins encoded by the genome that are similar to 

human KCTD7 (DDB0238663, DDB0346929, and DDB0347398 encoded by genes 

DDB_G0269760, DDB_G0285861, and DDB_G0269022, respectively). These three 

proteins are similar in sequence to human KCTD7 (33-38% conserved amino acids 

and 49-60% positive matches within a 95-99 amino acid region of similarity), but 

unlike Kctd9, are more similar in size to human KCTD7 (346-366 amino acids vs. 

488 amino acids for Kctd9 vs. 289 amino acids for KCTD7). Future work on Kctd9 

and the three uncharacterized proteins may shed light on which protein is the true 

Dictyostelium homolog of human KCTD7. Once this is established, Dictyostelium can 

be used a model system to study how mutations in human KCTD7 cause CLN14 

disease. 

 

16. Concluding remarks 

This review presents an update on the range of multicellular model organisms and 

disease models being used for NCL research, in the hope that this will stimulate 
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researchers to collaborate and employ the most suitable model(s) for their study. This 

is particularly important before a therapeutic enters clinical trial, where positive 

outcomes from studies using more than one organism will reduce the risk of failure. 

It is evident that the choice of model organism to be used for a study is first 

determined by the existence of a clear homologue, particularly when considering 

using an invertebrate. However, this implies that other parts of a pathway that is 

conserved in humans and vertebrates may be missing in invertebrates. Nonetheless, 

the power of these organisms for mechanistic studies is undeniable.  

The zebrafish is being increasingly used and embryonic/larval disease models such as 

those for CLN2 and CLN3 disease are the only vertebrate models that can be cheaply, 

quickly and easily used for drug discovery.  Certainly, more NCL disease models 

could be generated and validated in the zebrafish, and many mutants exist that have 

not yet been examined for an NCL-like phenotype. Issues with zebrafish include 

identifying the correct homologue to target when more than one exists, or the possible 

need to knock down both homologues. In this organism, knock-down induced using 

different means seems to result in different phenotypes (if any) – further research is 

needed to uncover why this is, but one tantalizing possibility is the existence of one or 

more novel compensation mechanisms that suppresses phenotypes induced by certain 

types of mutation. This is also true in Dictyostelium where multiple homologs exist 

for some of the NCL proteins (e.g., homologs of TPP1 and CTSF). One caveat to 

using Dictyostelium as a biomedical model is the limited number of cell types in the 

organism, which may ultimately limit the translation of findings to specific tissues or 

organs in mammalian systems. Nonetheless, the presence of 11 homologs of NCL 

proteins in Dictyostelium, coupled with genetic tractability of the organism, suggests 

that future work in Dictyostelium has the potential to shed new insight on the 

functions of NCL proteins in human cells. With this in mind, the Dictyostelium 

research community is very active in generating knockout models to study the 

functions of the various NCL protein homologs in this organism. The nematode 

worm, being the smallest and simplest of all animal models, provides an intermediate 

between zebrafish and Dictyostelium. Although its short lifespan and facile molecular 

genetics make it attractive for modeling NCLs, relatively few CLN disease genes 

have been investigated in detail in C. elegans. This is due at least in part to the lack of 

obvious homologues for several genes, but for those genes with clear worm 

orthologues, it is anticipated that new and improved C. elegans models will be 

developed in the near future.  

Mouse models have been, and continue to be, the mainstay of NCL research. 

However, phenotypes often take a long time to develop and do not always faithfully 

recapitulate the cognate human disease. In such cases, initial studies using in vivo 

models with a faster disease onset or displaying phenotypes in additional relevant 

tissues, may be useful. For example, despite a greater need for gene therapy for CLN3 

disease, this has been pioneered first in the mouse model of CLN6 disease because it 

has a faster onset and progression. 

Large animals displaying NCL are undeniably useful for therapeutic testing, usually 

after initial testing on smaller organisms. Until recently, we have relied upon 

naturally-occurring large animal models but the recent implementation of gene editing 

in veterinary species is providing an increasing range of relevant large animal models. 

Together, multicellular models of NCL have been, and will continue to be, crucial for 

understanding pathology and testing new therapies. Understanding the relative 
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strengths and weaknesses and comparing findings in multiple model systems will aid 

in clinical translation. 
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Table 1. The use of existing large animal models in NCL research. 

Large animal model species Gene mutation Examples of use for pathology/basic research Use in pre-clinical studies 

Dogs    

Dachshund CLN1:c.736_737 insC [86] Original description only - 

Cane Corso CLN1:c.124+1G > A [87] Original description only - 

Dachshund CLN2:c.325delC [27] Retinal pathology[434] Gene therapy, enzyme replacement, 

Stem cells 

Border Collie CLN5:c.619C > T [264] Biomarkers[264] - 

Golden Retriever CLN5:c934_935delAG [266] Original description only - 

Australian Shepherd CLN6:c.829T >C [435] Original description only - 

Chinese crested dog, 

Chihuahua 

CLN7:c.843delT [311] Original description only - 

English Setter CLN8:c491T >C [436] [437] Carnitine supplementation [438] 

Australian Shepherd CLN8:c.585G  >A [319] Original description only - 

Alpenlandische Dachsbracke CLN8:g.30852988_30902901del [320] Original description only - 

Saluki CLN8:c.349dupT [439] Original description only - 

American Bulldog CLN10:c.597G >A [318] Original description only - 

Tibetan Terrier CLN12:c.1623delG [440, 441]   

Sheep    

Borderdale (NZ) CLN5:c.571+1G>A [268] Primary neural cultures[291, 293], 

biomarkers[275, 276, 295], synaptic changes 

[442] 

Gene therapy [270, 272] 

South Hampshire (NZ) CLN6 Extensive characterization since 1970s, primary 

neural cultures[293], biomarkers[295], glial 

pathology[296]  

Gene therapy, minocycline drug trial 

[297] 

Merino (Australia) CLN6:c.184C>T [443] Biomarkers[299] - 

Swedish Landrace (Finland) CLN10 [330]  

Monkey CLN7:c.769del [18] Original description only - 

Cattle     

Devon (Australia) CLN5:c.662dupG [444] Original description only - 
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Table 2. The available murine models in NCL research. 

Disease (causative gene) Mouse model Original reference Pre-clinical studies 
CLN1 (PPT1)    

 Ppt1 knockout mouse [95] AAV gene therapy [115-119] 

Recombinant PPT1 [112, 113] 

Thioesterase mimicking drug [108, 109, 114] 

 Ppt1 knockout mouse [96] - 

 Ppt1 (R151X) knock-in mouse [105] - 

 Ppt1 (R151X) knock-in mouse [106] Nonsense suppression therapy [106] 

CLN2 (TPP1)    

 Tpp1 knockout mouse [29] AAV gene therapy [137, 151-154] 

Enzyme replacement [138, 156-158] 

Gemfibrozil [159] 

 Tpp1 (R207X) knock-in mouse [150] - 

CLN3 (CLN3)    

 Cln3 knockout mouse [176, 178] Glutamate receptor antagonist [183, 184, 445] 

 Cln3 knockout mouse [177] - 

 Cln3 Δex7/8 knock-in mouse 

 

[175] AAV gene therapy [204, 205] 

Phosphodiesterase-4 inhibitor [208] 

Trehalose [209] 

 Cln3 reporter knock-in mouse [173] Carbenoxolone [169] 

CLN4 (DNAJC5)    

 Dnajc5 knockout mouse [245] Overexpression of alpha-synuclein [244] 

CLN5 (CLN5)    

 Cln5 knockout mouse [279] - 

CLN6 (CLN6)    

 Naturally occurring nclf mouse [19] AAV gene therapy [307] 

CLN7 (MFSD8)    

 Mfsd8 knockout mouse [312, 313] - 

CLN8 (CLN8)    

 Naturally occurring mnd mouse [22, 24] - 

CLN10 (CTSD)    

 Ctsd knockout mouse [333] Anti-inflammatory therapy [332] 

CLN11 (GRN)    
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 Grn knockout mouse [366] AAV gene therapy [372] 

 Grn knockout mouse [369] - 

 Grn knockout mouse [364] [368] 

 Grn knockout mouse [374, 446] - 

CLN12 (ATP13A2)    

 Atp13a2 knockout mouse [400] - 

 Atp13a2 knockout mouse [402] - 

 Atp13a2 conditional knockout (brain-

specific) mouse 

[403] - 

CLN13 (CTSF)    

 Ctsf knockout mouse [419] - 

CLN14 (KCTD7)    

 No murine models - - 
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Table 3. Zebrafish homologues of human NCL genes, available models and known associated phenotypes. 
Human Protein Zebrafish 

Homologue  

Zebrafish 

model 

Molecular defect Phenotype Journal 

articles  

CLN1/PPT1  Ppt1 ppt1sa9 nonsense mutation/predicted protein truncation after 

exon2 

not described  

  ppt1sa7888 nonsense mutation/predicted protein truncation after 

exon 3 

not described  

CLN2/TPP1  Tpp1 tpp1sa11 nonsense mutation/predicted protein truncation after 

exon 3 results in loss of protein by 

immunofluorescnce 

small eyes and head at 2 dpf, lethality by 7 dpf, 

SCMAS increases, apoptosis increases, reduced 

cell proliferation, lysotracker increases, activity 

increased at 3 dpf and decreased at 4 dpf 

[28] 

  tpp1sa2895 essential splice site for exon 9 not described  

  tpp1sa6483 nonsense mutation/predicted protein truncation after 

exon 10 

not described  

  tpp1hu3587 nonsense mutation/predicted protein truncation after 

exon 11 

normal [28] 

  tpp1sa8389 nonsense mutation not described  

  tpp1 

ATG/splice 

site MOs 

splice MO affects splicing small eyes and head at 2 dpf [28] 

CLN3 Cln3 cln3 sa20092 nonsense mutation in exon 10 not described  

  cln3 

ATG/splice 

site MOs 

splice site MO affects splicing small eyes and head at 2 dpf, lethality at 5 dpf, 

activity increased at 36 hpf and decreased at 4 

dpf, astrocytosis, apoptosis increases, reduced 

cell proliferation, lysotracker increases, SCMAS 

increases, mitochondrial membrane potential 

altered 

[210] 

CLN4/DNAJC5 Dnajc5aa     

 Dnajc5ab     

CLN5 Cln5     

CLN6 Cln6a cln6asa904 essential splice site for exon 6 not described  

  cln6asa10876 nonsense mutation not described  

  cln6ala016089Tg retroviral insertion not described [447, 448] 
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 Cln6b cln6bsa37974 splice site not described  

CLN7/MFSD8 Mfsd8 mfsd8sa2646 essential splice site for exon 5 not described  

  mfsd8la018118Tg transgenic insertion not described [447, 448] 

  mfsd8sa27950 nonsense mutation  not described  

  mfsd8sa42028 nonsense mutation  not described  

  mfsd8sa45459 splice site for exon 12 not described  

CLN8 Cln8 cln8sa25040 not described not described  

CLN10/CTSD Ctsd ctsdsa36610 nonsense mutation/predicted protein varies according 

to transcript 

not described  

  CD T-MPO  complete protein knockdown micropthalmia (RPE microvilli  affected), 

shorter body, swim bladder not inflated, hyper-

pigmentation, impaired yolk absorption (all at 

4dpf), premature death (10dpf) 

[340, 343] 

CLN11/GRN Grna grna sa6034 nonsense mutation/predicted protein varies according 

to transcript 

not described  

  grna sa20026 nonsense mutation/predicted protein varies according 

to transcript 

not described  

  grnasa38396 splice site/exon affected varies according to transcript not described  

  grnasa33188 splice site/exon affected varies according to transcript not described  

  grnamde33 1bp deletion in exon 3 normal [383] 

  grnamde54a 11bp deletion in exon 3 normal [383] 

  grnamde54b 11bp deletion in exon 3 normal [383] 

  grnamde54c 1bp insertion/11 bp deletion in exon 3 normal [383] 

  grna MO 

(various) 

severe protein knockdown, reduction assessed by RT 

PCR 

reduced motility, widespread disruption of CNS 

development, motoneuron axon truncation and 

premature branching, smaller myofibrils 

[385, 389, 

390, 449, 

450] 

 Grnb grnbsa30129 nonsense mutation in exon 15 not described  

  grnbsa37944 nonsense mutation in exon 13 not described  

  grnbmde357a 7bp deletion in exon 5 normal [383] 

  grnbmde360 9bp insertion.13bp deletion in exon 5 normal [383] 

  grnbmde369 5bp insertion in exon 5 norma [383] 

  grnb MO 

(various) 

reduction assessed by RT PCR reduced motor neuron axon length [390, 451] 
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CLN12 Atp13a2 atp13a2sa1158 essential splice site for exon 15 not described  

  atp13a2sa3236 nonsense mutation in exon 24 not described  

  atip13a2sa6735 essential splice site for exon 29 not described  

  atp13a2sa14250 nonsense mutation in exon 20 not described  

  atp13a2sa18624 nonsense mutation in exon 22 not described  

  atp13a2 MO affects splicing small eyes and head at 2 dpf, reduced activity at 

7dpf 

[405] 

CLN13 Ctsf ctsfsa17667 essential splice site for exon 1 not described  

  ctsfsa22423 essential splice site for exon 10 not described  

  ctsfsa28260 nonsense mutation in exon 1 not described  

  ctsfsa35632 nonsense mutation in exon 8 not described  

  ctsfsa42345 essential splice site mutation for exon 12 not described  

CLN14 Kctd7 kctd7hg34 5bp deletion in exon 1 not described [452] 

  kctd7hg35 4bp insertion in exon 1 not described [452] 

  kctd7sa6178 nonsense mutation in exon 2 not described  

  kctd7sa16727 essential splice site for exon 2 not described  

  



 62 

Table 4. Drosophila homologues of human NCL genes, available models and known associated phenotypes. 

Human Protein Drosophila 

Homologue  

Drosophila 

model 

Molecular defect Phenotype Journal articles 

 

CLN1/PPT1  Ppt1 Df(1)446-20 

Ppt1A179T 

Ppt1S77F 

 

UAS:DmPpt18.1 

RNAi lines 

available 

Small deficiency deleting Ppt1 and 

neighbouring loci 

A179T substitution 

S77F substitution 

 

Overexpression under Gal4 control 

Accumulation of autofluorescent deposits in the 

CNS, reduced lifespan. 

Altered vesicle dynamics at synapses. 

 

Disruption of the eye modified by regulators of 

endocytosis and synaptic development. 

[122] 

 

[125] 

 

[123, 453] 

CLN2/TPP1  No 

homologue 

    

CLN3 Cln3 cln3 MB1 

 

 

UAS-Cln3 

UAS-YFP-Cln3 

 

 

YFP-Cln3 

RNAi lines 

available 

 

Deletion of 5’ half of locus 

 

 

Overexpression under Gal4 control 

Overexpression under Gal4 control 

 

 

Knock-in gene fusion 

Hypersensitivity to oxidative stress; under 

development of neurons at the neuromuscular 

junction. 

 

Genetic interactions with Notch and JNK 

signalling pathways; Oxidative stress in the eye 

suppressed by increasing ROS scavenging 

 

Glia expression in the CNS; strong expression in 

Malpighian tubules, apical localisation in 

polarised tubules. 

[128, 215] 

[214, 215] 

 

[217] 

CLN4/DNAJC5 Cysteine 

string 

protein 

(Csp) 

37 alleles 

available 

 

Multiple 

overexpression, 

point mutations, 

domain deletions 

and RNAi lines 

available 

Various deletions, insertions, point 

mutations 

Temperature sensitive locomotor defects, spasms, 

paralysis, progressive neurodegeneration. 

Alterations to the Ca2+ mediated endocytosis at 

synapses. 

[249]; see 

flybase.org for 

others 

CLN5 No 

homologue 
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CLN6 No 

homologue 

    

CLN7/MFSD8 CG8596 YFP-Cln7 

RNAi lines 

available 

Knock-in gene fusion Expression in glia in the CNS; in the neurons in 

the visual system; localisation to the post-synaptic 

site at the larval neuromuscular junction. 

[217] 

CLN8 No 

homologue 

    

CLN10/CTSD CathD cathD1 

RNAi lines 

available 

Deletion of 70% of the coding sequence Autofluorescent accumulation in the CNS, 

vacuolation in the retina; no effect on lifespan. 

Enhances pathology of Tau and a-synuclein 

[345, 346] 

[347, 348] 

CLN11/GRN No 

homologue 

    

CLN12 anne boleyn 

(anne)/CG32

000 

RNAi lines 

Potential 

insertional 

mutants 

 Knockdown causes age-dependent storage 

material accumulates in neurons. 

[406] 

CLN13 CG12163 RNAi lines 

Potential 

insertional 

mutants 

 Not studied  

CLN14 No 

homologue 
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Table 5. C. elegans homologues of human NCL genes, available models and known associated phenotypes. 

Human protein C. elegans gene Gene manipulation Molecular defect Phenotypes reported 

CLN1/PPT1 ppt-1 gk131 Δ20-100; V insertion at 100  Increased locomotion and maximum lifespan [130]  

  gk134 Δ33-169; frame shift from 160 Decreased body length and locomotion on agar [130] [130]  

  gk139  Δ84-200 Mitochondrial abnormalities and developmental delay [129] 

  gk140  Deletion of exons 2-3 Developmental delay [129] 

  RNAi Reduced expression Decreased median lifespan [130] 

CLN2/TPP1 No homologue    
CLN3 cln-3.1 pk479 Complete ORF deletion Decreased lifespan [221] 

 cln-3.2 gk41 Deletion in promoter + exons 1-2 Decreased fecundity [221]  

 cln-3.3 gk118 Deletion of exons 5-7  

  pk479; gk41;gk118 Triple deletion mutant 

Decreased fecundity + lifespan [221, 222]; increased mitochondria 

[222] 

CLN4/DNAJC5 dnj-14 ok237 Deletion of promoter + ORF 

Short lifespan [253, 259], progressive sensory neuron degeneration 

[253] 

  tm3223 Δ106-214 

Short lifespan [253, 259], progressive sensorimotor dysfunction [253, 

259] 

  RNAi Reduced expression Short lifespan, progressive motor dysfunction [253]  

CLN5 No homologue    
CLN6 No homologue    
CLN7/MFSD8 Y53G8AR.7 RNAi Reduced expression Increased lifespan and paraquat resistance [316] 

 

ZK550.2 

F14D7.6 

T28C12.1 

T28C12.2 

W05E10.1    
CLN8 No homologue    
CLN10/CTSD asp-4 ok2693 Deletion of exons 5-6  
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  RNAi Reduced expression Increased [351] or decreased [349, 350] neuronal cell death 

  Plasmid  Overexpression Decreased [351] or increased [349, 350] neuronal cell death 

CLN11/GRN pgrn-1 tm985 Deletion of promoter + exon 1 Altered apoptosis [391]; stress resistance [392]; TDP-43 [393, 394]   

  Plasmid  Overexpression Granulins increase toxicity of TDP-43 [394]  

CLN12/ATP13A2 catc-6 ok3473 Δ280 AAs + frame shift  Slow growth, locomotion defect, reduced fecundity [407] 

  RNAi Reduced expression Reduced dopaminergic neurodegeneration [408]  

  Plasmid  Overexpression Exacerbated dopaminergic neurodegeneration [408]  

CLN13/CTSF tag-196 ok822 Deletion of promoter + exons 1-3  

  ok823 Deletion of exons 1-3  

  ok824 Deletion of exons 2-4  

  tm612 Deletion of exons 4-5  

CLN14/KCTD7 Unclear    
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Table 6. Localization and cellular processes modulated by NCL protein homologs in Dictyostelium 
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Human NCL 

protein 

Dictyostelium 

homolog 
dictyBase ID Localization in Dictyostelium Processes modulated in Dictyostelium 

PPT1/CLN1 Ppt1 DDB0233890 
Extracellular space [77] 

Macropinocytic pathway [80] 
Phagocytosis [131] 

TPP1/CLN2 

Tpp1A DDB0234303 Lysosome [164] 

Autophagy [164] 

Pre-spore cell differentiation [164] 

Timing of mid-stage development [164] 

Tpp1B DDB0306176 

Golgi complex [165] 

Extracellular space [77, 78] 

Macropinocytic pathway [80] 

Not known 

Tpp1C DDB0185020 Macropinocytic pathway [80] Response to bacterial pathogens [431] 

Tpp1D DDB0309140 Not known Not known 

Tpp1E DDB0304592 Not known Not known 

Tpp1F DDB0214912 

Golgi complex [165] 

Endoplasmic reticulum [165] 

V-ATPase-positive vesicles [165] 

Extracellular space [77, 78] 

Macropinocytic pathway [80] 

Not known 

CLN3 Cln3 DDB0233983 

Contractile vacuole system [223, 224] 

Endocytic pathway [223, 224] 

Golgi complex [78] 

Macropinocytic pathway [80] 

Cell proliferation [223] 

Cytokinesis [225] 

Pinocytosis [223] 

Endo-lysosomal pH [226] 

Osmoregulation [225] 

Protein secretion [223, 224] 

Nitric oxide homeostasis [226] 

Cell adhesion [224] 

Timing of early-stage development [224] 



 68 

 

 

Timing of mid-stage development [223] 

Timing of late-stage development [223] 

Spore integrity [225] 

Response to bacterial pathogens [431] 

DNAJC5/CLN4 

DDB_G0290017 DDB0306688 Macropinocytic pathway [80] Not known 

Ddj1 DDB0215016 

Centrosome [263] 

Phagosome [262] 

Macropinocytic pathway [80] 

Phagocytosis [262] 

CLN5 Cln5 DDB0234077 

Endoplasmic reticulum [283] 

Cell cortex [235] 

Contractile vacuole system [235] 

Extracellular space [235, 283] 

Macropinocytic pathway [80] 

Autophagy [235] 

Cell adhesion [235] 

MFSD8/CLN7 Mfsd8 DDB0307149 Macropinocytic pathway [80] Not known 

CTSD/CLN10 CtsD DDB0215012 

Endocytic pathway (e.g., phagosome, 

lysosome) [352-354] 

Extracellular space [78] 

Macropinocytic pathway [80] 

Bacterial killing [357] 

Cell death [359, 360] 

Timing of early-stage development [354] 

PGRN/CLN11 Grn DDB0238428 Not known Not known 

ATP13A2/CLN12 Kil2 DDB0237611 
Phagosomal membrane [409] 

Macropinocytic pathway [80] 

Bacterial killing [409, 410] 

Predation on yeast [414] 

CTSF/CLN13 

CprA DDB0201647 Extracellular space [78] Osmoregulation [426] 

CprB DDB0214998 Extracellular space [78] Phagocytosis [131] 

DDB_G0291191 DDB0252831 

Endocytic vesicles [430] 

Extracellular space [77, 78] 

Macropinocytic pathway [80] 

Response to bacterial pathogens [431] 

KCTD7/CLN14 

Kctd9 DDB0231824 Not known Not known 

DDB_G0269760 DDB0238663 Not known Not known 

DDB_G0285861 DDB0346929 Macropinocytic pathway [80] Not known 

DDB_G0269022 DDB0347398 Not known Not known 



 69 

References 

 
[1] D.A. Nita, S.E. Mole, B.A. Minassian, Neuronal ceroid lipofuscinoses, Epileptic 

Disord, 18 (2016) 73-88. 

[2] S.E. Mole, S.L. Cotman, Genetics of the neuronal ceroid lipofuscinoses (Batten 

disease), Biochim Biophys Acta, 1852 (2015) 2237-2241. 

[3] A. Markham, Cerliponase Alfa: First Global Approval, Drugs, 77 (2017) 1247-

1249. 

[4] T.B. Johnson, J.T. Cain, K.A. White, D. Ramirez-Montealegre, D.A. Pearce, J.M. 

Weimer, Therapeutic landscape for Batten disease: current treatments and future 

prospects, Nat Rev Neurol, 15 (2019) 161-178. 

[5] S.E. Mole, G. Anderson, H.A. Band, S.F. Berkovic, J.D. Cooper, S.M. Kleine 

Holthaus, T.R. McKay, D.L. Medina, A.A. Rahim, A. Schulz, A.J. Smith, Clinical 

challenges and future therapeutic approaches for neuronal ceroid lipofuscinosis, 

Lancet Neurol, 18 (2019) 107-116. 

[6] R. Heilker, U. Lessel, D. Bischoff, The power of combining phenotypic and 

target-focused drug discovery, Drug Discov Today, 24 (2019) 526-532. 

[7] N. Kinarivala, P.C. Trippier, Progress in the Development of Small Molecule 

Therapeutics for the Treatment of Neuronal Ceroid Lipofuscinoses (NCLs), J Med 

Chem, 59 (2016) 4415-4427. 

[8] M.J. Waring, J. Arrowsmith, A.R. Leach, P.D. Leeson, S. Mandrell, R.M. Owen, 

G. Pairaudeau, W.D. Pennie, S.D. Pickett, J. Wang, O. Wallace, A. Weir, An analysis 

of the attrition of drug candidates from four major pharmaceutical companies, Nat 

Rev Drug Discov, 14 (2015) 475-486. 

[9] P. Morgan, D.G. Brown, S. Lennard, M.J. Anderton, J.C. Barrett, U. Eriksson, M. 

Fidock, B. Hamren, A. Johnson, R.E. March, J. Matcham, J. Mettetal, D.J. Nicholls, 

S. Platz, S. Rees, M.A. Snowden, M.N. Pangalos, Impact of a five-dimensional 

framework on R&D productivity at AstraZeneca, Nat Rev Drug Discov, 17 (2018) 

167-181. 

[10] O.M. Lage, M.C. Ramos, R. Calisto, E. Almeida, V. Vasconcelos, F. Vicente, 

Current Screening Methodologies in Drug Discovery for Selected Human Diseases, 

Mar Drugs, 16 (2018). 

[11] M. Bond, S.M. Holthaus, I. Tammen, G. Tear, C. Russell, Use of model 

organisms for the study of neuronal ceroid lipofuscinosis, Biochim Biophys Acta, 

1832 (2013) 1842-1865. 

[12] R.D. Jolly, D.M. West, Blindness in South Hampshire sheep: a neuronal ceroid 

lipofuscinosis, NZ Vet Journal, 24 (1976) 123. 

[13] N. Koppang, [Familial glycosphingolipoidosis of the dog (Juvenile amaurotic 

idiocy)], Ergeb Allg Pathol Pathol Anat, 47 (1966) 1-43. 

[14] J.C. Jacobsen, C.S. Bawden, S.R. Rudiger, C.J. McLaughlan, S.J. Reid, H.J. 

Waldvogel, M.E. MacDonald, J.F. Gusella, S.K. Walker, J.M. Kelly, G.C. Webb, 

R.L. Faull, M.I. Rees, R.G. Snell, An ovine transgenic Huntington's disease model, 

Hum Mol Genet, 19 (2010) 1873-1882. 

[15] R. Beraldi, C.H. Chan, C.S. Rogers, A.D. Kovacs, D.K. Meyerholz, C. Trantzas, 

A.M. Lambertz, B.W. Darbro, K.L. Weber, K.A. White, R.V. Rheeden, M.C. Kruer, 

B.A. Dacken, X.J. Wang, B.T. Davis, J.A. Rohret, J.T. Struzynski, F.A. Rohret, J.M. 

Weimer, D.A. Pearce, A novel porcine model of ataxia telangiectasia reproduces 

neurological features and motor deficits of human disease, Hum Mol Genet, 24 (2015) 

6473-6484. 



 70 

[16] T.B. Johnson, Sturdevant, D. A., White, K., Drack, A. V., Cooper, J. D., Pearce, 

D. A., Weimer, J. M., Characterization of a novel porcine model of CLN3-Batten 

disease. , in:  16th International Conference on Neuronal Ceroid Lipofuscinosis 

(NCL), London, UK, 2018. 

[17] S.P. Eaton, C, Lillico, S., Skehel, P., Clutton, E., Gregson, R., King, T., O’Neill, 

C., Cooper, J., Wishart, T., Novel ovine model of CLN1 disease cloasely resembles 

the human condition, in:  16th International Conference on Neuronal Ceroid 

Lipofuscinosis (NCL), UK, 2018. 

[18] J.L. McBride, M. Neuringer, B. Ferguson, S.G. Kohama, I.J. Tagge, R.C. Zweig, 

L.M. Renner, T.J. McGill, J. Stoddard, S. Peterson, W. Su, L.S. Sherman, J.S. 

Domire, R.M. Ducore, L.M. Colgin, A.D. Lewis, Discovery of a CLN7 model of 

Batten disease in non-human primates, Neurobiol Dis, 119 (2018) 65-78. 

[19] R.T. Bronson, L.R. Donahue, K.R. Johnson, A. Tanner, P.W. Lane, J.R. Faust, 

Neuronal ceroid lipofuscinosis (nclf), a new disorder of the mouse linked to 

chromosome 9, Am J Med Genet, 77 (1998) 289-297. 

[20] H. Gao, R.M. Boustany, J.A. Espinola, S.L. Cotman, L. Srinidhi, K.A. 

Antonellis, T. Gillis, X. Qin, S. Liu, L.R. Donahue, R.T. Bronson, J.R. Faust, D. 

Stout, J.L. Haines, T.J. Lerner, M.E. MacDonald, Mutations in a novel CLN6-

encoded transmembrane protein cause variant neuronal ceroid lipofuscinosis in man 

and mouse, American journal of human genetics, 70 (2002) 324-335. 

[21] R.B. Wheeler, J.D. Sharp, R.A. Schultz, J.M. Joslin, R.E. Williams, S.E. Mole, 

The gene mutated in variant late-infantile neuronal ceroid lipofuscinosis (CLN6) and 

in nclf mutant mice encodes a novel predicted transmembrane protein, American 

journal of human genetics, 70 (2002) 537-542. 

[22] S. Ranta, Y. Zhang, B. Ross, L. Lonka, E. Takkunen, A. Messer, J. Sharp, R. 

Wheeler, K. Kusumi, S. Mole, W. Liu, M.B. Soares, M.F. Bonaldo, A. Hirvasniemi, 

A. de la Chapelle, T.C. Gilliam, A.E. Lehesjoki, The neuronal ceroid lipofuscinoses in 

human EPMR and mnd mutant mice are associated with mutations in CLN8, Nat 

Genet, 23 (1999) 233-236. 

[23] R.T. Bronson, B.D. Lake, S. Cook, S. Taylor, M.T. Davisson, Motor neuron 

degeneration of mice is a model of neuronal ceroid lipofuscinosis (Batten's disease), 

Ann Neurol, 33 (1993) 381-385. 

[24] A. Messer, L. Flaherty, Autosomal dominance in a late-onset motor neuron 

disease in the mouse, J Neurogenet, 3 (1986) 345-355. 

[25] A. Messer, N.L. Strominger, J.E. Mazurkiewicz, Histopathology of the late-onset 

motor neuron degeneration (Mnd) mutant in the mouse, J Neurogenet, 4 (1987) 201-

213. 

[26] J.R. Meyers, Zebrafish: Development of a Vertebrate Model Organism, Current 

Protocols Essential Laboratory Techniques, 16 (2018) e19. 

[27] T. Awano, M.L. Katz, D.P. O'Brien, I. Sohar, P. Lobel, J.R. Coates, S. Khan, 

G.C. Johnson, U. Giger, G.S. Johnson, A frame shift mutation in canine TPP1 (the 

ortholog of human CLN2) in a juvenile Dachshund with neuronal ceroid 

lipofuscinosis, Mol Genet Metab, 89 (2006) 254-260. 

[28] F. Mahmood, S. Fu, J. Cooke, S.W. Wilson, J.D. Cooper, C. Russell, A zebrafish 

model of CLN2 disease is deficient in tripeptidyl peptidase 1 and displays progressive 

neurodegeneration accompanied by a reduction in proliferation, Brain, 136 (2013) 

1488-1507. 

[29] D.E. Sleat, J.A. Wiseman, M. El-Banna, K.H. Kim, Q. Mao, S. Price, S.L. 

Macauley, R.L. Sidman, M.M. Shen, Q. Zhao, M.A. Passini, B.L. Davidson, G.R. 

Stewart, P. Lobel, A mouse model of classical late-infantile neuronal ceroid 



 71 

lipofuscinosis based on targeted disruption of the CLN2 gene results in a loss of 

tripeptidyl-peptidase I activity and progressive neurodegeneration, J Neurosci, 24 

(2004) 9117-9126. 

[30] D.T. White, M.T. Saxena, J.S. Mumm, Let's get small (and smaller): Combining 

zebrafish and nanomedicine to advance neuroregenerative therapeutics, Adv Drug 

Deliv Rev, (2019). 

[31] J.M. Angueyra, K.S. Kindt, Leveraging Zebrafish to Study Retinal 

Degenerations, Front Cell Dev Biol, 6 (2018) 110. 

[32] S.C. Baraban, M.T. Dinday, G.A. Hortopan, Drug screening in Scn1a zebrafish 

mutant identifies clemizole as a potential Dravet syndrome treatment, Nat Commun, 4 

(2013) 2410. 

[33] T. Polster, Individualized treatment approaches: Fenfluramine, a novel 

antiepileptic medication for the treatment of seizures in Dravet syndrome, Epilepsy 

Behav, (2018). 

[34] J. Mandrioli, R. D'Amico, E. Zucchi, A. Gessani, N. Fini, A. Fasano, C. 

Caponnetto, A. Chio, E. Dalla Bella, C. Lunetta, L. Mazzini, K. Marinou, G. Soraru, 

S. de Biasi, D. Lo Tartaro, M. Pinti, A. Cossarizza, R.-A.i. group, Rapamycin 

treatment for amyotrophic lateral sclerosis: Protocol for a phase II randomized, 

double-blind, placebo-controlled, multicenter, clinical trial (RAP-ALS trial), 

Medicine (Baltimore), 97 (2018) e11119. 

[35] S.A. Patten, D. Aggad, J. Martinez, E. Tremblay, J. Petrillo, G.A. Armstrong, A. 

La Fontaine, C. Maios, M. Liao, S. Ciura, X.Y. Wen, V. Rafuse, J. Ichida, L. Zinman, 

J.P. Julien, E. Kabashi, R. Robitaille, L. Korngut, J.A. Parker, P. Drapeau, 

Neuroleptics as therapeutic compounds stabilizing neuromuscular transmission in 

amyotrophic lateral sclerosis, JCI Insight, 2 (2017). 

[36] I.G. Woods, C. Wilson, B. Friedlander, P. Chang, D.K. Reyes, R. Nix, P.D. 

Kelly, F. Chu, J.H. Postlethwait, W.S. Talbot, The zebrafish gene map defines 

ancestral vertebrate chromosomes, Genome Res, 15 (2005) 1307-1314. 

[37] D.Y.R. Stainier, E. Raz, N.D. Lawson, S.C. Ekker, R.D. Burdine, J.S. Eisen, 

P.W. Ingham, S. Schulte-Merker, D. Yelon, B.M. Weinstein, M.C. Mullins, S.W. 

Wilson, L. Ramakrishnan, S.L. Amacher, S.C.F. Neuhauss, A. Meng, N. Mochizuki, 

P. Panula, C.B. Moens, Guidelines for morpholino use in zebrafish, PLoS Genet, 13 

(2017) e1007000. 

[38] B. Schmid, C. Haass, Genomic editing opens new avenues for zebrafish as a 

model for neurodegeneration, J Neurochem, 127 (2013) 461-470. 

[39] M. Yamaguchi, H. Yoshida, Drosophila as a Model Organism, Adv Exp Med 

Biol, 1076 (2018) 1-10. 

[40] E. Bier, Drosophila, the golden bug, emerges as a tool for human genetics, Nat 

Rev Genet, 6 (2005) 9-23. 

[41] C.Y. Chow, L.T. Reiter, Etiology of Human Genetic Disease on the Fly, Trends 

Genet, 33 (2017) 391-398. 

[42] B. Ugur, K. Chen, H.J. Bellen, Drosophila tools and assays for the study of 

human diseases, Dis Model Mech, 9 (2016) 235-244. 

[43] M. Senturk, H.J. Bellen, Genetic strategies to tackle neurological diseases in fruit 

flies, Curr Opin Neurobiol, 50 (2018) 24-32. 

[44] K.P. Harris, J.T. Littleton, Transmission, Development, and Plasticity of 

Synapses, Genetics, 201 (2015) 345-375. 

[45] R.L. Miyares, T. Lee, Temporal control of Drosophila central nervous system 

development, Curr Opin Neurobiol, 56 (2018) 24-32. 



 72 

[46] C.A. Frank, X. Wang, C.A. Collins, A.A. Rodal, Q. Yuan, P. Verstreken, D.K. 

Dickman, New approaches for studying synaptic development, function, and plasticity 

using Drosophila as a model system, J Neurosci, 33 (2013) 17560-17568. 

[47] C.T. Shih, O. Sporns, S.L. Yuan, T.S. Su, Y.J. Lin, C.C. Chuang, T.Y. Wang, 

C.C. Lo, R.J. Greenspan, A.S. Chiang, Connectomics-based analysis of information 

flow in the Drosophila brain, Curr Biol, 25 (2015) 1249-1258. 

[48] D.R. Nassel, A.M. Winther, Drosophila neuropeptides in regulation of 

physiology and behavior, Prog Neurobiol, 92 (2010) 42-104. 

[49] C.D. Nichols, Drosophila melanogaster neurobiology, neuropharmacology, and 

how the fly can inform central nervous system drug discovery, Pharmacol Ther, 112 

(2006) 677-700. 

[50] M.R. Freeman, Drosophila Central Nervous System Glia, Cold Spring Harb 

Perspect Biol, 7 (2015). 

[51] A.K. Corsi, B. Wightman, M. Chalfie, A Transparent Window into Biology: A 

Primer on Caenorhabditis elegans, Genetics, 200 (2015) 387-407. 

[52] S. Brenner, The genetics of Caenorhabditis elegans, Genetics, 77 (1974) 71-94. 

[53] J.E. Sulston, H.R. Horvitz, Post-embryonic cell lineages of the nematode, 

Caenorhabditis elegans, Dev Biol, 56 (1977) 110-156. 

[54] J.E. Sulston, E. Schierenberg, J.G. White, J.N. Thomson, The embryonic cell 

lineage of the nematode Caenorhabditis elegans, Dev Biol, 100 (1983) 64-119. 

[55] J.G. White, E. Southgate, J.N. Thomson, S. Brenner, The structure of the nervous 

system of the nematode Caenorhabditis elegans, Philos Trans R Soc Lond B Biol Sci, 

314 (1986) 1-340. 

[56] X. Chen, J.W. Barclay, R.D. Burgoyne, A. Morgan, Using C. elegans to discover 

therapeutic compounds for ageing-associated neurodegenerative diseases, Chem Cent 

J, 9 (2015) 65. 

[57] A.G. Fraser, R.S. Kamath, P. Zipperlen, M. Martinez-Campos, M. Sohrmann, J. 

Ahringer, Functional genomic analysis of C. elegans chromosome I by systematic 

RNA interference, Nature, 408 (2000) 325-330. 

[58] F. Simmer, M. Tijsterman, S. Parrish, S.P. Koushika, M.L. Nonet, A. Fire, J. 

Ahringer, R.H. Plasterk, Loss of the putative RNA-directed RNA polymerase RRF-3 

makes C. elegans hypersensitive to RNAi, Curr Biol, 12 (2002) 1317-1319. 

[59] A. Calixto, D. Chelur, I. Topalidou, X. Chen, M. Chalfie, Enhanced neuronal 

RNAi in C. elegans using SID-1, Nat Methods, 7 (2010) 554-559. 

[60] S.J. Annesley, S. Chen, L.M. Francione, O. Sanislav, A.J. Chavan, C. Farah, 

S.W. De Piazza, C.L. Storey, J. Ilievska, S.G. Fernando, P.K. Smith, S.T. Lay, P.R. 

Fisher, Dictyostelium, a microbial model for brain disease, Biochim Biophys Acta, 

1840 (2014) 1413-1432. 

[61] S. Chen, S.J. Annesley, R.A.F. Jasim, V.J. Musco, O. Sanislav, P.R. Fisher, The 

Parkinson's disease-associated protein DJ-1 plays a positive nonmitochondrial role in 

endocytosis in Dictyostelium cells, Dis Model Mech, 10 (2017) 1261-1271. 

[62] R.J. Huber, Using the social amoeba Dictyostelium to study the functions of 

proteins linked to neuronal ceroid lipofuscinosis, J Biomed Sci, 23 (2016) 83. 

[63] E. Kelly, D. Sharma, C.J. Wilkinson, R.S.B. Williams, Diacylglycerol kinase 

(DGKA) regulates the effect of the epilepsy and bipolar disorder treatment valproic 

acid in Dictyostelium discoideum, Dis Model Mech, 11 (2018). 

[64] M.A. Myre, A.L. Lumsden, M.N. Thompson, W. Wasco, M.E. MacDonald, J.F. 

Gusella, Deficiency of huntingtin has pleiotropic effects in the social amoeba 

Dictyostelium discoideum, PLoS Genet, 7 (2011) e1002052. 



 73 

[65] D. Sharma, G. Otto, E.C. Warren, P. Beesley, J.S. King, R.S.B. Williams, 

Gamma secretase orthologs are required for lysosomal activity and autophagic 

degradation in Dictyostelium discoideum, independent of PSEN (presenilin) 

proteolytic function, Autophagy, 15 (2019) 1407-1418. 

[66] S. Basu, P. Fey, D. Jimenez-Morales, R.J. Dodson, R.L. Chisholm, dictyBase 

2015: Expanding data and annotations in a new software environment, Genesis, 53 

(2015) 523-534. 

[67] L. Eichinger, J.A. Pachebat, G. Glockner, M.A. Rajandream, R. Sucgang, M. 

Berriman, J. Song, R. Olsen, K. Szafranski, Q. Xu, B. Tunggal, S. Kummerfeld, M. 

Madera, B.A. Konfortov, F. Rivero, A.T. Bankier, R. Lehmann, N. Hamlin, R. 

Davies, P. Gaudet, P. Fey, K. Pilcher, G. Chen, D. Saunders, E. Sodergren, P. Davis, 

A. Kerhornou, X. Nie, N. Hall, C. Anjard, L. Hemphill, N. Bason, P. Farbrother, B. 

Desany, E. Just, T. Morio, R. Rost, C. Churcher, J. Cooper, S. Haydock, N. van 

Driessche, A. Cronin, I. Goodhead, D. Muzny, T. Mourier, A. Pain, M. Lu, D. Harper, 

R. Lindsay, H. Hauser, K. James, M. Quiles, M. Madan Babu, T. Saito, C. Buchrieser, 

A. Wardroper, M. Felder, M. Thangavelu, D. Johnson, A. Knights, H. Loulseged, K. 

Mungall, K. Oliver, C. Price, M.A. Quail, H. Urushihara, J. Hernandez, E. 

Rabbinowitsch, D. Steffen, M. Sanders, J. Ma, Y. Kohara, S. Sharp, M. Simmonds, S. 

Spiegler, A. Tivey, S. Sugano, B. White, D. Walker, J. Woodward, T. Winckler, Y. 

Tanaka, G. Shaulsky, M. Schleicher, G. Weinstock, A. Rosenthal, E.C. Cox, R.L. 

Chisholm, R. Gibbs, W.F. Loomis, M. Platzer, R.R. Kay, J. Williams, P.H. Dear, 

A.A. Noegel, B. Barrell, A. Kuspa, The genome of the social amoeba Dictyostelium 

discoideum, Nature, 435 (2005) 43-57. 

[68] S. Mathavarajah, Flores, A., Huber, R.J., Dictyostelium discoideum: A model 

system for cell and developmental biology, Current Protocols Essential Laboratory 

Techniques, 15 (2017) 14.11.11-14.11.19. 

[69] S. Bozzaro, The model organism Dictyostelium discoideum, Methods Mol Biol, 

983 (2013) 17-37. 

[70] J. Faix, J. Linkner, B. Nordholz, J.L. Platt, X.H. Liao, A.R. Kimmel, The 

application of the Cre-loxP system for generating multiple knock-out and knock-in 

targeted loci, Methods Mol Biol, 983 (2013) 249-267. 

[71] M. Friedrich, D. Meier, I. Schuster, W. Nellen, A Simple Retroelement Based 

Knock-Down System in Dictyostelium: Further Insights into RNA Interference 

Mechanisms, PLoS One, 10 (2015) e0131271. 

[72] A. Kuspa, Restriction enzyme-mediated integration (REMI) mutagenesis, 

Methods Mol Biol, 346 (2006) 201-209. 

[73] S. Levi, M. Polyakov, T.T. Egelhoff, Green fluorescent protein and epitope tag 

fusion vectors for Dictyostelium discoideum, Plasmid, 44 (2000) 231-238. 

[74] A. Muller-Taubenberger, H.C. Ishikawa-Ankerhold, Fluorescent reporters and 

methods to analyze fluorescent signals, Methods Mol Biol, 983 (2013) 93-112. 

[75] R. Sekine, T. Kawata, T. Muramoto, CRISPR/Cas9 mediated targeting of 

multiple genes in Dictyostelium, Sci Rep, 8 (2018) 8471. 

[76] D.M. Veltman, G. Akar, L. Bosgraaf, P.J. Van Haastert, A new set of small, 

extrachromosomal expression vectors for Dictyostelium discoideum, Plasmid, 61 

(2009) 110-118. 

[77] D. Bakthavatsalam, R.H. Gomer, The secreted proteome profile of developing 

Dictyostelium discoideum cells, Proteomics, 10 (2010) 2556-2559. 

[78] R.J. Huber, Loss of Cln3 impacts protein secretion in the social amoeba 

Dictyostelium, Cell Signal, 35 (2017) 61-72. 



 74 

[79] R.J. Huber, D.H. O'Day, Proteomic profiling of the extracellular matrix (slime 

sheath) of Dictyostelium discoideum, Proteomics, 15 (2015) 3315-3319. 

[80] A. Journet, G. Klein, S. Brugiere, Y. Vandenbrouck, A. Chapel, S. Kieffer, C. 

Bruley, C. Masselon, L. Aubry, Investigating the macropinocytic proteome of 

Dictyostelium amoebae by high-resolution mass spectrometry, Proteomics, 12 (2012) 

241-245. 

[81] D.A. Persaud-Sawin, T. Mousallem, C. Wang, A. Zucker, E. Kominami, R.M. 

Boustany, Neuronal ceroid lipofuscinosis: a common pathway?, Pediatr Res, 61 

(2007) 146-152. 

[82] P. Fey, R.J. Dodson, S. Basu, R.L. Chisholm, One stop shop for everything 

Dictyostelium: dictyBase and the Dicty Stock Center in 2012, Methods Mol Biol, 983 

(2013) 59-92. 

[83] G. Rot, A. Parikh, T. Curk, A. Kuspa, G. Shaulsky, B. Zupan, dictyExpress: a 

Dictyostelium discoideum gene expression database with an explorative data analysis 

web-based interface, BMC Bioinformatics, 10 (2009) 265. 

[84] A. Muller-Taubenberger, A. Kortholt, L. Eichinger, Simple system--substantial 

share: the use of Dictyostelium in cell biology and molecular medicine, Eur J Cell 

Biol, 92 (2013) 45-53. 

[85] M.D. McLaren, S. Mathavarajah, R.J. Huber, Recent Insights into NCL Protein 

Function Using the Model Organism Dictyostelium discoideum, Cells, 8 (2019). 

[86] D.N. Sanders, F.H. Farias, G.S. Johnson, V. Chiang, J.R. Cook, D.P. O'Brien, 

S.L. Hofmann, J.Y. Lu, M.L. Katz, A mutation in canine PPT1 causes early onset 

neuronal ceroid lipofuscinosis in a Dachshund, Mol Genet Metab, 100 (2010) 349-

356. 

[87] A. Kolicheski, H.L. Barnes Heller, S. Arnold, R.D. Schnabel, J.F. Taylor, C.A. 

Knox, T. Mhlanga-Mutangadura, D.P. O'Brien, G.S. Johnson, J. Dreyfus, M.L. Katz, 

Homozygous PPT1 Splice Donor Mutation in a Cane Corso Dog With Neuronal 

Ceroid Lipofuscinosis, J Vet Intern Med, 31 (2017) 149-157. 

[88] J. Suopanki, J. Tyynela, M. Baumann, M. Haltia, Palmitoyl-protein thioesterase, 

an enzyme implicated in neurodegeneration, is localized in neurons and is 

developmentally regulated in rat brain, Neurosci Lett, 265 (1999) 53-56. 

[89] J. Suopanki, J. Tyynela, M. Baumann, M. Haltia, The expression of palmitoyl-

protein thioesterase is developmentally regulated in neural tissues but not in 

nonneural tissues, Mol Genet Metab, 66 (1999) 290-293. 

[90] J. Isosomppi, O. Heinonen, J.O. Hiltunen, N.D. Greene, J. Vesa, A. Uusitalo, 

H.M. Mitchison, M. Saarma, A. Jalanko, L. Peltonen, Developmental expression of 

palmitoyl protein thioesterase in normal mice, Brain Res Dev Brain Res, 118 (1999) 

1-11. 

[91] Z. Zhang, A.K. Mandal, N. Wang, C.L. Keck, D.B. Zimonjic, N.C. Popescu, 

A.B. Mukherjee, Palmitoyl-protein thioesterase gene expression in the developing 

mouse brain and retina: implications for early loss of vision in infantile neuronal 

ceroid lipofuscinosis, Gene, 231 (1999) 203-211. 

[92] L. Ahtiainen, O.P. Van Diggelen, A. Jalanko, O. Kopra, Palmitoyl protein 

thioesterase 1 is targeted to the axons in neurons, J Comp Neurol, 455 (2003) 368-

377. 

[93] M. Lehtovirta, A. Kyttala, E.L. Eskelinen, M. Hess, O. Heinonen, A. Jalanko, 

Palmitoyl protein thioesterase (PPT) localizes into synaptosomes and synaptic 

vesicles in neurons: implications for infantile neuronal ceroid lipofuscinosis (INCL), 

Hum Mol Genet, 10 (2001) 69-75. 



 75 

[94] S.J. Kim, Z. Zhang, C. Sarkar, P.C. Tsai, Y.C. Lee, L. Dye, A.B. Mukherjee, 

Palmitoyl protein thioesterase-1 deficiency impairs synaptic vesicle recycling at nerve 

terminals, contributing to neuropathology in humans and mice, J Clin Invest, 118 

(2008) 3075-3086. 

[95] P. Gupta, A.A. Soyombo, A. Atashband, K.E. Wisniewski, J.M. Shelton, J.A. 

Richardson, R.E. Hammer, S.L. Hofmann, Disruption of PPT1 or PPT2 causes 

neuronal ceroid lipofuscinosis in knockout mice, Proc Natl Acad Sci U S A, 98 (2001) 

13566-13571. 

[96] A. Jalanko, J. Vesa, T. Manninen, C. von Schantz, H. Minye, A.L. Fabritius, T. 

Salonen, J. Rapola, M. Gentile, O. Kopra, L. Peltonen, Mice with Ppt1Deltaex4 

mutation replicate the INCL phenotype and show an inflammation-associated loss of 

interneurons, Neurobiol Dis, 18 (2005) 226-241. 

[97] E. Bible, P. Gupta, S.L. Hofmann, J.D. Cooper, Regional and cellular 

neuropathology in the palmitoyl protein thioesterase-1 null mutant mouse model of 

infantile neuronal ceroid lipofuscinosis, Neurobiol Dis, 16 (2004) 346-359. 

[98] C. Kielar, L. Maddox, E. Bible, C.C. Pontikis, S.L. Macauley, M.A. Griffey, M. 

Wong, M.S. Sands, J.D. Cooper, Successive neuron loss in the thalamus and cortex in 

a mouse model of infantile neuronal ceroid lipofuscinosis, Neurobiol Dis, 25 (2007) 

150-162. 

[99] S.L. Macauley, D.F. Wozniak, C. Kielar, Y. Tan, J.D. Cooper, M.S. Sands, 

Cerebellar pathology and motor deficits in the palmitoyl protein thioesterase 1-

deficient mouse, Exp Neurol, 217 (2009) 124-135. 

[100] J. Groh, T.G. Kuhl, C.W. Ip, H.R. Nelvagal, S. Sri, S. Duckett, M. Mirza, T. 

Langmann, J.D. Cooper, R. Martini, Immune cells perturb axons and impair neuronal 

survival in a mouse model of infantile neuronal ceroid lipofuscinosis, Brain, 136 

(2013) 1083-1101. 

[101] M. Griffey, S.L. Macauley, J.M. Ogilvie, M.S. Sands, AAV2-mediated ocular 

gene therapy for infantile neuronal ceroid lipofuscinosis, Mol Ther, 12 (2005) 413-

421. 

[102] J.T. Dearborn, S.K. Harmon, S.C. Fowler, K.L. O'Malley, G.T. Taylor, M.S. 

Sands, D.F. Wozniak, Comprehensive functional characterization of murine infantile 

Batten disease including Parkinson-like behavior and dopaminergic markers, Sci Rep, 

5 (2015) 12752. 

[103] N. Miao, S.W. Levin, E.H. Baker, R.C. Caruso, Z. Zhang, A. Gropman, D. 

Koziol, R. Wesley, A.B. Mukherjee, Z.M. Quezado, Children with infantile neuronal 

ceroid lipofuscinosis have an increased risk of hypothermia and bradycardia during 

anesthesia, Anesth Analg, 109 (2009) 372-378. 

[104] A. Khaibullina, N. Kenyon, V. Guptill, M.M. Quezado, L. Wang, D. Koziol, R. 

Wesley, P.R. Moya, Z. Zhang, A. Saha, A.B. Mukherjee, Z.M. Quezado, In a model 

of Batten disease, palmitoyl protein thioesterase-1 deficiency is associated with brown 

adipose tissue and thermoregulation abnormalities, PLoS One, 7 (2012) e48733. 

[105] A. Bouchelion, Z. Zhang, Y. Li, H. Qian, A.B. Mukherjee, Mice homozygous 

for c.451C>T mutation in Cln1 gene recapitulate INCL phenotype, Ann Clin Transl 

Neurol, 1 (2014) 1006-1023. 

[106] J.N. Miller, A.D. Kovacs, D.A. Pearce, The novel Cln1(R151X) mouse model 

of infantile neuronal ceroid lipofuscinosis (INCL) for testing nonsense suppression 

therapy, Hum Mol Genet, 24 (2015) 185-196. 

[107] S. Tikka, E. Monogioudi, A. Gotsopoulos, R. Soliymani, F. Pezzini, E. Scifo, K. 

Uusi-Rauva, J. Tyynela, M. Baumann, A. Jalanko, A. Simonati, M. Lalowski, 



 76 

Proteomic Profiling in the Brain of CLN1 Disease Model Reveals Affected 

Functional Modules, Neuromolecular Med, 18 (2016) 109-133. 

[108] G. Chandra, M.B. Bagh, S. Peng, A. Saha, C. Sarkar, M. Moralle, Z. Zhang, 

A.B. Mukherjee, Cln1 gene disruption in mice reveals a common pathogenic link 

between two of the most lethal childhood neurodegenerative lysosomal storage 

disorders, Hum Mol Genet, 24 (2015) 5416-5432. 

[109] M.B. Bagh, S. Peng, G. Chandra, Z. Zhang, S.P. Singh, N. Pattabiraman, A. 

Liu, A.B. Mukherjee, Misrouting of v-ATPase subunit V0a1 dysregulates lysosomal 

acidification in a neurodegenerative lysosomal storage disease model, Nat Commun, 8 

(2017) 14612. 

[110] J. Munasinghe, Z. Zhang, E. Kong, A. Heffer, A.B. Mukherjee, Evaluation of 

neurodegeneration in a mouse model of infantile batten disease by magnetic 

resonance imaging and magnetic resonance spectroscopy, Neurodegener Dis, 9 (2012) 

159-169. 

[111] J. Lange, L.J. Haslett, E. Lloyd-Evans, J.M. Pocock, M.S. Sands, B.P. Williams, 

J.D. Cooper, Compromised astrocyte function and survival negatively impact neurons 

in infantile neuronal ceroid lipofuscinosis, Acta Neuropathol Commun, 6 (2018) 74. 

[112] J. Hu, J.Y. Lu, A.M. Wong, L.S. Hynan, S.G. Birnbaum, D.S. Yilmaz, B.M. 

Streit, E.M. Lenartowicz, T.C. Thompson, J.D. Cooper, S.L. Hofmann, Intravenous 

high-dose enzyme replacement therapy with recombinant palmitoyl-protein 

thioesterase reduces visceral lysosomal storage and modestly prolongs survival in a 

preclinical mouse model of infantile neuronal ceroid lipofuscinosis, Mol Genet 

Metab, 107 (2012) 213-221. 

[113] J.Y. Lu, H.R. Nelvagal, L. Wang, S.G. Birnbaum, J.D. Cooper, S.L. Hofmann, 

Intrathecal enzyme replacement therapy improves motor function and survival in a 

preclinical mouse model of infantile neuronal ceroid lipofuscinosis, Mol Genet 

Metab, 116 (2015) 98-105. 

[114] C. Sarkar, G. Chandra, S. Peng, Z. Zhang, A. Liu, A.B. Mukherjee, 

Neuroprotection and lifespan extension in Ppt1(-/-) mice by NtBuHA: therapeutic 

implications for INCL, Nat Neurosci, 16 (2013) 1608-1617. 

[115] S.L. Macauley, A.M. Wong, C. Shyng, D.P. Augner, J.T. Dearborn, Y. Pearse, 

M.S. Roberts, S.C. Fowler, J.D. Cooper, D.M. Watterson, M.S. Sands, An anti-

neuroinflammatory that targets dysregulated glia enhances the efficacy of CNS-

directed gene therapy in murine infantile neuronal ceroid lipofuscinosis, J Neurosci, 

34 (2014) 13077-13082. 

[116] M.A. Griffey, D. Wozniak, M. Wong, E. Bible, K. Johnson, S.M. Rothman, 

A.E. Wentz, J.D. Cooper, M.S. Sands, CNS-directed AAV2-mediated gene therapy 

ameliorates functional deficits in a murine model of infantile neuronal ceroid 

lipofuscinosis, Mol Ther, 13 (2006) 538-547. 

[117] M. Griffey, E. Bible, C. Vogler, B. Levy, P. Gupta, J. Cooper, M.S. Sands, 

Adeno-associated virus 2-mediated gene therapy decreases autofluorescent storage 

material and increases brain mass in a murine model of infantile neuronal ceroid 

lipofuscinosis, Neurobiol Dis, 16 (2004) 360-369. 

[118] M.S. Roberts, S.L. Macauley, A.M. Wong, D. Yilmas, S. Hohm, J.D. Cooper, 

M.S. Sands, Combination small molecule PPT1 mimetic and CNS-directed gene 

therapy as a treatment for infantile neuronal ceroid lipofuscinosis, J Inherit Metab Dis, 

35 (2012) 847-857. 

[119] C. Shyng, H.R. Nelvagal, J.T. Dearborn, J. Tyynela, R.E. Schmidt, M.S. Sands, 

J.D. Cooper, Synergistic effects of treating the spinal cord and brain in CLN1 disease, 

Proc Natl Acad Sci U S A, 114 (2017) E5920-E5929. 



 77 

[120] B. Thisse, C. Thisse, Fast Release Clones: A High Throughput Expression 

Analysis, ZFIN Direct Data Submission (http://zfin.org). (2004). 

[121] A. Bayes, M.O. Collins, R. Reig-Viader, G. Gou, D. Goulding, A. Izquierdo, 

J.S. Choudhary, R.D. Emes, S.G. Grant, Evolution of complexity in the zebrafish 

synapse proteome, Nat Commun, 8 (2017) 14613. 

[122] A.J. Hickey, H.L. Chotkowski, N. Singh, J.G. Ault, C.A. Korey, M.E. 

MacDonald, R.L. Glaser, Palmitoyl-protein thioesterase 1 deficiency in Drosophila 

melanogaster causes accumulation of abnormal storage material and reduced life 

span, Genetics, 172 (2006) 2379-2390. 

[123] H. Buff, A.C. Smith, C.A. Korey, Genetic modifiers of Drosophila palmitoyl-

protein thioesterase 1-induced degeneration, Genetics, 176 (2007) 209-220. 

[124] S. Saja, H. Buff, A.C. Smith, T.S. Williams, C.A. Korey, Identifying cellular 

pathways modulated by Drosophila palmitoyl-protein thioesterase 1 function, 

Neurobiol Dis, 40 (2010) 135-145. 

[125] E. Aby, K. Gumps, A. Roth, S. Sigmon, S.E. Jenkins, J.J. Kim, N.J. Kramer, 

K.D. Parfitt, C.A. Korey, Mutations in palmitoyl-protein thioesterase 1 alter 

exocytosis and endocytosis at synapses in Drosophila larvae, Fly, 7 (2013) 267-279. 

[126] G.R. Prescott, O.A. Gorleku, J. Greaves, L.H. Chamberlain, Palmitoylation of 

the synaptic vesicle fusion machinery, J Neurochem, 110 (2009) 1135-1149. 

[127] S.T. Sweeney, G.W. Davis, Unrestricted synaptic growth in spinster-a late 

endosomal protein implicated in TGF-beta-mediated synaptic growth regulation, 

Neuron, 36 (2002) 403-416. 

[128] C.O. Wong, M. Palmieri, J. Li, D. Akhmedov, Y. Chao, G.T. Broadhead, M.X. 

Zhu, R. Berdeaux, C.A. Collins, M. Sardiello, K. Venkatachalam, Diminished 

MTORC1-Dependent JNK Activation Underlies the Neurodevelopmental Defects 

Associated with Lysosomal Dysfunction, Cell Rep, 12 (2015) 2009-2020. 

[129] M.Y. Porter, M. Turmaine, S.E. Mole, Identification and characterization of 

Caenorhabditis elegans palmitoyl protein thioesterase1, J Neurosci Res, 79 (2005) 

836-848. 

[130] M.J. Edmonds, A. Morgan, A systematic analysis of protein palmitoylation in 

Caenorhabditis elegans, BMC genomics, 15 (2014) 841. 

[131] A. Sillo, G. Bloomfield, A. Balest, A. Balbo, B. Pergolizzi, B. Peracino, J. 

Skelton, A. Ivens, S. Bozzaro, Genome-wide transcriptional changes induced by 

phagocytosis or growth on bacteria in Dictyostelium, BMC genomics, 9 (2008) 291. 

[132] Z. Zhang, Y.C. Lee, S.J. Kim, M.S. Choi, P.C. Tsai, A. Saha, H. Wei, Y. Xu, 

Y.J. Xiao, P. Zhang, A. Heffer, A.B. Mukherjee, Production of 

lysophosphatidylcholine by cPLA2 in the brain of mice lacking PPT1 is a signal for 

phagocyte infiltration, Hum Mol Genet, 16 (2007) 837-847. 

[133] A. Schulz, T. Ajayi, N. Specchio, E. de Los Reyes, P. Gissen, D. Ballon, J.P. 

Dyke, H. Cahan, P. Slasor, D. Jacoby, A. Kohlschütter, Study of Intraventricular 

Cerliponase Alfa for CLN2 Disease, New England Journal of Medicine, 378 (2018) 

1898-1907. 

[134] M.L. Katz, J.R. Coates, C.M. Sibigtroth, J.D. Taylor, M. Carpentier, W.M. 

Young, F.A. Wininger, D. Kennedy, B.R. Vuillemenot, C.A. O'Neill, Enzyme 

replacement therapy attenuates disease progression in a canine model of late-infantile 

neuronal ceroid lipofuscinosis (CLN2 disease), J Neurosci Res, 92 (2014) 1591-1598. 

[135] B.R. Vuillemenot, M.L. Katz, J.R. Coates, D. Kennedy, P. Tiger, S. Kanazono, 

P. Lobel, I. Sohar, S. Xu, R. Cahayag, S. Keve, E. Koren, S. Bunting, L.S. Tsuruda, 

C.A. O'Neill, Intrathecal tripeptidyl-peptidase 1 reduces lysosomal storage in a canine 

http://zfin.org/


 78 

model of late infantile neuronal ceroid lipofuscinosis, Mol Genet Metab, 104 (2011) 

325-337. 

[136] B.R. Vuillemenot, D. Kennedy, J.D. Cooper, A.M. Wong, S. Sri, T. Doeleman, 

M.L. Katz, J.R. Coates, G.C. Johnson, R.P. Reed, E.L. Adams, M.T. Butt, D.G. 

Musson, J. Henshaw, S. Keve, R. Cahayag, L.S. Tsuruda, C.A. O'Neill, Nonclinical 

evaluation of CNS-administered TPP1 enzyme replacement in canine CLN2 neuronal 

ceroid lipofuscinosis, Mol Genet Metab, 114 (2015) 281-293. 

[137] M.A. Passini, J.C. Dodge, J. Bu, W. Yang, Q. Zhao, D. Sondhi, N.R. Hackett, 

S.M. Kaminsky, Q. Mao, L.S. Shihabuddin, S.H. Cheng, D.E. Sleat, G.R. Stewart, 

B.L. Davidson, P. Lobel, R.G. Crystal, Intracranial delivery of CLN2 reduces brain 

pathology in a mouse model of classical late infantile neuronal ceroid lipofuscinosis, J 

Neurosci, 26 (2006) 1334-1342. 

[138] M. Chang, J.D. Cooper, D.E. Sleat, S.H. Cheng, J.C. Dodge, M.A. Passini, P. 

Lobel, B.L. Davidson, Intraventricular enzyme replacement improves disease 

phenotypes in a mouse model of late infantile neuronal ceroid lipofuscinosis, Mol 

Ther, 16 (2008) 649-656. 

[139] B.R. Vuillemenot, D. Kennedy, R.P. Reed, R.B. Boyd, M.T. Butt, D.G. 

Musson, S. Keve, R. Cahayag, L.S. Tsuruda, C.A. O'Neill, Recombinant human 

tripeptidyl peptidase-1 infusion to the monkey CNS: safety, pharmacokinetics, and 

distribution, Toxicol Appl Pharmacol, 277 (2014) 49-57. 

[140] M.L. Katz, L. Tecedor, Y. Chen, B.G. Williamson, E. Lysenko, F.A. Wininger, 

W.M. Young, G.C. Johnson, R.E. Whiting, J.R. Coates, B.L. Davidson, AAV gene 

transfer delays disease onset in a TPP1-deficient canine model of the late infantile 

form of Batten disease, Sci Transl Med, 7 (2015) 313ra180. 

[141] B.L. Davidson, C.S. Stein, J.A. Heth, I. Martins, R.M. Kotin, T.A. Derksen, J. 

Zabner, A. Ghodsi, J.A. Chiorini, Recombinant adeno-associated virus type 2, 4, and 

5 vectors: transduction of variant cell types and regions in the mammalian central 

nervous system, Proc Natl Acad Sci U S A, 97 (2000) 3428-3432. 

[142] M.L. Katz, G.C. Johnson, S.B. Leach, B.G. Williamson, J.R. Coates, R.E.H. 

Whiting, D.P. Vansteenkiste, M.S. Whitney, Extraneuronal pathology in a canine 

model of CLN2 neuronal ceroid lipofuscinosis after intracerebroventricular gene 

therapy that delays neurological disease progression, Gene Ther, 24 (2017) 215-223. 

[143] R.E. Whiting, K. Narfstrom, G. Yao, J.W. Pearce, J.R. Coates, L.J. Castaner, 

C.A. Jensen, B.N. Dougherty, B.R. Vuillemenot, D. Kennedy, C.A. O'Neill, M.L. 

Katz, Enzyme replacement therapy delays pupillary light reflex deficits in a canine 

model of late infantile neuronal ceroid lipofuscinosis, Exp Eye Res, 125 (2014) 164-

172. 

[144] R.E. Whiting, C.A. Jensen, J.W. Pearce, L.E. Gillespie, D.E. Bristow, M.L. 

Katz, Intracerebroventricular gene therapy that delays neurological disease 

progression is associated with selective preservation of retinal ganglion cells in a 

canine model of CLN2 disease, Exp Eye Res, 146 (2016) 276-282. 

[145] C.J. Tracy, R.E. Whiting, J.W. Pearce, B.G. Williamson, D.P. Vansteenkiste, 

L.E. Gillespie, L.J. Castaner, J.N. Bryan, J.R. Coates, C.A. Jensen, M.L. Katz, 

Intravitreal implantation of TPP1-transduced stem cells delays retinal degeneration in 

canine CLN2 neuronal ceroid lipofuscinosis, Exp Eye Res, 152 (2016) 77-87. 

[146] D. Sondhi, D.A. Peterson, E.L. Giannaris, C.T. Sanders, B.S. Mendez, B. De, 

A.B. Rostkowski, B. Blanchard, K. Bjugstad, J.R. Sladek, Jr., D.E. Redmond, Jr., P.L. 

Leopold, S.M. Kaminsky, N.R. Hackett, R.G. Crystal, AAV2-mediated CLN2 gene 

transfer to rodent and non-human primate brain results in long-term TPP-I expression 

compatible with therapy for LINCL, Gene Ther, 12 (2005) 1618-1632. 



 79 

[147] A.L. Fabritius, J. Vesa, H.M. Minye, I. Nakano, H. Kornblum, L. Peltonen, 

Neuronal ceroid lipofuscinosis genes, CLN2, CLN3 and CLN5 are spatially and 

temporally co-expressed in a developing mouse brain, Exp Mol Pathol, 97 (2014) 

484-491. 

[148] M. Dimitrova, D. Deleva, V. Pavlova, I. Ivanov, Developmental study of 

tripeptidyl peptidase I activity in the mouse central nervous system and peripheral 

organs, Cell Tissue Res, 346 (2011) 141-149. 

[149] D.E. Sleat, M. El-Banna, I. Sohar, K.H. Kim, K. Dobrenis, S.U. Walkley, P. 

Lobel, Residual levels of tripeptidyl-peptidase I activity dramatically ameliorate 

disease in late-infantile neuronal ceroid lipofuscinosis, Mol Genet Metab, 94 (2008) 

222-233. 

[150] R.D. Geraets, L.M. Langin, J.T. Cain, C.M. Parker, R. Beraldi, A.D. Kovacs, 

J.M. Weimer, D.A. Pearce, A tailored mouse model of CLN2 disease: A nonsense 

mutant for testing personalized therapies, PLoS One, 12 (2017) e0176526. 

[151] D. Sondhi, N.R. Hackett, D.A. Peterson, J. Stratton, M. Baad, K.M. Travis, J.M. 

Wilson, R.G. Crystal, Enhanced survival of the LINCL mouse following CLN2 gene 

transfer using the rh.10 rhesus macaque-derived adeno-associated virus vector, Mol 

Ther, 15 (2007) 481-491. 

[152] D. Sondhi, D.A. Peterson, A.M. Edelstein, K. del Fierro, N.R. Hackett, R.G. 

Crystal, Survival advantage of neonatal CNS gene transfer for late infantile neuronal 

ceroid lipofuscinosis, Exp Neurol, 213 (2008) 18-27. 

[153] M.A. Cabrera-Salazar, E.M. Roskelley, J. Bu, B.L. Hodges, N. Yew, J.C. 

Dodge, L.S. Shihabuddin, I. Sohar, D.E. Sleat, R.K. Scheule, B.L. Davidson, S.H. 

Cheng, P. Lobel, M.A. Passini, Timing of therapeutic intervention determines 

functional and survival outcomes in a mouse model of late infantile batten disease, 

Mol Ther, 15 (2007) 1782-1788. 

[154] C.P. Foley, D.G. Rubin, A. Santillan, D. Sondhi, J.P. Dyke, R.G. Crystal, Y.P. 

Gobin, D.J. Ballon, Intra-arterial delivery of AAV vectors to the mouse brain after 

mannitol mediated blood brain barrier disruption, J Control Release, 196 (2014) 71-

78. 

[155] L. Lin, P. Lobel, Production and characterization of recombinant human CLN2 

protein for enzyme-replacement therapy in late infantile neuronal ceroid 

lipofuscinosis, Biochem J, 357 (2001) 49-55. 

[156] S. Xu, L. Wang, M. El-Banna, I. Sohar, D.E. Sleat, P. Lobel, Large-volume 

intrathecal enzyme delivery increases survival of a mouse model of late infantile 

neuronal ceroid lipofuscinosis, Mol Ther, 19 (2011) 1842-1848. 

[157] Y. Meng, I. Sohar, L. Wang, D.E. Sleat, P. Lobel, Systemic administration of 

tripeptidyl peptidase I in a mouse model of late infantile neuronal ceroid 

lipofuscinosis: effect of glycan modification, PLoS One, 7 (2012) e40509. 

[158] Y. Meng, J.A. Wiseman, Y. Nemtsova, D.F. Moore, J. Guevarra, K. Reuhl, 

W.A. Banks, R. Daneman, D.E. Sleat, P. Lobel, A Basic ApoE-Based Peptide 

Mediator to Deliver Proteins across the Blood-Brain Barrier: Long-Term Efficacy, 

Toxicity, and Mechanism, Mol Ther, 25 (2017) 1531-1543. 

[159] A. Ghosh, S.B. Rangasamy, K.K. Modi, K. Pahan, Gemfibrozil, food and drug 

administration-approved lipid-lowering drug, increases longevity in mouse model of 

late infantile neuronal ceroid lipofuscinosis, J Neurochem, 141 (2017) 423-435. 

[160] C. Russell, F. Mahmood, Nonsense-suppression does not rescue the NCL-like 

phenotype of a zebrafish model of late-infantile neuronal ceroid lipofuscinosis, 13th 

International Conference on Neuonral Ceroid Lipofuscinosis, (2012) P58. 



 80 

[161] R. Martin-Jimenez, F. Mahmood, A. Zdebik, A. Au, J. Cooke, M. Campanella, 

C. Russell, Valproic acid attenuates seizures and extends lifespan of the zebrafish 

model of CLN2 disease, in:  The 15th International Conference on Neuronal ceroid 

Lipofuscinosis (Batten Disease), Boston, USA, 2016. 

[162] R. Martin-Jimenez, F. Mahmood, V. Brickell, D. Nalkos, M. Campanella, C. 

Russell, In vivo drug discovery identifies a compound that reduces seizure-like 

activity in the zebrafish model of CLN2 disease, in:  The 15th International 

Conference on Neuronal Ceroid Lipofuscinosis (Batten Disease), Boston, USA, 2016. 

[163] C. Hardiman, E. Young, Z. Manwaring, K. Marinou, C. Russell, The role of 

microglia in the zebrafish model of CLN2 disease, in:  16th International Conference 

on Neuronal Ceroid Lipofuscinosis (NCL), London, UK, 2018. 

[164] J.E. Phillips, R.H. Gomer, Partial genetic suppression of a loss-of-function 

mutant of the neuronal ceroid lipofuscinosis-associated protease TPP1 in 

Dictyostelium discoideum, Dis Model Mech, 8 (2015) 147-156. 

[165] M. Stumpf, R. Muller, B. Gassen, R. Wehrstedt, P. Fey, M.A. Karow, L. 

Eichinger, G. Glockner, A.A. Noegel, A tripeptidyl peptidase 1 is a binding partner of 

the Golgi pH regulator (GPHR) in Dictyostelium, Dis Model Mech, 10 (2017) 897-

907. 

[166] J. Carcel-Trullols, A.D. Kovacs, D.A. Pearce, Cell biology of the NCL proteins: 

What they do and don't do, Biochim Biophys Acta, 1852 (2015) 2242-2255. 

[167] J.M. Vidal-Donet, J. Carcel-Trullols, B. Casanova, C. Aguado, E. Knecht, 

Alterations in ROS activity and lysosomal pH account for distinct patterns of 

macroautophagy in LINCL and JNCL fibroblasts, PLoS One, 8 (2013) e55526. 

[168] V.M. Olkkonen, S. Li, Oxysterol-binding proteins: sterol and phosphoinositide 

sensors coordinating transport, signaling and metabolism, Prog Lipid Res, 52 (2013) 

529-538. 

[169] M.L. Schultz, L. Tecedor, E. Lysenko, S. Ramachandran, C.S. Stein, B.L. 

Davidson, Modulating membrane fluidity corrects Batten disease phenotypes in vitro 

and in vivo, Neurobiol Dis, 115 (2018) 182-193. 

[170] N. Sima, R. Li, W. Huang, M. Xu, J. Beers, J. Zou, S. Titus, E.A. Ottinger, J.J. 

Marugan, X. Xie, W. Zheng, Neural stem cells for disease modeling and evaluation of 

therapeutics for infantile (CLN1/PPT1) and late infantile (CLN2/TPP1) neuronal 

ceroid lipofuscinoses, Orphanet J Rare Dis, 13 (2018) 54. 

[171] Y. Maeda, T. Ide, M. Koike, Y. Uchiyama, T. Kinoshita, GPHR is a novel 

anion channel critical for acidification and functions of the Golgi apparatus, Nat Cell 

Biol, 10 (2008) 1135-1145. 

[172] J. Deckstein, J. van Appeldorn, M. Tsangarides, K. Yiannakou, R. Muller, M. 

Stumpf, S.K. Sukumaran, L. Eichinger, A.A. Noegel, T.Y. Riyahi, The Dictyostelium 

discoideum GPHR ortholog is an endoplasmic reticulum and Golgi protein with roles 

during development, Eukaryot Cell, 14 (2015) 41-54. 

[173] S.L. Eliason, C.S. Stein, Q. Mao, L. Tecedor, S.L. Ding, D.M. Gaines, B.L. 

Davidson, A knock-in reporter model of Batten disease, J Neurosci, 27 (2007) 9826-

9834. 

[174] S. Oetjen, D. Kuhl, G. Hermey, Revisiting the neuronal localization and 

trafficking of CLN3 in juvenile neuronal ceroid lipofuscinosis, J Neurochem, 139 

(2016) 456-470. 

[175] S.L. Cotman, V. Vrbanac, L.A. Lebel, R.L. Lee, K.A. Johnson, L.R. Donahue, 

A.M. Teed, K. Antonellis, R.T. Bronson, T.J. Lerner, M.E. MacDonald, 

Cln3(Deltaex7/8) knock-in mice with the common JNCL mutation exhibit progressive 

neurologic disease that begins before birth, Hum Mol Genet, 11 (2002) 2709-2721. 



 81 

[176] N.D. Greene, D.L. Bernard, P.E. Taschner, B.D. Lake, N. de Vos, M.H. 

Breuning, R.M. Gardiner, S.E. Mole, R.L. Nussbaum, H.M. Mitchison, A murine 

model for juvenile NCL: gene targeting of mouse Cln3, Mol Genet Metab, 66 (1999) 

309-313. 

[177] M.L. Katz, H. Shibuya, P.C. Liu, S. Kaur, C.L. Gao, G.S. Johnson, A mouse 

gene knockout model for juvenile ceroid-lipofuscinosis (Batten disease), J Neurosci 

Res, 57 (1999) 551-556. 

[178] H.M. Mitchison, D.J. Bernard, N.D. Greene, J.D. Cooper, M.A. Junaid, R.K. 

Pullarkat, N. de Vos, M.H. Breuning, J.W. Owens, W.C. Mobley, R.M. Gardiner, 

B.D. Lake, P.E. Taschner, R.L. Nussbaum, Targeted disruption of the Cln3 gene 

provides a mouse model for Batten disease. The Batten Mouse Model Consortium 

[corrected], Neurobiol Dis, 6 (1999) 321-334. 

[179] J.J. Shacka, Mouse models of neuronal ceroid lipofuscinoses: useful pre-clinical 

tools to delineate disease pathophysiology and validate therapeutics, Brain Res Bull, 

88 (2012) 43-57. 

[180] R. Finn, A.D. Kovacs, D.A. Pearce, Altered sensitivity of cerebellar granule 

cells to glutamate receptor overactivation in the Cln3(Deltaex7/8)-knock-in mouse 

model of juvenile neuronal ceroid lipofuscinosis, Neurochem Int, 58 (2011) 648-655. 

[181] J. Groh, D. Stadler, M. Buttmann, R. Martini, Non-invasive assessment of 

retinal alterations in mouse models of infantile and juvenile neuronal ceroid 

lipofuscinosis by spectral domain optical coherence tomography, Acta Neuropathol 

Commun, 2 (2014) 54. 

[182] B. Grunewald, M.D. Lange, C. Werner, A. O'Leary, A. Weishaupt, S. Popp, 

D.A. Pearce, H. Wiendl, A. Reif, H.C. Pape, K.V. Toyka, C. Sommer, C. Geis, 

Defective synaptic transmission causes disease signs in a mouse model of juvenile 

neuronal ceroid lipofuscinosis, Elife, 6 (2017). 

[183] A.D. Kovacs, D.A. Pearce, Attenuation of AMPA receptor activity improves 

motor skills in a mouse model of juvenile Batten disease, Exp Neurol, 209 (2008) 

288-291. 

[184] A.D. Kovacs, A. Saje, A. Wong, G. Szenasi, P. Kiricsi, E. Szabo, J.D. Cooper, 

D.A. Pearce, Temporary inhibition of AMPA receptors induces a prolonged 

improvement of motor performance in a mouse model of juvenile Batten disease, 

Neuropharmacology, 60 (2011) 405-409. 

[185] A.D. Kovacs, J.M. Weimer, D.A. Pearce, Selectively increased sensitivity of 

cerebellar granule cells to AMPA receptor-mediated excitotoxicity in a mouse model 

of Batten disease, Neurobiol Dis, 22 (2006) 575-585. 

[186] H.M. Mitchison, M.J. Lim, J.D. Cooper, Selectivity and types of cell death in 

the neuronal ceroid lipofuscinoses, Brain Pathol, 14 (2004) 86-96. 

[187] N.S. Osorio, B. Sampaio-Marques, C.H. Chan, P. Oliveira, D.A. Pearce, N. 

Sousa, F. Rodrigues, Neurodevelopmental delay in the Cln3Deltaex7/8 mouse model 

for Batten disease, Genes Brain Behav, 8 (2009) 337-345. 

[188] C.C. Pontikis, C.V. Cella, N. Parihar, M.J. Lim, S. Chakrabarti, H.M. 

Mitchison, W.C. Mobley, P. Rezaie, D.A. Pearce, J.D. Cooper, Late onset 

neurodegeneration in the Cln3-/- mouse model of juvenile neuronal ceroid 

lipofuscinosis is preceded by low level glial activation, Brain Res, 1023 (2004) 231-

242. 

[189] C.C. Pontikis, S.L. Cotman, M.E. MacDonald, J.D. Cooper, Thalamocortical 

neuron loss and localized astrocytosis in the Cln3Deltaex7/8 knock-in mouse model 

of Batten disease, Neurobiol Dis, 20 (2005) 823-836. 



 82 

[190] G.M. Seigel, A. Lotery, A. Kummer, D.J. Bernard, N.D. Greene, M. Turmaine, 

T. Derksen, R.L. Nussbaum, B. Davidson, J. Wagner, H.M. Mitchison, Retinal 

pathology and function in a Cln3 knockout mouse model of juvenile Neuronal Ceroid 

Lipofuscinosis (batten disease), Mol Cell Neurosci, 19 (2002) 515-527. 

[191] J.F. Staropoli, L. Haliw, S. Biswas, L. Garrett, S.M. Holter, L. Becker, S. 

Skosyrski, P. Da Silva-Buttkus, J. Calzada-Wack, F. Neff, B. Rathkolb, J. Rozman, A. 

Schrewe, T. Adler, O. Puk, M. Sun, J. Favor, I. Racz, R. Bekeredjian, D.H. Busch, J. 

Graw, M. Klingenspor, T. Klopstock, E. Wolf, W. Wurst, A. Zimmer, E. Lopez, H. 

Harati, E. Hill, D.S. Krause, J. Guide, E. Dragileva, E. Gale, V.C. Wheeler, R.M. 

Boustany, D.E. Brown, S. Breton, K. Ruether, V. Gailus-Durner, H. Fuchs, M.H. de 

Angelis, S.L. Cotman, Large-scale phenotyping of an accurate genetic mouse model 

of JNCL identifies novel early pathology outside the central nervous system, PLoS 

One, 7 (2012) e38310. 

[192] S.T. Wavre-Shapton, A.A. Calvi, M. Turmaine, M.C. Seabra, D.F. Cutler, C.E. 

Futter, H.M. Mitchison, Photoreceptor phagosome processing defects and disturbed 

autophagy in retinal pigment epithelium of Cln3Deltaex1-6 mice modelling juvenile 

neuronal ceroid lipofuscinosis (Batten disease), Hum Mol Genet, 24 (2015) 7060-

7074. 

[193] J.M. Weimer, J.W. Benedict, Y.M. Elshatory, D.W. Short, D. Ramirez-

Montealegre, D.A. Ryan, N.A. Alexander, H.J. Federoff, J.D. Cooper, D.A. Pearce, 

Alterations in striatal dopamine catabolism precede loss of substantia nigra neurons in 

a mouse model of juvenile neuronal ceroid lipofuscinosis, Brain Res, 1162 (2007) 98-

112. 

[194] J.M. Weimer, J.W. Benedict, A.L. Getty, C.C. Pontikis, M.J. Lim, J.D. Cooper, 

D.A. Pearce, Cerebellar defects in a mouse model of juvenile neuronal ceroid 

lipofuscinosis, Brain Res, 1266 (2009) 93-107. 

[195] J.M. Weimer, A.W. Custer, J.W. Benedict, N.A. Alexander, E. Kingsley, H.J. 

Federoff, J.D. Cooper, D.A. Pearce, Visual deficits in a mouse model of Batten 

disease are the result of optic nerve degeneration and loss of dorsal lateral geniculate 

thalamic neurons, Neurobiol Dis, 22 (2006) 284-293. 

[196] K. Dannhausen, C. Mohle, T. Langmann, Immunomodulation with minocycline 

rescues retinal degeneration in juvenile neuronal ceroid lipofuscinosis mice highly 

susceptible to light damage, Dis Model Mech, 11 (2018). 

[197] D. Studniarczyk, E.L. Needham, H.M. Mitchison, M. Farrant, S.G. Cull-Candy, 

Altered Cerebellar Short-Term Plasticity but No Change in Postsynaptic AMPA-Type 

Glutamate Receptors in a Mouse Model of Juvenile Batten Disease, eNeuro, 5 (2018). 

[198] M. Burkovetskaya, N. Karpuk, T. Kielian, Age-dependent alterations in 

neuronal activity in the hippocampus and visual cortex in a mouse model of Juvenile 

Neuronal Ceroid Lipofuscinosis (CLN3), Neurobiol Dis, 100 (2017) 19-29. 

[199] M. Llavero Hurtado, H.R. Fuller, A.M.S. Wong, S.L. Eaton, T.H. Gillingwater, 

G. Pennetta, J.D. Cooper, T.M. Wishart, Proteomic mapping of differentially 

vulnerable pre-synaptic populations identifies regulators of neuronal stability in vivo, 

Sci Rep, 7 (2017) 12412. 

[200] J. Xiong, T. Kielian, Microglia in juvenile neuronal ceroid lipofuscinosis are 

primed toward a pro-inflammatory phenotype, J Neurochem, 127 (2013) 245-258. 

[201] L. Parviainen, S. Dihanich, G.W. Anderson, A.M. Wong, H.R. Brooks, R. 

Abeti, P. Rezaie, G. Lalli, S. Pope, S.J. Heales, H.M. Mitchison, B.P. Williams, J.D. 

Cooper, Glial cells are functionally impaired in juvenile neuronal ceroid 

lipofuscinosis and detrimental to neurons, Acta Neuropathol Commun, 5 (2017) 74. 



 83 

[202] S.L. Hersrud, A.D. Kovacs, D.A. Pearce, Antigen presenting cell abnormalities 

in the Cln3(-/-) mouse model of juvenile neuronal ceroid lipofuscinosis, Biochim 

Biophys Acta, 1862 (2016) 1324-1336. 

[203] J. Groh, K. Berve, R. Martini, Fingolimod and Teriflunomide Attenuate 

Neurodegeneration in Mouse Models of Neuronal Ceroid Lipofuscinosis, Mol Ther, 

25 (2017) 1889-1899. 

[204] D. Sondhi, E.C. Scott, A. Chen, N.R. Hackett, A.M. Wong, A. Kubiak, H.R. 

Nelvagal, Y. Pearse, S.L. Cotman, J.D. Cooper, R.G. Crystal, Partial correction of the 

CNS lysosomal storage defect in a mouse model of juvenile neuronal ceroid 

lipofuscinosis by neonatal CNS administration of an adeno-associated virus serotype 

rh.10 vector expressing the human CLN3 gene, Hum Gene Ther, 25 (2014) 223-239. 

[205] M.E. Bosch, A. Aldrich, R. Fallet, J. Odvody, M. Burkovetskaya, K. Schuberth, 

J.A. Fitzgerald, K.D. Foust, T. Kielian, Self-Complementary AAV9 Gene Delivery 

Partially Corrects Pathology Associated with Juvenile Neuronal Ceroid 

Lipofuscinosis (CLN3), J Neurosci, 36 (2016) 9669-9682. 

[206] L. Tecedor, C.S. Stein, M.L. Schultz, H. Farwanah, K. Sandhoff, B.L. 

Davidson, CLN3 loss disturbs membrane microdomain properties and protein 

transport in brain endothelial cells, J Neurosci, 33 (2013) 18065-18079. 

[207] M.J. Lim, N. Alexander, J.W. Benedict, S. Chattopadhyay, S.J. Shemilt, C.J. 

Guerin, J.D. Cooper, D.A. Pearce, IgG entry and deposition are components of the 

neuroimmune response in Batten disease, Neurobiol Dis, 25 (2007) 239-251. 

[208] A. Aldrich, M.E. Bosch, R. Fallet, J. Odvody, M. Burkovetskaya, K.V. Rama 

Rao, J.D. Cooper, A.V. Drack, T. Kielian, Efficacy of phosphodiesterase-4 inhibitors 

in juvenile Batten disease (CLN3), Ann Neurol, 80 (2016) 909-923. 

[209] M. Palmieri, R. Pal, H.R. Nelvagal, P. Lotfi, G.R. Stinnett, M.L. Seymour, A. 

Chaudhury, L. Bajaj, V.V. Bondar, L. Bremner, U. Saleem, D.Y. Tse, D. Sanagasetti, 

S.M. Wu, J.R. Neilson, F.A. Pereira, R.G. Pautler, G.G. Rodney, J.D. Cooper, M. 

Sardiello, mTORC1-independent TFEB activation via Akt inhibition promotes 

cellular clearance in neurodegenerative storage diseases, Nat Commun, 8 (2017) 

14338. 

[210] K. Wager, A.A. Zdebik, S. Fu, J.D. Cooper, R.J. Harvey, C. Russell, 

Neurodegeneration and Epilepsy in a Zebrafish Model of CLN3 Disease (Batten 

Disease), PLoS One, 11 (2016) e0157365. 

[211] C. Monfries, A. Rahim, J. Rihel, A. Zdebik, A. Hoque, Z. Hossain, K. Reid, M. 

Doghlan, R.J. Harvey, C. Russell, Zebrafish mutant alleles of cln3, cln6a and cln7 

produced using gene editing, in:  16th International Conference on Neuronal Ceroid 

Lipofuscinosis (NCL), London, UK, 2018. 

[212] V.T. Cunliffe, R.A. Baines, C.N. Giachello, W.H. Lin, A. Morgan, M. Reuber, 

C. Russell, M.C. Walker, R.S. Williams, Epilepsy research methods update: 

Understanding the causes of epileptic seizures and identifying new treatments using 

non-mammalian model organisms, Seizure, 24 (2015) 44-51. 

[213] U. Heins Marroquin, P. Jung, A. Crawford, C.L. Linster, Towards small-

molecule therapies for juvenile foms of Batten disease: drug screens in yeast and 

zebrafish models of JNCL, in:  The 15th International Conference on Neuronal Ceroid 

Lipofuscinosis (Batten Disease), Boston, USA, 2016. 

[214] R.I. Tuxworth, V. Vivancos, M.B. O'Hare, G. Tear, Interactions between the 

juvenile Batten disease gene, CLN3, and the Notch and JNK signalling pathways, 

Hum Mol Genet, 18 (2009) 667-678. 



 84 

[215] R.I. Tuxworth, H. Chen, V. Vivancos, N. Carvajal, X. Huang, G. Tear, The 

Batten disease gene CLN3 is required for the response to oxidative stress, Hum Mol 

Genet, 20 (2011) 2037-2047. 

[216] W.L. Charng, S. Yamamoto, H.J. Bellen, Shared mechanisms between 

Drosophila peripheral nervous system development and human neurodegenerative 

diseases, Curr Opin Neurobiol, 27 (2014) 158-164. 

[217] A. Mohammed, M.B. O'Hare, A. Warley, G. Tear, R.I. Tuxworth, in vivo 

localization of the neuronal ceroid lipofuscinosis proteins, CLN3 and CLN7, at 

endogenous expression levels, Neurobiol Dis, 103 (2017) 123-132. 

[218] C.S. Stein, P.H. Yancey, I. Martins, R.D. Sigmund, J.B. Stokes, B.L. Davidson, 

Osmoregulation of ceroid neuronal lipofuscinosis type 3 in the renal medulla, Am J 

Physiol Cell Physiol, 298 (2010) C1388-1400. 

[219] W.A. Mitchell, M. Porter, P. Kuwabara, S.E. Mole, Genomic structure of three 

CLN3-like genes in Caenorhabditis elegans, Eur J Paediatr Neurol, 5 Suppl A (2001) 

121-125. 

[220] G. De Voer, G. Jansen, G.J. van Ommen, D.J. Peters, P.E. Taschner, 

Caenorhabditis elegans homologues of the CLN3 gene, mutated in juvenile neuronal 

ceroid lipofuscinosis, Eur J Paediatr Neurol, 5 Suppl A (2001) 115-120. 

[221] G. de Voer, P. van der Bent, A.J. Rodrigues, G.J. van Ommen, D.J. Peters, P.E. 

Taschner, Deletion of the Caenorhabditis elegans homologues of the CLN3 gene, 

involved in human juvenile neuronal ceroid lipofuscinosis, causes a mild progeric 

phenotype, J Inherit Metab Dis, 28 (2005) 1065-1080. 

[222] Y.J. Kwon, M.J. Falk, M.J. Bennett, Flunarizine rescues reduced lifespan in 

CLN3 triple knock-out Caenorhabditis elegans model of batten disease, J Inherit 

Metab Dis, 40 (2017) 291-296. 

[223] R.J. Huber, M.A. Myre, S.L. Cotman, Loss of Cln3 function in the social 

amoeba Dictyostelium discoideum causes pleiotropic effects that are rescued by 

human CLN3, PLoS One, 9 (2014) e110544. 

[224] R.J. Huber, M.A. Myre, S.L. Cotman, Aberrant adhesion impacts early 

development in a Dictyostelium model for juvenile neuronal ceroid lipofuscinosis, 

Cell Adh Migr, 11 (2017) 399-418. 

[225] S. Mathavarajah, M.D. McLaren, R.J. Huber, Cln3 function is linked to 

osmoregulation in a Dictyostelium model of Batten disease, Biochim Biophys Acta 

Mol Basis Dis, 1864 (2018) 3559-3573. 

[226] R.J. Huber, S. Mathavarajah, Comparative transcriptomics reveals mechanisms 

underlying cln3-deficiency phenotypes in Dictyostelium, Cell Signal, 58 (2019) 79-

90. 

[227] U. Chandrachud, M.W. Walker, A.M. Simas, S. Heetveld, A. Petcherski, M. 

Klein, H. Oh, P. Wolf, W.N. Zhao, S. Norton, S.J. Haggarty, E. Lloyd-Evans, S.L. 

Cotman, Unbiased Cell-based Screening in a Neuronal Cell Model of Batten Disease 

Highlights an Interaction between Ca2+ Homeostasis, Autophagy, and CLN3 Protein 

Function, J Biol Chem, 290 (2015) 14361-14380. 

[228] S. Codlin, R.L. Haines, J.J. Burden, S.E. Mole, Btn1 affects cytokinesis and 

cell-wall deposition by independent mechanisms, one of which is linked to 

dysregulation of vacuole pH, J Cell Sci, 121 (2008) 2860-2870. 

[229] A. Getty, A.D. Kovacs, T. Lengyel-Nelson, A. Cardillo, C. Hof, C.H. Chan, 

D.A. Pearce, Osmotic stress changes the expression and subcellular localization of the 

Batten disease protein CLN3, PLoS One, 8 (2013) e66203. 



 85 

[230] D. Mao, J. Che, S. Han, H. Zhao, Y. Zhu, H. Zhu, RNAi-mediated knockdown 

of the CLN3 gene inhibits proliferation and promotes apoptosis in drug-resistant 

ovarian cancer cells, Mol Med Rep, 12 (2015) 6635-6641. 

[231] D.E. Sleat, A. Tannous, I. Sohar, J.A. Wiseman, H. Zheng, M. Qian, C. Zhao, 

W. Xin, R. Barone, K.B. Sims, D.F. Moore, P. Lobel, Proteomic Analysis of Brain 

and Cerebrospinal Fluid from the Three Major Forms of Neuronal Ceroid 

Lipofuscinosis Reveals Potential Biomarkers, J Proteome Res, 16 (2017) 3787-3804. 

[232] X. Zhu, Z. Huang, Y. Chen, J. Zhou, S. Hu, Q. Zhi, S. Song, Y. Wang, D. Wan, 

W. Gu, H. Zhou, B. Zhang, W. Cao, S. He, Effect of CLN3 silencing by RNA 

interference on the proliferation and apoptosis of human colorectal cancer cells, 

Biomed Pharmacother, 68 (2014) 253-258. 

[233] M.E. Bosch, T. Kielian, Astrocytes in juvenile neuronal ceroid lipofuscinosis 

(CLN3) display metabolic and calcium signaling abnormalities, J Neurochem, (2018). 

[234] J. Carcel-Trullols, A.D. Kovacs, D.A. Pearce, Role of the Lysosomal 

Membrane Protein, CLN3, in the Regulation of Cathepsin D Activity, J Cell Biochem, 

118 (2017) 3883-3890. 

[235] R.J. Huber, S. Mathavarajah, Secretion and function of Cln5 during the early 

stages of Dictyostelium development, Biochim Biophys Acta Mol Cell Res, 1865 

(2018) 1437-1450. 

[236] S. Sriskanthadevan, S.K. Brar, K. Manoharan, C.H. Siu, Ca(2+) -calmodulin 

interacts with DdCAD-1 and promotes DdCAD-1 transport by contractile vacuoles in 

Dictyostelium cells, FEBS J, 280 (2013) 1795-1806. 

[237] E.K. Shematorova, D.G. Shpakovski, A.D. Chernysheva, G.V. Shpakovski, 

Molecular mechanisms of the juvenile form of Batten disease: important role of 

MAPK signaling pathways (ERK1/ERK2, JNK and p38) in pathogenesis of the 

malady, Biol Direct, 13 (2018) 19. 

[238] M.L. Katz, K.O. Gerhardt, Storage protein in hereditary ceroid-lipofuscinosis 

contains S-methylated methionine, Mech Ageing Dev, 53 (1990) 277-290. 

[239] T. Krusius, J. Viitala, J. Palo, C.P. Maury, Enrichment of high mannose-type 

glycans in nervous tissue glycoproteins in neuronal ceroid-lipofuscinosis, J Neurol 

Sci, 72 (1986) 1-10. 

[240] P.F. Daniel, D.L. Sauls, R.M. Boustany, Evidence for processing of dolichol-

linked oligosaccharides in patients with neuronal ceroid-lipofuscinosis, Am J Med 

Genet, 42 (1992) 586-592. 

[241] S.K. Cho, N. Gao, D.A. Pearce, M.A. Lehrman, S.L. Hofmann, 

Characterization of lipid-linked oligosaccharide accumulation in mouse models of 

Batten disease, Glycobiology, 15 (2005) 637-648. 

[242] R.K. Pullarkat, S.E. Zawitosky, Glycoconjugate abnormalities in the ceroid-

lipofuscinoses, J Inherit Metab Dis, 16 (1993) 317-322. 

[243] V.V. Prasad, R.K. Pullarkat, Brain lysosomal hydrolases in neuronal ceroid-

lipofuscinoses, Mol Chem Neuropathol, 29 (1996) 169-179. 

[244] S. Chandra, G. Gallardo, R. Fernandez-Chacon, O.M. Schluter, T.C. Sudhof, 

Alpha-synuclein cooperates with CSPalpha in preventing neurodegeneration, Cell, 

123 (2005) 383-396. 

[245] R. Fernandez-Chacon, M. Wolfel, H. Nishimune, L. Tabares, F. Schmitz, M. 

Castellano-Munoz, C. Rosenmund, M.L. Montesinos, J.R. Sanes, R. 

Schneggenburger, T.C. Sudhof, The synaptic vesicle protein CSP alpha prevents 

presynaptic degeneration, Neuron, 42 (2004) 237-251. 



 86 

[246] M. Sharma, J. Burre, P. Bronk, Y. Zhang, W. Xu, T.C. Sudhof, CSPalpha 

knockout causes neurodegeneration by impairing SNAP-25 function, EMBO J, 31 

(2012) 829-841. 

[247] M. Sharma, J. Burre, T.C. Sudhof, CSPalpha promotes SNARE-complex 

assembly by chaperoning SNAP-25 during synaptic activity, Nat Cell Biol, 13 (2011) 

30-39. 

[248] K.E. Zinsmaier, A. Hofbauer, G. Heimbeck, G.O. Pflugfelder, S. Buchner, E. 

Buchner, A cysteine-string protein is expressed in retina and brain of Drosophila, J 

Neurogenet, 7 (1990) 15-29. 

[249] J.A. Umbach, K.E. Zinsmaier, K.K. Eberle, E. Buchner, S. Benzer, C.B. 

Gundersen, Presynaptic dysfunction in Drosophila csp mutants, Neuron, 13 (1994) 

899-907. 

[250] K.E. Zinsmaier, K.K. Eberle, E. Buchner, N. Walter, S. Benzer, Paralysis and 

early death in cysteine string protein mutants of Drosophila, Science, 263 (1994) 977-

980. 

[251] P. Bronk, Z. Nie, M.K. Klose, K. Dawson-Scully, J. Zhang, R.M. Robertson, 

H.L. Atwood, K.E. Zinsmaier, The multiple functions of cysteine-string protein 

analyzed at Drosophila nerve terminals, J Neurosci, 25 (2005) 2204-2214. 

[252] L.H. Chamberlain, R.D. Burgoyne, Cysteine-string protein: the chaperone at the 

synapse, J Neurochem, 74 (2000) 1781-1789. 

[253] S.S. Kashyap, J.R. Johnson, H.V. McCue, X. Chen, M.J. Edmonds, M. Ayala, 

M.E. Graham, R.C. Jenn, J.W. Barclay, R.D. Burgoyne, A. Morgan, Caenorhabditis 

elegans dnj-14, the orthologue of the DNAJC5 gene mutated in adult onset neuronal 

ceroid lipofuscinosis, provides a new platform for neuroprotective drug screening and 

identifies a SIR-2.1-independent action of resveratrol, Hum Mol Genet, 23 (2014) 

5916-5927. 

[254] L. Noskova, V. Stranecky, H. Hartmannova, A. Pristoupilova, V. Baresova, R. 

Ivanek, H. Hulkova, H. Jahnova, J. van der Zee, J.F. Staropoli, K.B. Sims, J. Tyynela, 

C. Van Broeckhoven, P.C. Nijssen, S.E. Mole, M. Elleder, S. Kmoch, Mutations in 

DNAJC5, encoding cysteine-string protein alpha, cause autosomal-dominant adult-

onset neuronal ceroid lipofuscinosis, American journal of human genetics, 89 (2011) 

241-252. 

[255] R.D. Burgoyne, A. Morgan, Cysteine string protein (CSP) and its role in 

preventing neurodegeneration, Seminars in cell & developmental biology, 40 (2015) 

153-159. 

[256] J. Greaves, K. Lemonidis, O.A. Gorleku, C. Cruchaga, C. Grefen, L.H. 

Chamberlain, Palmitoylation-induced aggregation of cysteine-string protein mutants 

that cause neuronal ceroid lipofuscinosis, J Biol Chem, 287 (2012) 37330-37339. 

[257] H.V. McCue, X. Chen, J.W. Barclay, A. Morgan, R.D. Burgoyne, Expression 

profile of a Caenorhabditis elegans model of adult neuronal ceroid lipofuscinosis 

reveals down regulation of ubiquitin E3 ligase components, Sci Rep, 5 (2015) 14392. 

[258] M. Sharma, J. Burre, T.C. Sudhof, Proteasome inhibition alleviates SNARE-

dependent neurodegeneration, Sci Transl Med, 4 (2012) 147ra113. 

[259] X. Chen, H.V. McCue, S.Q. Wong, S.S. Kashyap, B.C. Kraemer, J.W. Barclay, 

R.D. Burgoyne, A. Morgan, Ethosuximide ameliorates neurodegenerative disease 

phenotypes by modulating DAF-16/FOXO target gene expression, Molecular 

neurodegeneration, 10 (2015) 51. 

[260] S.K. Tiwari, B. Seth, S. Agarwal, A. Yadav, M. Karmakar, S.K. Gupta, V. 

Choubey, A. Sharma, R.K. Chaturvedi, Ethosuximide Induces Hippocampal 

Neurogenesis and Reverses Cognitive Deficits in an Amyloid-beta Toxin-induced 



 87 

Alzheimer Rat Model via the Phosphatidylinositol 3-Kinase (PI3K)/Akt/Wnt/beta-

Catenin Pathway, J Biol Chem, 290 (2015) 28540-28558. 

[261] S.Q. Wong, M.G. Pontifex, M.M. Phelan, C. Pidathala, B.C. Kraemer, J.W. 

Barclay, N.G. Berry, P.M. O'Neill, R.D. Burgoyne, A. Morgan, alpha-Methyl-alpha-

phenylsuccinimide ameliorates neurodegeneration in a C. elegans model of TDP-43 

proteinopathy, Neurobiol Dis, 118 (2018) 40-54. 

[262] D. Gotthardt, V. Blancheteau, A. Bosserhoff, T. Ruppert, M. Delorenzi, T. 

Soldati, Proteomics fingerprinting of phagosome maturation and evidence for the role 

of a Galpha during uptake, Mol Cell Proteomics, 5 (2006) 2228-2243. 

[263] Y. Reinders, I. Schulz, R. Graf, A. Sickmann, Identification of novel 

centrosomal proteins in Dictyostelium discoideum by comparative proteomic 

approaches, J Proteome Res, 5 (2006) 589-598. 

[264] K. Mizukami, T. Kawamichi, H. Koie, S. Tamura, S. Matsunaga, S. Imamoto, 

M. Saito, D. Hasegawa, N. Matsuki, S. Tamahara, S. Sato, A. Yabuki, H.-S. Chang, 

O. Yamato, Neuronal Ceroid Lipofuscinosis in Border Collie Dogs in Japan: Clinical 

and Molecular Epidemiological Study (2000–2011), The Scientific World Journal, 

2012 (2012) 1-7. 

[265] A. Kolicheski, G.S. Johnson, D.P. O'Brien, T. Mhlanga-Mutangadura, D. 

Gilliam, J. Guo, T.D. Anderson-Sieg, R.D. Schnabel, J.F. Taylor, A. Lebowitz, B. 

Swanson, D. Hicks, Z.E. Niman, F.A. Wininger, M.C. Carpentier, M.L. Katz, 

Australian Cattle Dogs with Neuronal Ceroid Lipofuscinosis are Homozygous for 

aCLN5Nonsense Mutation Previously Identified in Border Collies, Journal of 

Veterinary Internal Medicine, 30 (2016) 1149-1158. 

[266] D. Gilliam, A. Kolicheski, G.S. Johnson, T. Mhlanga-Mutangadura, J.F. Taylor, 

R.D. Schnabel, M.L. Katz, Golden Retriever dogs with neuronal ceroid lipofuscinosis 

have a two-base-pair deletion and frameshift in CLN5, Mol Genet Metab, 115 (2015) 

101-109. 

[267] R.D. Jolly, D.G. Arthur, G.W. Kay, D.N. Palmer, Neuronal ceroid 

lipofuscinosis in Borderdale sheep, NZ Vet Journal, 50 (2002) 199-202. 

[268] T. Frugier, N.L. Mitchell, I. Tammen, P.J. Houweling, D.G. Arthur, G.W. Kay, 

O.P. van Diggelen, R.D. Jolly, D.N. Palmer, A new large animal model of CLN5 

neuronal ceroid lipofuscinosis in Borderdale sheep is caused by a nucleotide 

substitution at a consensus splice site (c.571+1G>A) leading to excision of exon 3, 

Neurobiol Dis, 29 (2008) 306-315. 

[269] K.S. Linterman, D.N. Palmer, G.W. Kay, L.A. Barry, N.L. Mitchell, R.G. 

McFarlane, M.A. Black, M.S. Sands, S.M. Hughes, Lentiviral-mediated gene transfer 

to the sheep brain: implications for gene therapy in Batten disease, Hum Gene Ther, 

22 (2011) 1011-1020. 

[270] N.L. Mitchell, K.N. Russell, M.P. Wellby, H.E. Wicky, L. Schoderboeck, G.K. 

Barrell, T.R. Melzer, S.J. Gray, S.M. Hughes, D.N. Palmer, Longitudinal In Vivo 

Monitoring of the CNS Demonstrates the Efficacy of Gene Therapy in a Sheep Model 

of CLN5 Batten Disease, Molecular Therapy, 26 (2018) 2366-2378. 

[271] H.L. Gray-Edwards, A.N. Randle, S.A. Maitland, H.R. Benatti, S.M. Hubbard, 

P.F. Canning, M.B. Vogel, B.L. Brunson, M. Hwang, L.E. Ellis, A.M. Bradbury, A.S. 

Gentry, A.R. Taylor, A.A. Wooldridge, D.R. Wilhite, R.L. Winter, B.K. Whitlock, 

J.A. Johnson, M. Holland, N. Salibi, R.J. Beyers, J.L. Sartin, T.S. Denney, N.R. Cox, 

M. Sena-Esteves, D.R. Martin, Adeno-Associated Virus Gene Therapy in a Sheep 

Model of Tay-Sachs Disease, Hum Gene Ther, 29 (2018) 312-326. 



 88 

[272] N.L. Mitchell, Russell, K.N., Wellby, M.P., Barrell, G.K., Gray, S.J., Palmer, 

D.N.. Gene therapy can halt disease progression in clinically affected CLN5 sheep, in:  

16th International Conference on Neuronal Ceroid Lipofuscinosis (NCL), UK, 2018. 

[273] K.N. Russell, N.L. Mitchell, N.G. Anderson, C.R. Bunt, M.P. Wellby, T.R. 

Melzer, G.K. Barrell, D.N. Palmer, Computed tomography provides enhanced 

techniques for longitudinal monitoring of progressive intracranial volume loss 

associated with regional neurodegeneration in ovine neuronal ceroid lipofuscinoses, 

Brain Behav, 8 (2018) e01096. 

[274] S.J. Murray, N.L. Mitchell, K.N. Russell, D.N. Palmer, Ocular gene therapy in 

ovine models of CLN5 and CLN6 Batten disease, in:  16th International Conference 

on Neuronal Ceroid Lipofuscinosis (NCL), London, UK, 2018. 

[275] N. Perentos, A.Q. Martins, R.J. Cumming, N.L. Mitchell, D.N. Palmer, S.J. 

Sawiak, A.J. Morton, An EEG Investigation of Sleep Homeostasis in Healthy and 

CLN5 Batten Disease Affected Sheep, J Neurosci, 36 (2016) 8238-8249. 

[276] N. Perentos, A.Q. Martins, T.C. Watson, U. Bartsch, N.L. Mitchell, D.N. 

Palmer, M.W. Jones, A.J. Morton, Translational neurophysiology in sheep: measuring 

sleep and neurological dysfunction in CLN5 Batten disease affected sheep, Brain, 138 

(2015) 862-874. 

[277] V. Holmberg, A. Jalanko, J. Isosomppi, A.L. Fabritius, L. Peltonen, O. Kopra, 

The mouse ortholog of the neuronal ceroid lipofuscinosis CLN5 gene encodes a 

soluble lysosomal glycoprotein expressed in the developing brain, Neurobiol Dis, 16 

(2004) 29-40. 

[278] M.L. Schmiedt, T. Blom, T. Blom, O. Kopra, A. Wong, C. von Schantz-Fant, E. 

Ikonen, M. Kuronen, M. Jauhiainen, J.D. Cooper, A. Jalanko, Cln5-deficiency in mice 

leads to microglial activation, defective myelination and changes in lipid metabolism, 

Neurobiol Dis, 46 (2012) 19-29. 

[279] O. Kopra, J. Vesa, C. von Schantz, T. Manninen, H. Minye, A.L. Fabritius, J. 

Rapola, O.P. van Diggelen, J. Saarela, A. Jalanko, L. Peltonen, A mouse model for 

Finnish variant late infantile neuronal ceroid lipofuscinosis, CLN5, reveals 

neuropathology associated with early aging, Hum Mol Genet, 13 (2004) 2893-2906. 

[280] C. von Schantz, C. Kielar, S.N. Hansen, C.C. Pontikis, N.A. Alexander, O. 

Kopra, A. Jalanko, J.D. Cooper, Progressive thalamocortical neuron loss in Cln5 

deficient mice: Distinct effects in Finnish variant late infantile NCL, Neurobiol Dis, 

34 (2009) 308-319. 

[281] E. Savchenko, Y. Singh, H. Konttinen, K. Lejavova, L. Mediavilla Santos, A. 

Grubman, V. Karkkainen, V. Keksa-Goldsteine, N. Naumenko, P. Tavi, A.R. White, 

T. Malm, J. Koistinaho, K.M. Kanninen, Loss of Cln5 causes altered neurogenesis in 

a mouse model of a childhood neurodegenerative disorder, Dis Model Mech, 10 

(2017) 1089-1100. 

[282] H. Leinonen, V. Keksa-Goldsteine, S. Ragauskas, P. Kohlmann, Y. Singh, E. 

Savchenko, J. Puranen, T. Malm, G. Kalesnykas, J. Koistinaho, H. Tanila, K.M. 

Kanninen, Retinal Degeneration In A Mouse Model Of CLN5 Disease Is Associated 

With Compromised Autophagy, Sci Rep, 7 (2017) 1597. 

[283] R.J. Huber, S. Mathavarajah, Cln5 is secreted and functions as a glycoside 

hydrolase in Dictyostelium, Cell Signal, 42 (2018) 236-248. 

[284] J. Isosomppi, J. Vesa, A. Jalanko, L. Peltonen, Lysosomal localization of the 

neuronal ceroid lipofuscinosis CLN5 protein, Hum Mol Genet, 11 (2002) 885-891. 

[285] A. Moharir, S.H. Peck, T. Budden, S.Y. Lee, The role of N-glycosylation in 

folding, trafficking, and functionality of lysosomal protein CLN5, PLoS One, 8 

(2013) e74299. 



 89 

[286] A. Mesquita, E. Cardenal-Munoz, E. Dominguez, S. Munoz-Braceras, B. 

Nunez-Corcuera, B.A. Phillips, L.C. Tabara, Q. Xiong, R. Coria, L. Eichinger, P. 

Golstein, J.S. King, T. Soldati, O. Vincent, R. Escalante, Autophagy in Dictyostelium: 

Mechanisms, regulation and disease in a simple biomedical model, Autophagy, 13 

(2017) 24-40. 

[287] J. Adams, M. Feuerborn, J.A. Molina, A.R. Wilden, B. Adhikari, T. Budden, 

S.Y. Lee, Autophagy-lysosome pathway alterations and alpha-synuclein up-regulation 

in the subtype of neuronal ceroid lipofuscinosis, CLN5 disease, Sci Rep, 9 (2019) 

151. 

[288] S.E. Haddad, M. Khoury, M. Daoud, R. Kantar, H. Harati, T. Mousallem, O. 

Alzate, B. Meyer, R.M. Boustany, CLN5 and CLN8 protein association with 

ceramide synthase: biochemical and proteomic approaches, Electrophoresis, 33 

(2012) 3798-3809. 

[289] C. von Schantz, J. Saharinen, O. Kopra, J.D. Cooper, M. Gentile, I. Hovatta, L. 

Peltonen, A. Jalanko, Brain gene expression profiles of Cln1 and Cln5 deficient mice 

unravels common molecular pathways underlying neuronal degeneration in NCL 

diseases, BMC genomics, 9 (2008) 146. 

[290] D.N. Palmer, N.J. Neverman, J.Z. Chen, C.T. Chang, P.J. Houweling, L.A. 

Barry, I. Tammen, S.M. Hughes, N.L. Mitchell, Recent studies of ovine neuronal 

ceroid lipofuscinoses from BARN, the Batten Animal Research Network, Biochim 

Biophys Acta, 1852 (2015) 2279-2286. 

[291] S.M. Hughes, K.M. Hope, J.B. Xu, N.L. Mitchell, D.N. Palmer, Inhibition of 

storage pathology in prenatal CLN5-deficient sheep neural cultures by lentiviral gene 

therapy, Neurobiology of Disease, 62 (2014) 543-550. 

[292] G.W. Kay, M.J. Oswald, D.N. Palmer, The development and characterisation of 

complex ovine neuron cultures from fresh and frozen foetal neurons, J Neurosci 

Methods, 155 (2006) 98-108. 

[293] H.L. Best, N.J. Neverman, H.E. Wicky, N.L. Mitchell, B. Leitch, S.M. Hughes, 

Characterisation of early changes in ovine CLN5 and CLN6 Batten disease neural 

cultures for the rapid screening of therapeutics, Neurobiology of Disease, 100 (2017) 

62-74. 

[294] N.J. Neverman, H.L. Best, S.L. Hofmann, S.M. Hughes, Experimental therapies 

in the neuronal ceroid lipofuscinoses, Biochimica et Biophysica Acta (BBA) - 

Molecular Basis of Disease, 1852 (2015) 2292-2300. 

[295] W. Heywood, Clayton, R., Palmer D., Gissen, P. Mole, S., Mills, K., CLN5 and 

CLN6 affected sheep reveal protease dysregulation and increased lysosomal proteins, 

in:  16th International Conference on Neuronal Ceroid Lipofuscinosis (NCL), UK, 

2018. 

[296] M.J. Oswald, D.N. Palmer, G.W. Kay, S.J. Shemilt, P. Rezaie, J.D. Cooper, 

Glial activation spreads from specific cerebral foci and precedes neurodegeneration in 

presymptomatic ovine neuronal ceroid lipofuscinosis (CLN6), Neurobiol Dis, 20 

(2005) 49-63. 

[297] G.W. Kay, D.N. Palmer, Chronic oral administration of minocycline to sheep 

with ovine CLN6 neuronal ceroid lipofuscinosis maintains pharmacological 

concentrations in the brain but does not suppress neuroinflammation or disease 

progression., Journal of Inflammation, 10 (2013) 97. 

[298] R.W. Cook, R.D. Jolly, D.N. Palmer, I. Tammen, M.F. Broom, R. McKinnon, 

Neuronal ceroid lipofuscinosis in Merino sheep, Aust Vet J., 80 (2002) 292-297. 

[299] G.M. Cronin, D.F. Beganovic, A.L. Sutton, D. Palmer, P.C. Thomson, I. 

Tammen, Manifestation of neuronal ceroid lipofuscinosis in Australian Merino sheep: 



 90 

observations on altered behaviour and growth, Appl Anim Behav Sci, 175 (2016) 32-

40. 

[300] M. Thelen, S. Fehr, M. Schweizer, T. Braulke, G. Galliciotti, High expression 

of disease-related Cln6 in the cerebral cortex, purkinje cells, dentate gyrus, and 

hippocampal ca1 neurons, J Neurosci Res, 90 (2012) 568-574. 

[301] J.P. Morgan, H. Magee, A. Wong, T. Nelson, B. Koch, J.D. Cooper, J.M. 

Weimer, A murine model of variant late infantile ceroid lipofuscinosis recapitulates 

behavioral and pathological phenotypes of human disease, PLoS One, 8 (2013) 

e78694. 

[302] M. Thelen, M. Damme, M. Schweizer, C. Hagel, A.M. Wong, J.D. Cooper, T. 

Braulke, G. Galliciotti, Disruption of the autophagy-lysosome pathway is involved in 

neuropathology of the nclf mouse model of neuronal ceroid lipofuscinosis, PLoS One, 

7 (2012) e35493. 

[303] C. Kielar, T.M. Wishart, A. Palmer, S. Dihanich, A.M. Wong, S.L. Macauley, 

C.H. Chan, M.S. Sands, D.A. Pearce, J.D. Cooper, T.H. Gillingwater, Molecular 

correlates of axonal and synaptic pathology in mouse models of Batten disease, Hum 

Mol Genet, 18 (2009) 4066-4080. 

[304] M. Mirza, C. Volz, M. Karlstetter, M. Langiu, A. Somogyi, M.O. Ruonala, E.R. 

Tamm, H. Jagle, T. Langmann, Progressive retinal degeneration and glial activation in 

the CLN6 (nclf) mouse model of neuronal ceroid lipofuscinosis: a beneficial effect of 

DHA and curcumin supplementation, PLoS One, 8 (2013) e75963. 

[305] U. Bartsch, G. Galliciotti, G.F. Jofre, W. Jankowiak, C. Hagel, T. Braulke, 

Apoptotic photoreceptor loss and altered expression of lysosomal proteins in the nclf 

mouse model of neuronal ceroid lipofuscinosis, Invest Ophthalmol Vis Sci, 54 (2013) 

6952-6959. 

[306] M.J. Poppens, J.T. Cain, T.B. Johnson, K.A. White, S.S. Davis, R. Laufmann, 

A.D. Kloth, J.M. Weimer, Tracking sex-dependent differences in a mouse model of 

CLN6-Batten disease, Orphanet J Rare Dis, 14 (2019) 19. 

[307] S.M. Kleine Holthaus, J. Ribeiro, L. Abelleira-Hervas, R.A. Pearson, Y. Duran, 

A. Georgiadis, R.D. Sampson, M. Rizzi, J. Hoke, R. Maswood, S. Azam, U.F.O. 

Luhmann, A.J. Smith, S.E. Mole, R.R. Ali, Prevention of Photoreceptor Cell Loss in a 

Cln6(nclf) Mouse Model of Batten Disease Requires CLN6 Gene Transfer to Bipolar 

Cells, Mol Ther, 26 (2018) 1343-1353. 

[308] S.C. Likhite, J., K. White, D. Timm, T. Johnson, S. Davis, B. Meyerink, D. 

Sturdevant, C. Staton, C. Dennys-Rivers, F. Rinaldi, D. Motti, S. Corcoran, P. 

Moralse, S. Lee, B. Kaspar, S.M. Hughes, J.M. Weimer, K. Meyer, From bench to 

bedside: gene therapy for Batten (CLN6) disease, in:  16th International Conference 

on Neuronal Ceroid Lipofuscinosis (NCL), London, UK, 2018. 

[309] E. de los Reyes, K. Lehman, S. Al-Zaidy, K. Meyer, A. Mahley, L. Lehwald, B. 

Kaspar, Inthrthecal gene therapy for CLN6 Batten's disease: safety results, in:  16th 

International Conference on Neuronal Ceroid Lipofuscinosis (NCL), London, UK, 

2018. 

[310] J. Guo, D.P. O'Brien, T. Mhlanga-Mutangadura, N.J. Olby, J.F. Taylor, R.D. 

Schnabel, M.L. Katz, G.S. Johnson, A rare homozygous MFSD8 single-base-pair 

deletion and frameshift in the whole genome sequence of a Chinese Crested dog with 

neuronal ceroid lipofuscinosis, BMC Vet Res, 10 (2015) 960. 

[311] K.M.E. Faller, J. Bras, S.J. Sharpe, G.W. Anderson, L. Darwent, C. Kun-

Rodrigues, J. Alroy, J. Penderis, S.E. Mole, R. Gutierrez-Quintana, R.J. Guerreiro, 

The Chihuahua dog: A new animal modle for neuronal ceroid lipofuscinosis CLN7 

disease?, Journal of Neuroscience Research, 94 (2016) 339-347. 



 91 

[312] M. Damme, L. Brandenstein, S. Fehr, W. Jankowiak, U. Bartsch, M. Schweizer, 

I. Hermans-Borgmeyer, S. Storch, Gene disruption of Mfsd8 in mice provides the first 

animal model for CLN7 disease, Neurobiol Dis, 65 (2014) 12-24. 

[313] L. Brandenstein, M. Schweizer, J. Sedlacik, J. Fiehler, S. Storch, Lysosomal 

dysfunction and impaired autophagy in a novel mouse model deficient for the 

lysosomal membrane protein Cln7, Hum Mol Genet, 25 (2016) 777-791. 

[314] W. Jankowiak, L. Brandenstein, S. Dulz, C. Hagel, S. Storch, U. Bartsch, 

Retinal Degeneration in Mice Deficient in the Lysosomal Membrane Protein CLN7, 

Invest Ophthalmol Vis Sci, 57 (2016) 4989-4998. 

[315] K.N. Khan, M.E. El-Asrag, C.A. Ku, G.E. Holder, M. McKibbin, G. Arno, J.A. 

Poulter, K. Carss, T. Bommireddy, S. Bagheri, B. Bakall, H.P. Scholl, F.L. Raymond, 

C. Toomes, C.F. Inglehearn, M.E. Pennesi, A.T. Moore, M. Michaelides, A.R. 

Webster, M. Ali, N.B.-R.D. for, U.K.I.R.D. Consortium, Specific Alleles of 

CLN7/MFSD8, a Protein That Localizes to Photoreceptor Synaptic Terminals, Cause 

a Spectrum of Nonsyndromic Retinal Dystrophy, Invest Ophthalmol Vis Sci, 58 

(2017) 2906-2914. 

[316] Y. Kim, H. Sun, Functional genomic approach to identify novel genes involved 

in the regulation of oxidative stress resistance and animal lifespan, Aging Cell, 6 

(2007) 489-503. 

[317] M.L. Katz, E. Rustad, G.O. Robinson, R.E.H. Whiting, J.T. Student, J.R. 

Coates, K. Narfstrom, Canine neuronal ceroid lipofuscinoses: Promising models for 

preclinical testing of therapeutic interventions, Neurobiol Dis, 108 (2017) 277-287. 

[318] T. Awano, M.L. Katz, D.P. O'Brien, J.F. Taylor, J. Evans, S. Khan, I. Sohar, P. 

Lobel, G.S. Johnson, A mutation in the cathepsin D gene (CTSD) in American 

Bulldogs with neuronal ceroid lipofuscinosis, Mol Genet Metab, 87 (2006) 341-348. 

[319] J. Guo, G.S. Johnson, H.A. Brown, M.L. Provencher, R.C. da Costa, T. 

Mhlanga-Mutangadura, J.F. Taylor, R.D. Schnabel, D.P. O'Brien, M.L. Katz, A 

CLN8 nonsense mutation in the whole genome sequence of a mixed breed dog with 

neuronal ceroid lipofuscinosis and Australian Shepherd ancestry, Mol Genet Metab, 

112 (2014) 302-309. 

[320] M. Hirz, M. Drogemuller, A. Schanzer, V. Jagannathan, E. Dietschi, H.H. 

Goebel, W. Hecht, S. Laubner, M.J. Schmidt, F. Steffen, M. Hilbe, K. Kohler, C. 

Drogemuller, C. Herden, Neuronal ceroid lipofuscinosis (NCL) is caused by the entire 

deletion of CLN8 in the Alpenlandische Dachsbracke dog, Mol Genet Metab, 120 

(2017) 269-277. 

[321] L. Lonka, A. Aalto, O. Kopra, M. Kuronen, Z. Kokaia, M. Saarma, A.E. 

Lehesjoki, The neuronal ceroid lipofuscinosis Cln8 gene expression is 

developmentally regulated in mouse brain and up-regulated in the hippocampal 

kindling model of epilepsy, BMC Neurosci, 6 (2005) 27. 

[322] G. Traina, P. Bigini, G. Federighi, L. Sitia, G. Paroni, F. Fiordaliso, M. Salio, C. 

Bendotti, M. Brunelli, Lipofuscin accumulation and gene expression in different 

tissues of mnd mice, Mol Neurobiol, 45 (2012) 247-257. 

[323] M. Kuronen, A.E. Lehesjoki, A. Jalanko, J.D. Cooper, O. Kopra, Selective 

spatiotemporal patterns of glial activation and neuron loss in the sensory 

thalamocortical pathways of neuronal ceroid lipofuscinosis 8 mice, Neurobiol Dis, 47 

(2012) 444-457. 

[324] V.J. Bolivar, J. Scott Ganus, A. Messer, The development of behavioral 

abnormalities in the motor neuron degeneration (mnd) mouse, Brain Res, 937 (2002) 

74-82. 



 92 

[325] S. Boyce, J.K. Webb, E. Carlson, N.M. Rupniak, R.G. Hill, J.E. Martin, Onset 

and progression of motor deficits in motor neuron degeneration (mnd) mice are 

unaltered by the glycine/NMDA receptor antagonist L-701,324 or the MAO-B 

inhibitor R(-)-deprenyl, Exp Neurol, 155 (1999) 49-58. 

[326] K.D. Wendt, B. Lei, T.R. Schachtman, G.E. Tullis, M.E. Ibe, M.L. Katz, 

Behavioral assessment in mouse models of neuronal ceroid lipofuscinosis using a 

light-cued T-maze, Behav Brain Res, 161 (2005) 175-182. 

[327] G. Galizzi, D. Russo, I. Deidda, C. Cascio, R. Passantino, R. Guarneri, P. 

Bigini, T. Mennini, G. Drago, P. Guarneri, Different early ER-stress responses in the 

CLN8(mnd) mouse model of neuronal ceroid lipofuscinosis, Neurosci Lett, 488 

(2011) 258-262. 

[328] J. Kolikova, R. Afzalov, A. Surin, A.E. Lehesjoki, L. Khiroug, Deficient 

mitochondrial Ca(2+) buffering in the Cln8(mnd) mouse model of neuronal ceroid 

lipofuscinosis, Cell Calcium, 50 (2011) 491-501. 

[329] A. di Ronza, L. Bajaj, J. Sharma, D. Sanagasetti, P. Lotfi, C.J. Adamski, J. 

Collette, M. Palmieri, A. Amawi, L. Popp, K.T. Chang, M.C. Meschini, H.E. Leung, 

L. Segatori, A. Simonati, R.N. Sifers, F.M. Santorelli, M. Sardiello, CLN8 is an 

endoplasmic reticulum cargo receptor that regulates lysosome biogenesis, Nat Cell 

Biol, 20 (2018) 1370-1377. 

[330] J. Tyynela, I. Sohar, D.E. Sleat, R.M. Gin, R.J. Donnelly, M. Baumann, M. 

Haltia, P. Lobel, Congenital ovine neuronal ceroid lipofuscinosis--a cathepsin D 

deficiency with increased levels of the inactive enzyme, Eur J Paediatr Neurol, 5 

Suppl A (2001) 43-45. 

[331] M. Koike, H. Nakanishi, P. Saftig, J. Ezaki, K. Isahara, Y. Ohsawa, W. Schulz-

Schaeffer, T. Watanabe, S. Waguri, S. Kametaka, M. Shibata, K. Yamamoto, E. 

Kominami, C. Peters, K. von Figura, Y. Uchiyama, Cathepsin D deficiency induces 

lysosomal storage with ceroid lipofuscin in mouse CNS neurons, J Neurosci, 20 

(2000) 6898-6906. 

[332] H. Nakanishi, J. Zhang, M. Koike, T. Nishioku, Y. Okamoto, E. Kominami, K. 

von Figura, C. Peters, K. Yamamoto, P. Saftig, Y. Uchiyama, Involvement of nitric 

oxide released from microglia-macrophages in pathological changes of cathepsin D-

deficient mice, J Neurosci, 21 (2001) 7526-7533. 

[333] P. Saftig, M. Hetman, W. Schmahl, K. Weber, L. Heine, H. Mossmann, A. 

Koster, B. Hess, M. Evers, K. von Figura, et al., Mice deficient for the lysosomal 

proteinase cathepsin D exhibit progressive atrophy of the intestinal mucosa and 

profound destruction of lymphoid cells, EMBO J, 14 (1995) 3599-3608. 

[334] S. Koch, S.M. Molchanova, A.K. Wright, A. Edwards, J.D. Cooper, T. Taira, 

T.H. Gillingwater, J. Tyynela, Morphologic and functional correlates of synaptic 

pathology in the cathepsin D knockout mouse model of congenital neuronal ceroid 

lipofuscinosis, J Neuropathol Exp Neurol, 70 (2011) 1089-1096. 

[335] S. Partanen, A. Haapanen, C. Kielar, C. Pontikis, N. Alexander, T. Inkinen, P. 

Saftig, T.H. Gillingwater, J.D. Cooper, J. Tyynela, Synaptic changes in the 

thalamocortical system of cathepsin D-deficient mice: a model of human congenital 

neuronal ceroid-lipofuscinosis, J Neuropathol Exp Neurol, 67 (2008) 16-29. 

[336] D.Z. Guo, L. Xiao, Y.J. Liu, C. Shen, H.F. Lou, Y. Lv, S.Y. Pan, Cathepsin D 

deficiency delays central nervous system myelination by inhibiting proteolipid protein 

trafficking from late endosome/lysosome to plasma membrane, Exp Mol Med, 50 

(2018) e457. 

[337] A.L. Mutka, A. Haapanen, R. Kakela, M. Lindfors, A.K. Wright, T. Inkinen, M. 

Hermansson, A. Rokka, G. Corthals, M. Jauhiainen, T.H. Gillingwater, E. Ikonen, J. 



 93 

Tyynela, Murine cathepsin D deficiency is associated with dysmyelination/myelin 

disruption and accumulation of cholesteryl esters in the brain, J Neurochem, 112 

(2010) 193-203. 

[338] S. Jabs, A. Quitsch, R. Kakela, B. Koch, J. Tyynela, H. Brade, M. Glatzel, S. 

Walkley, P. Saftig, M.T. Vanier, T. Braulke, Accumulation of 

bis(monoacylglycero)phosphate and gangliosides in mouse models of neuronal ceroid 

lipofuscinosis, J Neurochem, 106 (2008) 1415-1425. 

[339] Z. Shevtsova, M. Garrido, J. Weishaupt, P. Saftig, M. Bahr, F. Luhder, S. 

Kugler, CNS-expressed cathepsin D prevents lymphopenia in a murine model of 

congenital neuronal ceroid lipofuscinosis, Am J Pathol, 177 (2010) 271-279. 

[340] C. Follo, M. Ozzano, V. Mugoni, R. Castino, M. Santoro, C. Isidoro, Knock-

down of cathepsin D affects the retinal pigment epithelium, impairs swim-bladder 

ontogenesis and causes premature death in zebrafish, PLoS One, 6 (2011) e21908. 

[341] M. Riggio, R. Scudiero, S. Filosa, E. Parisi, Sex- and tissue-specific expression 

of aspartic proteinases in Danio rerio (zebrafish), Gene, 260 (2000) 67-75. 

[342] C. Follo, M. Ozzano, C. Montalenti, M. Ekkapongpisit, C. Isidoro, Similarities 

and differences in the biogenesis, processing and lysosomal targeting between 

zebrafish and human pro-Cathepsin D: functional implications, Int J Biochem Cell 

Biol, 45 (2013) 273-282. 

[343] C. Follo, M. Ozzano, C. Montalenti, M.M. Santoro, C. Isidoro, Knockdown of 

cathepsin D in zebrafish fertilized eggs determines congenital myopathy, Biosci Rep, 

33 (2013) e00034. 

[344] A. Ketscher, S. Ketterer, S. Dollwet-Mack, U. Reif, T. Reinheckel, 

Neuroectoderm-specific deletion of cathepsin D in mice models human inherited 

neuronal ceroid lipofuscinosis type 10, Biochimie, 122 (2016) 219-226. 

[345] L. Myllykangas, J. Tyynela, A. Page-McCaw, G.M. Rubin, M.J. Haltia, M.B. 

Feany, Cathepsin D-deficient Drosophila recapitulate the key features of neuronal 

ceroid lipofuscinoses, Neurobiol Dis, 19 (2005) 194-199. 

[346] M. Kuronen, M. Talvitie, A.E. Lehesjoki, L. Myllykangas, Genetic modifiers of 

degeneration in the cathepsin D deficient Drosophila model for neuronal ceroid 

lipofuscinosis, Neurobiol Dis, 36 (2009) 488-493. 

[347] V. Cullen, M. Lindfors, J. Ng, A. Paetau, E. Swinton, P. Kolodziej, H. Boston, 

P. Saftig, J. Woulfe, M.B. Feany, L. Myllykangas, M.G. Schlossmacher, J. Tyynela, 

Cathepsin D expression level affects alpha-synuclein processing, aggregation, and 

toxicity in vivo, Mol Brain, 2 (2009) 5. 

[348] V. Khurana, I. Elson-Schwab, T.A. Fulga, K.A. Sharp, C.A. Loewen, E. 

Mulkearns, J. Tyynela, C.R. Scherzer, M.B. Feany, Lysosomal dysfunction promotes 

cleavage and neurotoxicity of tau in vivo, PLoS Genet, 6 (2010) e1001026. 

[349] P. Syntichaki, K. Xu, M. Driscoll, N. Tavernarakis, Specific aspartyl and 

calpain proteases are required for neurodegeneration in C. elegans, Nature, 419 (2002) 

939-944. 

[350] M. Artal-Sanz, C. Samara, P. Syntichaki, N. Tavernarakis, Lysosomal 

biogenesis and function is critical for necrotic cell death in Caenorhabditis elegans, J 

Cell Biol, 173 (2006) 231-239. 

[351] L. Qiao, S. Hamamichi, K.A. Caldwell, G.A. Caldwell, T.A. Yacoubian, S. 

Wilson, Z.L. Xie, L.D. Speake, R. Parks, D. Crabtree, Q. Liang, S. Crimmins, L. 

Schneider, Y. Uchiyama, T. Iwatsubo, Y. Zhou, L. Peng, Y. Lu, D.G. Standaert, K.C. 

Walls, J.J. Shacka, K.A. Roth, J. Zhang, Lysosomal enzyme cathepsin D protects 

against alpha-synuclein aggregation and toxicity, Mol Brain, 1 (2008) 17. 



 94 

[352] M. Hagedorn, T. Soldati, Flotillin and RacH modulate the intracellular 

immunity of Dictyostelium to Mycobacterium marinum infection, Cell Microbiol, 9 

(2007) 2716-2733. 

[353] E. Harris, N. Wang, W.L. Wu Wl, A. Weatherford, A. De Lozanne, J. Cardelli, 

Dictyostelium LvsB mutants model the lysosomal defects associated with Chediak-

Higashi syndrome, Mol Biol Cell, 13 (2002) 656-669. 

[354] A. Journet, A. Chapel, S. Jehan, C. Adessi, H. Freeze, G. Klein, J. Garin, 

Characterization of Dictyostelium discoideum cathepsin D, J Cell Sci, 112 ( Pt 21) 

(1999) 3833-3843. 

[355] M. Galardi-Castilla, B. Pergolizzi, G. Bloomfield, J. Skelton, A. Ivens, R.R. 

Kay, S. Bozzaro, L. Sastre, SrfB, a member of the Serum Response Factor family of 

transcription factors, regulates starvation response and early development in 

Dictyostelium, Dev Biol, 316 (2008) 260-274. 

[356] S. Koch, E. Scifo, A. Rokka, P. Trippner, M. Lindfors, R. Korhonen, G.L. 

Corthals, I. Virtanen, M. Lalowski, J. Tyynela, Cathepsin D deficiency induces 

cytoskeletal changes and affects cell migration pathways in the brain, Neurobiol Dis, 

50 (2013) 107-119. 

[357] A. Sillo, J. Matthias, R. Konertz, S. Bozzaro, L. Eichinger, Salmonella 

typhimurium is pathogenic for Dictyostelium cells and subverts the starvation 

response, Cell Microbiol, 13 (2011) 1793-1811. 

[358] E. Carrasco-Marin, F. Madrazo-Toca, J.R. de los Toyos, E. Cacho-Alonso, R. 

Tobes, E. Pareja, A. Paradela, J.P. Albar, W. Chen, M.T. Gomez-Lopez, C. Alvarez-

Dominguez, The innate immunity role of cathepsin-D is linked to Trp-491 and Trp-

492 residues of listeriolysin O, Mol Microbiol, 72 (2009) 668-682. 

[359] H. Mir, J. Rajawat, R. Begum, Staurosporine induced poly (ADP-ribose) 

polymerase independent cell death in Dictyostelium discoideum, Indian J Exp Biol, 

50 (2012) 80-86. 

[360] J. Rajawat, T. Alex, H. Mir, A. Kadam, R. Begum, Proteases involved during 

oxidative stress-induced poly(ADP-ribose) polymerase-mediated cell death in 

Dictyostelium discoideum, Microbiology, 160 (2014) 1101-1111. 

[361] Y.S. Hah, H.S. Noh, J.H. Ha, J.S. Ahn, J.R. Hahm, H.Y. Cho, D.R. Kim, 

Cathepsin D inhibits oxidative stress-induced cell death via activation of autophagy in 

cancer cells, Cancer Lett, 323 (2012) 208-214. 

[362] A.C. Johansson, H. Steen, K. Ollinger, K. Roberg, Cathepsin D mediates 

cytochrome c release and caspase activation in human fibroblast apoptosis induced by 

staurosporine, Cell Death Differ, 10 (2003) 1253-1259. 

[363] Z. Ahmed, H. Sheng, Y.F. Xu, W.L. Lin, A.E. Innes, J. Gass, X. Yu, C.A. 

Wuertzer, H. Hou, S. Chiba, K. Yamanouchi, M. Leissring, L. Petrucelli, M. 

Nishihara, M.L. Hutton, E. McGowan, D.W. Dickson, J. Lewis, Accelerated 

lipofuscinosis and ubiquitination in granulin knockout mice suggest a role for 

progranulin in successful aging, Am J Pathol, 177 (2010) 311-324. 

[364] L.H. Martens, J. Zhang, S.J. Barmada, P. Zhou, S. Kamiya, B. Sun, S.W. Min, 

L. Gan, S. Finkbeiner, E.J. Huang, R.V. Farese, Jr., Progranulin deficiency promotes 

neuroinflammation and neuron loss following toxin-induced injury, J Clin Invest, 122 

(2012) 3955-3959. 

[365] T.L. Petkau, S.J. Neal, P.C. Orban, J.L. MacDonald, A.M. Hill, G. Lu, H.H. 

Feldman, I.R. Mackenzie, B.R. Leavitt, Progranulin expression in the developing and 

adult murine brain, J Comp Neurol, 518 (2010) 3931-3947. 

[366] Y. Kayasuga, S. Chiba, M. Suzuki, T. Kikusui, T. Matsuwaki, K. Yamanouchi, 

H. Kotaki, R. Horai, Y. Iwakura, M. Nishihara, Alteration of behavioural phenotype 



 95 

in mice by targeted disruption of the progranulin gene, Behav Brain Res, 185 (2007) 

110-118. 

[367] K.R. Smith, J. Damiano, S. Franceschetti, S. Carpenter, L. Canafoglia, M. 

Morbin, G. Rossi, D. Pareyson, S.E. Mole, J.F. Staropoli, K.B. Sims, J. Lewis, W.L. 

Lin, D.W. Dickson, H.H. Dahl, M. Bahlo, S.F. Berkovic, Strikingly different 

clinicopathological phenotypes determined by progranulin-mutation dosage, 

American journal of human genetics, 90 (2012) 1102-1107. 

[368] A.E. Arrant, V.C. Onyilo, D.E. Unger, E.D. Roberson, Progranulin Gene 

Therapy Improves Lysosomal Dysfunction and Microglial Pathology Associated with 

Frontotemporal Dementia and Neuronal Ceroid Lipofuscinosis, J Neurosci, 38 (2018) 

2341-2358. 

[369] T.L. Petkau, S.J. Neal, A. Milnerwood, A. Mew, A.M. Hill, P. Orban, J. Gregg, 

G. Lu, H.H. Feldman, I.R. Mackenzie, L.A. Raymond, B.R. Leavitt, Synaptic 

dysfunction in progranulin-deficient mice, Neurobiol Dis, 45 (2012) 711-722. 

[370] B.M. Evers, C. Rodriguez-Navas, R.J. Tesla, J. Prange-Kiel, C.R. Wasser, K.S. 

Yoo, J. McDonald, B. Cenik, T.A. Ravenscroft, F. Plattner, R. Rademakers, G. Yu, 

C.L. White, 3rd, J. Herz, Lipidomic and Transcriptomic Basis of Lysosomal 

Dysfunction in Progranulin Deficiency, Cell Rep, 20 (2017) 2565-2574. 

[371] Z.A. Klein, H. Takahashi, M. Ma, M. Stagi, M. Zhou, T.T. Lam, S.M. 

Strittmatter, Loss of TMEM106B Ameliorates Lysosomal and Frontotemporal 

Dementia-Related Phenotypes in Progranulin-Deficient Mice, Neuron, 95 (2017) 281-

296 e286. 

[372] D.A. Amado, J.M. Rieders, F. Diatta, P. Hernandez-Con, A. Singer, J.T. Mak, J. 

Zhang, E. Lancaster, B.L. Davidson, A.S. Chen-Plotkin, AAV-Mediated Progranulin 

Delivery to a Mouse Model of Progranulin Deficiency Causes T Cell-Mediated 

Toxicity, Mol Ther, 27 (2019) 465-478. 

[373] T.L. Petkau, A. Hill, B.R. Leavitt, Core neuropathological abnormalities in 

progranulin-deficient mice are penetrant on multiple genetic backgrounds, 

Neuroscience, 315 (2016) 175-195. 

[374] F. Yin, M. Dumont, R. Banerjee, Y. Ma, H. Li, M.T. Lin, M.F. Beal, C. Nathan, 

B. Thomas, A. Ding, Behavioral deficits and progressive neuropathology in 

progranulin-deficient mice: a mouse model of frontotemporal dementia, FASEB J, 24 

(2010) 4639-4647. 

[375] Y. Kuse, K. Tsuruma, T. Mizoguchi, M. Shimazawa, H. Hara, Progranulin 

deficiency causes the retinal ganglion cell loss during development, Sci Rep, 7 (2017) 

1679. 

[376] B.P. Hafler, Z.A. Klein, Z. Jimmy Zhou, S.M. Strittmatter, Progressive retinal 

degeneration and accumulation of autofluorescent lipopigments in Progranulin 

deficient mice, Brain Res, 1588 (2014) 168-174. 

[377] Y. Kuse, K. Tsuruma, S. Sugitani, H. Izawa, Y. Ohno, M. Shimazawa, H. Hara, 

Progranulin promotes the retinal precursor cell proliferation and the photoreceptor 

differentiation in the mouse retina, Sci Rep, 6 (2016) 23811. 

[378] M.E. Ward, R. Chen, H.Y. Huang, C. Ludwig, M. Telpoukhovskaia, A. Taubes, 

H. Boudin, S.S. Minami, M. Reichert, P. Albrecht, J.M. Gelfand, A. Cruz-Herranz, C. 

Cordano, M.V. Alavi, S. Leslie, W.W. Seeley, B.L. Miller, E. Bigio, M.M. Mesulam, 

M.S. Bogyo, I.R. Mackenzie, J.F. Staropoli, S.L. Cotman, E.J. Huang, L. Gan, A.J. 

Green, Individuals with progranulin haploinsufficiency exhibit features of neuronal 

ceroid lipofuscinosis, Sci Transl Med, 9 (2017). 

[379] M.E. Ward, A. Taubes, R. Chen, B.L. Miller, C.F. Sephton, J.M. Gelfand, S. 

Minami, J. Boscardin, L.H. Martens, W.W. Seeley, G. Yu, J. Herz, A.J. Filiano, A.E. 



 96 

Arrant, E.D. Roberson, T.W. Kraft, R.V. Farese, Jr., A. Green, L. Gan, Early retinal 

neurodegeneration and impaired Ran-mediated nuclear import of TDP-43 in 

progranulin-deficient FTLD, J Exp Med, 211 (2014) 1937-1945. 

[380] J.K. Gotzl, A.V. Colombo, K. Fellerer, A. Reifschneider, G. Werner, S. 

Tahirovic, C. Haass, A. Capell, Early lysosomal maturation deficits in microglia 

triggers enhanced lysosomal activity in other brain cells of progranulin knockout 

mice, Molecular neurodegeneration, 13 (2018) 48. 

[381] T.L. Petkau, J. Blanco, B.R. Leavitt, Conditional loss of progranulin in neurons 

is not sufficient to cause neuronal ceroid lipofuscinosis-like neuropathology in mice, 

Neurobiol Dis, 106 (2017) 14-22. 

[382] T.L. Petkau, N. Kosior, K. de Asis, C. Connolly, B.R. Leavitt, Selective 

depletion of microglial progranulin in mice is not sufficient to cause neuronal ceroid 

lipofuscinosis or neuroinflammation, J Neuroinflammation, 14 (2017) 225. 

[383] B. Solchenberger, C. Russell, E. Kremmer, C. Haass, B. Schmid, Granulin 

knock out zebrafish lack frontotemporal lobar degeneration and neuronal ceroid 

lipofuscinosis pathology, PLoS One, 10 (2015) e0118956. 

[384] B. Cadieux, B.P. Chitramuthu, D. Baranowski, H.P. Bennett, The zebrafish 

progranulin gene family and antisense transcripts, BMC genomics, 6 (2005) 156. 

[385] B.P. Chitramuthu, D.C. Baranowski, D.G. Kay, A. Bateman, H.P. Bennett, 

Progranulin modulates zebrafish motoneuron development in vivo and rescues 

truncation defects associated with knockdown of Survival motor neuron 1, Molecular 

neurodegeneration, 5 (2010) 41. 

[386] C.E. Walsh, P.F. Hitchcock, Progranulin regulates neurogenesis in the 

developing vertebrate retina, Dev Neurobiol, 77 (2017) 1114-1129. 

[387] P. Wang, B. Chitramuthu, A. Bateman, H.P.J. Bennett, P. Xu, F. Ni, Structure 

dissection of zebrafish progranulins identifies a well-folded granulin/epithelin module 

protein with pro-cell survival activities, Protein Sci, 27 (2018) 1476-1490. 

[388] B.P. Chitramuthu, D.G. Kay, A. Bateman, H.P. Bennett, Neurotrophic effects of 

progranulin in vivo in reversing motor neuron defects caused by over or under 

expression of TDP-43 or FUS, PLoS One, 12 (2017) e0174784. 

[389] Y.H. Li, H.Y. Chen, Y.W. Li, S.Y. Wu, L. Wangta, G.H. Lin, S.Y. Hu, Z.K. 

Chang, H.Y. Gong, C.H. Liao, K.Y. Chiang, C.W. Huang, J.L. Wu, Progranulin 

regulates zebrafish muscle growth and regeneration through maintaining the pool of 

myogenic progenitor cells, Sci Rep, 3 (2013) 1176. 

[390] A.S. Laird, A. Van Hoecke, L. De Muynck, M. Timmers, L. Van den Bosch, P. 

Van Damme, W. Robberecht, Progranulin is neurotrophic in vivo and protects against 

a mutant TDP-43 induced axonopathy, PLoS One, 5 (2010) e13368. 

[391] A.W. Kao, R.J. Eisenhut, L.H. Martens, A. Nakamura, A. Huang, J.A. Bagley, 

P. Zhou, A. de Luis, L.J. Neukomm, J. Cabello, R.V. Farese, C. Kenyon, A 

neurodegenerative disease mutation that accelerates the clearance of apoptotic cells, 

Proceedings of the National Academy of Sciences, 108 (2011) 4441-4446. 

[392] M.E. Judy, A. Nakamura, A. Huang, H. Grant, H. McCurdy, K.F. Weiberth, F. 

Gao, G. Coppola, C. Kenyon, A.W. Kao, A shift to organismal stress resistance in 

programmed cell death mutants, PLoS Genet, 9 (2013) e1003714. 

[393] A. Tauffenberger, B.P. Chitramuthu, A. Bateman, H.P. Bennett, J.A. Parker, 

Reduction of polyglutamine toxicity by TDP-43, FUS and progranulin in Huntington's 

disease models, Hum Mol Genet, 22 (2013) 782-794. 

[394] D.A. Salazar, V.J. Butler, A.R. Argouarch, T.-Y. Hsu, A. Mason, A. Nakamura, 

H. McCurdy, D. Cox, R. Ng, G. Pan, W.W. Seeley, B.L. Miller, A.W. Kao, The 



 97 

Progranulin Cleavage Products, Granulins, Exacerbate TDP-43 Toxicity and Increase 

TDP-43 Levels, The Journal of Neuroscience, 35 (2015) 9315-9328. 

[395] V.J. Butler, W.A. Cortopassi, A.R. Argouarch, O.M. Pierce, M. Vohra, J.A. 

Oses-Prieto, F. Gao, B. Caballero, S. Chand, W.W. Seeley, B.L. Miller, G. Coppola, 

A.L. Burlingame, K. Ashrafi, A.M. Cuervo, M. Jacobson, A.W. Kao, C. elegans 

granulins promote an age-associated decline in protein homeostasis via lysosomal 

protease inhibition, bioRxiv, (2018) 472258. 

[396] F.H.G. Farias, R. Zeng, G.S. Johnson, F.A. Wininger, J.F. Taylor, R.D. 

Schnabel, S.D. McKay, D.N. Sanders, H. Lohi, E.H. Seppälä, C.M. Wade, K. 

Lindblad-Toh, D.P. O'Brien, M.L. Katz, A truncating mutation in ATP13A2 is 

responsible for adult-onset neuronal ceroid lipofuscinosis in Tibetan terriers, 

Neurobiology of Disease, 42 (2011) 468-474. 

[397] A. Wohlke, U. Philipp, P. Bock, A. Beineke, P. Lichtner, T. Meitinger, O. Distl, 

A one base pair deletion in the canine ATP13A2 gene causes exon skipping and late-

onset neuronal ceroid lipofuscinosis in the Tibetan terrier, PLoS Genet, 7 (2011) 

e1002304. 

[398] J. Bras, A. Verloes, S.A. Schneider, S.E. Mole, R.J. Guerreiro, Mutation of the 

parkinsonism gene ATP13A2 causes neuronal ceroid-lipofuscinosis, Hum Mol Genet, 

21 (2012) 2646-2650. 

[399] P.J. Schultheis, T.T. Hagen, K.K. O'Toole, A. Tachibana, C.R. Burke, D.L. 

McGill, G.W. Okunade, G.E. Shull, Characterization of the P5 subfamily of P-type 

transport ATPases in mice, Biochem Biophys Res Commun, 323 (2004) 731-738. 

[400] L.R. Kett, B. Stiller, M.M. Bernath, I. Tasset, J. Blesa, V. Jackson-Lewis, R.B. 

Chan, B. Zhou, G. Di Paolo, S. Przedborski, A.M. Cuervo, W.T. Dauer, alpha-

Synuclein-independent histopathological and motor deficits in mice lacking the 

endolysosomal Parkinsonism protein Atp13a2, J Neurosci, 35 (2015) 5724-5742. 

[401] S. Rayaprolu, Y.B. Seven, J. Howard, C. Duffy, M. Altshuler, C. Moloney, B.I. 

Giasson, J. Lewis, Partial loss of ATP13A2 causes selective gliosis independent of 

robust lipofuscinosis, Mol Cell Neurosci, 92 (2018) 17-26. 

[402] P.J. Schultheis, S.M. Fleming, A.K. Clippinger, J. Lewis, T. Tsunemi, B. 

Giasson, D.W. Dickson, J.R. Mazzulli, M.E. Bardgett, K.L. Haik, O. Ekhator, A.K. 

Chava, J. Howard, M. Gannon, E. Hoffman, Y. Chen, V. Prasad, S.C. Linn, R.J. 

Tamargo, W. Westbroek, E. Sidransky, D. Krainc, G.E. Shull, Atp13a2-deficient mice 

exhibit neuronal ceroid lipofuscinosis, limited alpha-synuclein accumulation and age-

dependent sensorimotor deficits, Hum Mol Genet, 22 (2013) 2067-2082. 

[403] S. Sato, M. Koike, M. Funayama, J. Ezaki, T. Fukuda, T. Ueno, Y. Uchiyama, 

N. Hattori, Lysosomal Storage of Subunit c of Mitochondrial ATP Synthase in Brain-

Specific Atp13a2-Deficient Mice, Am J Pathol, 186 (2016) 3074-3082. 

[404] C. Qiao, N. Yin, H.Y. Gu, J.L. Zhu, J.H. Ding, M. Lu, G. Hu, Atp13a2 

Deficiency Aggravates Astrocyte-Mediated Neuroinflammation via NLRP3 

Inflammasome Activation, CNS Neurosci Ther, 22 (2016) 451-460. 

[405] T. Lopes da Fonseca, A. Correia, W. Hasselaar, H.C. van der Linde, R. 

Willemsen, T.F. Outeiro, The zebrafish homologue of Parkinson's disease ATP13A2 

is essential for embryonic survival, Brain Res Bull, 90 (2013) 118-126. 

[406] R. Wang, J. Tan, T. Chen, H. Han, R. Tian, Y. Tan, Y. Wu, J. Cui, F. Chen, J. 

Li, L. Lv, X. Guan, S. Shang, J. Lu, Z. Zhang, ATP13A2 facilitates HDAC6 

recruitment to lysosome to promote autophagosome-lysosome fusion, J Cell Biol, 218 

(2019) 267-284. 



 98 

[407] J. Zielich, E. Tzima, E.A. Schroder, F. Jemel, B. Conradt, E.J. Lambie, 

Overlapping expression patterns and functions of three paralogous P5B ATPases in 

Caenorhabditis elegans, PLoS One, 13 (2018) e0194451. 

[408] A.D. Gitler, A. Chesi, M.L. Geddie, K.E. Strathearn, S. Hamamichi, K.J. Hill, 

K.A. Caldwell, G.A. Caldwell, A.A. Cooper, J.-C. Rochet, S. Lindquist, α-Synuclein 

is part of a diverse and highly conserved interaction network that includes PARK9 

and manganese toxicity, Nature Genetics, 41 (2009) 308. 

[409] E. Lelong, A. Marchetti, A. Gueho, W.C. Lima, N. Sattler, M. Molmeret, M. 

Hagedorn, T. Soldati, P. Cosson, Role of magnesium and a phagosomal P-type 

ATPase in intracellular bacterial killing, Cell Microbiol, 13 (2011) 246-258. 

[410] M. Le Coadic, R. Froquet, W.C. Lima, M. Dias, A. Marchetti, P. Cosson, 

Phg1/TM9 proteins control intracellular killing of bacteria by determining cellular 

levels of the Kil1 sulfotransferase in Dictyostelium, PLoS One, 8 (2013) e53259. 

[411] J. Leiba, A. Sabra, R. Bodinier, A. Marchetti, W.C. Lima, A. Melotti, J. Perrin, 

F. Burdet, M. Pagni, T. Soldati, E. Lelong, P. Cosson, Vps13F links bacterial 

recognition and intracellular killing in Dictyostelium, Cell Microbiol, 19 (2017). 

[412] S. Codlin, S.E. Mole, S. pombe btn1, the orthologue of the Batten disease gene 

CLN3, is required for vacuole protein sorting of Cpy1p and Golgi exit of Vps10p, J 

Cell Sci, 122 (2009) 1163-1173. 

[413] N. Dobzinski, S.G. Chuartzman, R. Kama, M. Schuldiner, J.E. Gerst, 

Starvation-Dependent Regulation of Golgi Quality Control Links the TOR Signaling 

and Vacuolar Protein Sorting Pathways, Cell Rep, 12 (2015) 1876-1886. 

[414] B. Koller, C. Schramm, S. Siebert, J. Triebel, E. Deland, A.M. Pfefferkorn, V. 

Rickerts, S. Thewes, Dictyostelium discoideum as a Novel Host System to Study the 

Interaction between Phagocytes and Yeasts, Front Microbiol, 7 (2016) 1665. 

[415] A. Ramirez, A. Heimbach, J. Grundemann, B. Stiller, D. Hampshire, L.P. Cid, 

I. Goebel, A.F. Mubaidin, A.L. Wriekat, J. Roeper, A. Al-Din, A.M. Hillmer, M. 

Karsak, B. Liss, C.G. Woods, M.I. Behrens, C. Kubisch, Hereditary parkinsonism 

with dementia is caused by mutations in ATP13A2, encoding a lysosomal type 5 P-

type ATPase, Nat Genet, 38 (2006) 1184-1191. 

[416] D. Ramonet, A. Podhajska, K. Stafa, S. Sonnay, A. Trancikova, E. Tsika, O. 

Pletnikova, J.C. Troncoso, L. Glauser, D.J. Moore, PARK9-associated ATP13A2 

localizes to intracellular acidic vesicles and regulates cation homeostasis and neuronal 

integrity, Hum Mol Genet, 21 (2012) 1725-1743. 

[417] S. Demirsoy, S. Martin, S. Motamedi, S. van Veen, T. Holemans, C. Van den 

Haute, A. Jordanova, V. Baekelandt, P. Vangheluwe, P. Agostinis, ATP13A2/PARK9 

regulates endo-/lysosomal cargo sorting and proteostasis through a novel PI(3, 5)P2-

mediated scaffolding function, Hum Mol Genet, 26 (2017) 1656-1669. 

[418] J. Deussing, K. Tisljar, A. Papazoglou, C. Peters, Mouse cathepsin F: cDNA 

cloning, genomic organization and chromosomal assignment of the gene, Gene, 251 

(2000) 165-173. 

[419] C.H. Tang, J.W. Lee, M.G. Galvez, L. Robillard, S.E. Mole, H.A. Chapman, 

Murine cathepsin F deficiency causes neuronal lipofuscinosis and late-onset 

neurological disease, Mol Cell Biol, 26 (2006) 2309-2316. 

[420] K.R. Smith, H.H. Dahl, L. Canafoglia, E. Andermann, J. Damiano, M. Morbin, 

A.C. Bruni, G. Giaccone, P. Cossette, P. Saftig, J. Grotzinger, M. Schwake, F. 

Andermann, J.F. Staropoli, K.B. Sims, S.E. Mole, S. Franceschetti, N.A. Alexander, 

J.D. Cooper, H.A. Chapman, S. Carpenter, S.F. Berkovic, M. Bahlo, Cathepsin F 

mutations cause Type B Kufs disease, an adult-onset neuronal ceroid lipofuscinosis, 

Hum Mol Genet, 22 (2013) 1417-1423. 



 99 

[421] T.S. Vihtelic, J.M. Fadool, J. Gao, K.A. Thornton, D.R. Hyde, G. Wistow, 

Expressed sequence tag analysis of zebrafish eye tissues for NEIBank, Mol Vis, 11 

(2005) 1083-1100. 

[422] J.G. Williams, M.J. North, H. Mahbubani, A developmentally regulated 

cysteine proteinase in Dictyostelium discoideum, EMBO J, 4 (1985) 999-1006. 

[423] D.M. Driscoll, J.G. Williams, Two divergently transcribed genes of 

Dictyostelium discoideum are cyclic AMP-inducible and coregulated during 

development, Mol Cell Biol, 7 (1987) 4482-4489. 

[424] N. Iranfar, D. Fuller, R. Sasik, T. Hwa, M. Laub, W.F. Loomis, Expression 

patterns of cell-type-specific genes in Dictyostelium, Mol Biol Cell, 12 (2001) 2590-

2600. 

[425] R. Kaakinen, K.A. Lindstedt, M. Sneck, P.T. Kovanen, K. Oorni, Angiotensin II 

increases expression and secretion of cathepsin F in cultured human monocyte-

derived macrophages: an angiotensin II type 2 receptor-mediated effect, 

Atherosclerosis, 192 (2007) 323-327. 

[426] J. Na, B. Tunggal, L. Eichinger, STATc is a key regulator of the transcriptional 

response to hyperosmotic shock, BMC genomics, 8 (2007) 123. 

[427] D. Bakthavatsalam, D. Brazill, R.H. Gomer, L. Eichinger, F. Rivero, A.A. 

Noegel, A G protein-coupled receptor with a lipid kinase domain is involved in cell-

density sensing, Curr Biol, 17 (2007) 892-897. 

[428] T.Y. Riyahi, F. Frese, M. Steinert, N.N. Omosigho, G. Glockner, L. Eichinger, 

B. Orabi, R.S. Williams, A.A. Noegel, RpkA, a highly conserved GPCR with a lipid 

kinase domain, has a role in phagocytosis and anti-bacterial defense, PLoS One, 6 

(2011) e27311. 

[429] G.P. Shi, R.A. Bryant, R. Riese, S. Verhelst, C. Driessen, Z. Li, D. Bromme, 

H.L. Ploegh, H.A. Chapman, Role for cathepsin F in invariant chain processing and 

major histocompatibility complex class II peptide loading by macrophages, J Exp 

Med, 191 (2000) 1177-1186. 

[430] C. Adessi, A. Chapel, M. Vincon, T. Rabilloud, G. Klein, M. Satre, J. Garin, 

Identification of major proteins associated with Dictyostelium discoideum endocytic 

vesicles, J Cell Sci, 108 ( Pt 10) (1995) 3331-3337. 

[431] S. Carilla-Latorre, J. Calvo-Garrido, G. Bloomfield, J. Skelton, R.R. Kay, A. 

Ivens, J.L. Martinez, R. Escalante, Dictyostelium transcriptional responses to 

Pseudomonas aeruginosa: common and specific effects from PAO1 and PA14 strains, 

BMC Microbiol, 8 (2008) 109. 

[432] R. Azizieh, D. Orduz, P. Van Bogaert, T. Bouschet, W. Rodriguez, S.N. 

Schiffmann, I. Pirson, M.J. Abramowicz, Progressive myoclonic epilepsy-associated 

gene KCTD7 is a regulator of potassium conductance in neurons, Mol Neurobiol, 44 

(2011) 111-121. 

[433] M. Kousi, V. Anttila, A. Schulz, S. Calafato, E. Jakkula, E. Riesch, L. 

Myllykangas, H. Kalimo, M. Topcu, S. Gokben, F. Alehan, J.R. Lemke, M. Alber, A. 

Palotie, O. Kopra, A.E. Lehesjoki, Novel mutations consolidate KCTD7 as a 

progressive myoclonus epilepsy gene, J Med Genet, 49 (2012) 391-399. 

[434] R.E.H. Whiting, J.W. Pearce, L.J. Castaner, C.A. Jensen, R.J. Katz, D.H. 

Gilliam, M.L. Katz, Multifocal retinopathy in Dachshunds with CLN2 neuronal 

ceroid lipofuscinosis, Experimental Eye Research, 134 (2015) 123-132. 

[435] M.L. Katz, F.H. Farias, D.N. Sanders, R. Zeng, S. Khan, G.S. Johnson, D.P. 

O'Brien, A missense mutation in canine CLN6 in an Australian shepherd with 

neuronal ceroid lipofuscinosis, J Biomed Biotechnol, 2011 (2011) 198042. 



 100 

[436] M.L. Katz, S. Khan, T. Awano, S.A. Shahid, A.N. Siakotos, G.S. Johnson, A 

mutation in the CLN8 gene in English Setter dogs with neuronal ceroid-

lipofuscinosis, Biochem Biophys Res Commun, 327 (2005) 541-547. 

[437] N. Koppang, The English setter with ceroid-lipofuscinosis: a suitable model for 

the juvenile type of ceroid-lipofuscinosis in humans, Am J Med Genet Suppl, 5 

(1988) 117-125. 

[438] A.N. Siakotos, G.D. Hutchins, M.R. Farlow, M.L. Katz, Assessment of dietary 

therapies in a canine model of Batten disease, Eur J Paediatr Neurol, 5 Suppl A 

(2001) 151-156. 

[439] F. Lingaas, O.A. Guttersrud, E. Arnet, A. Espenes, Neuronal ceroid 

lipofuscinosis in Salukis is caused by a single base pair insertion in CLN8, Anim 

Genet, 49 (2018) 52-58. 

[440] G.S. Barsh, A. Wöhlke, U. Philipp, P. Bock, A. Beineke, P. Lichtner, T. 

Meitinger, O. Distl, A One Base Pair Deletion in the Canine ATP13A2 Gene Causes 

Exon Skipping and Late-Onset Neuronal Ceroid Lipofuscinosis in the Tibetan Terrier, 

PLoS Genetics, 7 (2011) e1002304. 

[441] F.H. Farias, R. Zeng, G.S. Johnson, F.A. Wininger, J.F. Taylor, R.D. Schnabel, 

S.D. McKay, D.N. Sanders, H. Lohi, E.H. Seppala, C.M. Wade, K. Lindblad-Toh, 

D.P. O'Brien, M.L. Katz, A truncating mutation in ATP13A2 is responsible for adult-

onset neuronal ceroid lipofuscinosis in Tibetan terriers, Neurobiol Dis, 42 (2011) 468-

474. 

[442] I.S. Amorim, N.L. Mitchell, D.N. Palmer, S.J. Sawiak, R. Mason, T.M. 

Wishart, T.H. Gillingwater, Molecular neuropathology of the synapse in sheep with 

CLN5 Batten disease, Brain Behav, 5 (2015) e00401. 

[443] I. Tammen, P.J. Houweling, T. Frugier, N.L. Mitchell, G.W. Kay, J.A. 

Cavanagh, R.W. Cook, H.W. Raadsma, D.N. Palmer, A missense mutation 

(c.184C>T) in ovine CLN6 causes neuronal ceroid lipofuscinosis in Merino sheep 

whereas affected South Hampshire sheep have reduced levels of CLN6 mRNA, 

Biochim Biophys Acta, 1762 (2006) 898-905. 

[444] P.J. Houweling, J.A. Cavanagh, D.N. Palmer, T. Frugier, N.L. Mitchell, P.A. 

Windsor, H.W. Raadsma, I. Tammen, Neuronal ceroid lipofuscinosis in Devon cattle 

is caused by a single base duplication (c.662dupG) in the bovine CLN5 gene, 

Biochim Biophys Acta, 1762 (2006) 890-897. 

[445] A.D. Kovacs, A. Saje, A. Wong, S. Ramji, J.D. Cooper, D.A. Pearce, Age-

dependent therapeutic effect of memantine in a mouse model of juvenile Batten 

disease, Neuropharmacology, 63 (2012) 769-775. 

[446] F. Yin, R. Banerjee, B. Thomas, P. Zhou, L. Qian, T. Jia, X. Ma, Y. Ma, C. 

Iadecola, M.F. Beal, C. Nathan, A. Ding, Exaggerated inflammation, impaired host 

defense, and neuropathology in progranulin-deficient mice, J Exp Med, 207 (2010) 

117-128. 

[447] G.K. Varshney, J. Lu, D.E. Gildea, H. Huang, W. Pei, Z. Yang, S.C. Huang, D. 

Schoenfeld, N.H. Pho, D. Casero, T. Hirase, D. Mosbrook-Davis, S. Zhang, L.-E. Jao, 

B. Zhang, I.G. Woods, S. Zimmerman, A. Schier, T.G. Wolfsberg, M. Pellegrini, 

S.M. Burgess, S. Lin, A large-scale zebrafish gene knockout resource for genome-

wide study of gene function, Genome Research, 23 (2019) 727-735. 

[448] D. Wang, L.E. Jao, N. Zheng, K. Dolan, J. Ivey, S. Zonies, X. Wu, K. Wu, H. 

Yang, Q. Meng, Z. Zhu, B. Zhang, S. Lin, S.M. Burgess, Efficient genome-wide 

mutagenesis of zebrafish genes by retroviral insertions, Proc Natl Acad Sci U S A, 

104 (2007) 12428-12433. 



 101 

[449] L. De Muynck, S. Herdewyn, S. Beel, W. Scheveneels, L. Van Den Bosch, W. 

Robberecht, P. Van Damme, The neurotrophic properties of progranulin depend on 

the granulin E domain but do not require sortilin binding, Neurobiol Aging, 34 (2013) 

2541-2547. 

[450] Y.H. Li, M.H. Chen, H.Y. Gong, S.Y. Hu, Y.W. Li, G.H. Lin, C.C. Lin, W. Liu, 

J.L. Wu, Progranulin A-mediated MET signaling is essential for liver morphogenesis 

in zebrafish, J Biol Chem, 285 (2010) 41001-41009. 

[451] S.S. Shankaran, A. Capell, A.T. Hruscha, K. Fellerer, M. Neumann, B. Schmid, 

C. Haass, Missense mutations in the progranulin gene linked to frontotemporal lobar 

degeneration with ubiquitin-immunoreactive inclusions reduce progranulin production 

and secretion, J Biol Chem, 283 (2008) 1744-1753. 

[452] R. Sood, B. Carrington, K. Bishop, M. Jones, A. Rissone, F. Candotti, S.C. 

Chandrasekharappa, P. Liu, Efficient methods for targeted mutagenesis in zebrafish 

using zinc-finger nucleases: data from targeting of nine genes using CompoZr or 

CoDA ZFNs, PLoS One, 8 (2013) e57239. 

[453] C.A. Korey, M.E. MacDonald, An over-expression system for characterizing 

Ppt1 function in Drosophila, BMC Neurosci, 4 (2003) 30. 

 
 


