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Abstract

Hereditary Spastic Paraplegia (HSP) is caused by a length-dependent axonopathy of the

corticospinal motor neurons, which results in progressive weakness and spasticity of the

legs. There are more than 80 identified HSP gene loci and over 60 HSP gene products.

Bi-allelic mutations in the Zfyve26 gene are associated with HSP type SPG15 and result in

the functional loss of spastizin protein, causing defects in cellular homeostasis followed by

neurodegeneration. Currently, there is no causative therapy for HSP available.

This study aimed at the functional characterization and validation of a novel condZfyve26 -

Null mouse model as a prerequisite for testing and defining the therapeutic potential of

somatic gene repair in HSP. Zfyve26 gene function was inactivated in mice using a floxed

stop-cassette, resulting in animals resembling a classical knockout. General characterization:

Genome modification of condZfyve26 -Null mice did not have any off-target effects on animal

viability and fertility. Higher body weight of a female homozygous condZfyve26 -Null cohort

compared to wild-type (WT) could hint at a hitherto undescribed sexual dimorphism in

HSP. Molecular characterization: Genotyping and sequencing analyses confirmed the cor-

rect insertion of the stop-cassette into intron 2 of the murine Zfyve26 gene. Zfyve26 mRNA

levels were reduced by up to >90% in brain lysates of homozygous condZfyve26 -Null ani-

mals suggesting a sufficient inactivation of Zfyve26 gene function. Characterization of motor

function: Overall trend towards a worse performance in gait tests were observed in homozy-

gous condZfyve26 -Null mice compared to WT littermates. Histological characterization: In

homozygous condZfyve26 -Null mice, number of cortical neurons were reduced to 36% of WT

level. Loss of Purkinje cells in the cerebellum of homozygous condZfyve26 -Null mice by 24%

compared to WT were observed upon Zfyve26 disruption. Cell biological characterization:

Depletion of free lysosomes and increased autophagosome levels in homozygous condZfyve26 -

Null mouse adult fibroblasts hinted at defects in autophagic lysosome reformation, a pathway

crucial to maintain cell homeostasis.

The data support previous findings and confirm defects in the autophagic as well as lyso-

somal system as the underlying pathomechanism of Zfyve26 associated HSP type SPG15.

Taken together the novel condZfyve26 -Null mouse line can be used as a sophisticated tool

to control Zfyve26 gene expression temporally and spatially, thereby providing a valid ex-

perimental approach for testing the therapeutic potential of somatic gene repair in HSP.
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Zusammenfassung

Hereditäre Spastische Paraplegie (HSP) wird durch eine längenabhängige Axonopathie der

kortikospinalen Motoneuronen verursacht, die zu einer fortschreitenden Schwäche und Spastik

der Beine führt. Es gibt mehr als 80 identifizierte HSP-Genloci und über 60 HSP-Genprodukte.

Bi-allelische Mutationen im Zfyve26 -Gen sind mit dem HSP-Typ SPG15 assoziiert und

führen zu einem Funktionsverlust des Spastizin-Proteins, was Defekte in der zellulären

Homöostase und Neurodegeneration verursacht. Derzeit gibt es keine ursächliche Thera-

pie für HSP.

Ziel dieser Studie war die funktionelle Charakterisierung und Validierung eines neuar-

tigen condZfyve26 -Null-Mausmodells als Voraussetzung für die Prüfung und Definition des

therapeutischen Potenzials der somatischen Genreparatur bei HSP. Die Zfyve26 Genfunktion

wurde in Mäusen mittels einer gefloxten Stopp-Kassette inaktiviert. Dies sollte zur Gener-

ierung von Mäusen führen, die einem klassischen Knockout ähnelten. Allgemeine Charak-

terisierung: Die Genomveränderung der condZfyve26 -Null-Mäuse hatte keine Auswirkun-

gen auf die Lebensfähigkeit und Fruchtbarkeit der Tiere. Das höhere Körpergewicht einer

weiblichen homozygoten condZfyve26 -Null-Kohorte im Vergleich zum Wildtyp (WT) könnte

auf einen bisher unbeschriebenen Geschlechtsdimorphismus bei HSP hindeuten. Molekulare

Charakterisierung: Genotypisierungs- und Sequenzierungsanalysen bestätigten die korrekte

Einfügung der Stopp-Kassette in Intron 2 des murinen Zfyve26 -Gens. Zfyve26 mRNA-Level

waren in Hirnlysaten von homozygoten condZfyve26 -Null-Tieren um bis zu >90% reduziert,

was auf eine ausreichende Inaktivierung der Zfyve26 -Genfunktion schließen ließ. Charak-

terisierung der motorischen Funktion: Bei homozygoten condZfyve26 -Null-Mäusen wurde

im Vergleich zum WT ein allgemeiner Trend zu einer schlechteren Leistung in Bewegung-

stests beobachtet. Histologische Charakterisierung: Bei homozygoten condZfyve26 -Null-

Mäusen war die Anzahl der kortikalen Neuronen auf 36% des WT-Niveaus reduziert und

ein Verlust von 24% der Purkinje-Zellen im Kleinhirn wurde nach der Zfyve26 -Disruption

beobachtet. Zellbiologische Charakterisierung: Die Abnahme freier Lysosomen und der er-

höhte Autophagosomenspiegel in homozygoten condZfyve26 -Null-Mausfibroblasten deuteten

auf Defekte bei der autophagischen Lysosomenreformation hin, ein für die Aufrechterhaltung

der Zellhomöostase entscheidender Mechanismus.

Die Daten unterstützen frühere Befunde und bestätigen Defekte im autophagischen und

lysosomalen System als zugrundeliegenden Pathomechanismus der Zfyve26 -assoziierten HSP
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Typ SPG15. Zusammenfassend kann die neuartige condZfyve26 -Null-Mauslinie als hochen-

twickeltes Werkzeug zur zeitlichen und räumlichen Kontrolle der Zfyve26 -Genexpression ver-

wendet werden und bietet damit einen validen experimentellen Ansatz zur Prüfung des ther-

apeutischen Potenzials der somatischen Genreparatur bei HSP.
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Chapter 1

Introduction

1.1 Hereditary Spastic Paraplegia (HSP)

1.1.1 Clinical characteristics

Hereditary Spastic Paraplegia (HSP) is the general term for a genetically and clinically

heterogenous group of neurodegenerative diseases that affect movement. The clinical char-

acteristics is a progressive weakness and spasticity of the lower extremities which are caused

by a length-dependent degeneration of the axons of the corticospinal motor neurons [1–9].

HSP is classified as pure (lower limb spasticity and weakness) or complicated when additional

clinical symptoms are present, e.g., cognitive impairment, learning disability, loss of control

of balance and coordination, vision impairment, epilepsy or degeneration of peripheral nerves

[1, 10, 11]. Age of onset is highly heterogeneous [3, 11]. The estimated prevalence is 3.6 per

100,000 people for all HSP forms [12], which classifies HSP as a rare disease. Due to the low

prevalence and overlapping symptoms with other neurological diseases, e.g., amyotrophic

lateral sclerosis (ALS) or multiple sclerosis (MS), HSP is often misdiagnosed [13].

1.1.2 Genetic characteristics

Both mode of inheritance and genetic background with multiple affected gene loci in one

HSP gene are highly heterogeneous [3]. There are more than 80 identified HSP gene loci

(SPG1-80, plus other) and over 60 HSP gene products [14, 15]. The majority of HSP

genes are expressed ubiquitously throughout the human organism, but the clinical picture

is and remains primarily and almost exclusively characterized by neurological symptoms of
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the lower extremities [6]. HSP can be autosomal recessively (e.g., SPG11, SPG15, SPG48),

autosomal dominantly (e.g., SPG4, SPG6, SPG8) or in fewer cases X-linked recessively (e.g.,

SPG1, SPG2, SPG22) inherited [1, 13, 14]. The spectrum of mutations underlying HSP

include missense, nonsense, splice, truncating, exon deletion, small insertions and deletions

(indels), which either lead to loss of protein function (e.g., SPG1, SPG4, SPG11, SPG15)

or gain of protein function (e.g., SPG3A, again SPG4) [13, 14, 16–18]. The latter can result

in the generation and accumulation of neurotoxic mutants as reported for the M1 isoform

of the Spastin protein (SPG4), for NIPA1 mutants (SPG6) and as proposed for Strumpellin

mutants (SPG8) [17, 19–22]. SPG4 is suggested to be associated with both loss of spastin

protein function (caused by spastin protein haploinsufficiency) and spastin gain of protein

function (caused by mutant spastin protein) [18].

1.1.3 Molecular mechanisms

The high genetic heterogeneity of HSPs is accompanied by a heterogeneity of the cellular

processes that are disturbed upon altered HSP protein function [2, 15]. Studies suggest that

HSP proteins are crucial within several cellular processes that can be functionally clustered

as (i) membrane traffic, organelle shaping and biogenesis (in Figure 1: Mitochondria, ER-to-

Golgi vesicle transport, Golgi-to-ER transport, anterograde transport, microtubules, tubular

ER, lysosomes/ endosomes/ autophagosomes), (ii) mitochondrial regulation (mitochondria);

(iii) myelination and lipid/sterol modification (lipid/ sterol metabolism, myelin/ oligoden-

drocytes); (iv) axon pathfinding; (v) nucleotide metabolism and (vi) other/unknown [1, 3–5,

7, 14, 23]. It remains unclear how these subcellular abnormalities result in neurodegeneration

and whether the processes interact at the molecular level.
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Figure 1. Functional fields of HSP proteins. Schematic depiction of an upper motor neuron displaying
different proposed functional fields of selected HSP gene products. ER: endoplasmatic reticulum. A more
detailed list with all HSP gene products and their proposed functions can be found in Blackstone, 2018
(Table 41.2) [14]. Image taken from [14]

1.1.4 Therapy

To date there is no causal therapy available to slow disease progression, prevent or reverse

HSP [23]. The therapeutic spectrum of HSP is limited to purely symptomatic measures to

reduce muscle spasticity and to treat other common symptoms [11, 23–25].

Pharmacological treatments. A pharmacological approach to therapeutically target HSP

is the intramuscular injection of botulinum toxin type-A (BoNTA), which was shown to im-

prove gait velocity and to reduce muscle tone in HSP patients [11, 25–28]. The antiepileptic

and antinociceptive drug, gabapentin, reduces "neurotransmitter release and attenuation of

postsynaptic excitability" [29]. However, a study with SPG4 patients reported no statis-

tically significant clinical difference between gabapentin and placebo treatments [25, 30].

Another drug is progabide, which is a GABA receptor agonist and significantly reduced

spasticity in 87% of the patients [25, 31]. The dopamine amino acid precursor and Parkin-

son’s disease drug, levodopa (L-Dopa), is considered to treat HSP patients with parkinsonian

symptoms, as SPG11 and SPG8 patients were shown to be L-Dopa responsive [32–34]. Stud-

ies suggest the administration of cholesterol lowering drugs like simvastatin and ezetimibe

[35], or atorvastatin [36] to treat SPG5 patients.

Physical therapy. Treatment of an HSP patient with electrical stimulation was reported to
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improve motor function with a 27% increase in velocity [37]. Furthermore, robotic-aided gait

training in uncomplicated HSP patients had positive long term effects on balance, walking

speed and life quality [38, 39]. Physical therapy is applied to build up and preserve muscle

strength [40]. HSP patients exhibited improved functional abilities after eight weeks of

intensive physiotherapy interventions [41]. However, despite its broad application, there are

no clear guidelines on "appropriate types and timing of physical therapy in HSP" [25].

Interventional and surgical therapies. These include the muscle relaxant and antispastic

agent, baclofen, which is a GABAB receptor agonist [11, 23, 25]. Intrathecal baclofen therapy

led to reduced lower limb’s spasticity, decreased muscle tone and improved walking ability in

HSP patients with severe spasticity [42–44]. A neurosurgical intervention is selective dorsal

rhizotomy (SDR), a procedure, in which problematic nerve roots in the spinal cord are

selectively resected and is hence considered as treatment of spinal-related spasticity in pure

HSP [25, 45]. Uncomplicated HSP patients, who underwent SDR exhibited reduced muscular

spasm, improved walking ability over a long period. However, SDR is not recommended for

the treatment of complicated HSP forms as the surgery may be riskier and its effect less

foreseeable [46].

Gene therapy. Gene therapy in HSP is compared to other neurological diseases, such as

in spinal muscular atrophy [47], Huntington’s, Parkinson’s and Alzheimer’s disease [48, 49],

relatively slowly progressing due to its high genetic heterogeneity and variety of pathogenic

mechanisms [40, 49]. Hence, until now there are no gene specific therapies available to treat

HSP [50]. However, in the last years various molecular tools and methods for an effective

application of gene therapy have been developed and improved, e.g., specific drug delivery

using nanocarriers [48, 51, 52] and targeted gene manipulation using the CRISPR/Cas9

system [18, 48, 53]. The latter is already tested as tool for targeting neurodegenerative

diseases like amyotrophic lateral sclerosis (ALS) [54]. Moreover, gene therapy is suggested to

treat both gain- and loss of function mechanisms underlying SPG4 pathology [18]. Therefore,

gene therapy is now considered as a promising option to treat hereditary neurodegenerative

diseases, such as HSP [18, 40, 55–57].
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1.1.5 Disease models

Danio rerio. The zebrafish is a vertebrate model broadly used to study developmental biology

and human disease, due to similarities to human biology [58]. Simple genetic manipulation

and a high reproduction rate allow large-scale experimental analysis and phenotype based

screening [58, 59]. However, drawbacks are the absence of organs like lungs and breasts,

or temperature limitations of the host organism as its optimal maintenance temperature is

28 °C, which could pose a problem when working with drugs or human tumor cells (optimum

is 37 °C) [60]. Regarding the use of this model organism in HSP research, in an SPG11

zebrafish model, neurodegeneration was prevented and motor phenotype was rescued by the

administration of miglustat to decrease ganglioside levels, which accumulates upon loss of

Spatacsin protein [61]. Based on these results miglustat is currently undergoing phase 2

of a pharmacological trial with SPG11 patients to evaluate its safety [62]. Knockdown of

Slc33a1 (SPG42) in zebrafish embryos revealed a critical role of acetyl-CoA transporter in

motorneuron development and function [63]. Vps37a (SPG53) knockdown in zebrafish larvae

resulted in the loss of motility [64].

Drosophila melanogaster. Thanks to its high reproduction rate, short generation time,

easy and cheap maintenance, fully sequenced genome and the wide variety of fast and inex-

pensive gene manipulation tools, drosophila is a widely used model organism [65, 66]. There

are drosophila models of neurodegenerative diseases like epilepsy, CNS injury, Alzheimer’s

and Parkinson’s disease, or HSP [67]. For example, the role of spastin protein and therapeu-

tic approaches have been investigated in an SPG4 drosophila model, in which threatment

with vinca alkaloids attenuated disease related phenotypes [68]. Disadvantages of drosophila

as a model organism are the less complex immune system as in vertebrates and the difference

in brain anatomy [69].

Ex vivo models. Ex vivo models include cell models like patient-derived fibroblasts, pri-

mary cortical neurons and human induced pluripotent stem cells (hiPSCs). hiPSCs hold

great potential for patient-specific cell therapies as unwanted immune reactions can be over-

come [70, 71]. hiPSCs are generated from human somatic cells (e.g., skin, blood), which

were reprogrammed to an "embryonic-like state" [71] and can differentiate into any type of

cell. As a human model system hiPSCs are used to study human development and disease

[70–72], such as HSP. For example, in an hiPSC model of SPG3A, axon defects were rescued
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pharmacologically [73]. A study with hiPSCs derived from SPG4 patients restored neurite

function by lentiviral overexpression of single spastin isoforms, highlighting the potential of

gene therapy [74]. Nevertheless, the application of hiPSCs and other human cells to model

disease can be challenging, as kinetics of disease development and pathology in a laboratory

context (cell culture dish) differ from those in a patient [72]. Furthermore, purified cell pop-

ulations lack interaction with other cell types, failing to mimic the natural environment in

the human body [72].

Mus musculus. The mouse is one of the most complex and important organisms in

science for modeling human development and disease in vertebrates. Despite the differenes

between mouse and human (e.g., genome, neuroanatomy, immune system, behavior), the

application of mouse models in preclinical trials can elevate the "likelihood of successful

drug development" [75] and help prevent "translational failures in human patients" [76].

A mouse model delivers insights into systemic interactions within an organism, not only

between cell types but between whole systems [76]. Valid murine disease models represent

an ideal tool to dissect disease mechanisms as well as to evaluate novel therapy approaches

in neurodegenerative diseases like HSP [77]. An SPG11 and SPG15 knockout mouse model

confirmed a role of the respective proteins in the same molecular pathway, i.e., autophagy

and autophagic lysosome reformation [78]. Interestingly, experiments with an SPG11 and

SPG15 double knockout mouse model did not reveal an aggravated pathology [78]. In an

SPG5 knockout mouse model, the mutated CYP7B1 gene was replaced by the intravenous

administration of mRNA, highlighting the potential of mRNA as a causal treatment strategy

[79]. The intramuscular adeno-associated viral (AAV) delivery of the paraplegin protein was

shown to rescue axon degeneration of peripheral neurons in an SPG7 mouse model [80].

These studies demonstrate the importance of mouse models in the development of gene

therapies for HSP.

1.2 Zfyve26 associated HSP Type SPG15

1.2.1 Clinical characteristics

SPG15 is a form of complex HSP with onset typically in mid- to late childhood or adolescence

(between 5-18 years of age) [11, 81]. Clinically, SPG15 patients cannot be distinguished

from SPG11 patients with certainty as their phenotypes largely overlap, probably because
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their associated proteins spastizin (SPG15) and spatacsin (SPG11) share common cellular

pathways [11, 82, 83]. Best diagnostic predictor for SPG15 (as well as for SPG11) is the

thinning of the corpus calossum (TCC), which can be observed in MRI (magnet resonance

imaging) scans of the brain [83]. Analysis of SPG15 is suggested to be restricted to SPG11

negative patients, as SPG11 has a higher prevalence (accounts for ca. 20% of autosomal

recessive HSP cases, SPG15 less than 3%) [13, 83]. A study with SPG15 patients observed

additional complicated symptoms, such as cognitive impairment in 61% of cases, peripheral

neuropathy 44%, cerebellar ataxia 67% and TCC 42% [83].

1.2.2 Genetic characteristics

SPG15 is among the most prevalent autosomal recessive HSPs with a worldwide prevalence

of 0.13 per 100,000 [12]. SPG15 is associated with bi-allelic loss of function mutations in the

Zfyve26 gene (NCBI Reference Sequence: NM_015346 [84]), which is located on chromosome

14q24.1 and encodes the Zinc finger FYVE domain-containing protein 26 (also known as

Spastizin) [11, 14, 81]. Putative functional domains are: The zinc finger C2H2 (exon 24),

the FYVE domain (exon 28-29) and the leucine zipper (exon 36) [81]. Mutations in Zfyve26

gene result in premature stop codons, which probably lead to RNA degradation by nonsense-

mediated mRNA decay [81]. More specifically, studies with SPG15 patients revealed different

homozygous truncating spastizin mutations with missense mutations being the most frequent

ones: (i) nonsense mutations, (ii) frameshift deletions, (iii) splice mutations, (iv) indel-

inversion rearrangements that delete exons [81, 83]. All mutations in Zfyve26 gene lead to

loss of spastizin protein function, which results in HSP type SPG15 [13].

1.2.3 Molecular mechanisms

Functional domains of spastizin protein. The highly conserved FYVE domain of the spas-

tizin protein recruits and mediates the docking of spastizin onto membranes containing phos-

phatidylinositol 3-phosphate [PtdIns(3)P], such as endosomes [85–87]. Another functional

domain of spastizin protein is the zinc finger (ZNF) protein, which belongs to a group of

transcriptional activator proteins [88, 89]. As regulator of gene expression the ZNF protein

interacts with DNA, RNA and other proteins, hence is involved in physiological processes

(e.g., cell proliferation, differentiation, tissue homeostasis, adipogenesis) [88]. Mutations in

the ZNF protein can contribute to the development of diseases like cancer and neurodegen-
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eration via its transcription factor function [88]. The third functional domain of spastizin

protein is the leucin zipper domain, which binds to a specific DNA sequence and acts as an

enhancer binding protein [90–92].

Autophagy and the endolysosomal system. Spastizin protein is an interacting partner

of Beclin1 protein, which regulates autophagy and endocytosis [93–97]. Loss of Spastizin

protein function was shown to result in defects in endolysosomal trafficking [86, 87, 98].

More specifically, loss of spastizin protein was accompanied by impaired autophagic lyso-

some reformation (ALR), a cellular mechanism that generates new lysosomes, as well as the

accumulation of large deposits in lysosomes of neurons [86, 87, 98]. The observed lysosomal

pathology upon Zfyve26 disruption is proposed to be the underlying mechanism of SPG15

associated neurodegeneration [11, 87, 99].

AP-5 protein complex. Spastizin interacts with spatacsin (associated with SPG11) and

AP5Z1 (SPG48) in the coat like adaptor protein complex 5 (AP-5), with spastizin and spat-

acsin forming a scaffold [82, 100, 101]. The AP-5/SPG11/SPG15 localizes to late endosomal

and lysosomal compartments and is involved in membrane traffic. While AP5Z1 acts in

intracellular protein sorting and cargo trafficking, spastizin mediates the docking of the coat

onto membranes via its FYVE domain [82, 98, 100–102].

Lipid metabolism. Recently, a link between loss of spastizin protein function and alter-

ation in cellular lipid metabolism was discovered [99]. The accumulation of lipids within

lysosomes hint at defects in cellular lipid homeostasis, which are linked to lysosomal aberra-

tions. This classifies SPG15 as a lysosomal storage disease. Normally, for recycle, storage or

functional purposes cholesterol, a crucial component of the cell plasma membrane, is trans-

ported from lysosomes to the endoplasmic reticulum and the plasma membrane [103], but

is kept in lysosomes upon lysosomal recycling defects in neurons. It is also proposed that

spastizin itself plays a role in lipid transport [99].

1.2.4 Therapy

Treatment of SPG15 aims at "reducing symptoms and preventing secondary complications"

[11]. A detailed description of HSP treatments can be found under 1.1.4. Spasticity and

weakness of lower limbs in SPG15 patients are treated with physical therapy, pharmaceu-

ticals, botulinum toxin injections or surgery. Cerebellar dysfunction can be supported by
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assessing home safety and fall risk of patients. To treat Parkinsonism administration of

L-Dopa is considered. Besides the consultation with a social worker, cognitive impairment,

developmental delay and intellectual disability are treated with physical and occupational

therapy. Speech therapy assists with speech delay and defects. Further symptoms are blad-

der and eye problems, which are treated with anticholinergic drugs for urinary urgency,

referral to an urologist and an ophthalmologist, respectively [11].

The drug dalfampridine (4-Aminopyridine) elevates the conduction of action potentials

in demyelinated axons by blocking voltage-gated potassium channels [104–106] and is used

to treat multiple slerosis and spinal cord injuries [25, 107]. Studies demonstrated that oral

administration of 10 mg of dalfampridine twice a day over 15 d led to improved walking

ability, spasticity as well as hand dexterity in SPG15 and other HSP patients [104, 108].

No serious adverse effects of dalfampridine treatment, such as seizures, dizziness, nausea,

balance disorder [107] were reported. These results support the use of dalfampridine as a

"safe alternative treatment" [108] for SPG15 patients.

1.2.5 Disease models

Danio rerio. Knock-down of Zfyve26 gene in zebrafish generated a neuronal phenotype sim-

ilar to the defects observed in SPG15 patients [109]. Here, loss of spastizin protein function

caused motor defects and abnormal branching of spinal cord motor neurons. Furthermore,

this study hints at a functional relationship between the proteins spastizin and spatacsin

(associated with SPG11) that may act in a common pathway, i.e., intracellular trafficking.

Ex vivo models. Cellular disease models to study SPG15 include fibroblasts, primary

cortical neurons as well as human induced pluripotent stem cells (hiPSCs) derived from

SPG15 patients [110]. The analysis of mitochondrial morphology in hiPSCs-derived neurons

revealed impaired mitochondrial dynamics as the underlying pathology of axonal defects in

SPG15, demonstrating a "potential therapeutic target for SPG15" [110].

Mus musculus. In an SPG15 mouse model, exon 15 of the murine Zfyve26 gene was

deleted resulting in Zfyve26 knockout (KO) mice, that exhibited a similar clinical and his-

tological phenotype to SPG15 patients [87]. The murine Zfyve26 gene is located on mouse

chromosome 12 and consists of 42 exons with a start codon in exon 2 and the a stop codon

in exon 42. Mutations in Zfyve26 gene resulted in a premature stop codon, which probably
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led to nonsense mediated mRNA degradation of truncated spastizin protein [81]. SPG15

KO mice developed spastic paraplegia accompanied by loss of brain structures (cortex, cere-

bellum) and axons of corticospinal motor neurons. Loss of spastizin protein led to the

accumulation of large deposits in lysosomes hinting at endolysosomal dysfunction, which in

turn may had caused neurodegeneration. In summary, this study proposed defects in en-

dolysosomal membrane trafficking as the underlying pathology of SPG15. Based on these

results, murine models pose a suitable tool for modeling SPG15 disease progression and, as

a next step, for developing a targeted/causative therapy.

1.3 Description of research aims

Subject of this doctoral thesis is the functional characterization and validation of a novel

condZfyve26–Null mouse model as a prerequisite for defining the therapeutic potential of so-

matic gene repair in HSP type SPG15. In this mouse model the ubiquitous Zfyve26 gene ex-

pression was conditionally inactivated by the insertion of a stop-cassette (flanked by loxP se-

quences) into intron 2 of the murine Zfyve26 gene (in the following named condZfyve26–Null)

generating a mouse line, which resembles a classical knockout model. The Cre-loxP system

is considered a sophisticated tool to modify and control the genome in vivo both temporally

and spatially [111–113]. In the first place the applied Cre-loxP gene targeting strategy aims

at reproducing the human Zfyve26 functional loss in murine tissue. To examine the effects

of the gene targeting strategy and to validate the novel condZfyve26–Null mouse line as an

SPG15 disease model, the newly generated mouse line needed to be characterized on different

functional levels. Therefore, the goals of this dissertation work were defined as follows:

1. Validation of the gene targeting strategy: Genotyping of condZfyve26–Null offspring,

Zfyve26 gene expression analysis and Spastizin protein expression analysis.

2. Assessment of general parameters of the condZfyve26–Null mouse line: Viability, fer-

tility, mortality, body weight and metabolism.

3. HSP-specific locomotor studies of condZfyve26–Null mice: Foot base angle, rotarod

analysis, ladder test and grip strength.

4. Histological characterization of the central nervous system in condZfyve26–Null mice

and detection of HSP-specific pathologies.
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5. Cell biological analysis of selected subcellular structures and functional fields in mouse

tissues of condZfyve26–Null line.

Once characterization and validation are completed the novel condZfyve26–Null mouse

model can be used as a sophisticated tool to control Zfyve26 gene expression in vivo tem-

porally and spatially. Importantly, the novel condZfyve26–Null mouse model provides the

experimental basis for testing and defining the therapeutic potential of somatic gene repair

in HSP.
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Chapter 2

Materials and Methods

2.1 Generation of condZfyve26–Null mice

Customed generation of a mouse Zfyve26 conditional knockin model in C57BL/6 mice was

carried out by Cyagen US Inc. For that purpose a floxed stop-cassette was inserted into

intron 2 of the Zfyve26 targeting vector (Figure 2 and 5), which consists of an endogenous

splice acceptor (SA) of intron 2, an internal ribosome entry site (IRES) with mCherry and

a poly(A) signal (pA). The neomycin resistance cassette (Neo) is used for positive selection

and is flanked by self-deletion sequences (SDA: self-deletion-anchor).

Figure 2. Targeted disruption of the murine Zfyve26 gene. Schematic depiction of the cloning
strategy. The murine Zfyve26 gene consists of 42 exons (boxes with 1–42). The floxed (loxP sites as black
triangles) stop-cassette (red) was inserted into intron 2 and consists of an endogenous splice acceptor (SA)
of intron 2, an internal ribosome entry site (IRES) with mCherry and a poly(A) signal (pA). The neomycin
resistance cassette (Neo, grey) is used for positive selection and is flanked by self-deletion sequences (SDA:
self-deletion-anchor; white triangles). The mutated allele resembles a classical knockout, in which murine
Zfyve26 transcription is inhibited. Black arrows: Primer pairs used for genotyping (Forward 1 vs. Reverse 1;
Forward 2 vs. Reverse 2; Forward 3 vs. Reverse 3).

15



Next, the linearized targeting vector was transfected into embryonic stem cells (ESCs)

with a C57BL/6N genetic background, subsequently screened for three specific regions of

the stop-cassette (Neo, 50 loxP site, IRES-mCherry) and finally re-implanted into pseudo-

pregnant females. For specific primer pairs used see 2.3. Germline transmission of founder

animals was confirmed by breeding with wild-type females and subsequent genotyping of

the offspring. Heterozygous targeted mice were generated from ESC clone 1C5 and 2D3

(red asterisk in Figure 3). For this study, both heterozygous targeted animals were used for

breeding purposes to generate wild-type, heterozygous and homozygous targeted animals.

Respective ESC clone used is denoted within each result and its respective figure (in the

following referred to as condZfyve26 -Null 1C5 and 2D3 mouse line, respectively).

Figure 3. PCR screening of targeted embryonic stem cell (ESC) clones. PCR based genotyping
confirmed correctly targeted clones. Expected bands for wild-type (WT) and mutant (MT) allele are indi-
cated in respective PCR results. Screening was for three specific regions of the stop-cassette with top row:
Neo (neomycin resistance cassette) deletion; middle row: loxP (50 loxP site); bottom row: IRES-mCherry
(internal ribosome entry site with mCherry). Left: 1C5 ESC clone and right: 2D3 ESC clone are marked
with red asterisks. N.A.: not available, M: marker, bp: base pair. Results generated by Cyagen US Inc.
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2.2 Animals

All animal experiments were approved by the Landesamt für Gesundheit und Soziales (LaGeSo)

in Berlin, Germany (approval number and date: G0126/20, 31.08.2020). Studies were per-

formed with mice on a C57BL/6N background. Animals were kept at 22 °C in groups of 2–5

in a 12 h light/dark cycle and fed on a regular diet ad libidum.

2.3 Genotyping

Genomic DNA was extracted from mouse ear or tail biopsies using the Hot Sodium Hydroxide

and Tris (HotSHOT) method. Tissue lysis (30 min, 95 °C and 5 min cooling on ice) was with

alkaline lysis reagent (25 mM NaOH, 0.2 mM EDTA, pH 12) followed by inactivation with

1⇥ V of neutralizing reagent (40 mM Tris-HCl, pH 5).

Genotyping PCR was with 5 ng/µl of genomic DNA, 0.5µM of the respective primer,

200 µM dNTP (Thermo Scientific, R0181), 0.04 U/µl Taq DNA Polymerase (Genecraft, GC-

002-5000) and 1 ⇥ V Taq Reaction Buffer (Genecraft, GC-002-006). The following PCR pro-

gram was applied: Initial denaturation (5 min, 94 °C), Denaturation (30 s, 94 °C, 35 cycles),

Annealing (30 s, Tm of respective primer pair, 35 cycles), Extension (45 s, 72 °C, 35 cycles),

Final extension (10 min, 72 °C), Hold (4 °C). The following Zfyve26 primer sequences were

used as pairs in a PCR mix:

F1 (Neo-delete PCR) 50-CAAAGGTTGGCTATAAAGAGGTCAT-30

R1 (Neo-delete PCR) 50-CACTGTTTTGAGATAGGGTTTCACA-30

F2 (loxP PCR) 50-AAGTACACTTAGGAGCTGAGTATGG-30

R2 (loxP PCR) 50-CTCCCCACACCTGACTTAGTTTTATT-30

F3 (IRES-mCherry PCR) 50-TTCTCACTAGGACTTACCAGTTCAG-30

R3 (IRES-mCherry PCR) 50-CCTCACATTGCCAAAAGACGG-30

Agarose gel electrophoresis (40 min, 100 V) was with a 2% agarose gel containing 1⇥ SYBR

Safe DNA Gel Stain (Invitrogen, S33102) and with 1 ⇥ TriTrack DNA loading buffer

(Thermo Scientific, R1161). The primer pair F1/R1 amplified a 408 bp mutant allele; the

primer pair F2/R2 a 217 bp wild-type and/ or a 251 bp mutant allele; the F3/R3 a 251 bp

mutant allele.
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2.4 Sequencing

Gel DNA was extracted using the Zymoclean Gel DNA Recovery Kit (Zymo Research,

D4008) following the manufacturer’s protocol. Sequencing was with 2 ng/µl of DNA and

5 µM of the respective primer and carried out by Eurofins Genomics. Software used for

sequence analysis were Reverse Complement by Bioinformatics.org and FinchTV.

2.5 Gene expression analyses

For gene expression analyses, total RNA was isolated from brain samples (30 mg of cerebral

cortex) using the RNeasy Mini Kit (Qiagen, 74104) following the manual instructions. Re-

verse transcription was carried out with 1 µg of RNA. Primer annealing to the single-stranded

template (5 min, 70 °C and 5 min on ice) was with 10 µg/ml of random primers (Promega,

C1181). For DNA polymerization (1 h, 37 °C), 0.5 mM dNTP (Thermo Scientific, R0181),

2 U/µl RNase sin (Promega, N2515), 1 ⇥ M-MLV RT Buffer (Promega, M5313) and 1.6 U/µl

M-MLV reverse transcriptase (Promega, M3682) were added to the reaction mix. Enzyme

deactivation was for 15 min at 70 °C.

Quantitative real-time PCR (qPCR) was performed with cDNA (equivalent to 10 ng of

reverse transcribed RNA), primers (75 nM) and the GoTaq qPCR Master Mix (Promega,

A6001). Experiments were performed for three biological replicates in triplicates using an

MX3000P qPCR System (Stratagene). Sample Ct values were normalized to GAPDH and

fold change was calculated using the delta delta Ct method (2���Ct)[114].

The following primer sequences were used as pairs in a PCR mix:

GAPDH-F 50-GTCAAGGCCGAGAATGGGAA-30

GAPDH-R 50-CTCGTGGTTCACACCCATCA-30

Zfyve26 (ex2)-F1 50-AGACTGGGAGTTGGCACAAG-30

Zfyve26 (ex3)-R1 50-GCCAGAGCCAGGCTAATCTC-30

Zfyve26 (ex21)-F2 50-TGGGCAAGACTTGGATGACC-30

Zfyve26 (ex22)-R2 50-CGCAGCTCCATTAGCTTCCT-30

Zfyve26 (ex39)-F3 50-GAATTGCATTCCGTGTTCTGC-30

Zfyve26 (ex40)-R3 50-CAGGCAGTTGAGGAGGATGG-30
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2.6 Immunoblotting analyses

Tissue was homogenized using a prechilled Dounce homogenizer containing cold PBS and 1⇥

complete protease inhibitor (Roche, 11697498001). After centrifugation (5 min, 4 °C, 1200

⇥ g) to remove insoluble cell debris, 60–100 µg protein in the supernatant was denatured

(5 min, 95 °C) with 1 ⇥ Laemmli reducing buffer (0.2 M Tris-HCl, 0.4 M DTT, 8%SDS, 6 mM

bromphenol blue, 4.3 M glycerol).

Protein was separated (45 min, 100 V) in a 7.5% SDS-polyacrylamide gel electrophoresis

and transferred (60 min, 200 mA with constant A) onto a nitrocellulose membrane (What-

man, NBA083C001EA). After Ponceau S staining membrane was blocked (15 min, RT, rock-

ing) with 2% BSA (Carl Roth, T844.2) in PBSB (PBS with 0.2% (w/v) Brij 58, pH 7.4)

(Merck, 8.14727).

Primary antibody was incubated (ON, 4 °C, rocking) and detected (1 h, RT, rocking) with

a horseradish peroxidase-conjugated secondary antibody. Membrane was washed (3 ⇥ 5 min,

RT, rocking) with PBSB in between all incubation steps. Development of membrane was

with an ultra-sensitive enhanced chemoluminescence (ECL) substrate (Thermo Scientific,

32106) and imaged using a VersaDoc 4000 MP Imaging System (Biorad).

2.7 Phenotyping

Body weight. Mouse body weight was measured on a weekly basis throughout the study by

the same experimenter. Animals of an experimental cohort were weighed in the same order

using the same scale. Weighing of mice was carried out prior to moving them into new cages.

Foot base angle. Prior to the experimental phase mice were trained to walk on a horizontal

beam (width: 6 cm, length: 100 cm, height: 20 cm, material: polyoxymethylene) towards

their home cages. Walking was video-recorded and single frames were acquired to measure

the foot-base-angle at toe-off positions of the hind-paws using ImageJ.

Ladder climbing test. During the initial learning phase mice were trained to climb up a 55°

angled ladder (width: 6 cm, length: 97 cm, distance between rungs: 2 cm, number of rungs:

44). Climbing was video recorded for quantification of correct and incorrect placement of the

hind-paws onto the rungs. For quantification the first and last ten rungs of the ladder were

not considered resulting in a total number of 12 rungs per hind-paw. Steps of the hindpaws
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(24 steps in total) were categorized as follows: Mistakes were defined as slip (hindpaw slipped

from the rung), skip (mouse skipped at least one rung) and correction (mouse readjusted its

placement of the hindpaw on the rung), while consecutive steps with the midportion of the

limb placed on the rung while none of the named mistakes occured were counted as correct

ones.

Grip strength test. Mice were placed on a grid connected to a sensor (Bioseb, BIO-GS3).

The grasping applied by all four limbs was measured to assess the maximal muscle strength.

Obtained grams force from the grip tests were normalized against mouse body weight in

grams resulting in a gf/g ratio.

Rotarod test. Testing was with a rotarod Model LE8205 (Bioseb, BX-ROD). Animals

were trained to walk on a beam that was rotating at an accelerating speed (4–40 rpm within

300 s). Measurement of maximal latency until falling off the beam (3 runs/animal/time

point).

Indirect calorimetry. Animals were singly housed in 8 metabolic cages of the PhenoMaster

system (TSE LabMaster Systems, Bad Homburg, Germany). The chamber was set to 22 °C

with a 12 h:12 h light–dark cycle (light at 06:00 hr and dark at 18:00 hr). Following the

adaptation phase (24 h) data collection was carried out for 24 h to assess locomotion activity,

VO2, VCO2, food intake and respiratory exchange ratio (RER = VCO2/VO2). Metabolic

parameters were measured every 27 min.
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Figure 4. Tests used to assess motor phenotype in mice. Beam walking test over time: Mouse is
trained to walk across a horizontal beam towards its home cage. Measurement of foot-base-angle as indicator
of spasticity of hindlegs. Ladder climbing test over time: Assessment of motor function and coordination.
Quantification of pre-defined mistakes (e. g. slips, jumps, skips). Rotarod test over time: Mouse is placed
on a rotating beam. Time until fall provides measurement of motor coordination and motility. Grip strength
test: Grasping applied by four limbs is measured to assess maximal muscle strength and neuromuscular
funtion. Indirect calorimetry over time: Assessment of energy expenditure, locomotion activity, VO2, VCO2,
food and water intake, respiratory exchange ratio (RER = VCO2/VO2). Parameters provide insights into
metabolism.

2.8 Tissue processing

Mice were anesthetized with injection anesthesia (intraperitoneal) with ketamine/xylazine

(100 mg/10 mg/kg body weight) and subsequent inhalation anesthesia with 2% isoflurane in

100% oxygen. After cardiac puncture and perfusion with 50 mL of cold PBS (-/-) (Gibco,

14190094), organs (brain, heart, kidneys, liver, lungs, left and right femoral muscles, spinal

cord) were immediately removed, washed with cold PBS and either snap-frozen in liquid ni-

trogen or fixed in 3.7% formaldehyde (FA, Carl Roth, 7398.1). Optional after PBS perfusion,

organs were perfused with 20 mL of 3.7% FA for pre-fixation.

For histology, organs were fixed for 2 h at RT, washed (3 ⇥ 15 min, RT, rocking) with
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PBS (-/-) and incubated (1 h, RT, rocking) in freshly prepared 30% sucrose in PBS. Organs

were kept at 4 °C in new sucrose solution until they sank to the bottom of the vial, embedded

in Tissue-TEK OCT-Compound (Sakura Finetech, 4583) and stored at −80 °C.

2.9 Histology and immunohistochemistry

Brain sections were technically acquired using a cryostat (Leica, CM1900), stained and thesis

published by Master’s student Yick Chi Fung. Semithin sections of collected and fixed spinal

cords could not be acquired and hence analysed due to technical constraints of the cryostat

used.

10 µm thick brain sections were stained with Hematoxylin and Eosin (H&E) following

the manufacturer’s protocol (Carl Roth, 9194.1), mounted on microscope slides embedded

in mounting medium (Thermo Scientific, 9990402) and immediately imaged with a light

microscope (Zeiss Axio Observer).

Immunohistochemichal staining was performed with free floating sections of brain (40 µm)

and spinal cord (20 to 40 µm). Washing (10 min, RT, rocking) was first in PBS (-/-), then in

0.25% (v/v) Triton/PBS and subsequently 2 ⇥ in PBS. Blocking (1 h, RT, rocking) of tissue

was with 5% (v/v) normal goat serum (Abcam, ab7481) in PBS. After primary antibody

(in 5% NGS/PBS) incubation (ON, 4 °C, rocking, in the dark), sections were washed 3 ⇥

in PBS as in previous steps, followed by secondary antibody (in PBS) incubation (1 h, RT,

rocking, in the dark). Samples were washed 3 ⇥ with PBS as in previous steps. Nucleic

acid staining was with 0.02 µg/ml DAPI (Sigma-Aldrich, D9542) in PBS for 10 min at RT

in the dark with rocking, followed by washing steps (1 ⇥ with PBS, 1 ⇥ with 0.25% (v/v)

Triton/PBS). Tissues were mounted on microscope slides embedded in mounting medium

(Thermo Scientific, 9990402). Objects were dried and stored ON prior to imaging with a flu-

oresecence microscope (Zeiss Axio Observer and Nikon Scanning Confocal A1Rsi+ provided

by the Advanced Medical BioImaging Core Facility at the Charité).

2.10 Cell Culture

Isolation of primary mouse fibroblast cultures. Mouse adult fibroblasts (MAF) were isolated

from several 1 mm mouse ear or tail tissues and pooled to establish primary cell cultures for
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ex vivo experiments. After disinfection with 70% ethanol biopsies were washed with PBS

(-/-) and then transferred into a 60 mm petri dish under a laminar flow hood. Tissue was

minced in PBS containing 0.2% (w/v) collagenase A (Sigma Aldrich, C0130) and 2 U/ml dis-

pase I (Sigma Aldrich, D4818) using a sterile scalpel and needle. Incubation was for 90 min

at 37 °C and 400 rpm. After centrifugation (5 min, RT, 1000 ⇥ g) pellet was resuspended

in warm culture medium DMEM high glucose, GlutaMax (Gibco, 10566016) supplemented

with 10% (v/v) fetal bovine serum (Gibco, 10082147), 1% (v/v) penicillin/streptomycin

10 000 U/10 000 g/ml (Biochrom, A2212) and 1% (v/v) MEM non-essential amino acids so-

lution (Gibco, 11140050). Cells were seeded on a 60 mm culture dish and incubated at 37 °C

and 5% CO2. Prior to the experiments cells were splitted once.

Cell culture maintenance. Cells were grown in a 100 mm petri dish in maintenance

medium DMEM (Gibco, 11965092) supplemented with 10% (v/v) fetal bovine serum (Gibco,

10082147) and 1% (v/v) penicillin/streptomycin 10 000 U/10 000 mg/ml (Biochrom, A2212)

at 37 °C in a 5% CO2 incubator. Cells were allowed to grow until a confluence of 100% was

reached. For passaging, cells were washed with 0.1% PBS/EDTA and treated (5 min, 37 °C)

with 0.25% Trypsin/EDTA (Gibco, 25200056). After Trypsin inactivation with warm culture

media and centrifugation (5 min, 1200 rcf) cell pellett was resuspended and transferred to

new culture dishes with fresh media.

2.11 Immunofluorescence staining of primary cells

Primary mouse adult fibroblasts (MAF, not older than three passages) were plated on cover-

slips in a 6-well plate and grown until a confluency of 50% was reached. After washing with

cold PBS, cells were fixed (15 min, RT) in 3.7% Formaldehyde. For LC3 stainings, fixation

(10 min, 4 °C) was with ice-cold methanol. Washing (3 ⇥ 5 min, RT, rocking) was with cold

PBS. Cells were incubated (2 h, RT, rocking, in the dark, in wet chamber) with 10% (v/v)

normal goat serum and 0.1% (v/v) Tween20 (Serva, 37470) in PBS. After primary antibody

incubation (ON, 4 °C, rocking, in the dark, in wet chamber), cells were washed as in pre-

vious steps with PBST (PBS with 0.1% (v/v) Tween20) and incubated (2 h, RT, rocking,

in the dark, in wet chamber) with secondary antibody. Samples were washed with PBST

as in previous steps. Nucleic acid staining was with 0.02 µg/ml DAPI for 10 min at RT in

the dark with rocking, followed by washing steps. Cells were mounted on microscope slides
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embedded in Shandon Immu-Mount mounting medium (Thermo Scientific, 9990402). Imag-

ing was with a fluoresecence microscope (Zeiss Axio Observer and Nikon Scanning Confocal

A1Rsi+ provided by the Advanced Medical BioImaging Core Facility at the Charité).

2.12 Antibodies

Anti-Spastizin antisera were generated by immunization of rabbits against either the N-

terminal epiptope TSSELSTSTSEGSLSA of mouse Spastizin (residues 782-797) or the C-

terminal epitope ENELVRSEFYYEQAPS of mouse Spastizin (residues 1908-1923) by Kaneka

Eurogentec S.A. (Belgium). Purification of sera was with affinity chromatography with the

respective peptide bound to a matrix. For immunoblotting, both anti-Spastizin antibodies

were used at a dilution of 1:100 in PBS.

The following antibodies were obtained commercially and used for immunoblotting and

immunofluorescence.

Primary antibodies: mouse anti-b-Actin, 1:3000 (Sigmal Aldrich, A1978); rabbit anti-

Calbindin d28-K, 1:500 (Swant, CB38); rabbit anti-EEA1, 1:500 (Abcam UK, ab2900);

mouse anti-GFAP, 1:1000 (Millipore, MAB360); mouse anti-NeuN, 1:500 (Millipore, MAB377);

rabbit anti-Lamp1, 1:500 (Abcam UK, ab24170); rabbit anti-LC3B, 1:400 (Cell Signal,

2775S); rabbit anti-Strumpellin (C-14), 1:200 (Santa Cruz, Sc-87442).

Secondary antibodies: goat anti-rabbit Horseraddish Peroxidase, 1:5000 (Dako, P0448);

rabbit anti-mouse Horseraddish Peroxidase, 1:5000 (Dako, P0260); goat anti-rabbit coupled

with Cy5, 1:1000 (Jackson ImmunoResearch Laboratories USA, 111-175-144); goat anti-

rabbit coupled with Cy3, 1:1000 (Jackson ImmunoResearch Laboratories USA, 111-165-003);

donkey anti-rat coupled with Alexa 488, 1:1000 (Invitrogen, A-21208).

2.13 Data and image analysis

Figure preparation and statistical tests. All image measurements were obtained from the

raw data. The data was plotted and statistically analyzed using a Student’s two-tailed,

parametric t-test with Welch’s correction using GraphPad Prism9 (GraphPad Software, San

Diego, CA). All significant values and statistical tests are denoted within each figure and in

their respective legends. All p-values are to be considered exploratory and do not adjust for
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multiple testing.

Indirect calorimetry. Data analysis of indirect calorimetry (TSE LabMaster analysis) was

carried out with CalR: A Web-based Analysis Tool for Indirect Calorimetry Experiments

(https://CalRapp.org/) [115]. Uncorrected values for VCO2, VO2 and energy expenditure

were included in the analysis, i.e., plots were not normalized or adjusted to the body weight.

The experimental period integrated into the analysis was shortened to a total time frame of

24 h (12 h light, 12 h dark period), excluding the light photoperiods of the initial acclimation

and the experimental phase.

Quantification of immunofluorescence image. Cellular vesicles were quantified using Im-

ageJ. Images were converted to 8-bit and processed (Binary - convert to mask, watershed).

Threshold was adjusted according to the individual imaging exposure time (minimum thresh-

old value: 50 per 1000 ms exposure time, maximal threshold value: 255). Then 60 regions

of interest (100 µm) were analyzed per animal.

Quantification of Western blotting. Bands were quantified by densitometry using Im-

ageJ. First, all values were normalized to their respective GAPDH values. Treatments

(condZfyve26 -Null) were then normalized relative to the control sample (wild-type) and

expressed as a fold difference above control.

Images. Schemes and images were created with BioRender.com (extended version) or

with Microsoft PowerPoint.
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2.14 Zfyve26 knock-in gene targeting vector

Figure 5. Zfyve26 knock-in gene targeting vector after Neo-deletion provided by Cyagen US

Inc. The murine Zfyve26 gene consists of 42 exons (exon 1–42). Relevant gene sections are shown, i.e.,
exon 1–3. Stop-cassette was inserted into intron 2. Detailed stop-cassette shown in Figure 2. For detailed
sequence zoom into PDF file.
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Chapter 3

Results

According to the recommendation of the biostatistics consultation by the Charité Insti-

tute of Biometry and Clinical Epidemiology from 10.02.2023 (see biostatistics certificate in

appendix), no statistical tests were performed due to small sample sizes in experiments.

Therefore, this work focuses on the descriptive analysis of the data.

3.1 Genotyping and sequencing confirmed correct inser-

tion of the stop-cassette into the murine Zfyve26

gene.

For genotyping of pups, various regions of the stop-cassette (i.e., Neomycin cassette (Neo)

deletion, 50 loxP site, IRES-mCherry) were screened using three specific primer pairs in a

PCR (Figure 2) with F 1/R 1: wild-type not available (N.A.) and mutant 408 bp; F 2/R 2:

wild-type 217 bp and mutant 251 bp; F 3/R 3: wild-type N.A. and mutant 251 bp (Figure 6,

left). Desired pups were selected based on PCR screening results.

Subsequent sequencing analyses of the Neo deletion site (32 bases), loxP site (34 bases)

and mCherry (1299 bases) approved correct gene manipulation (Figure 6, right). As refer-

ence, the Zfyve26 knock-in gene targeting vector after Neo-deletion provided by Cyagen US

Inc. was used (Figure 5).
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Figure 6. Targeted disruption of murine Zfyve26 gene. Left: Expected PCR products with ho-
mozygous (null/null), heterozygous (wt/null) and wild-type (wt/wt) animals. Right: Exemplary results
of sequencing analyses of relevant PCR products: Neo PCR (32 bases), loxP PCR (34 bases) and IRES-
mCherry PCR (1299 bases, here shown excerpt only). Wt: wild-type, bp: base pair, N.A.: not available.

3.2 Mutant animals were viable and fertile.

The HSP type SPG15 is inherited autosomal recessively [81]. This means that in theory

animals heterozygous for the mutated Zfyve26 variant are asymptomatic carriers, while

animals carrying two mutatetd Zfyve26 alleles (homozygous) are affected. According to

Mendelian inheritance, this means that the expected ratio between wild-type (wt/wt), het-

erozygous (wt/null) and homozygous (null/null) offspring of a 1:1 heterozygous breeding is

0.25, 0.5 and 0.25 (Figure 7 A). Taken together the reproduction results of 16 generations of

condZfyve26 -Null animals delivered the same number of homozygous (33/147) and wild-type

(32/147) animals with a ratio of 0.22 each and the expected nearly two-fold number (82/147)

of heterozygous pups (ratio: 0.56) (Figure 7 B,C). Offspring derived from 1C5 embryonic

stem cell (ESC) clone (in the following referred to as condZfyve26 -Null 1C5 mouse line)

and 2D3 ESC clone (in the following referred to as condZfyve26 -Null 2D3 mouse line) were

pooled together as there were no differences in the ratio between both clones. The data

thus indicated that in mutants germline transmission was correct and the stop-cassette was

stably inherited to the next generations.
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Figure 7. Reproductive ability of condZfyve26 -Null animals. (A) Pedigree of an exemplary litter
produced by 1:1 mating of heterozygous animals. Circles depict females and squares depict males. The
Mendelian ratio predicts a genotype distribution of 50% heterozygous (black and white fill), 25% homozygous
(black fill) and 25% wild-type (white fill) condZfyve26 -Null offspring. P: parental generation; F1: first filial
generation. (B) Number of 16 generations of wild-type (wt/wt), heterozygous (wt/null) and homozygous
(null/null) condZfyve26 -Null pups generated by 1:1 mating of heterozygous animals and respective genotype
frequency. Mice generated from embryonic stem cell clone 1C5 and 2D3 were pooled together as there was no
difference in ratio. (C) Graphical presentation of total number of animals splitted into female and male pups.
Genotype frequencies from (B) are presented in percentage above the respective bars. het: heterozygous
condZfyve26 -Null; hom: homozygous condZfyve26 -Null.

3.3 Zfyve26 transcripts were reduced upon stop-cassette

insertion.

In order to analyze the effect of stop-cassette insertion into intron 2 of the Zfyve26 gene,

Zfyve26 expression levels of homozygous condZfyve26 -Null animals were compared with

those of wild-type littermates using quantitative PCR (qPCR) (Figure 8). The insertion is

predicted to cause a disruption in Zfyve26 gene expression. Three primer pairs were used

targeting the 50 end (exon 2/exon 3), a middle section (exon 21/exon 22) and the 30 end

(exon 39/exon 40) of the Zfyve26 transcript. In homozygous condZfyve26 -Null 1C5 mice,

Zfyve26 gene expression was reduced to 20.8% of wild-type level for ex2/ex3, to 55.2% for

ex21/ex22 and to 42.3% for ex39/ex40 (Figure 8 A, left). In homozygous condZfyve26 -Null

2D3 the fold change was more prominent with reductions in Zfyve26 transcripts by more than

90% compared to wild-type levels (primer pair ex2/ex3: mean fold change = 0.7%; ex21/ex22:

mean fold change= 2%; ex39/ex40: mean fold change = 9.6%) (Figure 8 A, right). Taken

together, the data confirmed a sufficient inhibition of Zfyve26 in homozygous condZfyve26 -

Null mice on the transcript level.
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Figure 8. Reduction of Zfyve26 gene expression levels in homozygous condZfyve26 -Null mice.

Quantitative PCR (qPCR) was performed on brain-derived cDNA to analyze gene expression of Zfyve26
in homozygous (hom) condZfyve26 -Null mice. Specific primer pairs used are indicated as exon forward vs.
exon reverse. Normalized expression levels of condZfyve26 -Null (hom) are shown as relative fold change of
the gene expression level in wild-type (WT) littermates. (A) Left: 1C5 cohort: Reduction in Zfyve26 gene
expression across all gene regions in homozygous condZfyve26 -Null mice (N=5 animals, n=10 data points)
by >45% compared to WT (N=6 animals, n=11 data points). Right: 2D3 cohort: Reduction in Zfyve26 gene
expression across all gene regions in homozygous condZfyve26 -Null mice (N=3 animals, n=6 data points) by
>90% compared to WT (samples as in 1C5: N=6 animals, n=11 data points). Diagram depicts normalized
(GAPDH) geometrical means; error bars represent SEM. Age of mice: 18–77 weeks (no age dependency
observed). (B) Western blot analysis using an affinity purified antibody against the N-terminus of spastizin
protein (285 kD) detected several unspecific bands in brain lysates from wild-type (wt/wt) and homozygous
condZfyve26 -Null (null/null) mice. Beta-actin (42 kD) served as a loading control. kD: kilodalton

Next, the gene expression data should be validated on the protein expression level using

western blotting. Spastizin protein levels in homozygous condZfyve26 -Null animals were

expected to be absent upon Zfyve26 gene disruption. However, immunoblotting with affinity

purified antibodies against either the N- or C-terminus of spastizin detected a variety of

unspecific bands in brain lysates from wild-type and homozygous condZfyve26 -Null 1C5

and 2D3 mice (Figure 8 B, representative result of an immunoblot using the N-terminal anti-

spastizin antibody). Thus, the targeted detection of a spastizin specific band at its predicted

molecular mass of 285 kD was not possible with the antibodies and protein ladder used.

3.4 Body weight between experimental cohorts was in-

consistent.

Body weight was assessed over time throughout the entire study for two different experimen-

tal cohorts of the condZfyve26 -Null 1C5 mouse line: Cohort 1 with N=26 (13 wild-type with

8 males and 5 females, 13 homozygous condZfyve26 -Null with 8 males and 5 females) and
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cohort 2 with N=8 (4 wild-type with 2 males and 2 females, 4 homozygous condZfyve26 -Null

with 2 females and 2 males).

Animals of cohort 1 were weighed from age 18 to 59 weeks. Due to the small num-

ber of animals no statistical tests were conducted. However, clear trends were observed.

There was no difference in the body weight between the genotypes in the first male co-

hort (Figure 9 A). The difference between the means (mean body weight of homozygous

condZfyve26 -Null minus mean body weight of wild-type) was 0.21 g± 1.11 g (SEM) (Fig-

ure 9 A’). Throughout the study the body weight of female homozygous condZfyve26 -Null

animals of cohort 1 was higher compared to their female wild-type littermates (Figure 9 B).

The body weight of homozygous condZfyve26 -Null females increased more steeply resulting

in a sharper curve that reached its maximal difference in female body weight (14.40 g) at

the end of the study at 59 weeks (wild-type mean body weight at age 59 weeks = 32.60 g

and homozygous condZfyve26 -Null body weight mean at age 59 weeks = 47.00 g) with the

homozygous condZfyve26 -Null group being as heavy as their male littermates (average male

body weight at age 59 weeks = 46.00 g). The overall difference between the means of both

female groups was 8.89 g± 1.04 g (mean body weight of homozygous condZfyve26 -Null mi-

nus mean body weight of wild-type) (Figure 9 B’). This observed body weight of female mice

could not be replicated in cohort 2.

Animals of cohort 2 were weighed from age 28 to 59 weeks. In general, males of the

second cohort tended to be lighter than animals of the first cohort (Figure 9 C). In contrast

to cohort 1, homozygous condZfyve26 -Null males of cohort 2 were slightly lighter than their

wild-type littermates (wild-type mean = 38.65 g; condZfyve26 -Null (hom) mean = 36.34 g).

The difference between the means was -2.31 g± 0.74 g (mean body weight of homozygous

condZfyve26 -Null minus mean body weight of wild-type) (Figure 9 C’). The phenotype ob-

served in the first female cohort could not be replicated in the second cohort, indicating that

body weight could be litter specific in condZfyve26 -Null mice of the 1C5 line. For females,

there was no difference in the body weight at any time point (Figure 9 D). The body weight

ranged between 25.00 g and 37.50 g. The difference in body weight between the group means

was -1.19 g± 0.74 g (mean body weight of homozygous condZfyve26 -Null minus mean body

weight of wild-type) (Figure 9 D’).
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Figure 9. Body weight of condZfyve26 -Null 1C5 mice might be litter specific. Body weight of
wild-type (WT) and homozygous (hom) condZfyve26 -Null animals in gram (g) over time (left) and respective
estimation plots showing the difference between group means (right, in red and in g, condZfyve26 -Null
(hom) minus WT). (A–B): Cohort 1 with N=26 animals. (A,A’) Body weight of males did not show any
differences between both groups. (B,B’) Body weight of female condZfyve26 -Null (hom) animals increased
steeper compared to their WT littermates and was higher throughout the study. (C–D): Cohort 2 with N=8
animals. For direct comparison, body weight values of cohort 1 are transparently displayed. (C,C’) Body
weight of condZfyve26 -Null (hom) males was slightly reduced compared to their WT littermates. (D,D’)

There was no difference in the body weight between female groups. Data shown as mean ± SEM.
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3.5 Gait analysis revealed trend towards poorer perfor-

mance in homozygous condZfyve26 -Null 1C5 mice.

To assess the motor phenotype of wild-type and homozygous condZfyve26 -Null 1C5 mice

quantitatively, standardized movement tests [87, 116] were applied over time.

3.5.1 Foot base angle

The foot base angle (FBA) was measured at toe-off position of both hindpaws (Figure 10 A).

Signs of gait disorder and motor deficit are a decrease in angle values. Quantification revealed

mean angle values between 58° and 70° for males (Figure 10 B) and values between 66° and

73° for females (Figure 10 C). Temporally, a trend towards a decreasing FBA in homozygous

condZfyve26 -Null mice compared to their wild-type littermates was observed, both in the

male and female cohort. At all timepoints all animals were able to traverse the beam without

falling off the beam, an indication of existing balance.

Figure 10. Testing of motor performance in condZfyve26 -Null 1C5 line: Foot base angle.

(A) Measurement of foot base angle at toe-off position (yellow lines) using single video frames of mice
walking across a beam. (B, C) Wild-type (WT, N=13 with 8males and 5 females) and homozygous (hom)
condZfyve26 -Null (N=13 with 8males and 5 females). All data shown as mean± SEM.

3.5.2 Ladder climbing and grip strength

The ladder climbing test was applied to quantify complex motor behavior in mice. For

detailed definition and categorization of steps see chapter 2.7. Overall, the most prominent

mistakes were skips, followed by slips, while corrections occurred less frequently (Figure 11).
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Male wild-type animals scored more correct steps than homozygous condZfyve26 -Null

mice (Figure 11 A). At 16–24 weeks, 82.9% of all steps in wild-type males were correctly

placed compared to 78.6% in homozygous condZfyve26 -Null males. At 44–52 weeks, the

share of correct steps in wild-type animals increased to 89.8% while the amount of correct

steps placed stayed similar with 80.9% in homozygous condZfyve26 -Null males, resulting in

a bigger difference in performance between the genotypes.

At an age between 16 and 24 weeks wild-type females scored 71.6% correct steps while

their homozygous condZfyve26 -Null female littermates scored 70.8% correct steps (Figure

11 A’). At the latest time point tested (age 44–52 weeks), female wild-type animals reached

76.8% correct steps vs. 81.6% in homozygous condZfyve26 -Null females. Taken together the

data revealed an increase in correct steps over time for both sexes, but overall males scored

better than females as they made fewer mistakes.

Figure 11. Testing of motor performance in condZfyve26 -Null 1C5 line: Ladder climbing and

grip strength. Wild-type (WT, N=13 with 8males and 5 females) and homozygous (hom) condZfyve26 -
Null (N=13 with 8males and 5 females). (A-A’) Ladder climbing test at 16–24 and 44–52 weeks (w.) of
age. The relative score categories are indicated as colored bars, adding up to 100%. Data shown as mean.
(B) Four-limb grip strength values obtained (duplicate) were normalized against mouse body weight, grams
force/gram (gf/g). Average age was 40weeks. Data shown as mean± SD.

Four-limb grip strength values obtained were normalized against mouse body weight

(grams force/gram). Testing of grip strength to measure the neuromuscular function did not

reveal any differences in the maximal muscle strength between male homozygous condZfyve26 -

Null mice (average grip strenght= 2.3 gf/g) and their wild-type littermates (average grip

strenght = 2.4 gf/g) (Figure 11 B). However, normalized grip strength was reduced in female

homozygous condZfyve26 -Null animals (average grip strenght= 2.6 gf/g) by 0.8 gf/g com-
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pared to wild-type females (average grip strenght= 3.4 gf/g). Interestingly, the normalized

grip strength values in females were higher than those obtained in males.

3.5.3 Rotarod

Rotarod test over time was applied to evaluate coordination and balance of mice. Maximal

time until fall was quantified (Figure 12 A and B). Latency values were normalized to body

weight, resulting in seconds per gram weight (sec/g) (Figure 12 A’ and B’). Overall, latency

to fall decreased with increasing age for all genotypes and sexes.

Figure 12. Testing of motor performance in condZfyve26 -Null 1C5 line: Rotarod. (A and

B) Latency to fall in second (sec). (A’ and B’) Latency to fall in second (sec) was normalized to body
weight (g), resulting in sec/g weight. The latency to fall was decreased in both male and female homozygous
condZfyve26 -Null mice compared to their respective wild-type littermates. The difference in performance was
bigger in females. Wild-type (WT, N=13 with 8 males and 5 females) and homozygous (hom) condZfyve26 -
Null (N=13 with 8 males and 5 females). All data shown as mean± SEM.
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A trend towards a poorer performance of male homozygous condZfyve26 -Null mice was

observed: Starting at 25 weeks of age, they tended to fall off the rotating beam earlier than

wild-type animals (Figure 12 A and A’). For females, the difference in performance between

both genotypes was more distinct. The analysis revealed a strong decrease in latency to fall

in homozygous condZfyve26 -Null animals compared to their wild-type littermates (Figure

12 B and B’). While males did not remain on the beam for longer than 180 s on average

(at 19 weeks of age) throughout the study, female wild-type animals reached maximal 225 s

on average (at age 25 weeks). As in the grip strength, the data revealed a body weight

dependency, which was more prominent in females.

3.5.4 Indirect calorimetry.

The cause underlying the higher body weight observed in the female cohort 1 (see Figure

9) should be further investigated by indirect calorimetry. After the outbreak of a zoonotic

pathogen in the animal facility and the subsequent culling of the entire first cohort (see official

document in appendix) indirect calorimetry was carried out with a second experimental

cohort (cohort 2). Indirect calorimetry was for 24 h (12 h light and 12 h dark period) at three

time points (T1–T3): Age 30, 48 and 60 weeks. Mice were single housed. Data are either

blotted as four groups with two animals each (left diagrams: wild-type male, homozygous

condZfyve26 -Null male, wild-type female, homozygous condZfyve26 -Null female), or male

and female animals grouped into two groups with four animals each (right diagrams: wild-

type vs. homozygous condZfyve26 -Null). In summary, indirect calorimetry did not hint

at differences in metabolic activity between wild-type and homozygous condZfyve26 -Null

animals.

Energy expenditure

Energy expenditure (EE) in kilocalories per hour (kcal/hr) was assessed to analyze the

amount of energy used by an animal to maintain its essential body functions, or energy spent

on physical activity and thermoregulation (Figure 13). For all animals, EE did not change

dramatically over time (T1–T3) as values constantly ranged between 0.4 and 0.7 kcal/hr.

In general both individual male animals had higher EE values than females (at T1 the EE

values measured in female homozygous condZfyve26 -Null were clearly lower than those of

other groups), hinting at a body weight dependency of EE (Figure 13, left).
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When comparing wild-type (WT) with homozygous condZfyve26 -Null, at 30 weeks (T1)

of age EE values of homozygous condZfyve26 -Null tended to be slightly lower, which is prob-

ably due to the low EE values measured in female homozygous condZfyve26 -Null; however,

at later testing points (T2 and T3) the curves of both genotypes were strongly overlapping,

ruling out any major differences in EE (Figure 13, right). Independent of genotype and sex,

measured EE values were higher during the dark photoperiods, which was expected since

mice are nocturnal animals, which are active during the night [117].

Figure 13. Indirect calorimetry: Energy expenditure. Mice were single housed and tested over time
at three time points (T1–T3) at age 30, 48 and 60 weeks (w.). Left: Four cohorts with wild-type (WT)
male (N=2), homozygous (hom) condZfyve26 -Null male (N=2), wild-type female (N=2) and homozygous
condZfyve26 -Null female (N=2). Right: Males and females grouped as wild-type (N=4) vs. homozygous
condZfyve26 -Null (N=4). Metabolic data versus time. 12 h light and 12 h dark photoperiods are indicated
as white and grey backgrounds, respectively. kcal/hr: kilocalories per hour.
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Respiratory exchange ratio

The ratio between metabolic CO2 production and O2 intake results in the respiratory ex-

change ratio (RER, Figure 14), which provides information on the type of energy source

catabolized in a specific time frame: RER values of 0.71 indicate fat as the primary energy

source, RERs of 0.74 are an indicator of protein metabolism with uric acid as metabolic

end product, while values of 0.81 indicate protein metabolism with urea as metabolic end

product and values of 1.0 indicate carbohydrate metabolism [118]. Independent of genotype

and sex, RER levels tended to be higher during dark periods compared to those obtained

during light periods. Interestingly, RER levels increased over time for all groups (Figure 14,

right): At 30 weeks of age (T1) RER values ranged between 0.7 and 0.8, at 48 weeks (T2)

between 0.75 and 0.8 and at 60 weeks (T3) between 0.8 and 0.95, suggesting that the main

energy source shifted from fat and proteins to carbohydrates with age.

Figure 14. Indirect calorimetry: Respiratory Exchange Ratio (RER). Mice were single housed
and tested over time at three time points (T1–T3) at age 30, 48 and 60 weeks (w.). RER =CO2 intake/O2
production. RER values indicate the type of metabolism: RER =0.71 fat metabolism, RER =0.74 protein
metabolism (uric acid), RER = 0.81 protein metabolism (urea), RER =1.0 carbohydrate metabolism. Left:
Four cohorts with wild-type (WT) male (N=2), homozygous (hom) condZfyve26 -Null male (N=2), wild-
type female (N=2) and homozygous condZfyve26 -Null female (N=2). Right: Males and females grouped as
wild-type (N=4) vs. homozygous condZfyve26 -Null (N=4). Metabolic data versus time. 12 h light and 12 h
dark photoperiods are indicated as white and grey backgrounds, respectively.
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Food and water consumption

Overall, hourly food consumed in kilocalories (kcal/hr) and hourly water consumed in millil-

itre (ml/hr) were higher during dark periods, independently of age, genotype and sex (Figure

15 and 16). Comparisoon of food consumption between homozygous condZfyve26 -Null an-

imals and wild-type littermates revealed a weak trend towards a higher food consumption

in homozygous condZfyve26 -Null at 60 weeks of age (Figure 15, right). Furthermore, water

consumption tended to be slightly higher in homozygous condZfyve26 -Null at all time points

compared to wild-type (Figure 16, right). Despite the trends, no clear differences between

ages, genotypes and sexes were observed.

Figure 15. Indirect calorimetry: Food consumption. Mice were single housed and tested over time at
three time points (T1–T3) at age 30, 48 and 60 weeks (w.). Food consumption was measured in kilocalories
per hour (kcal/hr).Left: Four cohorts with wild-type (WT) male (N=2), homozygous (hom) condZfyve26 -
Null male (N=2), wild-type female (N=2) and homozygous condZfyve26 -Null female (N=2). Right: Males
and females grouped as wild-type (N=4) vs. homozygous condZfyve26 -Null (N=4). Metabolic data versus
time. 12 h light and 12 h dark photoperiods are indicated as white and grey backgrounds, respectively.
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Figure 16. Indirect calorimetry: Water consumption. Mice were single housed and tested over time
at three time points (T1–T3) at age 30, 48 and 60 weeks (w.). Water consumption was measured in millilitre
per hour (ml/hr). Left: Four cohorts with wild-type (WT) male (N=2), homozygous (hom) condZfyve26 -
Null male (N=2), wild-type female (N=2) and homozygous condZfyve26 -Null female (N=2). Right: Males
and females grouped as wild-type (N=4) vs. homozygous condZfyve26 -Null (N=4). Metabolic data versus
time. 12 h light and 12 h dark photoperiods are indicated as white and grey backgrounds, respectively.
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Locomotion and ambulation

Hourly assessment of locomotion and ambulation activity in beam breaks (beam breaks/hr)

was higher during dark periods at all time points and in all groups. The data revealed a

remarkably higher movement activity in 30 week old female wild-type animals during the

dark period, which was temporally with 4000 beam breaks/hr twice as high as the other

groups (Figure 17 and 18, each left). However, at 48 and 60 weeks of age locomotion and

ambulation curves of homozygous condZfyve26 -Null were mostly overlapping with those of

wild-type mice, suggesting no clear differences in motor activity between the groups.

Figure 17. Indirect calorimetry: Locomotion activity. Mice were single housed and tested over time
at three time points (T1–T3) at age 30, 48 and 60 weeks (w.). Horizontally directed movement (x- and
y-dimension). Left: Four cohorts with wild-type (WT) male (N=2), homozygous (hom) condZfyve26 -Null
male (N=2), wild-type female (N=2) and homozygous condZfyve26 -Null female (N=2). Right: Males and
females grouped as wild-type (N=4) vs. homozygous condZfyve26 -Null (N=4). Metabolic data versus time.
12 h light and 12 h dark photoperiods are indicated as white and grey backgrounds, respectively. hr: hour.
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Figure 18. Indirect calorimetry: Ambulation activity. Mice were single housed and tested over time
at three time points (T1–T3) at age 30, 48 and 60 weeks (w.). Vertically directed movement (z-dimension).
Left: Four cohorts with wild-type (WT) male (N=2), homozygous (hom) condZfyve26 -Null male (N=2),
wild-type female (N=2) and homozygous condZfyve26 -Null female (N=2). Right: Males and females grouped
as wild-type (N=4) vs. homozygous condZfyve26 -Null (N=4). Metabolic data versus time. 12 h light and
12 h dark photoperiods are indicated as white and grey backgrounds, respectively. hr: hour.
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3.6 Disruption of Zfyve26 gene caused neuronal loss.

To assess whether the brain is affected by neurodegeneration, both the cortex and the cerebel-

lum were analyzed. Number of neurons (NeuN [antibody directed against a neuron specific

nuclear protein] positive cells) in the cortex were reduced in homozygous condZfyve26 -Null

mice (mean number = 12.9) to 36.4% of wild-type levels (mean number= 35.4) (Figure 19).

The simultaneous increase in GFAP (antibody directed against glial fibrillary acidic protein)

positive cells in homozygous condZfyve26 -Null brain sections is an indication of activation

of astrogliosis along with neuronal loss.

Figure 19. Quantification of neurons in the cortex. Staining of 10 µm thick brain sections with DAPI
(nucleic acid staining), GFAP (astrocyte marker) and NeuN (neuronal marker). Compared to wild-type
(WT) (N=1 with 1 male, 63 weeks old, n=10 ROIs analyzed), number of neurons in the cortex of homozygous
(hom) condZfyve26 -Null (N=1 with 1 male, 31 weeks old, n=10 ROIs analyzed) were decreased. Neuronal
loss was accompanied by astrogliosis as the number of GFAP+ cells increased. Scale bar: 200 µm. Data
shown as mean± SD.

Number of Purkinje cells in the cerebellum was reduced in homozygous condZfyve26 -

Null mice (mean number= 18.3) by 23.7% compared to wild-type mice (mean number= 24)

(Figure 20). Taken together, these data hinted at neurodegeneration processes in the brain

of homozygous condZfyve26 -Null mice upon Zfyve26 gene disruption.
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Figure 20. Quantification of Purkinje cells in the cerebellum. H&E staining of 10µm thick brain
sections. Compared to wild-type (WT) mice (N=3 with 1 male and 2 females, n=30 ROIs analyzed), Purkinje
cells (yellow circles) in the cerebellum of homozygous (hom) condZfyve26 -Null animals (N=4 with 2 males
and 2 females, n=40 ROIs analyzed) were decreased. Average age: 61 weeks. ML molecular layer; PCL
purkinke cell layer; GCL: granule cell layer. Scale bar: 100 µm. Data shown as mean± SEM.

3.7 Reduction of Zfyve26 gene levels led to altered cell

homeostasis.

Because of spastizin protein’s role in the endolysosomal system, relevant sbucellular sys-

tems (e.g., lysosomes, endosomes, autophagosomes) were studied in mouse adult fibroblasts

(MAF) isolated from wild-type and homozygous condZfyve26 -Null mice (mice of both groups

were 31 and 63 weeks old).

Stainings of MAFs with anti-Lamp1 revealed a decrease in the number of lysosomal

vesicles (Lamp1+ puncta) in homozygous condZfyve26 -Null compared to wild-type, while

the size stayed unchanged (Figure 21 A). Both the number and size of early endosomes defined

as EEA1 positive puncta did not differ (Figure 21 B). Vesicles labeled for LC3 were defined as

autophagosomes. Quantification of LC3 positive puncta revealed an increase in the number

and size of autophagosomes in homozygous condZfyve26 -Null MAF compared to wild-type

MAF (Figure 21 C). Together these findings hinted at an altered cellular homeostasis due

to the reduction in Zfyve26 gene levels, which might have affected the endolysosomal and

autophagic pathway.
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Figure 21. Characterization of relevant Zfyve26 gene/Spastizin protein associated cell com-

partments in mouse adult fibroblasts (MAF). Representative primary MAF cells stained for (A)
Lamp1 (turquoise), (B) EEA1 (yellow), (C) LC3 (yellow) and DAPI (blue, visualization of nuclear DNA).
Quantification and sizing of lysosomes (Lamp1+), early endosomes (EEA1+) and autophagosomes (LC3+)
in MAF derived from wild-type (WT, N=3 with 3 males, n=180 ROIs analyzed, 31 and 63 weeks old) and
homozygous (hom) condZfyve26 -Null (N=3 with 3 males, n=180 ROIs analyzed, 31 and 63 weeks old) ani-
mals. Scale bar: 10µm. Data shown as mean± SEM.
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Chapter 4

Discussion and Outlook

Until now there are no causative therapies available to treat Hereditary Spastic Paraplegia

(HSP); treatments focus merely on symptoms [23, 24]. With respect to partly severe dis-

ease progressions, limited treatment options and the risk of inheritance of the gene defect

it becomes clear that novel therapeutic approaches are necessary. The testing of such novel

therapies requires valid disease models, such as murine HSP models. Therefore, this disser-

tation aimed to establish a new HSP type SPG15 mouse model, which should be functionally

characterised and validated on various levels (phenotype, histology, cell biology). The novel

condZfyve26 -Null mouse model should serve as an experimental prerequisite to test and

define the therapeutic potential of somatic gene repair in HSP type SPG15.

SPG15 is caused by bi-allelic loss-of-function mutations in the Zfyve26 gene [81]. The

conditional inactivation of Zfyve26 gene function in mice by a floxed stop-cassette is expected

to result in animals resembling a classical knockout. To confirm this hypothesis and hence

validate the novel condZfyve26 -Null mouse line as SPG15 disease model, a variety of func-

tional analyses were applied. First, PCR and subsequent sequencing analyses of offspring

genomic DNA confirmed the correct insertion of the stop-cassette into the murine Zfyve26

gene. To test whether the modification of the genome of condZfyve26 -Null mice had any ef-

fects on mouse viability and fertility, offspring were monitored on a weekly basis. In line with

the Mendelian law of inheritance, reproduction results of 16 generations of condZfyve26 -Null

mice revealed the expected ratio between wild-type, heterozygous and homozygous offspring.

Until the end of the study there were no differences in lifespan between the genotypes, nei-

ther homozygous nor heterozygous condZfyve26 -Null mice exhibited higher mortality as all

groups were characterized up to an age of 60 weeks. The stable inheritance of the floxed
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stop-cassette over several generations, which did not have any observable off-target effects,

speaks in favor of the applied Zfyve26 gene targeting strategy, which holds the potential to

downregulate Zfyve26 gene activity.

Using the novel condZfyve26 -Null mouse model, animals with sufficiently disrupted

Zfyve26 gene function were observed. It is the first murine model, in which Zfyve26 was

adequately inactivated using the stop-cassette system. In contrast to other classical constitu-

tive HSP knockouts like the existing SPG15 mouse model (in which exon 15 was irreversibly

deleted) [87], this novel mouse model bears the potential to reverse gene inhibition, allow-

ing the controlled reactivation of the gene of interest at a defined time and in defined cells

or tissue. Moreover, the novel condZfyve26 -Null mouse line overcomes the limitation of

studying postdevelopmental gene function, which is not possible in classical gene knockout

systems [119, 120]. To restore Zfyve26 gene expression, condZfyve26 -Null mice with two

floxed Zfyve26 alleles will be crossed with animals carrying the Cre gene, which is driven by

a ubiquitous or cell-specific promoter [111–113, 120]. With the help of the Cre-loxP system

Zfyve26 gene function can be studied at different stages of disease [119]. However, these ex-

periments are content of future works. Here, the insertion of the floxed stop-cassette resulted

in a reduction of Zfyve26 transcripts by up to more than 90% compared to wild-type levels,

which was more prominent in homozygous condZfyve26 -Null offspring of the 2D3 embryonic

stem cell (ESC) clone than the 1C5 ESC clone. These data hinted at a sufficient disruption

in Zfyve26 gene expression upon stop-cassette insertion, which is in line with findings ob-

tained in the classical SPG15 KO mouse model [87]. Yet, the increase in sample size (i.e.,

animal number) is necessary to confirm the data obtained and to perform statistical analy-

ses. It is expected that the insertion of the stop-cassette into intron 2 of the murine Zfyve26

gene caused a frame-shift leading to the generation of nonsense mRNA and its subsequent

degradation [13, 81, 83, 87]. However, bi-allelic Zfyve26 gene inactivation did not result in

the total ablation of RNA transcripts. Reasons could be the presence of murine Zfyve26

transcript isoforms [121, 122]. This issue can be avoided by using variant specific primers.

A robust and sensitive method to detect and quantify alternative transcripts was described

in [123]. Another reason could be of technical nature. Technical variation can be caused by

intermediate working steps, including sample collection, RNA isolation, cDNA generation

and finally qPCR. To facilitate the procedure and to reduce the risk of contamination, per-

forming one-step RT-PCR (reverse transcription and qPCR taking place in a single tube) is
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a possible option [124].

The validation of the novel condZfyve26 -Null mouse line on the protein level could not

be accomplished due to technical and methodological limitations. The expected absence

of spastizin protein in homozygous condZfyve26 -Null mice could not be confirmed, since its

detection in wild-type brain protein lysates in western blotting was not possible. One crucial

reason is that both spastizin antibodies, directed either against the N- or C-terminal epitope,

turned out to have a low affinity towards spastizin resulting in unspecific protein bands in

immunoblots. This restriction could have been reinforced by the low amount of available

cytosolic spastizin, which is expressed at relatively low levels, with only 1,010 copies and a

concentration of 0.84 nM in HeLa cells (compared with, e.g., 102,125 copies and 84.79 nM for

HSP protein strumpellin) [125–127]. These problems were described before [87]. Solutions to

the problem are the testing of other commercially available spastizin antibodies or conducting

immunoprecipitation of spastizin after immunoblotting [99]. These approaches were not yet

implemented due to time and resource restrictions, therefore are subject of future works.

Unlike existing mouse models of SPG15 [87] and SPG11 [128], the body weight of homozy-

gous condZfyve26 -Null animals was not obviously lower than those of wild-type littermates.

The only observation fairly in line with literature [87, 128] was made in the second male co-

hort, where homozygous condZfyve26 -Null males exhibited a weak reduction in body weight

compared to wild-type males. Yet, in an SPG48 knockout (KO) mouse model [129] as well

as a Null mouse model [113], in which the preproglucagon gene (pancreatic preproglucagon

plays a role in glucose homeostasis [113]) was disrupted using the stop-cassette system, no

reduced body weight was observed in KO and Null animals, respectively, supporting the

novel condZfyve26 -Null mouse model and hinting at a method specific consequence.

Regarding experimental cohort 1, body weights of wild-type males as well as of male

and female homozygous condZfyve26 -Null mice were abnormally high compared to standard

C57BL/6N and C57BL/6J mouse strains and other mouse models, whose body weights reach

maximal values around 30 g for males and 25 g for females [78, 87, 128, 130]. Moreover,

homozygous condZfyve26 -Null females of cohort 1 were clearly heavier than their wild-type

littermates. This difference was not observed in any HSP mouse model before [78, 87, 128,

129], most notably because female animals were not included in any study. The observed

body weight phenotype in cohort 1 could either be due to the gene targeting strategy itself or
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due to the desired Zfyve26 gene disruption. Nevertheless, this weight phenotype could not

be replicated in the second experimental cohort. Body weights of animals in cohort 2 were

within the normal range, hinting at a litter specific manifestation. Further assessment of the

body weight with new experimental mouse cohorts are required to draw any conclusions.

Above all, the environmental conditions under which both cohorts grew up and were kept

should not be neglected [131]. An exact replication of the housing conditions could not be

realized and may have been "a source of systemic experimental variability" [132]. Animals of

cohort 1 were kept in open cages with exposure to the ambient air. After the outbreak of a

zoonotic pathogen in the animal facility and the subsequent culling of the entire first cohort

(see official document in appendix), all future animals, including mice of cohort 2, were kept

under sterile conditions in individually ventilated cages (IVC) with air filters preventing any

exposure to the ambient air and additionally were kept at another animal facility. It is

known that IVC housing imposes chronic stress on mice due to the constant noise and cold

draught caused by the ventilation system, which can even alter experimental outcomes [132].

Despite the failure to replicate the noteworthy difference in the body weight of females, these

observations have the potential to suggest a hitherto undescribed sexual dimorphism in HSP,

pointing out the importance and urgency to include female animals into experimental studies

[133, 134]. The complex interaction between nature (genotype) and nurture (environment)

may had an important impact on the development of the phenotype of the animals [135].

To test whether the higher body weight observed in homozygous condZfyve26 -Null 1C5

females of cohort 1 is correlated with alterations in metabolism, indirect calorimetry was

carried out with a second experimental cohort (cohort 2) after the culling of cohort 1 be-

cause of the outbreak of a zoonotic pathogen in the animal facility (see official document

in appendix). Recent studies revealed a link between spastizin [99] or spatacsin protein

deficits [16] and defects in lipid metabolism in mice. Importantly, spastizin (associated with

SPG15) and spatacsin (associated with SPG11) share common functions and pathways as

they are interacting partners of the AP-5 protein complex, which plays a crucial role in

membrane trafficking (see 1.2.3) [82, 100, 101]. Interestingly, the functional zinc finger do-

main of spastizin protein was described to be a key transcriptional regulator of adipogenesis,

regulating adipocyte differentiation [88]. Furthermore, a higher obesity rate and damages in

the hypothalamus were reported in SPG11 patients [136].

No clear differences were observed between wild-type and homozygous condZfyve26 -Null
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animals. Although the small sample size may compromise experimental interpretation due

to large individual animal variation. Any equipment failure can be ruled out as calibration

of the calorimeter was carried out prior to each experiment. To gain more insight into

subcellular processes and to validate the findings, staining of cell cultures (e.g., primary

cortical neurons, MAF, MEF) with the hydrophobic fluorescent probe Nile Red to label

neutral lipids like cholesterol can be performed as done in [99]. Furthermore, it is important

to look beyond the p value when interpreting results [115, 137, 138]. Since the detection of a

true difference is dependent on the sample size of an experiment, "it would be unreasonable to

discard (or fail to publish) results that are not statistically significant but show potentially

biologically important effect sizes" [115]. Therefore, the issue of the sample size and the

housing environment of experimental animals, as discussed above, needs to be addressed

and adjusted in future studies. To this point, an alteration of the lipid metabolism in

homozygous condZfyve26 -Null females as the underlying pathology cannot be ruled out.

The complex relationship between genotype and environment, paired with methodological

and analytical issues make in vivo studies challenging.

Homozygous condZfyve26 -Null mice, analyzed up to an age of 60 weeks, did not develop

spastic paraplegia. This observation might argue against the use of the mouse to model HSP

because of its limited axon length and limited age. However, existing KO mouse models

for, e.g., SPG15 (48 weeks) [87] or SPG11 (52 weeks) [128] did develop late-onset HSP

with a progressive movement disorder, ruling out any doubts about its suitability to model

progressive axonopathies. For the novel condZfyve26 -Null mouse model this could mean

that gait impairments may start at over 60 weeks of age, which would be a very late disease

onset. Thus, future characterization studies of the condZfyve26 -Null mouse line should be

conducted until natural death sets in (ca. 96 weeks of age). Notably, human SPG15 patients

suffer from an early-onset spastic paraplegia [11, 81].

The crucial reason for the hitherto missing movement impairment could be the gene

targeting strategy itself, which theoretically should cause Zfyve26 gene mutation by a small

insertion. Unlike the condZfyve26 -Null mouse model, published SPG15 [87], SPG4 [139] or

SPG31 [140] KO mouse models are constitutive knockouts, in which one ore several exons

were irreversibly deleted. In contrast to SPG15, SPG4 and SPG31 are autosomal dominant

HSP forms [14, 139, 140], which may also impact the outcome of gene targeting. However,

the previously mentioned SPG11 KO mouse model, which is also an autosomal recessive
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HSP type, was generated by integrating a gene trap cassette into intron 1 of the associated

KIAA1840 gene [128], proving that in general mutations in HSP genes, which are autosomal

recessively inherited, caused by insertions are possible.

A further factor to consider is that the existing SPG15 KO mouse model [87] was gen-

erated using the widely used inbred strain C57BL/6J, while condZfyve26 -Null mice were

generated using the C57BL/6N mouse strain. Interestingly, differences in motor behavior

(e.g., grip strength, rotarod) and a range of other phenotypic parameters (e.g., immune re-

sponse, metabolism, fear response, effect of anesthetics) [141] can exist between both strains,

"that have the potential to impact upon penetrance and expressivity of mutational effects

in these strains" [142]. Nevertheless, the confirmation of the correct insertion and stable

inheritance of the floxed stop-cassette without having any effects on mouse viability and

fertility, the sufficient Zfyve26 gene inactivation as well as the cell biological and histo-

logical data support the gene targeting strategy applied. This hypothesis was supported

by the trend towards a poorer performance in homozygous condZfyve26 -Null animals com-

pared to their wild-type littermates revealed by the gait analysis. This was evidenced by 1)

the slightly smaller foot base angle of homozygous condZfyve26 -Null mice; 2) their higher

score of mistakes in the ladder climbing test; 3) their weaker neuromuscular function (grip

strength) and 4) their poorer performance in the rotarod test, which may hint at a looming

gait dysfunction. Still, these assumptions need to be treated critically especially those with

subtle differences between the groups. Methodological and analytical limitations may have

contributed to the results obtained. Examples are the FBA determination, which allowed a

certain degree of leeway or the free definition of mistakes in the ladder climbing test, whose

parameters are not established yet. Furthermore, the decreased latency to fall observed in

homozygous condZfyve26 -Null females may have correlated with their higher body weights

making them less agile on the rotating beam [143]. Moreover, testings were not carried

out around the same daytime and were always conducted against the circadian rhythm of

nocturnal mice during their sleeping phase, which very likely had an impact on the out-

come of behavioural parameters [144–146]. Overall, the outcome of the tests were sensitive

to environmental conditions and to methodological constraints. Furthermore, the standard

measures used in this study may not have been suitable or sufficient to detect subtle changes

in motor behavior of homozygous condZfyve26 -Null mice. Taken together, the difference in

the gene targeting strategy as well as the difference in genetic background/strain between
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the novel condZfyve26 -Null mouse model and existing HSP mouse models [87, 128, 139, 140]

may have contributed to the difference in gait impairment onset and progress.

Loss of Zfyve26 gene activity in homozygous condZfyve26 -Null mice led to brain neurode-

generation with loss of neurons in the cortex and loss of Purkinje cells in the cerebellum.

These observations are in line with those made in previously published SPG15 [87] and

SPG11 [128] mouse models as well as in human SPG15 patients who displayed cortical and

cerebellar atrophy [81, 83, 147]. However, neuronal populations affected and individual cor-

tical layers were not further specified here due to time constraints. To detect motor neurons

in deep cortical layers V and VI, anti-ctip2 antibody, which labels layer V neurons, can be

used in future experiments as done in [128]. Furthermore, neuronal loss in the cortex was

accompanied by activation of astrogliosis, a sign of central nervous system (CNS) damage

[148]. In case of a damage astrocytes express high levels of GFAP (glial fibrillary acidic

protein), which is an intermediate filament protein expressed in several CNS cell types [149]

and served as a marker here. Astrogliosis is characterized among others by alterations in

reactive astrocytes as "a defense mechanism to minimize and repair the initial damage after

CNS injuries" [148]. As Purkinje cells and cortical (motor) neurons are crucial for motor

coordination as well as the control and execution of motor behaviours [150, 151], their loss is

expected to results in ataxia and movement dysfunction. Hence, it is a matter of time until

the phenotypic correlate would manifest in homozygous condZfyve26 -Null mice.

The histopathological hallmark of HSP is axon degeneration in the CNS. In the existing

SPG15 KO mouse model, axon degeneration within the corticospinal tract was observed even

before mice developed a progressive gait dysfunction [87]. In homozygous condZfyve26 -Null,

the examination of the spinal cord was not possible due to technical constraints, i.e., the

absence of appropriate devices and expertise, hence need to be addressed in future studies.

Taken together, the clear signs of neurodegeneration on the anatomical level together with the

trend towards a poorer performance in the gait analysis hint at an incipient gait dysfunction

in homozygous condZfyve26 -Null mice and support the gene targeting strategy.

What is the cellular pathology behind neurodegeneration? Analysis of mouse adult fi-

broblasts (MAF) of homozygous condZfyve26 -Null mice revealed defects in the endolyso-

somal trafficking pathway in the absence of Zfyve26 gene. The decrease in free lysosomes

(Lamp1+ puncta) and the accumulation of autophagosomes (LC3+ puncta) in homozygous
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condZfyve26 -Null MAFs suggest defects in autophagic lysosome reformation (ALR), a recy-

cling pathway that generates new lysosomes from autolysosomes [86, 97]. The lack of free

lysosomes results in the increase in mature autophagosomes unable to fuse with lysosomes

to form autolysosomes, which terminate autophagy [86, 98]. Similar results were obtained

in fibroblasts derived from SPG15 and SPG11 patients [86] as well as in Purkinje cells and

mouse embryonic fibroblasts of SPG15 KO and SPG11 KO mice [78, 128, 152, 153], demon-

strating a crucial role of Zfyve26 associated protein, spastizin, in ALR. However, the size of

Lamp1+ organelles was not enlarged as observed in SPG15 and SPG11 patient fibroblasts

and SPG15 studies with HeLa cells [86, 152]. Enlargement of lysosomes is induced by short

term starvation, but fails to restore baseline size upon spastizin protein depletion [86]. The

size differences of Lamp1+ organelles between the current and previously published studies

could be due to technical limitations, e.g., correct identification of organelles, definition of

appropriate thresholds during data analysis and interpretation of data. However, this is

unlikely as the data for the other cell organelles analyzed are in accordance with literature.

Furthermore, levels of endosomes (EEA1+ puncta) were unchanged, which is in line with lit-

erature [87]. The increased size of autophagosomes in homozygous condZfyve26 -Null MAFs

may have been caused by the accumulation of autophagic material destined for degrada-

tion, e.g., lipids [16, 78], suggesting clearance failure upon Zfyve26 disruption. Defects in

ALR due to fusion defects of free lysosomes with autophagosomes cannot be excluded since

the analysis of autolysosomes (Lamp1+ and LC3+ puncta) was not included in the study

as double stainings with the antibody combinations available were not possible, but should

be subject of further experiments as performed in [78]. Taken together the ex vivo data

are consistent with previous reports and support a disruption of ALR upon Zfyve26 gene

inactivation in the novel condZfyve26 -Null mouse model.

In summary, the data of this study support previous findings and confirm defects in

the autophagic as well as lysosomal system as the underlying pathomechanism of Zfyve26

associated HSP type SPG15. In future studies, homozygous condZfyve26–Null mice will be

crossed with mice that express Cre recombinase in specific cells or tissue to assess the effect

of Zfyve26 reactivation and thus expression of spastizin protein (Figure 22). This will allow

first conclusions about the potential of somatic gene repair in mice as well as the definition

of conditions required for such approaches.
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In brief, the overarching goals behind the generation of the novel condZfyve26–Null mouse

line are defined as follows (Figure 22):

1. Functional characterization and validation of the novel condZfyve26–Null mouse model.

2. Definition of the therapeutic potential of somatic gene repair in murine HSP type

SPG15.
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Figure 22. A novel condZfyve26–Null mouse model. Goals behind the generation of the
novel condZfyve26–Null mouse model are: 1. Functional characterization and validation of the novel
condZfyve26–Null mouse model (subject of this doctoral thesis). 2. Definition of the therapeutic poten-
tial of somatic gene repair in murine HSP type SPG15 (subject of future studies). (1) condZfyve26–Null
mice were generated using the stop-cassette system. Insertion of the loxP-flanked stop-cassette into intron
2 of the murine Zfyve26 gene results in animals resembling a classical knockout mouse. (2) Crossing of
condZfyve26–Null animals having two floxed alleles with mice carrying the Cre gene driven by a ubiquitous
or cell-specific promoter. Controlled induction of Cre expression in progeny leads to the excision of the floxed
loci in a time and tissue specific manner. Reactivation of Zfyve26 gene expression leads to the expression of
spastizin protein. "Rescued" mouse resembles a wild-type condition.
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Chapter 5

Conclusion

This study aimed at the functional characterization and validation of a novel condZfyve26 -

Null mouse model as a prerequisite for testing and defining the therapeutic potential of

somatic gene repair in HSP.

Despite the obstacles encountered during this doctorate (e.g., Covid-19 pandemic, out-

break of zoonotic pathogen and subsequent culling of experimental cohort 1) the set goals

and milestones were reached. Characterization of general parameters (e.g., viability, fertility

and body weight) and movement of the novel condZfyve26 -Null mouse model as well as

its characterization on the molecular, cell biological and histological level revealed findings

that are in line with previous studies. Follow-up experiments that confirm the absence of

spastizin protein in homozygous condZfyve26 -Null upon Zfyve26 gene disruption and the

analysis of spinal cord sections to confirm axon degeneration of motor neurons are required

to validate its relevance as a novel SPG15 disease model. It would also be advisable to

replicate the functional characterization with mice derived from the condZfyve26 -Null 2D3

embryonic stem cell line as the gene expression data hinted at a more powerful Zfyve26 gene

inhibition in 2D3 than 1C5; the 2D3 line is currently subject to in vitro fertilization for

breeding purposes. Overall, sample sizes of experimental cohorts have to be increased to

perform statistical analyses, which will allow to draw clear conclusions.

Taken together the novel condZfyve26 -Null mouse line can be used as a sophisticated

tool to control Zfyve26 gene expression in vivo both in time and space. Therewith, the

condZfyve26 -Null line provides the experimental basis for defining the therapeutic potential

of somatic gene repair in murine HSP type SPG15, which would be an attempt in the

direction of a causal therapy.
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