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ABSTRACT

ABSTRACT

English

Genetic research is evolving rapidly, with techigds like Next Generation Sequencing (NGS) genagati
vast amounts of genetic data. Bringing this resedirom bench to bedside” requires intensive efiart
translational research. This work contributes t@ehdifferent neurological disorders, each at aifipe

stage of scientific research, and is separatedfiné parts:

1) Disease-associated gene discovE&iyXL4)
I.) Development of a disease relevant mouse model (BPAN

Il.) Evaluation of a therapeutic strategy (Glutaric agaltype 1)

Part | focusses on genetic diagnosis in a rare fofnmitochondriopathy, early-onset mitochondrial
encephalopathy. The identification of the noveledse geneFBXL4, associated with early-onset
mitochondrial encephalopathy was more than rouwime required a collaborative effort of geneticestsl
genome scientists. FBXL4 was previously not knoven aa mitochondrial protein, and biochemical
measurements of respiratory chain complex acts/iiermalised to citrate synthase (CS) levels were
normal in patients. Reduced CS was found in aleptd analysed (n=4). Therefore, normal biochemical
measurements of patients were explained by thealmation to reduced CS levels. Additionally, reeidic
maximal respiration measured via microoxygraphyatient fibroblasts was shown, which was rescued
upon lentiviral delivery of wild-typeFBXL4 These results indicate a deficiency in mitochaidr
biogenesis or maintenance. The knowledge of theatagene has led to the diagnosis of at least 88sca

since the first publication in 2013.

In part Il, awdr45knockout (KO) mouse model for the neurodegenezaligease beta-propeller protein-
associated neurodegeneration (BPAN) was generBfeAN belongs to a group of diseases known as
neurodegeneration with brain iron accumulation (ANBIThe disease-associated gevW)R45 is located

on the X-chromosome, arttk novomutations had been shown to lead to BPAN in a darmti pattern of
inheritance. A systemic KO &VDR45is believed to be embryonic lethal due to the gemghbalance of
44 to 4 female to male patients and the analysisadé patients indicating mosaicism. In order toegate
the Wdrd5KO mouse, the targeted genome editing approactuses based on transcription activator-like
effector nucleases (TALENS). It was found that syt Wdrd5KO mice are viable. They developed signs
of neuropathology at four months of age with 1008agirance making this model suitable for therapeuti
studies. Intensive characterization of the BPAN seomodel found resemblance to the human phenotype
in several facets, with neurobehavioral declinéhm ageing organism during an observation periog2of

months. The mouse model will be beneficial to theeidation of the disease pathomechanism. Ovedéps



ABSTRACT

the phenotype and disease mechanism of BPAN witimaan disorders like Alzheimer’'s and Parkinson’s
disease increases the potential impact of thermpsuidies with this model. The TALEN genome edjtin
tool enabled the generation of a KO mouse line iwitbur months, and proved fast and efficient. &sw
recently largely replaced by the more advanced ERIEas9 system. The CRISPR/Cas9 system made it
to the general media due to its efficiency, easapplication and ground breaking universal appliidgb

This scientific milestone in targeted genome editand its rapid advances are currently leadinchéo t

generation of many disease models facilitatingabeutic studies.

As described in part Ill, in the case of glutardaria type 1 (GA-l), appropriate mouse models are
necessary for the evaluation of treatment appr@&oBé-| is a neurodegenerative metabolic disorder,
characterized by the accumulation of the putatoséct metabolite glutaryl-CoA and its derivatives. |
results from mutations iIGCDH (coding for glutaryl-CoA dehydrogenase). This eneyis key to the
lysine degradation pathway, in which DHTKD1 (delggknase E1 and transketolase domain-containing
protein 1) is thought to act directly upstream dEBH. In theory, the inhibition of DHTKD1 should
prevent glutaryl-CoA accumulation and rescue thelGhenotype. Human DHTKD1 deficiency causes
no or only a mild phenotype. Bhtkd1 KO mouse was generated, and it showed clinicalbdmchemical
resemblance to the human situation with 2-oxoadip®A) accumulation and no obvious clinical
abnormalities. Using an establish@ddhKO mouse with toxic accumulations of glutaryl-CcDhtkd1-
/Gcdh- double KO mouse line was generated. This was sepptes mirror the situation of DHTKD1
inhibition in a GA-l patient. The double KO mouseoyed to be both clinically and biochemically
abnormal. These results suggest that DHTKDL1 inbibiis not sufficient to rescue GA-1 phenotypes,
neither clinically nor biochemically. This disappes the efficiency of the proposed therapeutic @ggn

of DHKTD1 inhibition and suggests a better definedmbined approach inhibiting two targets
simultaneously, DHTKD1 and C7ORF10. It is proposkat novel branches in the lysine degradation
pathway exist, highlighting its complexity and rag new questions. This unexpected finding undeslin

the necessity of animal models to validate newaeutic approaches.
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ABSTRACT

German

Genetische Forschung durchlauft eine rasante Ekitwig. Mit Technologien wie derlext Generation
SequencingdNGS) werden grof3e Mengen genetischer Daten gehelis bedarf jedoch einen immensen
Aufwand in der translationalen Forschung um diedéssen ,vom Labortisch zum Krankenbett® zu
bringen. Diese Arbeit tragt zum Kenntnisstand voai dinterschiedlichen neurologischen Erkrankungen

und ihrem jeweiligen Stand der Forschung bei, Uigdigrt sich daher in drei Teile:
) Identifizierung eines krankheitsrelevantem&EBXL4)
I.) Entwicklung eines krankheitsrelevanten Maudetis (BPAN)
Il.) Evaluierung eines therapeutischen Ansatzes (Glzitiurie Typ |)

Teil | konzentriert sich auf die genetische Diagditosiner seltenen Form der Mitochondriopathie. Die
Identifizierung des neuen krankheitsrelevanten G&iXL4, das mit einer friihen mitochondrialen
Enzephalopathie assoziiert ist, war mehr als Reutind erforderte die Zusammenarbeit von Genetikern
und Genomforschern. FBXL4 war bisher nicht als ofitndriales Protein beschrieben und biochemische
Messungen der Atmungskettenkomplexe normalisidrCétuat-Synthase (CS) zeigten sich als unauffallig
in Patienten. Allerdings wurde eine Erniedrigung @& aller analysierten Patienten (n=4) gefundda. D
unauffalligen biochemischen Messwerte der Atmuntisk&omplexe bei den Patienten kdnnen auf die
Normalisierung auf reduzierte CS Werte zurickgdfilserden. Zudem konnte eine Reduktion der
maximalen Atmung in Fibroblasten von PatientenetgttMicrooxygraphy identifiziert werden, die durch
lentiviralen Transfer des nicht-mutiert&BXL4-Allels aufgehoben wurde. Dies sind Hinweise auf einen
Defekt der mitochondrialen Biogenese. Das Wisseer ittas krankheitsrelevante Gen hat bereits zur

Diagnosestellung bei mindestens 28 Patienten eegmdten Verdffentlichung im Jahre 2013 gefuhrt.

In Teil Il wurde einWdr45 Knockout-Mausmodell fir die neurodegenerative Hrktang BPAN (13-
propeller protein-associated neurodegeneration)erggm BPAN gehért zu einer Gruppe von
Erkrankungen namens NBIA (neurodegeneration wittinbiron accumulation)WDR45ist auf dem X-
Chromosom lokalisiert und es wurde gezeigt, diessovoMutationen mit dominantem Erbgang zu BPAN
fuhren. Der systemische Knockout (KO) vAWDRA45 ist als hdchstwahrscheinlich embryolethal
beschrieben. Dies liegt an dem auffalligen Gestitdzgerhaltnis von 44 zu 4 weiblichen zu mannlichen
Patienten, und daran, dass die Analyse der maenli€fatienten sie als Mosaik beschrieben hat. Um die
Wdr45KO-Maus zu generieren wurde das Genome Editinge8y3 ALEN benutzt. Das murine Modell
zeigte sich trotz systemischem KO als lebensfaki@-Mause entwickelten Neuropathologien im Alter
von vier Monaten mit einer Penetranz von 100%. ®iEgenschaften machen di¢dr45 KO-Maus zu
einem geeigneten Krankheitsmodell fur prakliniscBidien. Eine intensive Charakterisierung des

Mausmodells zeigte einige Ahnlichkeiten mit dem lanen Phanotyp auf, wie zum Beispiel neurologische

11
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Verhaltensauffalligkeiten im alternden Organismumserhalb eines Beobachtungszeitraumes von 22
Monaten. Uberschneidungen beim Phanotyp und Patifanesmus von BPAN mit haufigen
Erkrankungen wie Alzheimer oder Parkinson steigign potentiellen Nutzen therapeutischer Studien an
diesem Mausmodell. Des Weiteren wird dieses MadellAufklarung des Pathomechanismus von Vorteil
sein. Das Genome Editing System TALEN ermogliclide@enerierung von KO-Mauslinien innerhalb von
vier Monaten und bewies sich als schnell und effizi Allerdings wird es seit kurzem grof3tenteils
abgeldst von dem noch fortschrittlicheren SysteRISPR/Cas9. Dieses System erlangte breite Publizita
aufgrund seiner Effizienz, der leichten Anwendungduder bahnbrechenden und universellen
Einsetzbarkeit. Dieser wissenschaftliche Meilemstbeim zielgerichteten Genome Editing und die
schnellen Fortschritte fihren derzeit zur Generigruieler neuer Mausmodelle und vereinfachen somit

die Durchfuihrung préaklinischer Studien.

Wie in Teil lll anhand der Glutarazidurie Typ | (@Abeschrieben ist, sind die entwickelten Mausntiede
von grofRem Nutzen wenn es darum geht Behandlur@jzanszu evaluieren. GA-l ist eine
neurodegenerative metabolische Erkrankung, diehdalie Akkumulation des mutmalfilich toxischen
Metaboliten, Gluaryl-CoA und seinen Derivaten, cthderisiert ist. Die Erkrankung ist eine Folge von
Mutationen inGCDH, das fur das Enzym Glutaryl-CoA Dehydrogenase kbdizieses Enzym hat eine
Schlusselrolle beim Abbauweg von Lysin bei dem DHIK (Dehydrogenase E1 und transketolase
domain-containing protein 1) vermutlich GCDH direktrgeschaltet agiert. In der Theorie sollte die
Hemmung von DHTKD1 die Akkumulation von Glutaryl-€overhindern und den GA-I Phanotyp
aufheben. Humane DHTKD1-Defizienz fuhrt jedoch ainkm oder lediglich einem milden Phanotyp.
Eine Dhtkd1 KO-Maus wurde generiert und spiegelte sowohl &tihials auch biochemisch die humanen
Auswirkungen wider. Ohne klinische Auffélligkeiten entwickeln akkumuliert diBhtkd1KO-Maus, 2-
Oxoadipat. Mittels der etablierte€Bcdh KO-Maus, die toxisches Glutaryl-CoA akkumuliertunde eine
Gcdh/Dhtkd1Dboppel-KO-Mauslinie generiert. Diese imitiert dieetdmung von DHTKD1 in GA-I
Patienten. Es konnte gezeigt werden, dass diesendeqnicht ausreichend ist, um den GA-I Phanotyp
zu verhindern und zwar weder klinisch noch bioclsemi Die Effizienz des vorgeschlagenen
Therapieansatzes der Hemmung von DHTKD1 wird wedgrlund es werden neue Ansétze fir eine
zielgerichtete kombinierte Therapie vorgeschlagem Beispiel durch die parallele Hemmung der zwei
Enzyme, DHTKD1 und C70ORF10. Die Existenz neuerapniglunbekannter Wege des Lysin-Abbaus wird
dadurch nahegelegt und die vielen ungelésten Frageerhalb des Lysin-Abbauweges und seine
Komplexitat verdeutlicht. Dieses unerwartete Ergebrunterstreicht die Notwendigkeit von

Mausmodellen, um Therapieanséatze validieren zudann

12



[. INTRODUCTION

|dentification of a new disease-associated gend-BXL4

1.1.INTRODUCTION

I.1.1. Genetic disease and mitochondriopathies

Genetic disorders are conditions caused by abniiresain the genetic material, the genome, which is
composed of deoxyribonucleic acid (DNA). The hunmi@dy consists of more than 37 trillion cells
(Bianconi et al., 2013) with each one carryingoiten genome (except for erythrocytes). The DNA aftea
cell is tightly packed into two types of organell&@ne of them, the nucleus contains 22 autosomes in
duplicate and two sex chromosomes, XX or XY, harlmguthe vast majority of genes. The other,
mitochondria, contain hundreds of copies of circ@AlIA (mtDNA). Alterations of the DNA sequence can

lead to genetic diseases depending on type, Itisgae and time of a mutation.

Mitochondriopathies are caused by defective mitadhnia. Mitochondria are commonly referred to as the
powerhouse of the cell as they generate the mgjofitthe energy transporter adenosine triphosphate
(ATP) through oxidative phosphorylation (OXPHOSe 4€1.3.). Mitochondrial proteins are encoded by
either mitochondrial or nuclear DNA. The latter geproducts are transported to the mitochondria.
Mutations in either nuclear or mitochondrial DNAnceause mitochondriopathies. Most disease-causing

mutations affect nuclear encoded proteins, inclydiththree disorders covered in this work.

[.1.2. Development of genetic disorders

There are several types of DNA mutations, suchyasrg/mous and non-synonymous (missense), the
latter results in substitution of one amino acidscAinsertions and deletions (indels), often legdio
frame-shift (fs) mutations can cause genetic dsard Depending on the locus, that is the chromesoim
the mutation, one can distinguish between mitochiahdX-linked or autosomal inheritance. In general
the mode of inheritance can be recessive or dorpinainich describes the number of mutant copies
necessary for disease outbreak. An autosomal dominkeritance will lead to 50% affected offspring.
With X-linked dominant inheritance, the diseasd bé passed from mothers to half of their daughaers

all their sons, but from fathers to all daughtard aone of the sons. This special case of inherté@also
influenced by other mechanisms such as inactivatibigenes on one X-chromosome. Mitochondrial
inheritance is caused by disease-associated vat@rdted on the mitochondrial DNA. The high number
of mtDNA copies per cell can cause heteroplasmyickvidescribes the parallel existence of genetically
different mtDNA copies per cell. Furthermore, tiestie where the mutation occurs during developroint
an organism is of importance. If it happens in géna cells, the mutation will be passed onto tleatn
generation and will affect every tissue of the jfiisg. Somatic mutations occur in somatic cells arsl

only passed onto progeny cells after cell divideading to mosaicism. Mosaic humans or animalsisbns
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of somatic cells of more than one genotype. Thisthabe taken into account when generating knockout
mouse lines via genome editing tools.

[.1.3. Mitochondria and oxidative phosphorylation

As the powerhouse of cells mitochondria produceirtracellular energy transporter ATP through salver
redox reactions. Electrons are transferred frorateda donors (e.g. NADH) to electron acceptors sagh
oxygen in an exergonic reaction. The energy is ueelansport protons across the inner mitochohdria
membrane. This leads to a pH gradient forming actetal potential across this membrane. Protein
complexes involved in this process are called ragpy chain complexes (RCCs) I-V, which work with
coenzymes and cofactors as well as the electroisféaflavoprotein-Q oxidoreductase (figure 1). The
proton gradient is used by the ATP synthase to gitmylate ADP to ATP, the latter being known as the
molecular energy currency.
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Figure 1: Mitochondria and oxidative phosphorylation: the electron transport chain. Simplified presentation about the
electron transport and the ATP gradient at therimnieochondrial membrane with inhibitors and anaugling agent used in this
work depicted in red. RCC | to IV = respiratory chaomplexes | to IV; Q = coenzyme,ubiquinone (mobile electron carrier);
Cyt ¢ = cytochrome ¢ (mobile electron carrier); ABPP = adenosine diphosphate/ triphosphate; FCCRcaupling ionophore
(carbonilcyanide p-trifluoromethoxyphenylhydrazgneEMN = flavin mononucleotide; Cu = copper; Fe-Sren-sulfur; TCA =

tricarboxylic acid.

14



[. INTRODUCTION

In order to depict OXPHOS deficiencies in patiesnples one can measure the biochemical activifies o
specific RCCs in different tissues. To evaluate Wwle oxidative phosphorylation machinery and the
interplay between complexes and subunits, micro@plyy is a valuable tool. It measures energy
utilization via oxygen consumption in living cebsid quantifies mitochondrial respiration in a rdbarsd
multiplex mode. There are several known inhibitofRCCs. For example, rotenone inhibits RCC | by
blocking the ubiquinone-binding site and preventing transfer of electrons from RCC | to ubiquinone
Oligomycin is known to block RCC V. Uncoupling agesuch as the ionophore FCCP disrupt the proton
gradient across the membrane, thereby uncouploigmpipumping from ATP synthesis. These compounds
are used as the gold-standard for measuring maxmtathondrial respiration in cellular assays (s5&e.

and .2.4.).

I.1.4. Mitochondriopathies

Mitochondriopathies are a genetically and phenaslpi heterogeneous group of disorders that share
some major clinical presentations (Mayr et al., ®0MWith the onset varying between birth and early
adulthood, patients typically present with a pregiee course of symptoms and multi-organ involveimen
The most often affected organs are those with ighelst energy demand such as brain and muscles.
Symptoms include neurological deterioration, menttardation and dementia with developmental
disorder, movement disorders and dystonia. In génall of these are accompanied by a variety béot
phenotypes. Despite recent advances in understamtif@ase mechanisms, treatment options are still
limited and focus on supportive intervention (Vistcet al., 2015). There are numerous trials culyant
progress or recruiting (see clinicaltrials.gov)t btatistically significant results remain scar&ai( et al.,
2015). This is primarily due to the small patientogps available and comparable within this

heterogeneous group of disorders. This underlimesiécessity to use animal models in this resdaaich

[.1.5. Gene discovery approaches

In the past, the genetic basis of Mendelian digsrdeas commonly revealed using linkage studies and
homozygosity/autozygosity mapping. These technigdegend on high penetrance as well as large
multigenerational pedigrees. Due to the limited bhamof recombination events within one family,
investigation often ends up with a large genomgia® containing many candidate genes co-segregating
with the disease. In rare disorders, which are tygally and phenotypically heterogeneous, such as
mitochondrial disorders, this presents a major éard/oreover, sporadic cases dueéonovomutations

are nearly undetectable. Currently, especially itochondrial research the most promising and robust
method to unravel novel disease genes are wholaesequencing (WES) and whole genome sequencing
(WGS) (Wortmann et al., 2015, Stranneheim and We@el6). Massively parallel sequencing obtained
through NGS of exonic regions generates a liskaofl@ate genes. Applications of different filtergls as

a maximal minor allele frequency (MAF) of 0.01 t®0L in reference exomes and assumptions of specifi
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inheritance models narrow this list down to ideahe candidate gene. In order to verify this caamtdidt
needs a substantial number of patients and/or ituradt validation experiments. The recent advanoges i
patient registries and recruitment, as well as ®S\technology together contribute to the continuing
discoveries of novel disease genes. A publiclylatske online database of all known Mendelian discsd
called OMIM (Online Mendelian Inheritance in Manttg//www.ncbi.nlm.nih.gov/omim) catalogued

4,636 disease-associated cytogenic locations @sgas at January 2016.

Figure 2: Exemplified mitochondrial stress
30 - Oligomycin FCCP Retsiais experiment. (Bugge et al., 2014Measurement
of the oxygen consumption rate (OCR) upon
administration of several compounds; visualized

and with a detailed description on

protein)

y
(=1

http://www.seahorsebio.bom/products/xfpconsum
ables/aboutcellmitostresstest.php. Oligomycin
blocks ATP synthase; FCCP permeabilizes the
inner mitochondrial membrane and uncouples
mitochondrial OXPHOS and rotenone inhibits

RCC | interrupting the mitochondrial electron

OCR (pmole/min/p

transport chain.

0 8 15 23 30 37 45 53 60
Time (min)

[.1.6. Functional validation of candidate genes

In mitochondriopathies, the gold-standard for fiowal validation of candidate genes are rescue
experiments. Cultured fibroblast cell lines fromtipats’ skin biopsy often present with impaired
OXPHOS activity, which can be measured via oxygemsamption. In order to prove pathogenicity of a
candidate gene an expression cassette of its yilel-€DNA is introduced into the patient cell linev
lentiviral transduction. Subsequent rescue of tficOXPHOS activity validates the candidate gese a
the location of the disease-associated varianhi®patient at hand. Microoxygraphy measures tlyganx

consumption rate (OCR).

Microoxygraphy analysis of the oxygen consumpti@ter(OCR) is measured over time and after
sequential injection of up to four different compds through injection ports. We used three of quats,
hereafter termed Port A, B and C. A standardizextguture measures basal respiration first. Injeatifon
oligomycin using port A to block ATP synthase aityivvalidates functionality of mitochondrial
membranes and determines proton leak. Complexdralgmt maximal (= rotenone-sensitive uncoupled)
OCR is analysed by injecting FCCP and rotenonePoa B and C, respectively (see figure 2). The
ionophore FCCP abolishes the proton gradient actbesinner mitochondrial membrane, thereby
uncoupling mitochondrial oxidative phosphorylatiGtotenone interrupts mitochondrial electron tramspo

chain by inhibiting RCC | (see figure 1). It is @lpossible to add antimycin A via port C or D tdtha
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mitochondrial respiration by inhibiting RCC IlII. khis work, it was found that rotenone entirelyibited
mitochondrial respiration and a simultaneous orsegbent addition of antimycin A did not cause any
further reduction in OCR.

In order to calculate rotenone-sensitive uncoufé€dR, mean values for non-mitochondrial respiration
subtracted from mean measurements after FCCP afutebstenone administration. This value is
significantly decreased in many mitochondriopatlagignts as compared to control samples and will be
named maximal respiration rate from this point fargk If lentiviral expression of the wild-type cacate
gene in the patient cell line rescues maximal rasipn, the candidate is highly likely to be thedarlying
disease-associated gene. This is standard prdeti¢enctional validation of candidate genes in fietd

of mitochondriopathies (Gai et al., 2013, Holzereval., 2015, Powell et al., 2015).
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[.2. RESULTS

[.2.1. ldentification of FBXL4 as a candidate gene for early-onset
mitochondrial encephalopathy

The database of patients with a clinical mitochamhthy and no genetic diagnosis at the Helmholtz
Zentrum Muenchen (Institute of Human Genetics) aoetd roughly 110 samples in 2013. WES of these
samples revealed three samples with lists of seslewen and 82 candidate genes harbouring two rare
variants per individual. Rare variants in one gdfi#XL4, were present in all patient chromosomes and
absent in 4,500 in-house European control chromesoon over 8,000 alleles from the Exome Variant
Server. The three paediatric individuals (subject 6nd 8 in figure 3) were born to unrelated fasiband
collected from different clinical centres. Singlecteotide variants (SNVs) identified via WES were
confirmed by Sanger sequencing (supplementary didyr and striking resemblance in the biochemical
analysis was found. All patients showed decreastvdity of all RCCs as well as reduced citrate &yase
(CS) levels. This very rare condition was recogtize one further patients’ clinical report (subjé&cin
figure 3) who was subsequently molecularly diagdogia Sanger sequencing BBXL4. All subjects
share several phenotypes including decreased Wigight, developmental delay, distinct dysmorphic
features, lactic acidemia, white matter lesiongpdtgnia, seizures and swallowing dysfunction. Three
other groups simultaneously identifiéBXL4 as a candidate gene in one single kindred eactteSi
FBXL4 has not been annotated as a mitochondridkprdefore, single affected families were equivoca
proof for this new disease-associated gene. Hanamgllaboration four groups identifideBXL4 as the
causal gene for nine patients with early-onset chibodrial encephalomyopathy (Gai et al., 2013) from

seven unrelated disease families (figure 3).
Family #1 Family #2 Family #3
® SO 6 © @
@ T LL °
S1 S2 S3 S4
Family #4 Family #5 Family #6
O—7 L] ® ERENO m
&

Figure 3: Pedigrees of paediatric individuals carryng mutations in FBXL4. Black symbols represent affected individuals;

S5

Family #7

subject numbers are given in bold grey; red cirdebjects were analysed in this thesis at thetlnstdf Human Genetics of the
Helmholtz Zentrum Muenchen (figure was adapted faanet al., 2013).
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[.2.2.  Molecular genetic analysis oFBXL4

FBXL4is located on the long arm of chromosome 6 on Ag6§16.3, and encodes the F-box and leucine-
rich repeat protein 4. Its putative functional damsaare one F-Box and nine leucine-rich repeat dasna
After initial identification ofFBXL4 as a novel disease gene (Bonnen et al., 2013tGd4i, 2013), a total

of 28 individuals have been diagnosed as at Jar@t$ (Huemer et al., 2015). All together 23 known
variants are spread across the gene, but affectlynidie N-terminus or one of the leucine-rich répea
domains (see figure 4A). All affect highly consedveegions (see figure 4B) and are predicted to be
pathogenic by the prediction software Mutation €agEchwarz et al., 2010). There were no signitican
differences in the clinical presentation betweeniepés with biallelic missense or loss-of-function

mutations. No genotype-phenotype correlations withis group of patients were found.

Taken together these results conflf®XL4 as the underlying disease gene.

Figure 4: FBXL4 mutation
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[.2.3. Clinical and biochemical features

In collaboration, the clinical presentation of Zdtipnts withFBXL4-associated early-onset mitochondrial
encephalomyopathy was summarized (Huemer et allp)20Biochemical analysis of three patient
fibroblast cell lines showed reduced maximal red@n, which was restored after lentiviral trangeduc

of wild-type FBXLA4.

The disease is also known as mitochondrial DNA eléph syndrome 13, the encephalomyopathic type
(OMIM #615471). Surprisingly, according to labomgtcstandards at the Institute of Human Genetics
(Technische Universitaet Muenchen) mtDNA amountsnfpatient muscle cells revealed no clear, but
only borderline or no mtDNA depletion. The term jon syndrome should therefore not be used for
FBXL4-associated early-onset mitochondrial encephalgpatiymore. Patients were examined by 14
different physicians and derived from 19 famili&even patients were born to consanguineous parents
Ethnicity was diverse within the group, rangingnfrcArabian, European and Mexican, to Palestinian,
Pakistani, Portuguese and African American. BeingitchondriopathyFBXL4-associated early-onset
mitochondrial encephalomyopathy is likely to resalphenotypic heterogeneity. Nevertheless, alkepidt
suffered from similar disease development albetlitierent ages of onset and with different adaisib
symptoms. The age of onset varied between one ddytvao years (mean = 115 days) and typically
presented with high urinary lactate, acidosis, ecotetabolic crisis, failure to thrive (i.e. feeding
problems), impaired speech, muscular hypotonia amdirodevelopmental delay with cognitive
impairment. These symptoms were frequently accoiepahy vomiting, growth impairment, seizures,
impaired hearing, microcephaly, eye problems, eardiver- or renal-disease and neutropenia (figire
Neutropenia was associated with a deficit in thgpexific immune system leading to recurrent intei
and dysfunctional wound healing. Furthermore, 6 Héwsed dysmorphic features such as a prominent
forehead and abnormal shapes of the eyes, noseaasdDuring disease progression almost all patient
experienced further worsening of symptoms mainhdévelopmental retardation, speech-, hearing- and
cognitive impairment, as well as seizure and eyblpms. Only one child was described with improved
symptoms by his physician. With movement disoraeurring in most patients during disease courée,
out of 15 patients were completely unable to walioblow-up investigation and had no functional eple

or severe speech impairment. At a mean age of 3thaseven children died from multi-organ failure
accompanied with a dramatic metabolic acidosis (kreet al., 2015). The oldest living patient repdrt

to date is more than 13 years old and suffers fedtrsided spastic hemiparesis following a strokéea
years of age (Ebrahimi-Fakhari et al., 2015). Simthér developed ptosis, optic nerve atrophy wibese
visual impairment and hearing loss by the age evezl years and seven months. A list of symptoms is

summarized in figure 5 and more detailed in suppleary table 1.
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Figure 5: Summary of main clinical features of 21 BXL4 patients at initial disease presentation and dtng course.
(Huemer et al., 2015)he initial workup phase was generally within thstftwo years of life. Numbers for the analysidedtures
during course of disease are derived from elevéiema alive and approachable at the time of thdys{ranging from two to 139

months of age with a mean of 46 months). FTT =ufaiko thrive.

Biochemical analysis was performed of subject 7i @al., 2013) and subjects 8 and 9 (see tabledl a
figure 7) using the microoxygraph technology (SeaboBioscience, USA). Measurement of maximal
respiration in patient fibroblasts showed significeeductions to 37% (subject 7), 45% (subjecti®] a

13% (subject 9) of controls as summarized in table

Patients' fibroblasts | Max. Resp. [% of control]

S7 37%
S8 45%
S9 13%

Table 1: Biochemical respiration deficiency in patiats’ fibroblast cell lines. Fibroblasts from subject 7, 8 and 9 were analysed
as described in 1.1.6. and figure 2. Max. Resp. ximal respiration = uncoupled rotenone-sensitigpi@tion.

[.2.4. Validation of FBXL4 via cellular rescue experiments

In order to prove pathogenicity, functional studiee essential. As described in the methods se(dimmn
V.2.3.4.) a cellular rescue experiment was usedoctional validation of the candidate geRBXL4.
Fibroblast cell lines derived from skin biopsiessabjects 7, 8 and 9 were cultured. They were thaced
with the wild-type FBXL4 allele via lentiviral transduction. Maximal resgtion was measured via
microoxygraphy on the Seahorse instrument in aipte manner (n > 7 per time point and cell line).
Ports A, B and C contained oligomycin, FCCP an@&nohe, respectively as shown on the example of

subject 7 (figure 6). A detailed explanation wagegiin figures 1 and 2 (1.1.3. and 1.1.6.).

21



I. RESULTS

©0cR Figure 6: Oxygen consumption rate of
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With regard to basal respiration and the maximspiration rate as explained in 1.1.6., all thregqua cell
lines showed a reduction as compared to contrbllioels measured on the same plate (see figured7 an
table 1). Each patient fibroblast cell line genedatwas transduced with wild-tygeBXL4 via lentiviral
transduction. Lentiviral mediated expression of whlel-type FBXL4 cDNA resulted in significant rescue

of the reduced maximal respiration in all thre@s$duced patient cell lines (figure 6 and 7).
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Figure 7: Maximal respiration of non-transduced andtransduced FBXL4 patient fibroblast cell lines. All patient fibroblasts
show significantly reduced maximal respiration, veaes transduction with the wild-typ@8XL4 allele rescues this phenotype. Ctrl
= control; -T = cell line transduced with wild-typ@XL4 allele; S7-S9 = cell lines derived from subject8; > 7 measurements

for each cell line; * t-test p < 0.05. Parts ofalptesented in this figure have been published ¢Gali., 2013).
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.2.5. Mutations in FBXL4 are related to a reduction of mitochondrial
proteins

Immunoblot analysis of total cell lysate derivednfrFBXL4 patient’s (subject 7) fibroblasts and NHDF
control cells was performed with two different miot concentrations for each cell line as technical
replicates. Immunological detection (figure 8A) arsdquantification (figure 8B) showed a clear retilon

in all mitochondrial proteins analysed. All RCCdapyruvate dehydrogenase (PDH) were analysed, as
well as the mitochondrial mass through TOMM20, wahis a translocase located in the outer
mitochondrial membrane. The mean reduction of dtibchondrial proteins analysed was 27% (low

concentration) and 28% (high concentration) as @yethto NHDF control cells (see figure 8).
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Figure 8: Immunoblot analysis of a FBXL4 patient shaved reduction of mitochondrial proteins. A) Immunoblotting of total
cell lysate derived from subject 7’s fibroblastldele and NHDF control cells. Two different quargs were applied per cell line
onto a total of 4 membranes. Quantities were vaaimmbrding to the antibody used in order to stapiwithe dynamic range of
antibody sensitivity: x[SDHA]=2; x[ATP5alpha]=5; Eflalpha subunit]=10; x[Actin]= 2; x[UQCRC2]=15; x[NDBB]=10;
X[TOM20]=5; x[COXIV]=15. CI-CV = RCC I-RCC V; PDH = pyruta dehydrogenase; OMM = outer mitochondrial meméran
In brackets are the structures detected by thegponding antibodie®) Quantification of immunoblot analysis from S7 were

normalised to actin and shown as percentage of NetBFor both concentrations. Ctrl = control; comcconcentration.
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|.3. DISCUSSION

[.3.1. FBXL4 dysfunction causes a clinically and biochemally distinct
phenotype

This study reveale&BXL4 missense and loss-of-function mutations in aneeitompound heterozygous

or homozygous state in four patients. WES dataamasysed and confirmed by Sanger sequencing. These
results were in accordance with sequencing reslitained from available parents or healthy siblings
With FBXL4 previously not annotated as a mitochaadprotein, acquisition of further patients was
necessary. At present more than 20 patients whie steveral features of the clinical and biochemical
spectrum oFBXL4-associated early-onset mitochondrial encephaloatygyphave been diagnosed (Gai et
al., 2013, Huemer et al., 2015). The clinical ammthemical picture was confirmed by another redearc

group (Bonnen et al., 2013).

All publications report frequent albeit variablenabmalities in the clinical presentation. Brain gy
showed irregularities such as brain atrophy, swiolléhite matter or periventricular cysts. This was
recently confirmed in another neonatal case (Anteual., 2015). In general, the reported non-sfecif
features such as growth retardation, microcephadlyrauscular hypotonia with multi-organ involvement
are common findings in mitochondriopathies. Howewdistinct craniofacial abnormalities with eye
problems often in form of cataract and severe eamget developmental delay are no classic
mitochondriopathy features (Chinnery, 2010, Mayalet 2015), but seem to be associated with FBXL4
patients. The biochemical pattern of patients wituction of all RCCs as well as reduced CS leils
unigue. This combination suggests direct sequenairigBXL4. But, the retrospective design and hence,
the variable age at initial and follow-up examinat impede comparability between patients. Most
subjects were very young at follow-up analysis amght not yet display their complete phenotype. For
example, the oldest survivor to date (over 13 yehi@ge) has recently been reported to show stirk&e-
episodes (Ebrahimi-Fakhari et al., 2015). Hence, dimical spectrum might be broader than currently
known. Moreover, with more than 14 physicians wgtclinical reports and referring biomaterial tésh

of specialised laboratories performing non-standacdt biochemical analysis, this retrospective study

design carries a high risk of bias.

The following biochemical experiments confirm&®BXL4 as the underlying disease-associated gene.
Expression of the wild-typEBXL4 allele in three patient fibroblast cell lines nesd OXPHOS deficiency,
i.e. maximal respiration rate (Gai et al., 2013)r this analysis microoxygraphy (Seahorse XF) wsedy
which measures the oxygen consumption rate of bilasts in 96well plates by adding inhibitors toteac
well through up to four ports sequentially. Thisywaeveral replicates can be measured at the saree t

In order to reduce surrounding influences and naegebetween different plates, controls and sanmpéze
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always measured on the same plate. This resultatllé@ast seven replicates per measured cell tirach

time point. Maximal respiration rates from the thrpatients analysed were significantly reduced as
compared to same-plate-controls and were rescue@llirthree patients. Bonnen and colleagues
successfully rescued mtDNA depletion and reducendhionane potential (Bonnen et al., 2013). OXPHOS
deficiency was confirmed via RCC enzyme activitiesng standard spectrophotometric techniques in

muscles and fibroblasts (Gai et al., 2013).

Taken together these results strongly supp&XL4 as the underlying mitochondrial disease-associated
gene forFBXL4associated early-onset mitochondrial encephaloatygpformerly known in OMIM as

mtDNA depletion syndrome 13, the encephalomyopdsiue.

[.3.2. FBXL4 dysfunction causes a mitochondrial disorder

There is convincing evidence fBBXL4 carrying causal variants in the suspected pagjenip, but further

challenging questions remain as to whether FBXLanisitochondrial protein and what its functions. are

FBXL4is located on chromosome 6 and therefore parteohtitlear genome. Different software packages
identified a mitochondrial targeting sequence a¢ tN-terminal end but did not discover any
transmembrane domain (Calvo et al., 2016). Suleelftactionation assays in mouse liver cells, @i w
as from intact mitochondria isolated from digitotiaatedFBXL4transfected HEK293T cells came to the
same conclusion. FBXL4 is mainly located in mitoetina, more precisely in the intermembrane space
(Bonnen et al., 2013, Gai et al., 2013). With atimested size of 70kDa, involved in a 400kDa complex
shown via Blue Native Gel Electrophoresis (BNGEp(®t al., 2013), its exclusive localisation to the
intermembrane space seems challenging concersinigrge size. With its localisation detected neiihe
the cytosol nor the nucleus via fluorescence erpanis, it is still possible that FBXL4 attachesthe
outer mitochondrial membrane. Disruption of the gagied mitochondrial targeting sequence lead to a
localisation signal in mitochondria and the cyto$mwever, no signal was detected in the nucleas ¢G
al., 2013). This finding is somewhat contradicttmyan earlier publication (Van Rechem et al., 20¥Bn
Rechem and colleagues showed direct interactiomdset FBXL4 and JMJD2A, a histone demethylase
acting exclusively inside the nucleus. Howevers thteraction was shown using immunopurified JIMJD2A
with a lysate ofFBXL4-overexpressing cells, and not within the cellutantext. Both proteins are
potentially spatially separatéd vivo. Additionally, Van Rechem and colleagues also stbthat SIRNA-
mediated downregulation of FBXL4 inhibited proteasb degradation of IMID2A. F-Box proteins, being
essential components of the ubiquitin-proteasonstesy (UPS) are generally involved in a variety of
cellular processes, such as cell cycle progressmahcell proliferation as previously reviewed (Udeit

al., 2015). Involved in ubiquitination, they targaiteins to ubiquitination and subsequent proteaso
degradation. FBXL proteins are a group of F-Boxt@rms containing leucine-rich repeat domains

generally involved in protein-protein interactic@so located in the cytosol. Van Rechem and calieag
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did not show direct interaction of FBXL4 with JMJB2 but suggest FBXL4-involvement in the
proteasomal degradation of JMJD2A. The underlyingcmanism for indirect participation or the
functional cascade is still unclear. Since restitsn Gai and colleagues, in line with Bonnen and
colleagues, suggest a mainly mitochondrial locabisa and the experiments from Van Rechem do not
directly contradict this, FBXL4 is suggested as #&oamondrial protein with potentially diverse

localization.

Further evidence of FBXL4 being a mitochondrial tpho is its association to global mitochondrial
dysfunction. Fewer in number and dysmorphic mitochi@ were detected in patient samples, via cell
staining with a commonly used mitochondrial marke®MM20 (Antoun et al., 2015), as well as altered
mitochondrial network and nucleoid morphology vidditacker Red and PicoGreen staining (Bonnen et
al., 2013).

Mitochondrial membrane potential was clearly reduicemutant cell lines (Antoun et al., 2015, Bonmén
al., 2013, Gai et al., 2013). In general, reducednbirane potential has previously been shown taligeb
serine/threonine-protein kinase PINK1, which imtactivates the E3 ligase parkin (Narendra efallp).
Parkin is a component of the UPS. Furthermore pgrkbmotes disposal of mitochondria (Narendra.et al
2008). This macro-autophagic process is called phagy. Hence, FBXL4 deficiency could potentially
lead to an induction of mitophagy.

Decreased OXPHOS-related ATP production was idedtitogether with a reduction of patients’
fibroblasts viability upon obligate respiration ayalactose (Bonnen et al., 2013). Under glucose
availability patient fibroblasts showed OXPHOS digfincy via reduced maximal respiration. This was
confirmed by others via reduced activities of al@s in nearly all available muscle and fibrobleeignt
cells (Gai et al., 2013). Since all RCCs, includihg only nuclear encoded one, RCC Il, showed redluc
activities, this suggests a reduced number of mdodria or of mitochondrial mass. In case of mtDNA
depletion, one would expect RCC Il to show nornaaivity in biochemical measurements. In fact, Bamne
and colleagues detected normal RCC Il activityhire¢ patients’ fibroblast cells, but a reductiorthiair
muscle cells. This finding is somewhat contradigcttor all other patients’ biochemical data showing a
reduction in all RCCs.

Two groups independently published significant mfNepletion in all analysed patient derived
fibroblasts and muscle cells (Bonnen et al., 20%3j et al., 2013), but the extent of depletion is
questionable. In the laboratory setting of the ita# of Human Genetics (Technische Universitaet
Muenchen), mtDNA depletion is diagnosed at less tha% mMtDNA as compared to healthy controls.
FBXL4 patients show levels of 15-30%, which is slied as borderline mtDNA depletion and can
occasionally be found in healthy controls. Thisstheshows a reduction in TOMMZ20, a translocaséaén t
outer mitochondrial membrane, as well as in alkeotimitochondrial proteins analysed (n=6), to royghl

30% in patient fibroblasts. The similar extent efluction in mtDNA and mitochondrial proteins sugpor
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the theory of a reduced number of mitochondriasTeduction could be due to deficient mitochondrial
biogenesis or impaired autophagy or mitophagy.

Analysis of patients’ enzymatic data found remahkabduced CS in all available patient muscle cafid
fibroblasts. Being a nuclear encoded mitochondnatrix protein, CS is expected to be associated ait
decrease in mitochondrial mass. With TOMM20 and ré@uced in FBXL4 patient samples, FBXL4
deficiency likely results in a reduction of mitoctuia.

In many laboratories RCCs activity is normalisedC® for diagnosis. In the case of FBXL4 patiertis t
may lead to a false negative result, as CS levelsalao decreased and might lead to normal valites a

normalisation. It is suggested to analyse total€v8ls before normalising RCC measurements.

In summary, FBXL4 has repeatedly been shown todgalised to mitochondria, however, the entire
localisation pattern still contains contradictioffe protein appears to play a central role in gyner
metabolism due to its severe pleiotropic effectsnitochondrial function (figure 9). FBXL4 is sup@aly
involved in mtDNA maintenance, mitochondrial hom@ags and possibly mitophagy. However, the exact

mechanism remains unclear.

[.3.3. Outlook: Relevance for diagnosis and protein functn

The discovery of the disease-associated gene andetailed clinical and biochemical descriptionthod
FBXL4associated early-onset mitochondrial encephalomtygyp contributed to the diagnosis of this
disorder. There is no treatment known to date itha@toves or halts symptoms and disease progression.
Typical substances such as riboflavin, biotin, ritiree, pyridoxine, coenzyme Q and carnitine havenbee
tried in a severely affected patient, but showedigas of improvement (Antoun et al., 2015). In gyah,
early diagnosis saves patients and their familiesifunnecessary sometimes painful treatments withou
any benefit for their quality of lifdcBXL4is a rare disease-associated gene of increaden@nee, with at
least 20 patients diagnosed since 2MABXL4 should be analysed upon identification of mitoaaed
dysfunction accompanied with reduced CS levelsldgdm showing these symptoms in combination with
others such as early-onset muscular hypotoniajréatio thrive, facial abnormalities and developraént
delay in combination with mtDNA depletion and redddRCC Il activity should immediately be tested for
FBXL4 mutations. WES is the preferred method, but ire cas WES facility is available panel-diagnostics
are routinely applied. With roughly 30 patients ¥moto be diagnosed since the first publication 012,
FBXL4 can be considered a suitable gene to be put d¢mtdigt of genes detected on a Mito-NGS
diagnostic panel. In collaboration, the Institute Human Genetics from the Technische Unversitaet
Muenchen (Dr. Prokisch) and the Center for Genomiws Transcriptomics CeGaT (Tubingen, Germany)
developed a Mito Panel, currently composed of 3%chiondrial encoded and 265 nuclear encoded
proteins (by January 2016). This list should berded by=BXL4in the near future.
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The biochemical experiments performed in this wooktribute to the knowledge of FBXL4s' function.
The identified reductions of maximal respiration patient fibroblasts, as well as the reduction in
mitochondrial RCCs and mitochondrial mass add éosiiggested role in mitochondrial maintenance and
mitophagy. The role of FBXL4 in mitophagy and its¢&tional relevance for ubiquitin-related proteaabm
degradation as depicted in figure 9 remain to hwegtigated. It is unclear whether global respisator
dysfunction is mainly due to a reduction in mitootdoal mass or respiration deficiency of mitochoadr

Both hypotheses are schematically summarized undi§.

Healthy fibroblast FBXL4 deficient fibroblast

PINK stabilisation
- » activated parkin

‘pre-autophagosome,

*Effects are likely due
to a reduced number =
of mitochondria

o

FBXL4+MTS
i o

g8 88 08 95 @ ou
fRignad

- Larger, fewer and dysmorphic
mitochondria

- reduced or truncated FBXL4*

- mtDNA depletion™

*

- Oy increased ROS
- reduced OXPHOS*

- reduced ATP produ:tioﬁ*

Figure 9: Schematic comparison of a healthy versuEBXL4-deficient fibroblast. The figure shows experimental results

schematically presented in the figure legend. MT®itochondrial target sequenc&¥ = membrane potential; ROS = reactive
oxygen species; O superoxide radical anion; CS = citrate synthaseS ubiquitin-proteasome system; ATP = adenosine

triphosphate.

Elucidation of FBXL4s’ function constitutes a stiepvards disease treatment. A few treatment appesach
seem promising such as inhibition of autophagynfitophagy) or mitochondrial biogenesis inductiorg(e
via fibrates). In combination with the obtained dtinnal data on FBXL4, these treatments seem pingis
and should be tested on the available patientineB. In order to properly investigate treatmdfitiency,
controlled preclinical studies are needed. Dudnéosimall patient numbers in mitochondriopathiesyels

as unknown side effects of some treatment apprgathe establishment of mouse models is important.

This will be addressed in the second part of thesits.
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Generation of a mouse modelWdr45 KO) resembling the human
disease BPAN

11.1. INTRODUCTION

11.L1.1. Generation of a knockout mouse model

[1.L1.1.1. The use of mouse models and genetic engineering

As one of the most popular model organisms the moeimains of great use to a variety of researdttstie

It often is the first choice model species for mtidg human diseases and for subsequent development
and validation of treatment strategies. Howevaticigm on the use of laboratory animals is stikgent

for various ethical and practical reasons. The ipublasking for replacement, reduction and refiaptm

via strict laboratory animal regulations, which eeiurther tightened in August 2013. Even though
complete replacement is still out of reach, theeeveays to inform more focused animal experimeats t
reduce animal numbers by using cell culture arslidsexperiments. On the other hand, refinemenbean

achieved by several approaches one of them being efficient genetic engineering.

Recently, in terms of reducing numbers of labogatanimals there is significant enthusiasm about
miniature organs-on-a-chip. They provide a surftushigh-throughput drug screening and investigatio
of toxic reactions and drug efficacy. The technglag the Dutch company Mimetas (Reardon, 2015)
enables the 3D-culturing of tissue cells to forrfiedent organs-on-a-chip. Currently, several congen
are developing chips with single organ-like stroesuresembling liver (Ebrahimkhani et al., 20143 an
bone-marrow (Kim et al., 2015). Consideration hasrbpaid to the idea of a body-on-a-chip. However,
this will most probably never capture the complexitf organ function and especially the complex
interplay between different organs in an entireaaigm. Such discoveries can complement animalesudi
and they have the potential to decrease the nuofdaboratory animals, but they will most likely ves

replace it completely.

A method of mimicking genetic disorders used sideeades is the generation of genetically engineered
mouse lines. The history of genetic engineeringwsheapid advances with dramatic increases in
specificity and efficacy reducing not only exceagral numbers, but also time and cost. Even befoge
completion of the human genome project in 2003, etons leading scientists emphasized the need for
mutant model organisms to elucidate the functiogeries (Hrabe de Angelis and Balling, 1998). They
developed a systematic approach to generating motige via ethylnitrosourea (ENU), which as a styon
mutagen introduces random point mutations in spEmgaaial stem cells (Hrabe de Angelis et al., 2000)

Another widely used method is gene trapping. Tééllto numerous mouse models (Becker et al., 2014,
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Nechiporuk et al., 2016) and can be used to gemeranditional loss-of-function alleles (Floss and
Schnutgen, 2008). A systematic approach to intriodumutations across the genome in mouse embryonic
stem cells via gene trapping resulted in the I@@onal Gene Trap Consortium (IGTC) with a datalzse
120,814 cell lines as at February 2016. A diffegoproach to generate mutant cell lines was todioice
double-strand breaks into the target DNA. Firgmatits were based on a zinc-finger DNA-binding domai
fused to a DNA-cleavage domain building the zimgér nuclease (ZFN) (Bibikova et al., 2001, Bibi&ov
et al., 2003, Porteus and Carroll, 2005). Lackiffgciency and rewarding advances ZFNs were largely
replaced by transcription activator-like effectancleases (TALENS) (Boch et al., 2009, Moscou and
Bogdanove, 2009), which revolutionized the fieldyehetic engineering until recently. This techniguses
used to generate the two knockout mouse lines lesdtall within this work and will be described ireth
following section. Very recently an even more éffit and easy-to-use approach has largely replieed
use of TALENSs. The current method of choice isethICRISPR/Cas9 and will be described in 11.1.1.3. |
has reached global media at exceptional speed d#rating once again its scientific and revolutignar

potential.

11.1.1.2. TALEN

Targeted genetic engineering using TALENs is basedhe discovery of transcription activator-like
effector proteins (TALES), which were found in thacterial plant pathogedanthomonagBoch et al.,
2009, Moscou and Bogdanove, 2009). These proteima foops of repetitive sequence with a repeat
variable domain (RVD), where two amino acid resglu position 12 and 13 recognize a specific
nucleotide in the DNA (see figure 10, supplemenfagyre 2 and V.2.1.12 for detailed procedure). The
only limitation to the targeted sequence is thdtai$ to start with a thymine residue. The combomatf

the following loops can be designed to target tesirdd DNA sequence specifically, which should be
around 15 bp in length (Christian et al., 2010,r#hat al., 2011). If attached to a fokl nucleas&l ENs
function in dimers to introduce a double-strandakrénto the DNA. For proper DNA cutting, both
TALENSs need to target the DNA in close proximityhieh is achieved by a spacer of 15 bp as shown in
figure 10. The fact that TALENSs are only functiomalthe dimeric state further increases specificltiye
double-strand break is repaired via non-homologmdg joining (NHEJ) leading to the loss of a varmabl
number of nucleotides. This often generates a fsaiftenutation resulting in a loss-of-function #dlelf a
targeting vector is present, a specific sequencge lma inserted at the target site via homologous
recombination (HR). For the purpose of generatinghackout mouse line as in this work, NHEJ was

sufficient, and there was no need for a targetajor.
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It is well-established to generate mutant mousesliny embryo microinjection of TALENs (Panda et al.
2013, Wefers et al., 2013a, Wefers et al., 2013bfevg et al., 2014). Panda and colleagues optinttzed

TALEN system to an efficiency of more than 40% mataffspring. Overall, for the generation of

knockout mouse lines, TALEN is still a useful tabat can be readily established. Ordering this lkihd

repetitive custom designed sequences is costly uptho $ 1,000 per TALEN-pair. The alternative of
cloning the sequences yourself is time consumimguimmary, two huge proteins are needed for eagh ne
target implying a major burden in terms of applitgb This was largely improved by the most recent

discovery in the field of genome editing, CRISPRI€a

11.L1.1.3. CRISPR/Cas9

The clustered regularly interspaced short palindcampeats (CRISPR) system with CRISPR-associated
protein 9 (Cas9) for genetic engineering, has ticgained public interest. It has been reportedualin

the worldwide press including tieconomist(Aug. 2015) and th&lew York TimegNov. 2015). It was
initially discovered as an obscure microbial repgzquence and later identified as a microbial imenun
system. Microbes use CRISPR/Cas9 as a defencersgsfainst viruses. They insert DNA fragments of
invading viruses into their CRISPR array, in orterinstruct a nuclease (Cas9 nuclease) to target th

specific viral DNA (figure 11). Insertion of almoahy specific DNA region of interest into the CRFSP
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array leads to the nuclease targeting that spessfizience. This enables targeted mutation at thieede
site in the genome. This genetic editing tool idely used nowadays, but its discovery took appreaeéty

20 years. It required extensive efforts from nureranstitutes throughout the world. Eric Lander
described the development of CRISPR/Cas9 and bigfeld the importance of pioneer studies in his
review (Lander, 2016). The last and essential stepsse CRISPR/Cas9 for genetic engineering were

published by Emmanuelle Charpentier and Jenniferdda and their colleagues (Jinek et al., 2012).

There are different CRISPR systems with slightifetlént operating modes. The system describedibere
type I, which is the system of choice for genorditieg. As visualized in figure 11 (Lander, 20168t
system contains a CRISPR array, which containsséguences the system is programmed to target
(coloured rectangles). In nature these sequeneesfaiiral origin as they contain sequences of diva
viruses, which the microbe aims to destroy. A campinterplay with the so called tracrRNA and
RNase Il leads to the generation of single-guiddARsgRNA) and recruitment of Cas9 with subsequent
nuclease activity at the target site. For targegtmbme editing, for example in a mouse zygote tegde

a knock-out mouse, sgRNA can be generated dire@lynolecular cloning. It recruits the Cas9 nuokeas
and guides it to the target site, where it cutsdbable strand DNA to form blunt ends. As described
before, these are generally repaired via NHEJ amchally leave a small deletion behind. Hence, the
generation of a targeted knock-out mouse line requthe administration of Cas9 and a specifically
designed sgRNA. In order to generate KO mouse line<CRISPR/Cas9 system can be microinjected into
zygotes the same way as TALENS.

A P CRISPR array Figure 11: Schematic of CRISPR/Cas9 genome editind.ander, 2016)
e a0 | cast Heas2H csnz - 4-HI The type Il system frorBtreptococcus thermophilisthe basis for genome
B { f editing.A) The system contains tracrRNA, four protein codieges ¢as9
tracrRNA pre-chNAw

cas] cas2andcsnd and a CRISPR array. The latter is composed of repeat

regions (black diamonds), which are separated bgespregions (coloured

rectangles) derived from the DNA of invading infeas pathogens. Trans-
activating CRISPR RNA (tracrRNA) is complementary to tlepeat
regions. Thecas9 gene encodes the nuclease, which cuts doubledstran

DNA that matches the sequence of spacer regfoasl, cas2andcsn2are

necessary for the acquisition of new spacers aetingn immune response.
B) TracrRNA and CRISPR array are transcribed into tracrRxéd pre-
crRNA. C) Via the complementary regions within tracrRNA arapeaat
regions of pre-crRNA the two strands hybridise ardpocessed by RNase
11l to form single-guide RNA (sgRNA), which is appaieed by CasD) A
complex between sgRNA and Cas9 binds to a DNA se@enc

complementary to the spacer region. For properibindhe protospacer
\ adjacent motif (PAM) is needed (NG@) Upon proper binding DNA is

cleaved three nucleotides upstream of the PAMt@iferm blunt ends.
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A huge advantage of the CRISPR/Cas9 system isittmatRNA-guided. This results in a substantially
smaller protein complex than it is the case for EAIs. It is cheaper and easier to generate the sgRNA
needed to guide the Cas9 nuclease. sgRNAs cay basiixchanged to target different DNA loci. lalso
possible to use sgRNA libraries within one systana ihigh-throughput screen as reviewed by Peng and

colleagues (Peng et al., 2015).

The applicability of the CRISPR system reaches bdyesearch centres. CRISPR has a high potential fo
the use in therapy such as infectious disease dabge various viruses (for example, human
immunodeficiency virus, hepatitis B virus, humarpilamavirus and Epstein-Barr virus) and related
cancer development or via gene therapy for monogdisorders as reviewed by Saayman and colleagues
(Saayman et al., 2015). Overall, it is likely titae potential of CRISPR is not yet fully exploited.
However, studies aiming for human therapy haveetaested in laboratory animals like mice beforehand
for safety reasons. There is still the risk for-taffget effects due to limitations in the systemescHicity.

On the other hand, many diseases are caused b¥irgemutations and involve several organs, clanidyi

the need for studies on an organismal level. Ireotd be able to investigate a specific diseaseireral
organs or to reveal potential phenotype rescuautfir@ specific therapy or its side effects, theegated

animal model has to be characterized extensivetieasribed in the following.

11.1.1.4. The German Mouse Clinic and the establishment of mouse
model

The German Mouse Clinic (GMC) located at the Helltzhtentrum Muenchen was founded in 2001 as an
institution to comprehensively phenotype mouse nmoder human diseases. In the framework of the
Nationales Genomforschungsnetz (NGFN) the GMC wstabéished with the aim of mutant mouse
phenotyping in a standardised and systematic maBydooking at the whole organism instead of cells
tissues, multi-system disorders can be analysediedsas treatment options validated and potesiidé
effects evaluated. The GMC is split into severatsning areas according to medical disciplinesla&sic
screen involves behaviour, bone and cartilage deweént, neurology, clinical chemistry, eye
development, immunology, allergy, steroid metalmo)isnergy metabolism, lung function, vision andpai
perception, molecular phenotyping, cardiovascutalyses and pathology (Fuchs et al., 2012). Thisesc
takes approximately five months and results in mban 550 parameters. Each screen is analysed by
scientists who specialise in the correspondinglfielorder to evaluate the significance of eachlifig.
Experiences of more than 300 mouse lines analygdeebruary 2016 are supplied in GMCs phenomap,
publicly available online (http://tools.mouseclimie/phenomap/jsp/annotation/public/phenomap.jdiie T
GMC also aims to investigate environmental infllesneuch as nutrition, exercise, infections, steesb

air composition. Currently, the speed by which nmwuse lines are generated necessitates proper

characterization of the new lines, clarifying th®1Gs contribution to medical research.
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[I.L1.2. The human disease BPAN and the correspondingWdr45

knockout

[1.L1.2.1. Neurodegeneration with brain iron accumulation (NBA)

Neurodegeneration with brain iron accumulation (ANBIwas first described in 1922 by Julius
Hallervorden and Hugo Spatz. It was formerly ddwatias a rare disorder of progressive extrapyrdmida
dysfunction and dementia. Today, NBIA is diagnoseinly by its most prominent feature iron depositio
in the basal ganglia often occurring in combinatigth progressive movement disorder. The prevalénce
1-3 in 1,000,000, and there are ten disease-cageings identified to date each responsible foreaip
subtype of NBIA as described in figure 12.

FAHW ﬁleuroferri- rKufor-Rakeb
] tinopathy Syndrome
Aceruloplas- | L Gene: ATPL3A2
minemia
Gene: CP Woodhouse-
" Sakati Syndrome

Gene: c2orf37

CoA Synthase

associated w
Neurodegeneration
\ Gene: COASY

Idiopathic
/ NG IA

Friedreich, Parkinson,
Alzheimer, Aging

0, 2014

© NBIA-Alliancy

Figure 12: Subgroups of NBIA.(Figure was adapted from and kindly provided g/ ¢bventh framework EU-project, TIRCON).
Disease abbreviations are depicted in large borestlaeir underlying disease-associated gene is shamemall grey boxes
underneath; *indicates mitochondriopathies. Frimtire ataxia, Parkinson’s disease, Alzheimer’s aigeand Aging also lead to
increased iron in the brain. PKAN = Pantothenateage-associated neurodegeneration; MPAN = Mitodhairghembrane
protein-associated neurodegeneration; PLAN = PLA2&$ciated neurodegeneration; BPAN = Beta-prapeiteein-associated

neurodegeneration; FAHN = Fatty acid hydroxylasssamted neurodegeneration.

The disease-genes mentioned in figure 12 are afisaciated with typical accompanying features sisch

“eye of the tiger” in T2-weighted imaging (in patitenate kinase-associated neurodegeneration and
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mitochondrial-membrane protein-associated neurgtErgéion) or diabetes and iron accumulation in the
liver (in late onset aceruloplasminemia). At letisee subgroups of NBIA are mitochondriopathies (as
indicated by asterisks in figure 12). Detailed iclah characterisation of genetically diagnosed grdsi
guides diagnostic testing for idiopathic patiemtsuer and Boddaert, 2012). Approximately 30% of NBI
cases are currently idiopathic with no genetic déais. It is likely that further disease-causingegwill

be identified. Despite rapid advances in geneggearch in this field, treatment options are culyen
aimed at palliation of symptoms only. There is nwative treatment available. However, single cases
treated with the iron chelator deferiprone havenbeported with clinical improvement and reducezhir
content in the brain (Cossu et al., 2014, Kwiatkdves al., 2012). Randomised, controlled and sigfitdy
powered studies are needed to confirm this findirayvy prevalence and low patient numbers imply the
necessity to build a platform for future investigas in the form of a patient registry and biobank2012

an international consortium started the TIRCON aftrigon-related childhood-onset neurodegeneration)
project, which was supported by the European cosiaris seventh framework programme. It currently
conducts a randomised, placebo controlled and éenibid deferiprone study with PKAN patients based
on promising case reports (Kalman et al., 2012)c&curative treatment is missing and controllediss

in this field of research are rare, animal studies another way to push forward on the way to ssfak
treatment. A PKAN mouse model was already estaddighowing growth reduction, retinal degeneration
and male infertility (Kuo et al., 2005) as well m#tochondrial dysfunction (Brunetti et al., 2012)nly
when stressed via ketogenic diet did it show negiokl and motor impairment (Brunetti et al., 20T@)e
mouse model for PLAN also partly recapitulatesribarologic deterioration (Sumi-Akamaru et al., 2015
For most other NBIA subtypes there was no suitabteise model established since the discovery of
WDR45mutations as disease-associated (Haack et aR) 2810, due to an increasing number of patients
diagnosed with beta-propeller protein-associatearategeneration (BPAN) especially in the Japanese

population (Nishioka et al., 2015), it was reasd@&t generate a mouse model for this disease.

[1.1.2.2. Beta-propeller protein-associated neurodegeneratio(BPAN)

BPAN is a subtype of NBIA and was formerly known stsitic encephalopathy of childhood with
neurodegeneration in adulthood (SENDA). Its old eadescribes the main clinical features of this
disorder. Since the underlying disease ga&fizR45was discovered (Haack et al., 2012, Saitsu e2@1.3)

an increasing number of patients were diagnosed #8t cases published to date. Within the group of
NBIA disorders, BPAN shows a unique clinical prasgion (Hayflick et al., 2013). Global developmédnta
delay normally starts early in childhood with imeal speech, motor impairment and intellectual
disability, albeit to a variable extent. Featuremain essentially static until early adulthood.viBstn 25
and 35 years of age, most patients rapidly progiesevere disability with progressive Parkinsonism
dystonia, spasticity and intellectual deterioratibfeurodegeneration is often diagnosed with cetebra

atrophy as well as a so called ‘Halo’ in T1-weightdRI. Hypointense globus pallidus and substantia
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nigra in T2-weighted MRI are in concordance withnirdepositions in both cerebral regions (figure. 14)

The detailed clinical spectrum will be describedlid.1.

11.1.2.3. Genetics of BPAN and the disease-associated gahBR45

BPAN is caused by X-linked, dominadé novomutations in the gené&/DR45 which is composed of 10
coding exons with known mutations scattered throughlt encodes for the WD repeat domain 45
(WDR45) also known as WIPI4&e novomutations were proven for all investigated pasgnt= 20). The
majority of mutations were predicted to cause fisiinction (> 24 different alleles). In generah A-
linked dominant pattern should lead to a balanced ratio in patients. Surprisingly, of 48 patients
diagnosed to date, there are only 4 male patidhts £ 44/4). Systemic WDR45 loss of function is
assumed to be lethal in order to explain the sigilsex ratio. In that case, one would expect mala\sors

to be somatic mosaics meaning they consist of eéllsdifferentWDR45genotypes due to postzygotie
novo mutations. This has indeed been shown in one pwtient along with skewed X-inactivation in 10
female patients (Haack et al.,, 2012). The functioetevance of WDR45 has not yet been revealed
completely, but relevant findings are summarizedllif.2.5. They indicate an association between
impaired autophagy and the development of this odmgenerative disorder. Further evidence was
generated in a CNS-specifit’dr45 knockout mouse model as described in the followifigao et al.,
2015).

[1.1.2.4. The brain-specific Wdr45 knockout mouse model

Zhao and colleagues recently characterized andghell all data described in this section (Zhaol.et a
2015). They used a central nervous system (CNS)Hap&Vdr45 knockout mouse line. A number of
experiments revealed neurobehavioral and neurabgienormalities. The CNS-speciffédr45knockout
mouse at the age of 11-13 months resembled the rhyohanotype in motor impairment, intellectual
disability and cognitive dysfunction. Neuropathatazg findings suggested severe neurodegeneratitn wi
eosinophilic spheroids indicating axon swellingsxoA degeneration, swollen mitochondria and
vacuolated structures in different brain regionswadl as lower autophagic activity were discovered
(table 2).
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Human BP AN phenotype Ehlie sizzenliss [KomeLse Experiment Tissue/ Brain region
phenotype
B Motor impairment Impaired motor coordination Rotarod
e
h (Intellectual disability Impaired immediate learning Y-maze
a
v |Cognitive dysfunction Impaired spatial memory Morris water maze
i
o Impaired fear recall Contextual fear conditioninstfe
u
I Hippocampal dysfunction |No difference in fear recall Cued fear conditioniest
Qecreased fEP.S P amplitude in LTP via©-burst stimulation Hippocampal Schaffer CollateC{-CA1 synapses
hippocampal slides
Eosmophmc spheroids/ axonal I: H&E Cortex, thalamus, hypothalamus, white matREN
swellings
Vacuolated structures I: H&E Thalamus, inferior anllus, medulla
Neurodegeneration
Axon degeneration EM DCN and medulla
Swollen mitochondria EM DCN
Eosn?ophl.hc sph?rqu/ axonal I: H&E Cerebellar white matter: DCN
swellings in Purkinje cells
N Cerebellar atrophy — -
Purkinje cells axon _swelllng I: CALB In swollen axons of DCN
e surrounded by myelin
u .
r |Neuronal damage Mild reactive astrogliosis I: GFAP ngreej'shg)gﬁca;ﬁzs’ thalamus, hypothalamus, ceudat
o , ,
| |Mitochondriopathy Syvollen axgns containing sonIeEM
® mitochondria
9 |Myelination delay Demyelinated axons EM
y
N Co-accumulation: thalamus, DCN + medulla; SQSTML1 i
. +
' SQSTML + ubiquitin caudate nucleus and dentate gyrus of hippocampus
. . Pyramidal neural cells of hippocampus and cortexained
. +
Impaired autophagic flux I: SQSTMI + NeuN SQSTM1 aggregates, none in Oligodendrites
Lower autophagic activity I: CALB + ubiquitin ;"g;g::}?;gﬁ:ngzelz DCN onlyin small axon spiés bu
Accumulation of aberrant . .
: B: LC3-1+ LC3-ll + SQSTM1 | Cultured primary neurons
autophagic structures *
Impaired autophagic flux * I: SQSTML1 + ubiquitin DCN
Neurodegeneration E\zz:;gggulc spheroids/ axonal I: CALB + MBP Dilated axons

Table 2: Summary of findings in CNS-specificwdr45 knockout mouse model (content taken from Zhao et al 2015).

Behavioural and neurological analysisWflr45knockout mice performed separately in male andaferaohorts as indicated of
maximal eleven animals per group. Behaviour screpwis performed only in males at the age of 11-t8ths; *denotes female
neuropathology, which is listed for homozygous mtgaHeterozygous animals showed intermediary effize. fEPSP = field

excitatory post-synaptic potential; LTP = long-teputentiation; | = immunostaining; B = immunobloginEM = electron

microscopy; DCN = dorsal cochlear nucleus; H&E = hwmylin and eosin stain; medulla = medulla obldagaCALB

calbindin; GFAP = glial fibrillary acid protein;@STM1 = p62 = autophagic marker; NeuN = neuronatkera LC3-I/-11

microtubule-associated protein 1A/1B-light chairlvBBP = myelin basic protein as myelin marker.
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11.1.2.5. WDRA45 and its function in autophagy

In NBIA most genes affect mitochondria. The predisection of WDR45 also known as WIPI4 (WD
repeat domain phosphoinositide-interacting pro®ins largely unknown. It belongs to the WD repeat
protein family, which contains a conserved struadtanotif of more than 40 amino acids that termiriate
tryptophan-aspartic acid (WD) residues. WDR45 csinsdf seven repeat units, which form a circularize
seven bladed beta-propeller. This secondary stigsuresponsible for its associated disease naatee b

propeller protein-associated neurodegeneration (BPA

\\\ nutrient availability AMP/ATP level
ER %% thpiyn ¥ '

/=

\/ mTORC1 ———— AMPK

phagophore

phagophore elongation
autophagosome formation

lysosome

mature autophagosome

Do not co-accumulate in

mature autophagosomes but

in BPAN patients’ LCL’s

(Saitsu et al., 2013) @

autolysosome

Figure 13: WIPI proteins in autophagy. Schematic model of autophagy and the involvementbP| proteins. ER =
endoplasmic reticulum; mMTORC1 = mammalian targetapamycin complex 1; AMPK = adenosine monophosphetiated
protein kinase; ULK = unc-51-like kinase; ATG = aphagy related protein; PI3KC3 = phosphatidylinds&inase class llI;
PI3P = phosphoinositol 3-phosphate; WIPI = WD reépa@tein interacting with phosphoinositides; LC3=I microtubule-
associated protein-light chain 3, cytosolic forn§3:11 = microtubule-associated protein-light chainn@embrane-bound form;

LCL = lymphoblastoid cell line.
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In humans and mice, there are four WIPI proteirs WIPI proteins are involved in cell cycle congrol

apoptosis and autophagy (Behrends et al., 201@y &re known to play a central role in detecting th
PI3P (phosphatidylinositol 3-phosphate) pool witlvells, which is a critical step in the process of
autophagy (Proikas-Cezanne et al., 2015).

Autophagy is a cytoprotective process of partialf-degradation within cells, which has been
comprehensively reviewed by Klionsky and colleagifd®nsky et al., 2016). In all eukaryotic orgams

this pivotal process secures cellular homeostasissarvival via lysosomal degradation of cytoplasmi
compartments such as proteins, membranes or olgenEbr instance, rapamycin treatment or nutrient
shortage during starvation leads to induction dbgluiagy by inhibition of mMTORC1. In order to iniga
autophagy, a complex interplay of factors includsegeral autophagy-related proteins (ATGSs) leadsdo
assembly of PI3P at the endoplasmic reticulum. Pi#$-enriched structure is called the omegasoine. T
assembly of complexes beclinl/ATG14L/PI3KC3, andssguently ATG12/ATG5/ATG16L at the
autophagosome initiation site interacting with WipiPbteins, recruits phagophores. With the help ¢P MW
and WIPI2, LC3-I is lipidated to its membrane-bododn LC3-1l, which accumulates at the nascent and
mature autophagosome. ATG9A as well as WIPI4 aleased and therefore absent from the mature
autophagosome, which is subsequently fused witHygmsome. Acidic hydrolases degrade the enclosed
cargo, which results in recycled compounds. Asaligad in figure 13, WIPI proteins are PI3P effesto
crucial for autophagosome formation. Nevertheldisginction between the functions in autophagyhef t
four different WIPI proteins remains a challengdP¥ was shown to act downstream of ATG5 involved
in proper omegasome maturation and autophagosamation (Lu et al., 2011). Impaired autophagic flux
was consistently shown in genetically confirmed BPpatients’ lymphoblastoid cell lines (Saitsu et al
2013). They showed accumulation of abnormal eautp@hagic structures by co-localization of LC3-II
with ATG9A with the latter normally being absenbrin mature autophagosomes in contrast to LC3-II.
Involvement of WIPI4 in normal autophagic flux i@ suggested by studies in homologues from other
species. Atgl8 is the yeast homologue of the fouPIWproteins and binds the membrane of the
endoplasmic reticulum via its PI3P-binding motihi enables recruitment of further factors neceskar
proper autophagy (Polson et al., 2010). EPG-6a<theleganshomologue of human WIPI3 and WIPI14
involved in interactions with several ATG’s and tlegulation of nascent autophagic size. It is caltfor

the progression from omegasome structure to augmsoane formation (Lu et al., 2011).

Taken together, the function of WDR45 (WIPI4) seerasessary for functional autophagy. Its dysfumctio
leads to impaired autophagic flux with the accumaraof aberrant early autophagic structures. ighmi
play a role in autophagosome maturation and sigerméation. WIPI proteins have been reported to be
aberrantly expressed in cancer (Proikas-Cezanra.,e2004). Moreover, WIPI homologues in several
model organisms have been shown to be involveddspan, longevity, ageing and age-related diseases

(Rubinsztein et al., 2011). Accordingly, dysfunoabWIP14 (WDR45) was shown to impair autophagy in
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patients with BPAN, a neurodegeneration with pregi@n in ageing patients (Saitsu et al., 2013)ts8ai
and colleagues showed accumulation of abnormalphatyc structures in lymphoblastoid cell lines of
BPAN patients.

Patient material is scarce and only a limited nundfeorgans or tissues are accessible. Therefoee, t
generation of a BPAN mouse model enables furthegciéhtion of the role of WDR45 in the complex
mechanism of autophagy. Furthermore, the compréleiebaracterization of the mouse model helps to
generate a complete spectrum of the clinical ptasen, which might resemble BPAN patients. A more
detailed description of the clinical presentatidnB&AN patients could help physicians to get adast

molecular diagnosis. A well-characterized mouse ehodn be used as a basis for treatment strategies.
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11.2. RESULTS

[1.2.1. Clinical presentation in human BPAN patients

A detailed clinical picture of the human phenotyp@seful in order to establish a suitable mousédeaho
To date there are 48 BPAN patients published witlorefirmed deleterious mutation WDR45(Abidi et
al., 2015, Haack et al., 2013, Hamdan et al., 2bt4flick et al., 2013, Ichinose et al., 2014, Nikta et
al., 2015, Ohba et al., 2014, Okamoto et al., 2@Wzhwa et al., 2014, Rathore et al., 2014, Ryu.et a
2015, Saitsu et al., 2013, Takano et al., 2015hdmsischer et al., 2015, Verhoeven et al., 2014).
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Figure 14: Clinical summary of BPAN patients.Clinical reports of 48 published patients have bsemmarized. If a feature
was not reported by the clinician, it might not @adween investigated but could still be presentk Bars indicate features also
found in the here establishaffdr45 mouse model (I1.2.2.); bicoloured bars indicatet tharebellar and cerebral signs of
degeneration were found in the murine disease modelin a different form. Several human symptoike tlystonia are hard to
translate to the murine system. L-Dopa = L-3,4 dibxyphenylalanin; GP = globus pallidus; SN = sabta nigra; RN = red
nucleus; EEG = electroencephalography.

Most patients show impaired speech with none oy arflew words or at best severely limited expreassiv
language. The majority are wheelchair bound withahdity to walk unassisted. This symptom often
develops with motor impairment and psychomotorrdatéon. Almost all patients are developmentally
delayed as well as intellectually disabled. Inadlulthood all patients experience a dramaticiaadin
decline. This is mainly due to the onset of Partirism and dystonia. By that time clinicians normall
discover cerebral atrophy via MRI, and the typitalo’ of hyperintensity in T1-weighted MRI and
hypointensity in T2-weighted MRI. They classica#liso find iron depositions in the globus pallidusl a
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substantia nigra and occasionally in the nuclebsmuAll patients treated with the dopamine preguts
Dopa initially responded well to this therapy witlless prominent Parkinsonism and dystonia.
Unfortunately this effect was largely short-lived BPAN patients (Hayflick et al., 2013). Many pat®
show Rett-like features with involuntary and abnakimand movements. One BPAN patient was identified
by sequencing the probe of a suspected Rett symdpatient without the typical MECP2 mutation (Ohba
et al., 2014). Less frequent findings in patients abnormal EEGs, epilepsy often accompanied with
seizures, cerebellar atrophy, mental retardatiod damentia with disease progression and ocular
problems. The latter are of various nature, anth@eoptic atrophy, cortical blindness, myopia, @iomal
pupil shape, astigmatism, retinal detachment aslmwha and increased latency in visual evoked patent
(VEP). Progressive cognitive dysfunction in adutthovas mentioned in several clinical reports. Other
features published in association with BPAN aremleg problems, spasticity, and febrile convulsion
infancy, postural abnormalities and behaviouralnges. The latter is mainly expressed as autistic,
aggressive or anxious attitude. Impaired hearing reported rarely. Of note, hearing is examineloirit

and during early development in a standardized erarBut with late progression of neurodegeneration,
intellectual disability, cognitive dysfunction amtpaired speech, dysfunctional hearing might nothee
focus during medical examinations of those patie@&ated in the minority of patients were featsesh

as myelination delay, urinary incontinence and dyghic facial features (figure 14).

In summary, onset of first symptoms was normallgirduthe first decade of life, but disease man#gsh
and diagnosis predominantly during the second od tbecade. All patients were described to have
experienced a period of rapid, severe and so fanttess disease progression before the age dig@Bg
15).

Onset of disease:

Stable disease phase: Rapid deterioration:

- Parkinsonism

- Developmental delay - Impaired speech

- Intellectual disability

Clinical presentation [severity of disease]

0-10

Figure 15: Clinical presentation of BPAN patients oer time. The three stages of disease progression are depigtaifferent

- Behavioural changes

- Auditory and visual impairment
- Spasticity and/or epilepsy
Rett-like features

- Various other mild findings. ..

- Dystonia
- Progressive dementia/ and
mental retardation
- Accumulation of f numerous

sequelae

/____/

10-30

30-35

shades of grey with the main or most common clirsggeptoms summarized.
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11.2.2. Generation of aWdr45 knockout mouse via TALENS

In order to generate a mouse model for BPAN, War45TALEN pairs were designed silico according

to established standards described in V.2.1.12nftmne genome editing. The hum&bDR45and murine
Wdr45 sequence are highly homologous with only 7 ouB@ non-identical amino acids. TALEN pairs
for exon 2 and exon 5 were created. Both weredasteitro and the better one used farvivo oocyte
injection. Exon 2 is the first coding exon in batihmans and mice. Accordingly, choosing exon 2 aiated
generating an early frameshift mutation leadingatpremature stop-codon. Exon 5 is known to be the
location of several human causal mutations. Hefocs,customer-designed oligonucleotides were ontlere
as described in V.2.1.12, which were codon optichioe murine usage. They were built to addna&lr45
exon 2 and exon 5 in pairs (figure 16) and predi¢tecreate a double-strand break in close proyiofit

the target region.

(K((((K((M(((U

10 20 30 40 60
—n-~:-~--|~--u Py o oo -“-l“" ~--"|-w~ -

E 5 =) TCAGCA I'TCGAGGTGTGACCAGC T ACCAAAGCTGC 60 3 Used for injection!
xon 1wl Q Q PLRGVTSTILIHETFEDN 0D B s @ 20 Seciormygeton:
250 260 270 280 290 300

P 65 S o L Ay I B i A o
Exon 5 241 ATCTGGGACG?O CGAGAAGG SGACTCCAAGGACAAACTGETGE —C 300
811 W D DA R E G K DS KDZKTILYV E F 100

A

Figure 16: TALEN target sequences inWdr45 exon 2 and exon 5Sequences were provided by the Genome Browser
(NCBI37/mm9) and transcript uc009smd.1 was used. degpiin green are 15 bp regions targeted by thigmiess TALENS with

one of the pair starting with an additional thymamwell as the other one, where the complememi@enine is highlighted with
green circles. TALENs are shown as loop-like stites attached to a fokl domain (blue). Working imeds they introduce a

double-strand break around the target site.

All four TALENSs were separately cloned into expieasvectors (figure 17A) containing a fokl nuclease
sequence, which is attached to the c-terminus o 8ALEN as described previously (Wefers et al.,
2013b, Wefers et al., 2014). In order to test TAL&Rciencyin vitro the two target sequences of exons 2
and 5 were separately cloned into a reporter véletoked by a brokefi-galactosidase cassette. A plasmid
containing a luciferase cassette enables analfsiedransfection efficiency. For each TALEN pdour

plasmids were used to transiently co-transfect HEXK@ells. Figure 17A describes the four plasmids on

the example of the TALEN pair targeting exon 2W@fir45 Only a double-strand break in the target
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sequence of pRE®/r4%ex2 enables recombination pfgalactosidase and its subsequent expression. To
control that the double-strand break was inducedtive TALEN pair, and to control for spontane@us
galactosidase recombination, co-transfections \werérmed either with or without expression plassnid
(e.g. pCAGWdr4ex2-Tall and pCAGAdr4%ex2-Tal2). All B-galactosidase measurements were
normalised to luciferase in order to control f@nsfection efficiency. As a control we used a TALENr,
which was known to result in 40% efficiendy vivo (established by the Institute of Developmental
Genetics, Helmholtz Zentrum Muenchen). Hence, tigacf this control TALEN-pair (Ctrl TALEN) into

the oocytes of foster mice should result in muteiwithin the target region in approximately 40%huf
living offspring (figure 17).

A

J Exon2-Talenl Fok

Wdr45-Exon2

pCAG-Wdr45ex2-Tall

Luciferase

PREP-Wdr45ex2

J Exon2-Talen2 Fok

pCAG-Wdr45ex2-Tal2

w
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Figure 17:1n vitro testing of TALENSs. A) Plasmids used for the cell culture test of TALEMsthe example dfvdr45exon 2.
CAG and CMV are promotors, Fok describes the fok eas# domain anfl-Gal and Galactosidase describe the brofen
Galactosidase cassetf&) Schematic ofn vitro TALEN testing vector system adapted and taken fitdefers et al., 2013IC)
TALEN efficiency assay; measurements were normdliee luciferase measuremenitd/dr45 Ex2 was transfected with the
reporter plasmid only as well a&/dr45 Ex5 respectively. Samplé&/dr45 Ex2-TALEN andWdr45 Ex5-TALEN were co-
transfected with the reporter plasmid and both esgion plasmids to express the corresponding TApEN-p-Gal = B-
galactosidase; Ctrl TALEN = control TALEN-pair knowmresult in 40% mutated offspring.

As visualised in figure 17C via thggalactosidase assay, the TALEN dimer designeduget exon 2
seems as efficient as the control TALEN-pair, wheréhe second TALEN-set (Ex5-TALEN) was less
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efficient in cell culture. Based on this assay, MRdF Ex2-TALENs was generated and chosen to be
injected into the pronucleus of mouse zygotes aagrto established protocols (Meyer et al., 2010,
Meyer et al., 2012). The mRNA injection probe waspared as described in V.2.4.3. and injected by an
experienced injection team from the Institute ofv€lepmental Genetics at the Helmholtz Zentrum
Muenchen. Zygotes (i.e. one-cell embryos) wereinbthfrom superovulated FVB females mated with
C57BI6/N males. On one injection day, 30 zygotesewesed to inject the TALEN-probe into each
pronucleus. Injected zygotes were transferred3riseudo-pregnant CD1 foster females, which gavl bi
to a total of 26 pups (table 3). All pups were dieradly analysed by Sanger sequencing of the ta\ggbn

in order to identify offspring harbouring a delédeis heterozygous or hemizygous mutatiokMdr45 The
procedure took approximately four months from TALERMsign until genotyping of the first founder
animals (figure 18).

Figure 18: Timeline to generate a knockout

TALEN design and ordering Zz 02 mouse line via TALEN embryo microinjection.
TALEN generation at GenSecript % 4-6 The TALEN design and ordering takes 1-2 days.
Proofreading of TALEN sequence 2 0.1 TALEN custom design ordering at GenScript (New
Shipping of TALENs E l Jersey, USA) including codon optimization for mice
Cloning of expression and reporter vectors 1 takes 4-6 months due to the repetitive sequences of
Activity assay in vitro 1 the loops. Before shipping sequences suggested by
mRNA production 0.1 GenScript should be proofread for correct endings
Preparation of animals for embryo injection 2 and loop sequences. The preparation of the desired
Embryo injection 0.1 mRNA for injection takes more than 2 weeks.
Pregnancy of foster females 3 Preparation of animals for microinjection takes 2
Ear clipping for genotyping at age 3weeks 3 weeks followed by another 3 weeks of pregnancy. 3
Total time 15.5-17.5 weeks after birth, the founder generation can be

used for genotyping.

[1.2.3. SystemicWdr45 KO is viable in mice

As described in V.2.4.4. a PCR- and Sanger sequgiicised strategy was used to genotypeNdel5
TALEN-injected offspring. The FO generation consisbf 26 pups with five of them (19%) carrying a
deleterioudNdr45KO allele as visualised in figure 19A.

Mutant mice #1 and #2 carrying an identical 20 bfetion were used for further mating and generation
all following cohorts (table 3). This small deleti@auses a frame-shift and is predicted to resul i
premature stop-codon 35 amino acids after thealnitiethionine. Since founder mice #1 and #2 were
female and male it was possible to set up threéenggtwith one male and two female mice with the
C57BI/6 background, resulting in ten out of 16 mmiitanimals (62.5%) in the F1 generation (six
heterozygote females and four hemizygous malesgxfigcted only a fraction of F1 carried the mutatio

which is dependent on the time of the genome egiivent in FO. Only when the event occurs in the
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germline the mutation is transmitted to the offisgri Due to theWdr45 genes’ location on the X-
chromosome there are five genetically distinguihapoups, wild-type, heterozygous and homozygous
females, and wild-type and hemizygous males. Sexjgrof ear clip-derived DNA oWdr45 exon 2
distinguishes all different genotypes as visualiseiiure 19B.

A systemic Wdrd5 KO was thought to be lethal since all human p#idmown today are either
heterozygous or hemizygous mosaics carrgiagnovomutations. To date, this is the first viable syste
Wdr45knockout transmitted via germline mutations. Irdatieg of the mutant F1 generation resulted in
hemizygous, heterozygous and homozygdlds45 KO mice in the F2 generation proving both, vidili
and fertility in male and female mutants lackingill-type Wdr45allele.

> €
10 20 30 40 50 60

S | EES s s | ] S | S|
1 ATGACTCAGCARCCACTTCGAGGTGTGACCACCT TTTCAARCCAAGACCAAAGCTGC 60  Wdr45 Exon 2
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#1 ¢
#2o
#3d
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Figure 19: Genetic analysis of founder miceWdr45-Ex2-TALEN injected) and their offspring. A) Indicates the target
sequence within exon 2 #¥dr45with TALEN-binding sites depicted in green. Lingsderneath the exonic sequence indicate the
regions deleted in each of the five mutated foundiee (#1-#5). Black arrows point towards the regiefeted in individuals #1
and #2, which is sequenced in B. #1: del20; #2@e#3: del33; #4: dell0; #5: del>@B) Sanger sequencing example of ear clip-
derived DNA from all three genotypically differesmimal groups.
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Procedure Description Generation
TALEN mRNA injection into zygotes 30 zygotes* used
Transfer into pseudopregnant females 3 females used b i p
Birth and genotyping of 26 pups 5 mosaic mutant animals  FO0 L 2 2958
X X X
Matings of FO with C57BI/6N 3 matings of #1 and #2 I b
\—'—J
Birth and genotyping of 16 pups 10 germline mutants F1 L B B R B R R 3
6x female het 4x male hemi \ }
Mating of female het with male hemi 4 matings X X X X
1 . )
Birth and genotyping 21 of 4 genotypes F2 female: het, homo and male: wt, hemi

viablility and fertility — -ef—— preliminary cohort
Inbreeding 52 animals of 5 genotypes F3 disease-progression cohort

Inbreeding 127 animals of 5 genotypes F4 GMC cohort ( > 1 year of age)

Table 3: Wdr45 KO mouse generation scheme and breeding strategiésr different cohorts. *Zygotes were derived from
superovulated females with FVB background mated W&vBI/6N males. Wt = wild-type; het = heterozygohgmo =

homozygous; hemi = hemizygous, GMC = German MousacCli

[1.2.4. Analysis of preliminary Wdrd5 KO mice (F2) shows
neurobehavioral deficits

In humans the mode of inheritance was shown to {obrdmosomal dominant (Haack et al., 2013). The
female to male ratio is 44/4 with suspected matealdy whenWDR45was depleted in the germline. In
contrast, we found the murivgdr45knockout to be viable both in homozygous KO feraas well as in
hemizygous KO males. Hence, it remained an opestigmewhether th&/dr45KO mouse line developed

a phenotype at all. And if so, whether heterozydeunsale animals showed pathologic features. In msma
the disease onset is generally during the firstytears of life with dramatic disease progressiorindu
early adulthood. The preliminary cohort was aimedddressing the murine onset and development of

pathologic features iWdr45K0O mice.

A first cohort of 21 animals of the F2 generatiteble 3) was intensively characterised. The colvas

composed of six hemizygous and six wild-type malesvell as four homozygous and five heterozygous
females. Due to the inbreeding strategy where hggoizs males were mated with heterozygous females,
there were no wild-type females in this generatibhe characterisation included weight development,

performance on a balance beam, grip strength aredted grid, as well as a modified SHIRPA protocol
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(see V.2.4.5.) on a weekly to monthly basis in otdescreen for neurologic deterioration (figurg.2Due

to the small cohort size, significant results weot expected, but a trend on which to base futuseem

detailed screens on larger cohorts.
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Figure

21 animals with six
male wild-type, six male
hemizygous, four

female homozygous and

five female
heterozygous  animals
with mutations  in
wdrds A)  Weight
development with
summary  of  tests
performed at

corresponding ages of
the cohort.B) and C)

balance beam using
beam 1 (round; 22 mm)
at five, eight and eleven
months of age. At

eleven months of age a
second beam was used,
beam 2 (rectangular; 7
mm). For each balance
the

the

beam experiment,

time to traverse
beam was measured as
well as the number of
foot slips countedD+E)
Modified SHIRPA was
measured including

positional activity, trunk

curl, limb grasping (only hind limbs), biting, vdisation, body position, tremor, palpebral closweat appearance, whiskers,

lacrimation, defecation, transfer arousal, locomatctivity, gait, tail elevation and touch escapg.Trunk curl was assessed as

absent = 0 or present =E) Limb grasping was assessed as absent = 0 or predeR) Grip strength of fore limbs was measured

at 5.5, 7.5 and 12 months of ag¥. Inverted grid was performed at the age of eleventirs and the time measured until loss of

grid with a maximum observation of 30 s. Bars intBcgtandard deviation; *t-test: p < 0.05.
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In summary, the preliminary analysis of this smaftird5 cohort revealed a decrease in weight gain in
hemizygous males as compared to wild-type maleschmvas nominally statistically significant at 13
months of age (p = 0.037; figure 20A). Balance bearalysis showed no significant effects on neither
beam 1 (round, 22 mm) nor beam 2 (rectangular, j.rktowever, there was a trend towards mutants
taking more time to traverse the beam (figure 208 &). All tests performed within the modified
SHIRPA protocol did not show any trend between ggyes (data not shown). Only trunk curl and even
more pronounced limb grasping was increased in maitfigure 20D and E). Grip strength showed a
slight reduction in mutant animals (figure 20F).dAimverted grid analysis at the age of eleven n®onth
revealed, that only hemizygous males are strugdbnigold on to the grid for up to 30 sec (figure€x20
This resulted in a significant difference betweena@ypes in males (p = 0.018). At the age of 13thwn

this preliminary cohort was delivered to the Gerrvaouse Clinic.

The GMC analysis revealed nominally significantutesfor startle response (p = 0.023), balance bgam
= 0.004) and open-field (p = 0.014) in 13 monthrolutant animals (data not shown).

Based on the combined results, a cohort was gexkratbe analysed for its disease progressionilllbes
referred to as the disease progression cohorgifotlowing. Another large cohort was generatedGMC

screening at the age of one year or more — hereaftared to as the GMC cohort.
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[1.2.5. Screen of the disease progressiofidr45 cohort (F3)

A cohort of 56 animals (15 hemizygous, 12 male syioe, eleven homozygous, ten heterozygous and
eight wild-type female) was generated in F3 (te8)léo be monitored and characterized regularlyrdyri
ageing until the age of 22 months. As describdiire 21 all animals were weighted every two wedks
order to monitor neurologic deterioration, the ablveas analysed using the modified SHIRPA prot@l
well as the balance beam analysis on two diffdbeaims. Every two months an inverted grid analysis w
performed. For brain pathology more than 20 mic# taken from the disease progression cohort tsat al
from F3) of different ages and genotypes underwegtopsy in order to examine several brain regions

and the spinal cord.

[1.2.5.1. Neurologic deterioration in Wdr45 KO mice

The disease progression cohort was screened faologic deterioration as indicated in figure 21.
Frequent weight measurement over 22 months of hgeesd higher body weight in mutant animals for

both genders as opposed to earlier weight anadjsige preliminary cohort.

Figure 21: Neurology
screen of the Wdr45
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(figure 24). Crosses
indicate deceased animals. Wt = wild-type; hemiemizygous; het = heterozygous; homo = homozygouS; ?Mmodified
SHIRPA; BB = balance beam; IG = inverted grid.

50



Il. RESULTS

As visualized in figure 22, inverted grid analygiglicated that young male mutants perform better at
holding onto the inverted grid, which is even thioubey are heavier in weight. As of the age of 20
months, their performance is significantly weakenew compared to wild-type males. Heterozygous

females performed similar as wild-type females, mgae homozygous females performed worse
throughout the one year screening period.

g @

40 *
* mwt  ®hemi Bwt Whet ®homo
* —
354

Time hold on grid [s]

6 8 10 12 14 16 18
Age [months]

6 8 10 12 14 16 18 20
Age [months]

Figure 22: Inverted grid of the disease progressioW/dr45 cohort. Inverted grid analysis was performed until a maximof 30
seconds, with mean and standard deviation indicatéd black bars. Wt = wild-type; hemi = hemizygoinet = heterozygous;

homo = homozygous; * t-test: p < 0.05 (in females;het versus homo). Polynomic trend lines wereeddd

On the balance beam the time to traverse each besmot significantly different between genotypes i
both genders (supplementary figure 3A). Male fallvds (figure 23A) occurred mainly in mutant animals
with 55 out of 66 total falls during the 22 monffexiod on beam 1 (> 83%) and 69 out of 75 fallbeam

2 (=92%) . In females mainly heterozygous and ¢wygous animals experienced a fall from the beam
with less than 17% of falls experienced by wilgg¢yanimals on beam 1 and less than 4% on beam 2,
respectively. Foot slips tended to be increasdibth male and female mutants with significant défeces

at several ages (figure 23B). There was no difieem the number of stops between genotypes
(supplementary figure 3B).
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Figure 23: Balance beam of the disease progressi@dr45 cohort. Balance beam was performed in triplicate with eaclise,
with one prior practicing the day before. Two diffet beams were used with beam 1 (left column,damd 22 mm in diameter)
and beam 2 (right column, rectangular and 7 mmiameter).A) Cumulative number of fall downs per genotype orhdasam.
B) Mean number of foot slips with either paw on ebdelam. Wt = wild-type; hemi = hemizygous; het = hatggous; homo =

homozygous; * t-test: p < 0.05 (in females, wt+hatsus homo). Polynomic trend lines were added.

A modified SHIRPA analysis revealed that mutantsemmore likely to show tremor (figure 24A) with
significant differences at 20 months of age. Thesthwmnsistent phenotype starting at the age ofnakou
eleven months in both genders was the loss of igpaiility assessed by the clickbox test (figur&)24

Trunk curl and even more prominent limb graspinguoed in mutants more often than in wild-type

animals (figure 24C and D), as exemplified in fig@5.
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Figure 24: Modified SHIRPA analysis of the diseasprogressionWdr45 cohort. The analysis included also locomotor activity,
transfer arousal, body position, gait abnormali&y, elevation, touch escape and urination, butiltesvere not significant and
showed no interesting trends (supplementary fighreA) Tremor was analysed by observation of forepaws enfifling the
mouse by the taiB) Reaction to a click sound was analysgyiTrunk curl was assessed as whole body curl wheratgdd by the
tail, see figure 25DD) Limbs were observed and checked for graspingdseefigure 25C). All variables were binary (scoeed
absent = 0; present = 1) and therefore analysdeldher's Exact test * Fisher's exact: p < 0.05fémales, wt+het versus homo).

Polynomic trend lines were added.
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wildtype
Wdr45 KO

limb grasp trunk curl

Figure 25: Limb grasping and trunk curl assessmentri wild-type versus Wdr45-KO mice at the age of 18 monthsThis
analysis is part of the modified SHIRPA protocol.lmice are elevated by their tail for up to 5 setwith a grid in roughly 10
cm proximity. A+B) Wild-type animals when lifted by the taiC) Limb grasping is assessed as grasping of hind liegs
observable in thg/dr45KO0O. D) Trunk curl is assessed via curling of the enticaise trunk with fore paw to hind paw touching as

observed in th&Vdr45KO.

In summary, with a cohort size of eight to 15 peyup we identified a few genotype specific diffeses.
Mutants showed increased weight gain and slighomatordination deficits via inverted grid and bala
beam. Increased limb grasping and trunk curl tomtards neurologic deterioration in mutant animals.
Prominent hearing loss in mutants started at teechgleven months followed by a stage of staldeatie
progression. At the age of about 20 months mutsimésv a more rapid deterioration than wild-types as
shown in more falls and foot slips from the beaiguife 23A and B) as well as increased tendenchoavs

tremor and limb grasping (figure 24A and D).
[1.2.5.2. Pathologic brain abnormalities inWdr45 KO mice

Necropsy and brain sections were performed at nisétute of Pathology at the Helmholtz Zentrum
Muenchen in collaboration with Dr. F. Neff and Dr. Janik. They were given 35 animals with different
genotypes at varying ages from four to 18 monthism@itant animals hemizygous males (n = 13) as well
as homozygous (n = 8) and heterozygous (n = 7)lemmavealed pathologic neurology. Importantly,@on
of the wild-type brain sections (n = 7) did evenhat age of 18 months. As described in figureV¥r45

KO animals showed axonal spheroids and swollerctstres, which most likely present degenerated
neurons. This pathology was found in mutant cetetoaex (figure 26B) and thalamus (figure 26C)
resembling the human BPAN pathology of axonal spldsrand macrophages in the substantia nigra

(figure 26D). None of these phenotypes was obsearvedld-type littermates (figure 26E and F).
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A B cerebral cortex C thalamus

Figure 26: Neurodegeneration inWdr45 KO cerebral cortex and thalamus resembling BPAN ptent’s substantia nigra.
H&E staining of brain section®\) Murine diencephalon and telencephalon with indidabrain regions analysed in B/E) and
C/F).B) Cerebral cortex of 8/dr45KO mouse (at 18 months of age); arrows indicatsnephil spheroids. An exemplary dark
neuron is indicated by the circle, but denoteseparatory artefacC) Thalamus of aVdr45 KO mouse with arrows indicating
eosinophil spheroids and asterisks showing swadienctures possibly due to degenerating neurb)sPicture taken from
Hayflick and colleagues, showing substantia nignanfa BPAN patient with numerous large dystrophioreat spheroids (arrow)
and macrophages (arrowhead) full of haemosiderayfli¢k et al., 2013)E) Cerebral cortex of wild-type littermate Wfdrd5KO

mouse F) Thalamus of wild-type littermate &¥drd5KO mouse.

Neuropathologic findings with abnormal structuresible via H&E staining were also present in four
months old mutants (figure 27A). This indicatest ixen with behavioural symptoms manifesting at the

age of one year, neurologic deterioration stanty @alife of murineWdr45KO animals.

-

thalamus

Figure 27: Timeline of neurodegeneration inVdr45 KO thalamus. H&E staining of thalamus from three homozyg&dr45
knockout animals at A) four months of age; B) onaryaf age and C) 1.5 years of age showing numerasis@hil spheroids

and swollen structures in all three.
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Sectioning of more brain regions revealed the desdrsigns of neurodegeneration also in medulla
oblongata (figure 28B and C), ascending and desagritbres of the spinal cord (figure 28D) and deep

cerebellar nuclei (figure 28G). Via GFAP-stainingdulla oblongata showed remarked astrocytosis and
astrogliosis (figure 28lI).

i

9 Dorsal horn

Figure 28: Neurodegeneration inWdr45 KO medulla oblongata, cerebellum and spinal cord wh astrocytosis in medulla.
H&E staining (A-G) and GFAP immunostaining (H-B) Medulla oblongata with indicated brain regions B3E and C/FB+C)
Medulla oblongata of &/dr45KO mouse, arrows indicate eosinophil spheroidgeriks indicate swollen structures potentially
showing degenerated neuroBy. Spinal cord of aVdr45KO brain with indicated grey matter. Axonal sphdeoivere identified
in ascending fibers (black arrows) at the dorsahhas well as in descending fibers (grey arrowshe ventral siteE+F) Medulla
oblongata of wild-type littermates ®¥dr45KO mice with no signs of eosinophil spheroids wollen and degenerated neurons.
G) Altered deep cerebellar nuclei with signs of eoplhril spheroids and potentially swollen or degetegfaneurons circledH)
Wild-type medulla oblongatd) Wdr45KO medulla oblongata showing marked astrocytasisastrogliosis.
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In order to investigate potentially accumulatingosiances within swollen or degenerating structures,
immunostainings were performed as visualized inrB29 and 30. These mouse specimen showed no iron

accumulation (figure 29A and B) as opposed to BPgdtients. Immunostainings showed that neither

lipofuscin nor polysaccharides such as glycogeycagrotein or glycolipids were accumulatingWdr45
KO tissue (figure 29C and D).

Figure 29: No accumulation of iron, lipofuscin or plysaccharides in degeneratingvdr45 KO brain sections.A) Turnbull's
Blue revealed no iron deposition in medulla obloagatth the positive control iB). C) Kluver-Barrera staining revealed no
lipofuscin accumulatiorD) Periodic acid-Schiff staining revealed no glycoggigicoprotein or glycolipids.

Also LC3Il- and SDHA-stainings revealed normal qfasmic localization in neurons of medulla
oblongata (figure 30A and B). Figure 30C shows mame ubiquitin-positive aggregates in mutant
medulla oblongata. Via calbindin-staining an impdipurkinje cell layer of mutant cerebellar corteas
visualized (figure 30D).

medulla oblongata — LC3II B medulla oblongata - ubi p  Cerebellar cortex - CALB

Wdr45 KO

wild-type

Figure 30: Immunostaining revealed ubiquitin accumuation in medulla oblongata, no SDHA-accumulation i abnormal

swollen structures and impaired purkinje cell layerin the cerebellar cortex ofWdr45 KO mice. Arrows in A and B point
towards abnormal neurons in H towards normal piekaells, circles denote unaltered normal neur@af®) Tissue from a
homozygouswdr45 KO mouse at the age of 1.5 yeaEsH) Corresponding tissue of a wild-type littermafetE) Medulla
oblongata LC3-immunostaine®+F) Medulla oblongata SDHA-stainedC+G) Medulla oblongata ubiquitin-stainedd+H)

Cerebral cortex calbindin-stained.
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[1.2.6. Secondary screen of ageWdr45 KO GMC cohort (F4)

In accordance to GMC guidelines, a cohort of 12imats was generated in the F4 generation. These
animals were not characterized or tested in any, @&gept for weight measurement until their entitp i

the secondary screen. It was composed of 38 madktygie and 26 hemizygous animals, as well as 21
wild-type females, 25 heterozygous and 17 homozgdemale animals. This cohort was weighted every
two weeks as shown in figure 31 and further leftvaafor future observational tests. This was in
accordance to regulations from the GMC. At the aigg&l months the cohort was delivered to the GMC

for a detailed whole body screen in order to gatraplete phenotypic spectrum of M&lr45KO in mice.

45
e—M(Wwt) 38 (-2)

40 e MV (hemi) 26 (-1)
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Figure 31: Weight development of theNdr45 KO GMC cohort. The upper graph shows the mean male weight developai
38 wild-type and 26 hemizygous animals. The lowaph shows female weight increase of 21 wild-t@&feheterozygous and 17

homozygous animals. Crosses indicate deceased aniftaleven months of age the cohort was delivéretie GMC. GMC =
German Mouse Clinic.
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11.3. DISCUSSION

11.3.1. Of mice and men: thewdr45 KO mouse as a model for BPAN

The here established mouse model for BPAN presetmedirst systemidNdr45 knockout mouse. It
recapitulated several features of the CNS-spediizR45-deficient mouse recently published (Zhaolet a
2015). But as a systemic knockout it showed forfitise time viability as well as fertility of mickacking a
wild-type Wdr45 allele. The follow-up analysis of an ageing coharnitored the disease onset and
progression. This data complements the data fraraige cohort screen (n = 127) within the GMC in
order to elucidate the complete phenotypic spectiime GMC cohort was analysed at over one year of
age, after the most significant deterioration intanis should have occurred according to prior
characterizations of the preliminary cohort (n 3 2dd the disease progression cohort (n = 52)rdardo
narrow down the screening spectrum within the GMQ@, data helps to focus on relevant phenotypes
(figure 32).

Phenotype of Widr45 KO Preliminary cohort Disease progression cohort GMC cohort
Weight gain \4 / /
Neurobehavioral abnormality

Balance Beam time N\ fall downsd* foot slipsd I*
Trunk curl \A \ nya
Limb grasp N I nya

Grip strength \ na nya
Inverted grid l,* only males ‘* nya
Impaired hearing (clickbox/ABR) na t* t*
Tremor nd N =
Startle response na na *
Neuropathology ‘* ‘V* nya
Evidence Figure 20A-G Figures 21-25 data not shown SM¢

Figure 32: Overview of identified Wdr45 KO phenotypes.Overview of phenotypes identified irrespective lod tage of onset.
Inclining and declining arrows describe trends tifimd; arrows up and down with asterisks indicatstatistically significant
increase or decrease in clinical appearance; nyat yet analysed; na = not analysed; nd = no diffee detected between wild-
type and mutant animalSV® analysis was performed within the neurology screfethe GMC in cooperation with Dr. L. Becker
and Prof. Dr. med. T. Klopstock.

First signs of disease in mice via brain patholagye already visible at four months of age presgng
potential clinical endpoint for therapeutic approes (figure 33). We found severe neuropathy withnak

spheroids and swollen structures in medulla oblangafour months old mutants. However, clinicaly
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this early state we could not detect any abnorimalih mutants except for slightly increased linnasping

in female mutants. Before one year of age mutaithas showed a trend for motor impairment and
neurodegeneration in several investigations (im¢brgrid, balance beam, locomotor activity, tremor,
clickbox, trunk curl and limb grasp). The most pioemt signs were an increased number of deaf agimal
in mutants of both genders as examined by thelmbixland increased limb grasping among mutantsnBrai
pathology of eleven months old animals revealedstsuitial neurodegeneration in cerebral cortex,
thalamus, cerebellum, medulla oblongata and spometl. Neurodegeneration manifested in axonal
spheroids and swollen structures with prominenguitin accumulation found in medulla oblongata and

severe Purkinje cell depletion in cerebellum.

By the age of one year as analysed within the GWDR45-deficient mice had accumulated a number of
phenotypes. Neurobehavioral analysis showed sigmifiy increased tremor and startle response fée ma
and female mutants. Hearing impairment via auditmainstem response (ABR) analysis was identified i
all WDR45-deficient animals with heterozygous feesathowing intermediate results when compared to
knockout and wild-type animals hearing abilitiesitédnot shown). This confirms our findings from the

disease progression cohort. Further results frenGMC are in preparation.

A rapid deterioration in mutants as compared terageched wild-type animals was observed at 20 n®onth
of age within the disease progression cohort. Ginidecline was identified via hearing loss, poor
performance on the balance beam, increased tendentgmor as well as limb grasping. This corretat

to the dramatic clinical decline experienced by harpatients before the age of 35 years (figure 33).

0-10 10-30 30-35 Patient age [years]
Onset of disease: Stable disease phase: Rapid deterioration:

= P
g - Developmental delay - Impaired speech - Parkinsonism

Q - Intellectual disability - Behavioural changes - Dystonia

A - Auditory and visual - Progressive dementia .

E impairment and mental / retardation BPAN patients

) - Spasticity and/or - Several severe sequelae

= epilepsy symptoms per age

= - Rett-like features

5 - Various other mild [years]
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] - Axonal spheroids in cerebral - Increasing number of Significant hearing loss
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Figure 33: Systematic comparison of BPAN patientssymptoms andWdr45 KO mouse phenotypesThe upper half of the
graph summarizes human disease progression antbwieg half shows phenotypic and pathologic obséwaat in Wdr45

knockout mice.
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Investigations based on a broad phenotype screeasrfe one offered by the GMC always involve a
multiple testing problem. The p-values reportedthis work are nominally significant and were not
corrected for multiple testing such as Bonferrowirection. The more reliable genotype specific
differences are those consistently significant diree such as neuropathology, clickbox and limbspra
Also balance beam started to be significant aftegreain age. If one would aim for significant résafter
correction for multiple testing when performinga@een of several hundred parameters the cohortize
reach an acceptable power would increase to imglesesumbers. Therefore, it is important to consider

these findings as a basis to investigate more tedggiestions in the future.

The detailed phenotypic screen of this large colorted to elucidate a comprehensive picture of the
clinical spectrum ofWdr4d5 KO mice. This spectrum resembled the human pheeoty several
characteristics. In both species prominent neuragegtion occurred in hand with neurobehavioral
deficits. After mild onset human and murine mutas#@em to experience a stable phase, which in humans
is followed by a rapid disease progression. Mie® aeem to experience a decline around the ageeof o
year with a rapid clinical deterioration after 2@mths of age as compared to age-matched wild-type
animals. However, the exact severity is difficudt éstimate. A clear difference worth noting is that
heterozygous females showed a near-wild-type @rrimédiate phenotype in almost all examinations. In
human patients, BPAN is reported to be caused bydemovdoss-of-function allele (Haack et al., 2013).
This shows a major difference between mice andimaly that mice can compensate one loss-of-function
allele better than humans. This is concordant withfinding that mice are viable withoutédr45 wild-

type allele, whereas humans do not seem to be.

Overall, it is challenging to generate a suitableedse model and there will always be substantial
differences between mice and men. Neverthelesskribekout ofWdr45 seems to evoke a severe and
comparable defect. Unfortunately, when comparimggteliminary screen, the disease progression tohor
and the GMC cohort, there are a few differencegi(@ 32). They differ in genotype-related findirsygh

as weight development, motor impairment via invéded in females and total deafness, which wdteeit
complete in mutant groups by the age of one yeanerand a half years. This variance might be dileet
genetic background of this mouse line. Since ouusadine has a mixed background of C57BL/6 with
FVB and has been inbred for four generations, #eetic background may differ to some extent with
every generation. Moreover, the X-linked locatidrivédr45 requires mating between non-litter-mates in
order to get all five genotypes. Therefore, geneétitt may influence the phenotype, which coulddre
increasing problem with later generations. Nevéettse all cohorts are comparable in the most samit
findings of neuropathology and neurobehavioral aileficy, which is in concordance with the CNS-
specificWdr45KO mouse from Japan, reported to have a clear C&NBbackground (Zhao et al., 2015).
However, the mixed background of our BPAN modebdiad an advantage. Mixing the commonly used
and well established C57BL/6 background with FVBsweeneficial, because wild-type C57BL/6 mice
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generally suffer from hearing impairment at the ag@pproximately half a year. The great majority o
wild-type animals with mixed background used irsthiork were able to react to the acoustic clicktest
even after one and a half years of age (15/19) €habled investigation of hearing impairment ie-ag
matched mutant animals. Hearing ability of only 4%$hemi- and homozygous males and females (1/23)

and intermediate ability in heterozygous femalés@¥was shown.

Several brain regions with proposed functions ver@wn to be affected in the CNS-specifidr45 KO

as well as in the here established systemic kndakowse line. For example caudate nucleus, cortdx a
cerebellum are involved in learning and memory.ldimais and cerebellum are also associated with motor
coordination and pons with sleeping behavioursitd note that many brain areas deteriorated ih bot
mouse models affect the auditory system, such asadoochlear nucleus, pons and inferior colliculus
This may connect to impaired hearing found in tleeehestablished systemiwdr45 KO mouse line.
Affected cell types range from glial cells, astriesyto neurons and include Purkinje cells with rinest

characteristic finding being axonal swellings.

In general, BPAN is a neurodegenerative disordet,ifomight involve deleterious effects on multiple
organs. Surprisingly, even in our systemic knockmguse, major symptoms seem to be mainly of
neurologic decent. Nevertheless, the systawidr45 KO model provides means to study other organs,
which might develop an earlier phenotype than thesadentified so far. Also identification of affed
tissues, which are accessible in living animalsuldidoe beneficial to the use of the BPAN model for
treatment approaches. Elucidation of the pathonméshimacan benefit from the model established in this
work. Wdr45 is known to be involved in autophagydascribed in 11.1.2.5., which is an essentialutatl
process. Dysfunctional autophagy has been showaatbvarious consequences involving multiple organs

once again underlining the importance of a systéffde45KO0.

[1.3.2. The BPAN mouse model helps investigate disorders afitophagy

The cytoprotective metabolic pathway of autophagyl &sosomal degradation is essential for cellular
homeostasis. Genetic or environmental disruptiaddeto multisystem disorders. Most dramatically
affected organs are those with high energy consompNeurons and muscle cells show high energy
demand, and accordingly brain and skeletal as agltardiac muscle develop severe symptoms upon
impaired autophagy. Associated phenotypes incluggrategeneration (Saitsu et al., 2013), muscle
diseases (Ravenscroft et al., 2015) and cardiolarsdiseases (Lavandero et al., 2013). Other padfies

like infectious disease (Huang and Brumell, 20td))cer (Galluzzi et al., 2015) and metabolic dismsd
(Behrends et al., 2010) have been reported in egsnrwith impaired autophagy. Congenital disosdefr
autophagy often result from germline transmittezhde systemic knockout mutations in autophagyedlat

genes. In the following it will be discussed hovifefient organs are affected by autophagy impairment
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This highlights the importance of the here estaklissystemiaVdr45KO mouse, which can be used in

the future for elucidation of the autophagy pathwag its impact on different organs.

Neurodegeneration is a major consequence of ingifti@utophagy. When large proteins or organelles a
not properly degraded via autophagy in neurongepr@aggregates accumulate. In this respect thetle w
known neurodegenerative disorders have been repiorthe context of autophagy, Huntington’s disease
(HD) (Ravikumar et al., 2002), Alzheimer's dised#d®) (Berger et al., 2006) and Parkinson’s disease
(PD) (Webb et al., 2003). In the case of HD, resgliaggregates seem to be toxic. The polyglutamine
expansion disease builds mutant huntingtin withréased propensity to form aggregates. This toxic
accumulation first leads to damaged basal ganglibsabstantia nigra, which is the same affectetneg
as in BPAN patients. With disease progression catebortex, hippocampus, Purkinje cells and
cerebellum are affected, which is similar to owsutes in theWdr45mouse model. This may hint towards
these brain regions and cell types being more vabie towards impaired autophagy. AD has been tinke
to autophagy, as it accumulates hyperphosphorylaiegrotein in neurofibrillary tangles. Also amigo
beta plaques accumulate mainly in mitochondriaredesing the affected neurons capability to utilize
glucose. Accumulation of autophagosomes and awsdyses in a mouse model for AD as well as in
patient brains hint towards impaired autophagic.flleD is ana-synucleinopathy accumulating-
synuclein within Lewy bodies in neurons. It is duaerized by a loss of dopaminergic cells primairily
the substantia nigra accompanied with iron accutimmaT his is also the most prominent feature oABP
and may connect the two disease patho-mechanisssbpovia autophagy impairment. For all these
common pathological disorders as well as BPAN, ghaégy upregulation may be a way to approach
treatment strategies. This could increase deg@uati the respective aggregate and potentially avgr
the clinical presentation.

Murine impairment of autophagy, for example in a Ss$pecific Atg7 KO mouse leads to
neurodegeneration with neuronal loss in cerebral eerebellar cortices and poly-ubiquitination in
degenerating neurons. Animals present with limlsgireg and impaired motor coordination with mortalit
at around seven months of age (Komatsu et al., )2@&ept for premature mortality all phenotypes
overlap with observations found in thedr45 deficient mouse. This indicates that decreasedphatgic
flux may result in similar phenotypes albeit caubgdibrogation at various pathway stages. In teintise
here established BPAN mouse model, iron accumuldtiobasal ganglia and substantia nigra was not
detected, however we did identify severe neurolagiterioration. Therefore, this model can be used t
further investigate possible autophagy inducingnégyand their effect on affected brain areas. Rigglin
this model may then be translatable to more comdisorders like PD, HD or AD disease. Conversely,
BPAN research can translate findings from PD, HB AD. All show increased neuronal apoptosis, which
can be tested via TUNEL. This marker of endonugtémichromatin cleavage should be testeddr45

brain tissue in order to investigate whether inseglsapoptosis follows impaired autophagy. This wd
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a sign that swollen structures found in severalinbragions in ourwWdr45 mouse line are indeed

degenerating neurons.

Myopathy classically presents with hypotonia andsofel weakness and has also been reported in
connection with impaired autophagy (Ravenscrotlgt2015). mTORCL1 as one of the key regulators of
autophagy when deficient in mice results in skéletascle atrophy, and when constantly activatéelits

to late-onset myopathy (Castets et al., 2013). Temonstrates the highly sensible regulation of the
autophagy pathway. Muscle-specifidgb KO mice on the other hand, show muscle fibre dtyowith
p62-accumulation and ubiquitin-positive fibres. Bamy muscle-specificAtg7 KO mice present with
skeletal muscle atrophy and force deficits (Masiral., 2009, Masiero and Sandri, 2010). Systektgd

KO mice die postnatally with energy depletion ie tieart (Kuma et al., 2004). Heart-specific KOAtd5

in mice causes cardiac hypertrophy, contractilduhgtion and ubiquitin-positive aggregates as vasll
aggregated mitochondria (Nakai et al., 2007). @angiocyte-specific depletion of mMTORC1 leads to
dilated cardiomyopathy in mice along with prematdeath (Zhang et al., 2010). Together, these rgport
suggest the heart to be an organ highly vulneraldeitophagy impairment (Lavandero et al., 2013).
SinceWDRA45is highly expressed in brain and muscle tissub bkeletal and cardiac (Proikas-Cezanne et
al., 2004) it is likely a key player in autophagythin these organs. But it remains an open question
whether its protein family members WIPI1, WIPI2 anMiP13 can substitute its function in distinct onga

leading to a less significant organ-specific phgpetin our BPAN mouse model.

The process of autophagy does not only differ bebatissues, but it also handles various types @foca
There is a subtype of autophagy that degrades hatalria, called mitophagy. This specific subtypgtmi

be subject to Wdr45-deficiency, as swollen mitoché@n have been shown to accumulate in brains of
CNS-specificWdrd5 KO mice (Zhao et al.,, 2015) via electron microgcopmpaired mitochondrial
respiration leads to increased reactive-oxygen igepe¢ROS), which normally induces autophagy
(Lemasters, 2005). Therefore, if mitophagy is defit defective mitochondria cannot be clearedhzy t
increased autophagy induction and in turn leacctmmulation of early autophagic structures. It vadoloé
interesting to test whether WDRA45 is particularydlved in mitophagy. Another subtype involved in
metabolic diseases is lipophagy (Christian et 2013). Lipophagy regulates storage of lipids sush a
Apolipoprotein B, and therefore maintains lipid hemstasis. Mainly affected organs via impaired
lipophagy should be liver and adipose tissue. Fonat autophagy leads to the conversion of white to
brown adipose tissue, hence impairment of lipophagyld lead to increased white adipose tissue in

affected animals.

In conclusion, autophagy is essential for all tss@nd impairment leads to a variety of phenotypes
involving multiple organs. As autophagy serves @mrdde non-functional proteins and organelles it

becomes increasingly important in the ageing osgganiAs mentioned above, it is involved in the
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development of typically late-onset disorders sastPD and AD. This can also be an explanationher t
characteristic rapid disease progression in BPAMNKhWwer activity of autophagy due to mutant enegm
of the pathway at onset and early adulthood, &yshptoms arise in patients. But, with ageing-induce
additional decrease of the remaining autophagiwipcthe cells cannot keep up with minimum cellula
needs. Therefore, not reaching a required thresbfadtophagic activity would lead to the observapgid
clinical decline. If this theory is true, autophaiggluction should delay the rapid disease progoessi
patients. Furthermore, the here establishédr45 KO model should improve or delay its clinical
abnormalities upon autophagy induction. This thewip approach is discussed in the following along

with other treatment strategies.

[1.3.3. From the BPAN mouse model to therapeutic strategies

In terms of development of a therapy for BPAN thare several approaches. A general approach for
severe single gene disorders is gene transfempeldsing a vector such as lentivirus or adeno-Gated

virus (AAV) a wild-type copy of the respective gardransferred into the affected tissue.

Also enzyme replacement therapy can be an optiberevthe functional enzyme is injected intrathegcall
into the affected patients’ brain. Clinical tridtw this enzyme replacement therapy have been @iagpl
for other disorders such as mucopolysaccharidope ty(Trial ID: NCT00786968) or are currently
recruiting for example for metachromatic leukodgptry (Trial ID: NCT01510028).

These approaches can be used even when the pattensse of the monogenetic disease is not known.
Wdr45 dysfunction has been shown to be at least pau¢ytd impaired autophagy. Therefore, pathway-
specific drug development should be the focus afigiational research. A direct approach would be to
administer autophagy inducing drugs to an apprap@amimal model and investigate a suitable primary
outcome. In this respect, the here established BBNse model could be used with a primary outcome
of neurodegeneration at four months of age, whahdeen shown to be 100% penetrant. Also a noatleth
way to investigate brain pathology such as brainl MBuld be beneficial for future use of the model,
facilitating the assessment of long-term theraggats. Identification of a non-invasive outcome Vabu
greatly improve the use of this disease model. Béaeitophagy-inducing drugs have been tested, asich
resveratrol in rats (Shu et al., 2015). RapamysiaramTORCL1 inhibitor, induced autophagy and regscue
age-related ocular muscle dysfunction in mice (Midtuet al., 2009). An FDA (U.S. Food and Drug
Administration) and EMA (European Medicines Agenapproved analog of rapamycin, temsirolimus has
been testeth vitro andin vivoin animal models. It induced autophagic clearasfqeathologic tau protein
aggregates and is suggested as a treatment in Bian& AD (Jiang et al., 2014). Resveratrol, rapamyc
temsirolimus or other autophagy inducing drugsusththerefore be part of future therapy relate@aesh

on BPAN.
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As discussed earlier, WDR45 might be involved iopger mitophagy. Since mitophagy has been suggested
to be induced by non-functional mitochondria oreyatly reduced mitochondrial respiration via inGead
ROS production, increased respiration might hatopiagy. In this respect nicotinamide riboside leesn
tested as a vitamin and precursor of NA@®hich in turn regulates mitochondrial functiom &irtuins and
mitochondrial gene expression (Cerutti et al., 2014 an AD mouse model long-term dietary
nicotinamide riboside-supplementation lead to ameased life span as well as increased CS acawity
prevention of mitochondrial membrane depolarizatouring oxidative stress. Nicotinamide riboside
treatment further rescued cognitive dysfunctiomurine AD amyloid neuropathology (Gong et al., 2013
But before investigation of mitochondrial activitgfluencing agents it needs to be tested whether th

Wdrd5mouse shows decreased mitochondrial respiration.

Currently, there is a trial within the framework BRCON recruiting PKAN patients, which like BPAN i

a subtype of NBIA with iron accumulation in the stantia nigra. The multicenter, unblinded, singiea
pilot study administers deferiprone in a twice yladral dose to patients for one year (TIRCON
NCT00907283). Deferiprone is an iron chelator, whixan cross the blood-brain barrier as well as
mitochondrial membranes. Iron chelation is a pramgigpproach as iron overload might lead to nedrona
death via its interaction with ROS in oxidativeests. Nevertheless, iron accumulation in substauidiea
could as well be harmless, since substantia nigraven in healthy patients high in iron contentt Bu
promising results in single case-studies of deferip on PKAN patients (Forni et al., 2008) lead tivial

on PD patients (Trial ID: NCT00943748), who alsaaimally accumulate iron in substantia nigra.

Conclusively, there are several treatment appraadizsed on current genetic engineering and gene
transfer techniques as well as pathway-specificifieodirugs. These chould be tesiedvitro in neurons
differentiated from patient-derived iPS cells (iodd pluripotent stem cells). Promising treatmerts c
then be tested on organismal level in the hereblesti@d\Wdr45 KO mouse line and provide a basis for

BPAN patient treatment.
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lll.  Therapeutic strategy for glutaric aciduria type 1

II.1. INTRODUCTION

[11.1.1. The lysine degradation pathway

The lysine degradation pathway is the central payhimvolved in glutaric aciduria type 1 (GA-I). The
essential amino acid, lysine is degraded in a paghinvolving the amino acids L-tryptophan and L-
hydroxylysine. As described in figure 34A, there @wo distinct degradation routes, the peroxisomal
pipecolate- and the mitochondrial saccharopinevpagh They are thought to constitute the major asleb
and hepatic route, respectively. Both pathways eayesat the synthesis of mitochondrial 2-aminoadipa
6-semialdehyde. This product is exported to theosnlt where it is oxidised to 2-aminoadipate and
degraded to 2-oxoadipate via the AADAT transaming®eaminoadipate transaminase). If further
degradation of 2-oxoadipate within mitochondria impaired, for example via non-functional 2-
oxoglutarate-dehydrogenase-like-complex (OGDHLHgsfunctional DHTKD1 (probable 2-oxoglutarate
dehydrogenase E1 component), the two metabolitesniBeadipate (AA) and 2-oxoadipate (OA)
accumulate. In individuals with 2-aminoadipic 2-adpic aciduria (see I11.1.3.), liver and brain #he
mainly affected tissues. However, most individualith 2-aminoadipic 2-oxoadipic aciduria are
asymptomatic. In case DHTKDL1 is functional, OA iscdrboxylated to glutaryl-CoA. Glutaryl-CoA is
further degraded to glutaconyl-CoA, crotonyl-CoAddimally to acetyl-CoA, which is a key player imet
tricarboxylic acid cycle. GA-l is characterised fgn-functional GCDH (see 11.1.2.), where glutaGdA
cannot be properly degraded. This leads to thenaglation of glutaric acid (GA), 3-hydroxyglutaricid
(3-OHGA) and glutaryl-carnitine (C5DC). GA as wels OA can be released via urine. However,
abnormally high levels of GA lead to an accumulatad glutaryl-CoA. Like 3-OHGA, glutaryl-CoA is
putatively toxic. C7ORF10 transfers CoA from sugti@oA to GA generating glutaryl-CoA. This way
C70RF10 acts as a metabolic repair mechanism. Noctibnal C7ORF10 is described as glutaric
aciduria type Il (GA-III) with mainly asymptomatjatients. Glutaric aciduria type 1l (GA-II) resuifrom

an imbalance of FAD/FADH caused by mutations inegeimvolved in the electron transfer of the
mitochondrial respiratory chain. It is thereforainectly involved in the lysine degradation pathwand

will not be addressed further.

Overall, the lysine degradation pathway is not welterstood to date and figure 34A summarizes the
current understanding. In order to evaluate thergwgity of enzymes involved in this pathway, EeAC
Browser was used (figure 34B). It calculates theeeted number of mutations within genes and corspare
this to the observed number of mutations in a detatwf more than 60,000 exomes. This results i a z
score, which is positive when the number of exgketeceeds the number of observed mutations per gene

A positive z-score as in the case@EDH describes this gene as less tolerable to mutatiarsexpected
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(figure 34B). This is also the case fBITFA and AADAT. The genes associated to conditions with
asymptomatic patients such@8ORF10andDHTKD1 are shown to tolerate mutations better.
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Figure 34: Schematic of the lysine degradation. A)-lysine, L-tryptophan and L-hydroxylysine degréida pathway. All
enzymes are shown in round grey shapes. Crosseoyredl enzymes describe their state of deficiencyns€guences of
deficiencies, such as GA-l due to GCDH deficieneg, depicted in orange; DHTKD1 deficiency in greed &ASS and AASDH
deficiency and its consequences in red and pinkORF10 deficiency (GA-Il) is visualised in dark blaad enzymes leading to
GA-Il in light blue. The legend names associatezkases in order of appearance within the pathwalpu@a arrows describe
accumulating metabolites during colour coded deficies. PIPOX = pipecolate oxidase; AASS = 2-amiipmte-6-semialdehyde
synthetase; AASDH = 2-aminoadipate-6-semialdehyeleydrogenase; AADAT = 2-aminoadipate transamin@8PHc = 2-
oxoglutarate-dehydrogenase-complex; OGDHL = OGDKe-tomplex; DHTKD1 = probable 2-oxoglutarate detogEnase E1
component, mitochondrial; GCDH = glutaryl-CoA dehygignase, mitochondrial; C7ORF10 = succinate-hydroxXyyigiutarate
CoA-transferase; FAD = flavin adenine dinuclectif&F = electron transfer flavoprotein; TCA = tricarylic acid. Red bold
metabolites are potentially toxiB) EXAC Browser data describes discrepancies betwgegctsd and observed variant counts for
synonymous, missense and loss-of-function (LoF)iamés (Exome Aggregation Consortium, Cambridge, MAR(U
http://exac.broadinstitute.org) [20th May, 2016]k-score, if positive it describes fewer variarifspegative more variants than
expected. ** constraint metric is a measure ofrtolee to LoF variants, with 0 denoting completerahce.
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The complex lysine degradation pathway is knowbedlisturbed in several disorders sometimes leading
to toxic accumulations of metabolites. Importantigere are asymptomatic individuals known, which
harbour blocks in the degradation pathway upstrefthe toxic accumulation. In theory, inhibition thiis
specific step in the degradation pathway prevdrggdxic accumulation without development of a asee
The most direct target to block, in order to prevle development of GA-I with its glutaryl-CoA agd
OHGA accumulation, is DHTKD1. If this theory stands inhibitor of DHTKD1 could be used as a
therapy for GA-I patients.

[11.1.2. Glutaric aciduria type 1 - GCDH

Glutaric aciduria type 1 (GA-lI, OMIM #231670) isdisorder of autosomal recessive inheritance, with
impaired mitochondrial metabolism of L-lysine, Ledrgxylysine and L-tryptophan. This specific
impairment of the lysine degradation pathway leadsn accumulation of GA, C5DC and putatively toxic
3-OHGA in tissues and body fluids of patients.elésimated prevalence is 1 in 100,000 newborns (lend

et al., 2004) with increased incidence among sothai@ groups such as the Amish populations. The
disease onset is typically between 3 months anebBsyof age. It presents with acute encephalopeithy
leukoencephalopathy and macrocephaly as well agyinpf the basal ganglia with striatal lesions.
Movement disorders and various other symptoms asdpasticity are often present. A trigger for ase
manifestation is an early encephalopathic crisisked by routine vaccination or more frequently
intercurrent febrile illnesses. The current staddrcare includes mainly lysine-restricted dietdrnitine
supplementation and intensified emergency treatragmed at prevention of a catabolic state during
infectious disease. Other prescribed therapeutedraited to standard symptom-specific substarsteh

as baclofen, benzodiazepines and botulinum toxanghie treatment of dystonia and spasticity (Kol&er
al., 2007). Riboflavin is often used to enhanceootibndrial activity and improve neurological out@m
several mitochondriopathies (Bugiani et al., 20@&i, its effect on GA-I patients is questionablel@er

et al., 2006). If treated by the gold-standard glimes (Kolker et al., 2007), encephalopathic srisin
often be prevented during the most vulnerable firgte years of life. This circumvents most irreigie
long-term symptoms, but some patients are not repd to this treatment (Strauss and Morton, 2003).
Early diagnosis of this disease is essential féeceéle treatment. Consequently, GA-l is part oé th
nationwide newborn screening since 2005 (Heringealge 2010). Probands are tested for increased
glutaryl-carnitine in dried blood spots. In caseagbositive result, levels of glutaric-acid (GA}, waell as
3-hydroxyglutaric acid (3-OHGA) should be measuredrine via GC-MS (gas chromatography - mass
spectrometry). The final confirmation of GA-lI asdégnosis can be achieved via sequencing of the
disease-associated geBEDH or enzyme analysis of GCDH. Depending on the kdatbal urinary GA
level one can distinguish between low (<100 mmol/carnitine) and high excretors (>100 mmol/mol
carnitine), harbouring 30% and no GCDH activityspectively. The excretor group does not predict the
clinical phenotype (Muhlhausen et al., 2003, Chrisen et al., 2004). Of note, in the group of low
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excretors, there are more false-negative screeasdts hindering early diagnosis for affected wdlials.
But, even if treatment is started early before bw$dhe disease, there are several patients, pugte
third, who still develop severe symptoms (Strauss lorton, 2003), highlighting the need for imprdve

therapeutic approaches.

Genetic and biochemical analysis of GA-I patiemgenled more than 60 different deleterious mutation
within GCDH (Zschocke et al., 2000). The gene is located orl3d2pand is composed of 11 coding
exons. The resulting protein GCDH is composed @& d/ino acids with an N-terminal mitochondrial
targeting sequence. It is located in the mitochiahdnatrix and forms a homotetramer of 45 kDa sutisun
GCDH is flavin-dependent and catalyses the oxiéadi@carboxylation of glutaryl-CoA to glutaconyl-CoA
and further to crotonyl-CoA within the lysine dedation pathway (figure 34). Impairment of GCDH
function leads to brain accumulation of GA (500-8Q0mol/l), 3-OHGA (40-200umol/l) and C5DC
sometimes along with secondary glutaconic acid motation. Upon lysine-reduced diet, patients’
metabolite levels normalise to GA of 5-gfhol/l and 3-OHGA of fumol/l in brain. GA accumulation was
long believed to be toxic, and it is up to 100@fdligher in brain than in plasma. However, nowadays
glutaryl-CoA or 3-OHGA are considered the mostlitkeausal toxic metabolites. This was confirmed by
the condition GA-lll, where most affected individsiare asymptomatic, and GA, but neither glutargAC

nor 3-OHGA, are accumulating.

There are established mouse models for GA-l redlapimhg various disease symptoms. The well
characterised mouse moddcdh” has been generated via homologous insertion @frgeting vector
carrying ap-galactosidase reporter gene, thereby lacking itise Seven exons oBcdh (Koeller et al.,
2002). The mouse recapitulates major neurologieraations such as brain vacuolisation in thegim,
which has also been shown in human frontal whitétenaHuman patients show severe striatal lesions
leading to dystonia often accompanied with spagtiGcdi™ mice show no neuronal loss or gliosis in
striatum, but impaired reactivity to the pre-puiskibition test, which is an indicator of deficiestriatal
development. Neurobehavioral deficiency was assest deteriorated performance on a rotarod and
balance beam test. Strikingly, the biochemical ysial of this GA-I mouse model reveals putative
neurotoxic accumulations of organic acids, conststéth the human biochemistrscdh™ mice excrete

19 + 3 mg GA/mg creatinine versus normal mice’srettan of less than 0.187 mg GA/mg creatinine,
describing a 100-fold GA increase in Gedh deficiamimals. 3-OHGA is not detectable in normal human
and mouse urine but does accumulate in both dideasibes to roughly 0.7 mg/mg creatinine. Brain
levels inGedhKO mice are 0.52 mM for GA and 0.038 mM for 3-OH@#Roeller et al., 2002). Overall,
there is a striking biochemical resemblance betwaa® and men, both in urinary excretion and brain
levels. Some neurobehavioral abnormalities andhlpathology in mice show neurodeterioration, whech

present in human patients. Hence, if the putatit@yc accumulation of organic acids in patientdeied
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leads to the observed neurodeterioration, the bimatally highly similar GA- mouse model is congiele

to be of great use for treatment approaches.

[11.1.3. 2-aminoadipic 2-oxoadipic aciduria — DHTKD1

2-aminoadipic 2-oxoadipic aciduria (OMIM #204758)a biochemical condition with high levels of 2-
aminoadipate and 2-oxoadipate. Affected individualeow urinary 2-oxoadipate levels of 10-120
mmol/mol creatinine and blood plasma 2-aminoadipetels of 120umol/l, where the normal reference
range is below five for both measurements. Itsiciinmanifestation is heterogeneous with more thah

of all known patients being asymptomatic (Danhaeseil., 2012). Therefore, it should not be desctias

a disease, but as a biochemical condition. Ther gthtents develop a variety of symptoms with mdd
severe intellectual disability, muscular hypotorataxia, epilepsy or developmental delay (Duraalgt
1984, Hagen et al., 2015, Stiles et al., 2015).aAsautosomal recessive condition, patients harbour
compound heterozygous or homozygous deleteriouations in the disease-associated g KD1.
Mutations inDHTKD1 have even been associated to the neurologicalddis€harcot-Marie-Tooth Type
2 (CMT2) with a dominant pattern of inheritancehirit a single Chinese family (Xu et al., 2012). Sinc
heterozygous mutations have not been associatdiddase in any of the families studied in contéx2-o
aminoadipic 2-oxoadipic aciduria, its causality @¥T2 is uncertain and to our knowledge has nohbee

confirmed by any other group since the first puddiimn.

The condition-associated geneHTKD1 encodes the probable 2-oxoglutarate dehydrogetizse
component DHTKD1 with mitochondrial localisationyik and Degtyarev, 2008), which is also known
as dehydrogenase E1 and transketolase domain miogtal. With high homology to the OGDHc
(oxoglutarate dehydrogenase complex), DHTKD1 supglgsserves as an E1 enzymatic component of an
OGDHL (OGDHc-like complex) with dihydrolipoamide atinyltransferase as E2 and lipoamide
dehydrogenase as E3. OGDHc catalyzes the convartmmxoglutarate to succinyl-CoA as visualised in
figure 34A. DHTKDL1 is likely involved in the decarkylation of OA to glutaryl-CoA and if deficient
leads to the accumulation of its substrate OA, & as AA. Xu and colleagues have investigated
functional relevance of DHTKDL1 via suppression gadn tumour cell lines and found altered energy
metabolism in hand with decreased ATP productiootgased ROS, increased apoptosis and a reduced
number of mitochondria indicating impaired mitocdal homeostasis. Moreover, silencing of DHTKD1
also reduced the activity of OGDHc, strengthenihg hypothesis of their tight interaction (Xu et al.
2013).

Detailed structure-function analysis of OGDH as Iwet DHTKD1 was performed by Bunik and
Degtyarev (Bunik and Degtyarev, 2008), which regdaeveral functional domains and active sitesiwith
DHTKD1. A co-factor of DHTKDL1 is thymidine diphosphate (ThDP) describing DHTKD1 as well as
OGDHc as ThPD-dependent enzymes. They harbour aidd?® (E1_dh domain in PFAM), which binds
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the pyrophosphate part of ThDP and a domain PYRn@ket_pyr domain in PFAM) for the pyrimidine
part. There are three active site loops with th& fine interacting with thiamine diphosphate (Th2rd
the second and third loop leading to the high &¥fibinding of the 2-oxoglutarate substrate and@pr
decarboxylation reaction. Since DHTKD1 and OGDHe sensitively regulated by ThDP, this co-factor
has been suggested as a possible drug target. iErhiversal systemic regulator of central meliabg
but its derivatives can be used to specifically ipalate metabolism (Trofimova et al., 2010, Bunilak,

2013). This opens new perspectives for novel thearap approaches.

[11.1.4. Glutaric aciduria type 3 — C7TORF10

Glutaric aciduria type 3 (GA-Ill) is a condition KOM #231690) characterized by high glutaric acid in
urine and blood of patients. It was first describtedl991 (Bennett et al., 1991), and the underlying
disease-associated open reading frami®RF10was identified in 2008 at first in the Old Ordemish
children.C7ORF10carries a putative mitochondrial targeting seqaeas well as a coenzyme A (CoA)
transferase domain, which is thought to transfek @oglutaric acid to form glutaryl-CoA (Shermanadt,
2008). Single cases of GA-lll have been reporteth valinical features such as failure to thrive,
dysmorphic features and postprandial vomiting. fitagority of cases are free of symptoms leadingAe G
Il being better described as a biochemical coadithan disease (Knerr et al., 2002). This condlitsonot
detected in the newborn screening, because thersaneasures levels of C5DC to detect GA-I. But the
clinical relevance of a GA-Ill diagnosis is neglitf. Its investigation helps understanding thenlgsi
degradation pathway in general and the pathomestmamii GA-I in particular. Knowledge of the conditio
GA-Ill, resulting in high GA but no accumulation gfutaryl-CoA and its downstream derivatives 3-
OHGA and C5DC (see figure 34), questions GA agtimaary neurotoxin in GA-l. This leaves glutaryl-
CoA or its derivative 3-OHGA as the putative nearats. Furthermore, in theory, inhibition of C7ORF1

could lead to a decrease of glutaryl-CoA in GA4igats, when GA cannot be converted.

[11.1.5. DHTKDL1 inhibition as a therapy for glutaric aciduri a type 1

As first suggested in 2012 by the Institute of Han@enetics at the Technische Universitaet Muenchen
(Danhauser et al., 2012), inhibition of DHTKD1 inrhan GA-I patients could prevent accumulations of
toxic metabolites and improve clinical presentatiemst it needs to be shown that DHTKD1 inhibition

in the extreme scenarDHTKD1 knockout is harmless. Generation and charactesizatf aDhtkd1 KO
mouse would help answering this question. Howdweedate there is only one mouse model availablle wit
a knockout in an enzyme directly involved in theihge degradation pathway. This is the GA-I mouse
model GcdhKO), which could be crossed with a Dhtkd1l KO molise if asymptomatic, to investigate

whether a double knockout BhtkdlandGcdhcan rescue the GA-I phenotype.
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11.2. RESULTS

I11.2.1. Generation of aDhtkd1l KO mouse via TALENs

The TALEN approach was applied to generat®ldkdl KO mouse as described in V.2.1.12. The
procedure was performed in line with tMédr45 knockout mouse described in 11.2.2. Muribdtkd1
contains 17 exons. All exons are coding, and resuatprotein of 921 amino acids (figure 36A and B)e
protein contains several functional domains sucla asitochondrial targeting site, a dehydrogenase E1
domain, a transketolase domain, as well as a 2lotavgte dehydrogenase domain. It is predicted to
contain an active site within exon 11 by the Pfamtadase and within exon 12 by the Moscow State
University (Bunik and Degtyarev, 2008). Since hunmamtations were identified in exons 1, 7 and 13
(figure 36A) (Danhauser et al., 2012), the aim teagenerate deletions in exon 1 or exon 7 withaye
stop mutation. This would lead to a truncated pnotacking the active site as well as all functibna
domains. Only in the exon 7 deletion, a part of tdedydrogenase E1 domain and the mitochondrial

targeting domain would still be present.

In silico design of TALEN was performed using an establisketeme visualised in supplementary figure

2. The genomic target regions within exon 1 and Dlakdlare described in figure 35.
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o | g e [ g | == g e | o g e g i e f | e e
Exon 1 sGCTC’I‘CCGCCGGGCC CTGCTT CTCCGGCGCNGTTACCAGACGGAGAGGGGCGTCTATG ' ACCGGCCTZ
A L R R A h L L RR X ¥ 0T E R &6 ¥ ¥ 5% R P ¥

1230 1240 1250 1260 1270 1280 1290
Exon 7 -CGACACGCCTGGCTTTTGAFQI“ 'AGCGCCAGTTC CGCAAGGATGTGATTGTTGATTTGTTATG "@TAGG > Used for injection!
.. T R L A F E Q R Q@ F R K D V I VvV DL L C Y R

Figure 35: TALEN target sequences inDhtkdl exon 1 and exon 7Sequences were provided by the Genome Browser
(NCBI37/mm9) and transcript uc008iga.1 was used.iddeg in green are 16 bp regions targeted by tisggded TALENs with
one of each pair starting with an additional thyenor the complementary adenine. These additionalaacids are highlighted

with green circles.
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Figure 36: Murine Dhtkdl gene structure in wild-type and knockoutDhtkdl mice. A) Genomic structure of murirhtkdl
based on Genome Browser (GRCm38/mm10) with codingexmd UTR’s. Known mutations in humans (Danhaesesl,
2007) are added at corresponding murine amino(aeldpositionsB) Protein structure of murine Dhtkd1 with functiod@imains
and posttranslational modifications as predicted®fam and Bunilet. al, 2008.C) Target sequence within exon 7Diitkd1with
Ex7-TALEN-binding sites depicted in green. Lineslameath the exonic sequence indicate the regitatediein each of the six
mutated founder mice (#1-#6). Black arrows poimtanls the region deleted in individual #1, whichswaed for further mating;
#1: dell9; #2: del35; #3: dell7; #4: dell9; #55@¢#6: del10D) Sanger sequencing results from a wild-type andradzygous
knockout offspring from #1 indicating the 19bp diele. EXPASy software predicts a premature stopoaat aa 431.
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Cell culture testing was performed as describe@.Qv12.).B-galactosidase levels suggested the TALEN-
pair targeting exon 7 to be more efficient (figuléB). When compared to the control TALEN-pair
established by the Institute of Developmental Geseat the Helmholtz Zentrum Muenchen, it was
expected that approximately 20% of the offspringbbar a small deletion or insertion. The exon 1
TALEN-pair was measured to be less efficient imadticing double-strand breaks. Therefore, mRNA of
the exon 7 TALEN-pair was generated to be injeatéol mouse oocytes. The oocytes were derived from

FVB mice and fertilised with C57BI/6 sperm resuitiim a mixed background.
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Figure 37: In vitro testing of TALENs. A) Schematic ofn vitro TALEN testing adapted from Wefers et al., 201BpTALEN
efficiency assay; measurements were normalizedidelase measuremen{$:Gal = B-galactosidase; Ctrl TALEN = control
TALEN-pair known to result in 40% mutated offsprintgoth Dhtkd1 Ex1 andDhtkd1 Ex7 were transfected with the reporter
plasmid only;Dhtkd1 Ex1-TALEN andDhtkd1 Ex7-TALEN were co-transfected with the reportersphid and both expression
plasmids to express the corresponding TALEN-pair.

From TALEN design to genotyping of the founder gatien it took approximately four months (figure
18). A genotyping approach based on Sanger sequgen€imurine exon 7 revealed 6 mutants out of 59
pups (approx. 10%) born to seven foster animalsdéletions lead to a frameshift and we chose ® us
mouse #1 carrying a 19bp deletion for further natiigure 36C). As described in figure 36D the tiele

of 19bp leads to a premature stop codon at aaekiting in a truncated protein lacking most funadil
domains. TheDhtkd1 knockout mouse was first mated with C57Bl/6 to eyate germline mutated
offspring in F1. Via inbreeding of F1, homozygousokkout animals of both genders were generated in
F2.

I11.2.2. Clinical and biochemical characterization of the Dhtkdl KO

mouse

In order to characterize @htkd1 KO cohort, eight heterozygous KO males were megsagainst eight

homozygous KO males at the age of 3 months. Dukedreeding strategy, there were no age-matched
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wild-type animals available. A modified SHIRPA probl was performed as well as grip strength anslysi
inverted grid and balance beam (figure 38). Noedéhces were found between genotypes in these
neurobehavioral examinations except in touch escapaysis. This test measures behaviour upon
approaching the animal frontally and can be inetgat as fear behaviour or visual impairment
examination. The Students t-test for touch escapeated a p-value of 0.02, which was not significan
when corrected for multiple testing. Moreover, dog¢he other tests showing no abnormalities attlail,

finding was considered negligible.
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Figure 38: Clinical characterization of Dhtkdl KO mice. (Biagosch et al., 2016; in preparatidtydified SHIRPA analysis was
performed at three months of age with eight hetayoas control animals and eight homozyg®iikd1 KO animals; n=16 (all
male at the age of 3 months)) Body weight was measurd&®) Locomotor activity was assessed by counting quasnaithin an
arena travelled by an animal within 30 secoi@)sBody position was scored when placed into a vieyianginactive = 0, active =
1, excessively active = D) Tremor was analysed by observation of forepawdewlifting the mouse by the taiE) Transfer
arousal was scored after placing the mouse intartigelle of an arena and observing its activity dgrihe first five seconds;
prolongued freeze = 0, brief freeze = 1, immedmaterement = 2F) Touch escape was scored while a finger approattreed
mouse frontally; no response = 0, response to teuthfleeing prior to touch = 2; p = 0.0&) Grip strength was measured in
triplicate with either forepaws only, or all pawslting onto the gridH) Inverted grid analysis was performed until a maimaf
30 secondd) Balance Beam was measured in triplicate on beam fi€notype-specific differences on beam 2; datsshown).
There were no differences in foot slips, numbefatif and stops on neither beam (data not showtijerQbservations such as
gait, tail elevation, clickbox, trunk curl, limb agping and urination were without any genotype-fipedifferences (data not

shown). Bars indicate standard deviation; * t-tpst: 0.05.
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For the biochemical characterizationifitkd1 KO animals, OA and GA were measured in brain aret |
homogenate. These two tissues are mainly affesieduman patients and accumulate characteristic
metabolites. Both tissues were measured from fald-twpe and three mutant animals (figure 39). As
expected and schematically recalled in figure 38tkd1 KO leads to OA accumulation as compared to
wild-type animals. Surprisingly, GA seems to beumcalating in liver. Of note, this level is still Z0ld

lower than inGedhKO mice.
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Figure 39: Biochemical characterization oDhtkd1l KO mice. Cerebral (brain) and hepatic (liver) measuremengsafoadipate
(OA) and glutaric acid (GA) via GC/MS and MS/MS. "Ddescribes the genetic status Diitkd1 as either wild-type (wt) or
homozygous knockout (mut). D:wt n = 4; D:mut n =Sghematic on the right is a segment from figurgsge figure 34 legend

for further explanations).

Overall, Dhtkd1 KO does not result in obvious clinical abnorme#tiin mice. This strengthens the
argument of the human condition 2-aminoadipic 2amhpic aciduria being a condition with numerous
asymptomatic patients. Furthermore, increased @Aldeindicate successful inhibition of Dhtkd1 ireth

generatedhtkd1KO mouse line.

I11.2.3. Generation of aGcdh/Dhtkd1-double KO mouse

In order to validate whether inhibition of DHTKD&rm rescue th&cdhKO phenotype, the two KO lines
were crossed. It took several inbreeding generationobtain double KO lines homozygous for both
DhtkdlandGcdh TheGedhKO line was kindly provided by the Stoffwechselzem at the University of
Heidelberg. It was based on the Sv129 strain aditieghird background to tHécdh/Dhtkdldouble KO
line. The resulting mixture of mouse backgroundtha double-KO line was 50% Sv129, 37.5% C57BI/6
and 12.5% FVB as visualised in figure 40.
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Figure 40: Mouse backgrounds involved inGedh/Dhtkd1- double KO line. Percentages of different mouse backgrounds per
mouse generation. The breeding strategy leadintgeandicated proportions are listed above the lgrdne Dhtkd1 KO mouse
was generated as 50% C57BI/6 and 50% FVB and subgggbankcrossed to C57BI/6. The resulting F1 gem@mnawas inbred

to generate homozygous KO mice in F2. These warssed withGecdh KO mice on the Sv129 background with subsequent
inbreading leading to a distinct mixture of backgrds as of GD generation F1.

The mouse background can influence clinical andh®mical characteristics of a mouse line. This may
change from one generation to the other. It isatoee important to keep track of the mouse backgiou

composition.

I11.2.4. Biochemical characterization of the double KO mouse

The established double KO line was used to medsaia and liver metabolites in double KO mice as
compared tdhtkd1 KO, GedhKO and wild-type age-matched animals (approximakelyeeks of age).
Using littermates was not always possible due éocttimplex breeding strategy necessary to obtaibldou
KO animals. Based on the lysine-degradation pathtivagry summarized in figure 41,&Gcdh/Dhtkd1-
double KO should lead to increased OA levels witboaresponding decrease in GA, ideally back to a
normal level as seen in wild-type animals. Thisutigorevent the toxic glutaryl-CoA and 3-OHGA
accumulation. Figure 41 shows liver OA levels @ ttouble KO cohort comparable to thbtkd1 KO as
expected. Brain OA levels below 0.1 pmol/mg areligdde. However, GA levels show no significant
decrease and instead are similaGthKO mice. Of note, the standard error bars indit@e high with
only a small number of animals from each genotype 8-5). In order to challenge the model and evake
distinct metabolic signature in each genotype ga hisine diet strategy was implemented (111.2.5.).
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Figure 41: Biochemical characterization of the Gecdh/Dhtkdl-double KO line. Cerebral (brain) and hepatic (liver)
measurements of 2-oxoadipate (OA) and glutaric @) in different genotypes of thecdh/Dhtkd1-doubl&O line via GS/MS
and MS/MS. G:wt D:wt = wild-type (n = 4); G:wt D:mm=  Gedhwt Dhtkdlhomozygous KO (n = 3); G:mut D:wt =
Gcedhhomozygous KDhtkdIwild-type (n = 5); G:mut D:mut €5cdh/Dhtkdldouble KO (n = 5). Schematic on the right is a
segment from figure 34 (see figure 34 legend fathfer explanations).

[11.2.5. High-lysine diet challenges knockout lines

High-lysine diet is known to result in high GA lédseaccompanied with clinical decline @cdhKO mice
(Sauer et al., 2015). The aim was to verify thedtlgpsis thaDhtkd1KO can rescue thecdhKO specific
phenotype in a double KO mouse. The primary cliniaicome was weight change upon diet or
experiment start. The clinical endpoint of the gtwhs at a critical weight loss of more than 15%csi
start of the high-lysine diet (4.7% in chow andevatFigure 42A shows that 24 hrs after diet starte of
the wild-types and only onehtkd1 KO had reached the endpoint. As expected, 80% (@b theGcedh
KO group reached the endpoint (Sauer et al., 2@&)prisingly, all double KO mice (7/7) lost thetical
amount of weight within 24 hrs indicating clinicdéecline similar toGedh KO mice. The secondary
outcome was behavioural abnormality, which preskate extreme passivity. As depicted in figure 42B
almost allGedh KO as well as double KO animals showed lethargicakieur 24 hrs on high-lysine
(approx. 376 mg daily lysine-load) diet. This wlasind only in a single wild-type case and twice in
Dhtkd1 KO animals. Surprisingly, double KO animals seertedbe clinically as affected acdh KO
mice. This was in contrast to our hypothesis of pathway, where the double KO should have coped
better on high-lysine load. In reality, double K@iraals lost weight, as well as ability for active

movement, rapidly with all animals on high-lysireving reached the endpoint before 24 hrs of thie die
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Figure 42: Gedh-/Dhtkd1 double knockout does not rescue weight loss or bebioural decline on high-lysine diet.(Biagosch
et al., 2016; in preparatio@)inical analysis 24 hrs after start of the diethwitormal lysine, high-lysine in chow, or in chonda
water from four different genotypes) Critical weight loss within 24 hrs was reached dt5%6 loss as compared to diet st&it.
Behavioural abnormality was assigned when animals,iggo an arena, moved 2 or less quadrants wisfirs. (n = animal
numbers: no diet/chow/chow + water) G:wt D:wt = (816/7); G:wt D:mut = Gecdhwt Dhtkd:homozygous KO (n = 5/5/7);
G:mut D:wt =Gcdhthomozygous KMhtkdIwt (n = 5/5/5); G:mut D:mut £cdh/Dhtkd1double KO (n = 5/5/6). *Fisher’s Exact
test: p <0.05.

The clinical data disprovdshtkd1KO as a strategy to resc@dhKO phenotypes or at least as a strategy
on its own. To elucidate the biochemical signatofréhe double KO upon lysine-load, brain and liver
homogenate were used to measure OA and GA frogealitypes at different lysine-loads (figure 43). OA
levels were increased in liver but not in braindofible KO mice. GA levels were elevated in bothrbra
and liver tissue to an extent similar to thedhKO mouse but significantly increased as compavesliid-
type orDhtkd1mice.
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Figure 43: Biochemical analysis of theGcdh-/Dhtkdl double knockout mouse line on normal versus highysine diet.
(Biagosch et al., 2016; in preparatiaddyoadipate (OA) and glutaric acid (GA) levels wereasured via CG/MS and MS/MS in
A) brain tissue anB) liver tissue from four different genotypes on #hbfferent dietary treatments; (no diet/ high4hesin chow/
high-lysine in chow and water); G:wt D:wt = wildgg (n = 4/6/7); G:wt D:mut =Gcdhwt Dhtkd1homozygous KO (n = 3/5/7);
G:mut D:wt =Gcdhhomozygous KCDhtkdZwild-type (n = 5/5/6); G:mut D:mut ©cdh/Dhtkdldouble KO (n = 5/5/4). Bars

indicate the standard deviation.

Conclusively, Dhtkd1 KO in a Gedh KO mouse model does not rescue the GA-lI phenotgpéher
clinically nor biochemically. Therefore, simple DKHD1 inhibition is not sufficient to convert symptem

of GA-I to 2-aminoadipic 2-oxoadipic aciduria.
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11.3. DISCUSSION

[11.3.1. DHTKD1 inhibition is not a promising treatment strategy for
GA-I

The institute of Human Genetics at the Technischesgisitaet Muenchen identifieBHTKD1 as the
associated gene for the condition 2-aminoadipix@adipic aciduria (Danhauser et al., 2012). Numgrou
DHTKD1-patients are asymptomatic. Hence, Danhaagsdrcolleagues suggested DHTKD1 inhibition as
a therapeutic strategy to treat GA-1 patients. Hsisumption was based on a simplified theory ofyisiae
degradation pathway at that time. The charactéoizaif Dhtkd1 KO mice showed that this KO does not
lead to an obvious clinical phenotype, but as iman patients, results in higher OA levels. Thigéase
seems to be clinically tolerable in both mice areahm
According to the former theory of the lysine degtéah pathway, the main source of glutaryl-CoA 5.0
Hence, inhibition of DHTKD1 should prevent the geaton of glutaryl-CoA and its derivatives, resain
the GA-lI phenotypes. Results from the muri@edh/Dhtkdldouble KO, which mimics DHTKD1
inhibition in a GA-I patient, showed no rescue loé IGA-I phenotypes. Our data is based on smallanim
numbers and experiments were not possible to berperd on the same day and between littermates.
However, metabolic analysis via GC/MS and MS/MS awbust ways of measuring OA and GA.
Furthermore, results are consistent for the diffeigenotypes throughout all experiments, and dinic
results match the biochemical analysis. Metabdi@ameters, as well as the clinical outcomes likighte
and extremely passive behaviour, are not likelyuericed by environmental factors existing in animal
housing facilities. One also has to take the mizadkground into account, which could explain thghhi
variance within genotypic groups. Still, neithemidal nor biochemical symptoms are rescued in the
double KO as compared t@cdh KO mice. This highlights the complexity of the ilys degradation

pathway and suggests the presence of so far unkbmamches.

[11.3.2. Murine double KO experiments question the current heory of
lysine degradation

The lysine-degradation pathway is one of the welaborated amino acid degradation pathways. Many
research groups developed simplified schematic leddeunderstand specific branches of this pathway.
But the reality seems to be much more complex.a$ been shown that there are tissue specific
discrepancies in the pathway. The saccharopinevagtseems to be more abundant in liver, whereas the
pipecolate pathway is thought to be more activéoriain (Sauer et al., 2011). Within the pipecolate
pathway, pipecolate is oxidised to 1-piperideinea@soxylate by a still unknown enzyme. This

demonstrates one of the many open questions retatee lysine degradation pathway.
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According to theory to date, OA is degraded vignadr pathway to glutaryl-CoA by one single enzyme,
DHTKD1. Inhibition of DHTKD1 to prevent glutaryl-CoA accumulation was investghtvia a
Gcdh/Dhtkdidouble KO mouse. Results showed high GA levels,ichvhimply glutaryl-CoA
accumulation. This would require the existence radther source of glutaryl-CoA. It has been suggeste
that OGDHc is a multi-substrate specific enzymeir(SHha et al., 2011). Its substrate is normally 2-
oxoglutarate but it seems to have low substratmigffto OA. It is possible that during DHTKD1
inhibition OGDHc can compensate and decarboxylatddglutaryl-CoA.

Another source of glutaryl-CoA is GA. C7TORF10 trems CoA from succinyl-CoA to GA generating
glutaryl-CoA. Generally, GA can be excreted vianaribut in case of metabolic imbalance, C7ORF10
seems to act as a metabolic repair mechanism. Hawévthis is the main source of glutaryl-CoA in
double KO mice, it remains an open question whekec@mes from. In theory, an enzyme converting OA
directly to GA could be an explanation. OGDH-depariddioxygenases are potential candidates for this

conversion, but there is no evidence to date.

Some research groups suggest GA can also be geseratthe microbiome in the intestines. This could
explain high GA in several tissues, but not in bhan. The blood brain barrier seems to preventf@A
into cerebral tissue as shown via a hepatdhKO mouse (Sauer et al., 2006). Nevertheless hinabe
excluded that the microbiome generates a precS@A that can pass the blood brain barrier and is

degraded to GA and glutaryl-CoA in cerebral tissue.

Taken together recent findings disapprove the afeasimple DHTKDL1 inhibition to treat GA-I patient
They further demonstrate that some pathways thotggbe linear, really include parallel reactionse W
showed that DHTKD21 cannot be the only path withie lysine degradation pathway to generate glutaryl-
CoA. It remains an open question whether unknownalleh reactions are involved, or whether the actua

source of glutaryl-CoA is GA. And if the latter trg holds the source of GA is still unknown.

[11.3.3. Future investigations of the lysine degradation pdiway towards
GA-I therapy

The lysine degradation pathway, as complex as,itoffers more targets to prevent glutaryl-CoA
accumulation. DHTKD1 is the target acting direatiystream of the toxic metabolite. There are several
enzymes further upstream, which when non-functiaisd lead to conditions with asymptomatic patients

or to unknown consequences.

2-Aminoadipate-6-semialdehyde synthetase (AASSa iBifunctional enzyme catalysing the first two
reactions of the saccharopine pathway. Loss-oftfangesults in hyperlysinaemia type 1, which isimha
asymptomatic. This is confirmed by the high toldigbto mutations detected by the EXAC database
(figure 34B). Inhibition of this enzyme has the gutial to lower glutaryl-CoA accumulation in GA-I
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patients. However, it is unclear whether the pifeteopathway could compensate this loss-of-function
within the sacchropine pathway. Of note, patienth Wyperlysinaemia type 1 show high serum pipegeola

levels. This suggests no efficient compensatiortheégpipecolate pathway or at least not in allLigss

Another putative target downstream of AASS is Z2rwadipate-6-semialdehyde dehydrogenase
(AASDH). It looks like a condition without clinicadlonsequences when comparing EXAC database scores,
but it is known to result in pyridoxine-dependepil@psy. Inhibition of AASDH is therefore no pronmg

target to treat GA-I.

The 2-aminoadipate transaminase (AADAT) convergsrifroadipate to OA. To date there are no patients
known with loss-of-function of AADAT. This could thier be due to no clinical effect upon loss-of-
function or a dramatic possibly lethal effect. Dftan ExXAC suggests the latter to be likely. In méinan
60,000 healthy control samples they found only gk{of-function variants with 16 expected if the gen
were not essential for health. Only 64 missenséantr were observed with 126 expected, leading to
scores comparable 8CDH as visualised in figure 34B. Overall, AADAT woultoht be the first choice
target to treat GA-I.

A promising target is the succinate-hydroxymethylgiate CoA-transferase (C7ORF10) associated to
GA-Ill. It transfers CoA from succinate-CoA to Glemerating glutaryl-CoA. It serves as a metabolic
repair, in parallel to urinary excretion if GA ldgare high. The EXAC database assigns minimakscir
C70RF10suggesting GA-lll as a condition with none or nmitinical consequences. This is confirmed

by patients being mainly asymptomatic.

The most promising strategy towards GA-I treatnsadgms to be C7ORF10 inhibition. Since this branch
in the lysine degradation pathway works in paratbethe DHTKD1 pathway, a dual treatment inhibiting
both enzymes should be tested. The generationc@be10 KO mouse line is required to test this new
treatment strategy. If aDhtkd/c7orfl@double KO does rescue the GA-I phenotype in a
Dhtkd1/c7orf10/Gceditriple KO mouse these two branches would likelyth® major sources of glutaryl-
CoA. In case there is no rescue it seems like OGBEé&itcompensate DHTKD1 inhibition and generate
glutaryl-CoA. With our current knowledge, the egiste of another completely unknown pathway leading

to glutaryl-CoA cannot be excluded.
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V. CONCLUSION AND OUTLOOK

This complementary approach addresses three diffesteps of a classic research cycle (figure 4dinfr
identification of the disease-associated genei(set} to the development of a mouse model for enuu
disorder (section Il). An already established mouselel (for GA-I) enabled us to validate a therajgeu
approach (section Ill). Each part is based on fer@iht human neuropathological disease either prove
expected to be a mitochondriopathy.

thesis part II

(BPAN) Q‘.
____.————*

phenotype analysis
in a mouse model

phenatype analysis
in human cells

thesis part [
(FBXT4)

/)
i
disease-associated gene

drug sereening

targeted
approach

diseased patient ’
e 3 /
\ Q-\’ thesis part I1I

therapy (GA-I)

exploration of the
disease mechanism

drug development

Figure 44: Scheme of a classic research cycle foergetic human diseasednvestigations addressedithin this thesis are

indicated in red with the corresponding diseaseedéar section 1) and disease type (for sectioratl Ill) named in brackets.

In section | of this thesis a disease-associatee ges identifiedFBXL4 mutations were found to cause
early-onset mitochondrial encephalopathy. Thishe first mitochondriopathy known to date where
patients show reduced levels of CS indicating aucgdn in mitochondrial mass. Since biochemical
analysis to diagnose mitochondriopathies involveasarements of RCCs normalised to CS, these matient
misleadingly showed normal levels. Without nornatiisn to CS total activity of all RCCs was decrehse
and microoxygraphy showed reduced maximal respinaths the underlying disease mechanism, impaired
mitochondrial biogenesis or mitophagy are suggeskuce the identification of the disease-assodiate
geneFBXL4, more than 20 patients have been published. Wighftequency-BXL4 is among the more
common disease-associated genes for mitochondniegatAccordingly, it has attracted the attentién o
several research groups around the globe. Diagsosfifurther patients was facilitated by the dethi
clinical description of all patients concluding laacacteristic clinical pattern. The most distinetidinical

feature is the dysmorphic facial appearance. Inesoases this has already led to direct sequending o
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FBXL4 and positive FBXL4 diagnosis, before other painfuely and costly diagnostic procedures were

performed.

In sections Il and 11, two KO mouse lines were geted within approximately four months each using
the TALEN approach. This was a revolution in mousedel generation, established a few years ago,
which has recently been further facilitated andeberated by the discovery of the CRISPR/Cas9 sydtem

offers new perspectives for disease-associatedigeestigations and therapeutic studies.

In section Il, awdr45 KO mouse was generated and characterized in todestablish a model for the
human disease BPAN. A biallelic KO was suggestetigdethal in humans but proved to be viable in
mice. The model resembled the human disorder irerakvfacets with mainly neurobehavioral and
neuropathological abnormalities. Neuropathologiitalings occurred with 100% penetrance in mutasts a
of the age of four months. As a clinically relevamdpoint this can be used for therapeutic studies.
WDRA45 is known to be involved in autophagy, and BPghares features with common disorders such as
Alzheimer’'s disease and Parkinson’s disease. Thwrefstudies on th&Vvdr4d5 KO model can be
implemented in other research areas and potentiltym therapeutic strategies of more patientds Th
model will also be beneficial to investigationstioé pathomechanism of BPAN and may enhance current

knowledge of the cellular process of autophagy.

In section lll, aDhtkd1-KO mouse line was generated. Clinical and biochaehgharacterization found no
abnormalities and identified elevated OA levels pamble to the human condition. This suggested 2-
aminoadipic 2-oxoadipic aciduria a condition withh @ minor clinical consequences in mice and men. A
Gcdh/Dhtkdl1double KO mouse using the well-establisti&tlhKO mouse was generated. It imitated a
situation of DHTKDZ1 inhibition in GA-I patients. DFKD1 inhibition was shown to be not sufficient to
rescue the phenotype associated to GA-I in mice.diduble KO was clinically abnormal. Biochemically
it accumulated GA in liver and brain, indicatingaxic glutaryl-CoA accumulation. This disproved the
theory of DHTKD1 being the major source of glutaBdA, and suggested unresolved branches within the
lysine degradation pathway. C7ORF10 is another rmpialey major source of glutaryl-CoA and is
suggested as the next logic target to be inhibitedh therapy for GA-I. Supposedly a dual treatment
consisting of both DHTKD1 and C7ORF10 inhibitorsuMbreduce glutaryl-CoA accumulation and would
improve the clinical picture of GA-I patients. @7orf10-/Dhtkd1-/Gcdhtriple KO could help elucidating

this question.

Nonetheless, until a drug can be delivered to ptsidoedside there is still a long way to go. Ollethis

work highlights that simplified schematic pathwayesnerated to understand the rough mechanism are not
always reflecting reality. Therapeutic ideas basadbiochemical findings and cell culture experingent
should be confirmed on organismal level. Therapeiatierventions can have different consequences for

different tissues as well as the complex interdayween organs. This demonstrates the need for well
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established model organisms. The generation ofasésenodels has greatly benefited from recent
technologies such as TALEN and CRISPR/Cas. Bueims of generating a KO mouse for a specific
disorder it is essential to know the underlyingedise-associated gene to be targeted. Hence, derdles
cycle is necessary on the way towards therapyif@aded patients. This work aims to bring resefiach

bench one step closer to patient’s bedside.
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V. MATERIALAND METHODS

V.1. Material

V.1.1. Chemicals and reagents

1 kb DNA Ladder

100 bp Plus DNA Ladder
6-carboxyfluorescein-labeled primers
Agarose

Big Dye Buffer

Big Dye Terminator

DMEM

DMSO

DNA Agarose

DNA Stain G

dNTP Set (dATP+dCTP+dGTP+dTTP)
DPBS

EDTA

Ethanol absolute

Fetal bovine serum (FBS)

HPLC water

L-Lysine>98% TLC

Loading Dye

Magnesium chloride

NEB Bufferl (1x)

Thermo Fisher Scientific, WaliihadJSA

Thermo Fisher Scientifigltham, USA

Metabionnmational AG, Martinsried, GER

Biozym Scientific, Oldendorf, GER
Applied Biosystems, Foster CitiSA
Applied Biosystems, FostetyCUSA
Life Technologies, Carlsbad, USA
Sigma-Aldrich, Taufkirchen, GER
Biozym Scientific, Hessisch OlderdGER
Serva, Electrophoresis, Heidelb&BR
Thermo Fisher SifienWaltham, USA
Life Technologies, Carlsbad, USA
Sigma-Aldrich, St. Louis, USA
Merck, Readington, USA
Life Technologies, Gats USA
VWR International, Radnor, USA
Sigma-Aldrich, St. Louis, USA
Thermo Fisher Scientific, WalthaugA
Qiagen, Hilden, GER

New England Biolabs, IpswichSH
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PenStrep Life Technologies, Carlsbad, USA
Q-Solution (5x%) Qiagen, Hilden, GER

Serva DNA Stain Clear G Serva Electrophoresigjéleerg, GER

T10E0.1 microinjection buffer Self-prepared accordinflyefers et al., 2013b)
Tag-DNA-Polymerase (5 U/ul) Qiagen, Hilden, GER

Taqg PCR buffer (10x) Qiagen, Hilden, GER

Tris Merck, Readington, USA

Trypsin GE Healthcare, Giles, USA

V.1.2. Enzymes and proteins

All restriction enzymes New England Biolabswpsh, USA

V.1.3. Antibodies

A5441 (Beta-actin) Sigma-Aldrich, TaufkirchéBER
ab110242 (NDUFBS8 — Cl) Abcam, Cambridge, UK
ab110330 (Elalpha subunit — PDH) Abcam, Cambridie,
ab14715 (SDHA - ClI) Abcam, Cambridge, UK
ab14745 (UQCRC2 — CllI) Abcam, Cambridge, UK
ab14748 (ATP5alpha — CV) Abcam, Cambridge, UK
ab16056 (COXIV - CIV) Abcam, Cambridge, UK
sc11415 (TOM20 - mitochondria) Santa Cruz, Hdided, GER
V.1.4. Kits
AllPrep DNA/RNA Mini Kit Qiagen, Hilden, GER
Amersham Western Blotting Detection GE Healthdafe Sciences, Freiburg, GER
B-Gal Reporter Gene Assay, Roche Applied Scigheazberg, GER

chemiluminescent
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Luciferase reporter Gene Assay
MinElute Gel Extraction Kit
MMESSAGE mMACHINE T7 ULTRA,
Transcription Kit

Mouse Direct PCR Kit
NorthernMaX-Gly Kit
pLenti6.3/V5-TOPG TA Cloning® Kit
PureLink HiPure Plasmid Filter DNA
Qiagen Tag-Polymerase kit

QIAprep Spin Miniprep Kit

RNA Millennium ™ marker

V.1.5. Other materials

Altromin 1314 standard mouse diet
HEK 293 cells

Lignocel® 3-4S mouse bedding
LumiNunc™ 96-well plates

NHDF neo

Nunc™ Cell-Culture Treated 12-well dish
PAGEr" EX Gels 4-12%

PCR Purification Plate Nucleofast

TD 04412 high-lysine diet for rodents

Roche AppliedrtseiePenzberg, GER
Qiagen, Hilden, GER

Thermo Fisher Scientific, Waltham, USA

Biotool, Houston, USA
Thermo Fisher Scientific, Waltham, USA
Fisher Scientific, Waltham, USA
Thermo Fislsamientific, Waltham, USA
Qiagen, Hilden, GER
Qiagen, Hilden, GER

Thermo Fisher Scientific, Waltham, USA

Altromin, Rosengh GER
Lonza, Basel, CH
Altromin, Rosenb&BR
Thermo Fisher Scientific, Walthd#$A
Lonza, Basel, CH
Thermo Fisheiestific, Waltham, USA
Lonza, Basel, CH
Macherey-NaBeiren, GER

Harlan, bnaipolis, Indiana, USA

V.1.6. Technical devices

Camera E.A.S.Y 440K

Electrophoresis chamber

Herolab, Wiesloch, GER

Bio-Rad Laboratoriesctles, USA
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Gene Pulser Xcell™,
Electroporation Systems

Gene Pulser/MicroPulser,
Electroporation Cuvettes

NanoDrop 1000 Spectrophotometer
Grip strength meter, BIO-GS3
PTC-225 thermal cycler

Sequencer ABI 3730 DNA Analyzer
UVT-40 M Transilluminator
Vacuum pump

XF69 Extracellular Flux Analyser

Bio-Rad Laboratories, HEsuUSA

Bio-Rad Laboratoriescdles, USA

Thermo Fishem8tie Waltham, USA
Bioseb, VirtrollE®
Bio-Rad Laboratories, ks, USA
Applied Biosystemrgster City, USA
Herolab, Wiesloch, GER
Merck Millipore, Billerica, USA

Seahorse BioscerCopenhagen, DK

V.1.7. Oligonucleotides

cDNA clones Genecopoeia, Rockville, USA

Primers Metabion International AG, Martinsri&ER

Assay [ Gene symbdl Forward primer Reverse primer Ampliftation purpose
human sequencingBXL4 CATCCTTCAAAGAGTTCATGC ATCCCACCATGTCCCATAAG sequencirgxon 3
human sequencingBXL4 TGCCAAAGAAGTAGTGGATTTC TCTCCAATATTAACAACCAAAACC sequacing exon 3
human sequencingBXL4 CACACTGTGACATATTGGGC TGCCAAACCAAAACAAAAGC sequencingxon 4

human sequencingBXL4
human sequencingBXL4
human sequencingBXL4
human sequencingBXL4

TGTTTCATAGAATGATACTGCTTTTC [CTACATAATAAGTATAACCTGCTGCTG [sequencing exon 5
TGCTAAAATTCCAAAGTTCTTGC GAAAACCAAATCTTCAGTTGGC sequecing exon 6
TTCTCTTTGTTTCACTTTCATTCAC | GGATACATTTCACCCATAGGAAG segencing exon 7
CTCTAAACAGTTTGCATGTCTGAG TGAGATTGGCTTTTCTGTCAAG sequeing exon 8

human sequencingBXL4 CATGGATGGATTCATTGTTAGC TCCCAAAATTAAACCCCAAC sequenc@exon 9
mouse genotypingWdr45 CTTCAGAGAGGACACTGGGG TCAGGGTATACGTGGGAAGG sequenciagon 2-4
mouse genotypind;Dhtkdl ATGATAGCCCATGGCAACTG GTGGAGAGAGAGGAGGAGGG sequenciegon 7

CTTCCGTAACTACTGGCAGGAGCGG| CCCAGAACTCAGGAGGAAGAGGCAG | 1B and R17 *
GCGGTGGGCTCTATGGCTTCTGAGG | AGCTCTCGGGTCAGAAGCCCATAGG | ebR5 and R21 *

mouse genotypind;chh
mouse genotypind;chh

Table 4: Primer table used for FBXL4 sequencing in humans and for mouse genotyping &%dr45, Dhtkdl and Gcdh.
*Primer pairs are taken from an orally deliveredtpcol, set up from Dr. Sven Sauer at UniversityHefdelberg, who delivered

the Gedh- knockout mouse.
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V.1.8. Vectors and plasmids

Type

pLenti6.3/V5-TOPO®

pCAG-“exon of interest’-Tall
pCAG-“exon of interest’-Tal2
pCMV-Rep-“wild-type exon of interest”

pCMV-Luc

Purpose

TOP®cloning for lentiviral transduction
Expression plasmofdTALEN 1*
Expression plasrofdTALEN 2*

B-Gal reporter plasmid*

Luciferase reporter plasmid*

*plasmids are identical to Wefers et al., 2013b Wrefers et al., 2014.

V.1.9. Bacteria

Type _Purpose
One Shot® StbI3™ Chemically Competent E. CIJ” Leirel TOPQ cloning
V.1.10.Cell lines
Type _Purpose
HEK 293 cell line for eukaryotia vitro testing of
TALENs
NHDF neo normal human dermal fibroblasts agrob

Patient fibroblasts

cell line cultured from neonatal foreskin

taken from a patient biobank feuspected
mitochondriopathy patients at the Institute of

Human Genetics, Helmholtz Zentrum Muenchen

and Technische Universitaet Muenchen
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V.1.11. Mouse lines

Helmholtz Zentrum Muenchen, internal name _Breeding Background

WDR45 inbreeding C57BI/6 N x FVB
GCDH* inbreeding Sv129

DHTKD1 inbreeding C57BI/6 N x FVB

GD (GCDH x DHTKD1) inbreeding C57BI/6 N x FVvBSw129

*mice were delivered from Dr. Sven Sauer, UniversitHeidelberg. They are descendants of a puldishe

and well characterized mouse line (Koeller et200Q2).
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V.2. Methods

V.2.1. Genetic and molecular biological methods

V.2.1.1. Preparation of plasmid DNA

For Miniprep plasmid isolation, a singke.coli colony was used to inoculate 5 ml LBamp and then
incubated overnight. The preparation of high-cpsmid DNA using the QIAprep Spin Miniprep Kit
was performed according to manufacturer’s protocol.

For Midiprep plasmid isolation, 50-100 ml overnidbacterial cultures were used, and preparation was
performed using the Invitrogen PureLink HiPure RlEb Filter DNA Purification Kit according to

manufacturer’'s protocol.

V.2.1.2. Preparation of genomic DNA

Fibroblast cell lines were harvested and DNA islaising the AllPrep DNA/RNA Mini Kit from Qiagen.

V.2.1.3. Polymerase Chain Reaction (PCR) and subsequent péidation

DNA sequences with up to several kilobases wereliietpwith this technique, either from genomic or

plasmid DNA. The Qiagen Tag-Polymerase kit was weigd the following protocol:

Component Volume
10x PCR Buffer 2.5l
dNTP mix (2 mM each) 2.5 pl
F-Primer (10 pmol/ul) 0.5 ul
R-Primer (10 pmol/ul) 0.5 pl
Taqg-Polymerase 0.1 pl
DNA template genomic(10-300 ng/ul) 1ul
or
DNA template plasmid (10-15 ng/ul) 1ul
H,O 16.9 pl
Total 25 ul

In case of subsequent cloning, e.g. TGRMNIng for lentiviral transduction, the volumesng scaled up

to 100 pl in total. Thermal cycler settings werda®ws: initially 95 °C for 5 min; 25 cycles 085 °C for
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30 s; temperature dependent on primer constitiiba; 72 °C time dependent of fragment length;li§ma
72 °C for 5 min.

Purification of the PCR product was done via MWtn® PCR 96 Filter Plate in a total volume of 100
pl (if needed volume added with HPLC water). Vacuwas applied using a vacuum pump (Merck
Millipore, USA) for about 8 min until all liquid v@shed. The corresponding well was mixed and pedett
up and down with 25 pl HPLC water to elute the Di#gment from the bottom.

V.2.1.4. Sequencing of PCR fragments

The fragment obtained through PCR, purified onltarfiplate, was used for sequencing. If applicable,
DNA gel electrophoresis was run before sequenargheck DNA quality, amount and fragment size. The
sequencing reaction using BigDye Terminator (Appltosystems) and the corresponding BigDye buffer

was set up as follows in duplicate with forward aeekerse primer for each sample:

Component Volume
10x BigDye Buffer 1.5 ul
Forward or Reverse Primer (10 pmol/ul) 1pl
BigDye 0.5 ul
PCR-product 1l
HPLC-H,0O 1pl
Total 5 pl

PCR program: initial 96 °C for 1 min, cycle st&d@ °C for 10 s, 50 °C for 5 s, 60 °C for 1 min 3@vi&h
25 cycles.

Before sequencing the sample, DNA was precipitaié sequencing reaction volume was mixed with
25 pl 100% ethanol and incubated in the dark for(hinimum 15 min). Samples were then centrifuged a
3000 RZB for 30 min at room temperature. Subsedyiesamples were centrifuged upside down at
100 RZB for 10 s. Then 125 pl of 70% ethanol wadealdand upside centrifugation at 2000 RZB for 10
min followed. Afterwards the plate was shaken emygtgide down and centrifuged in the same oriemtatio
at 600 RZB for 1 min at room temperature. Ethanabeft to evaporate for 5 min in the dark. For
sequencing the pellet was eluted in 25 ul HPLC wétke probe was transferred into a microtitereglat
which was placed into an automated ABI 3730 seqererResulting sequences were analysed using the

Staden Package (http://staden.sourceforge.net).
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V.2.1.5. Restriction digestion of DNA

In order to digest DNA, restriction digestion reawus were set up with NEB restriction enzymes and
corresponding buffers according to New England @el protocols. Depending on the purpose of the
restriction digestion, different DNA amounts andubation temperatures were used. Proper digestsn w

checked via DNA gel electrophoresis. In case obtldigestion, manufacturer’'s advice was followed.

V.2.1.6. Ligation of DNA

Ligation of two fragments, i.e. a pre-cut vectodamother DNA fragment, was set up using T4 DNA

ligase (Thermo Fisher Scientific, USA) accordingrtanufacturer’s protocol.

V.2.1.7. DNA gel electrophoresis and subsequent DNA extracin

DNA gel electrophoresis was used to separate atettdBNA fragments of different sizes. Gels were
prepared with 0.5-1% Agarose (Biozym Scientific,r@any) in 1x TBE buffer (840 mM Tris, 900 mM
boric acid, 20 mM EDTA, add dH20 up to 1 |, pH8)}thwb pnl/2100 ml Serva DNA Stain Clear G (Serva
Electrophoresis, Germany). Serva stain binds to D can be visualised under a 300 nm UV light
transilluminator (Herolab, Germany). Before runnthg gel at 120 V in 1x TBE buffer, DNA (e.g. PCR
product) was mixed with 6x DNA Gel Loading Dye (Tl Fisher Scientific, USA) and added to one
chamber per sample. One chamber per gel was logitlectither 1 kb DNA ladder or 100 bp Plus DNA
ladder (Thermo Fisher Scientific, USA) accordingriianufacturer’s instructions. If DNA extraction &f
specific band on the agarose gel was desired, tin&livte Gel Extraction Kit (Qiagen, Germany) was

used according to manufacturer’s protocol.

V.2.1.8. Invitro transcription

The DNA was excised from an agarose gel and pdrdgdescribed in V.2.1.7. Using NanoDrop (Thermo
Fisher Scientific, USA) a minimum of 80 ng/ul DNAmtent was assured. Fior vitro transcription the
MMESSAGE mMACHINE® T7 ULTRA Transcription kit was used according t@féfs et al., 2013b. The

following components were mixed and incubated farat 37 °C:

Component Volume
T7 2x NTP/ARCA reagent 10 ul
10x reaction buffer 2 ul
DNA template (total 0.5-1 pg) 6 pl
T7 enzyme mix 2 ul
Total 20 pl
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After incubation the RNA sample was polyadenylatetording to the following reaction set up:

Component Volume
Transciption sample from above 20 pl
Nuclease-free water 36 ul
5x E-PAP buffer 20 pl
25 mM MnC} 10 pl

10 mM ATP solution 10 pl
Total 96 pl

5 ul of the mixture were removed and stored asnérabofor later gel electrophoresis. The remair@igul
were mixed with 4 pl of E-PAP enzyme and incubated?7 °C for 1 h.

V.2.1.9. RNA purification

For RNA purification the MEGAcled! Transcription Clean-Up Kit (Thermo Fisher ScidntitJSA) was
used. Each 91 pl sample was added up to 100 plehitton solution. 350 ul binding solution were add
as well as 250 pl 100% ethanol. The sample wadeapm a MEGAclear spin column, where RNA was
bound to the filter and washed several times a@egrid manufacturer’s protocol. RNA was eluted 001
pl and subsequently precipitated via 5 M ammoniwetate and ethanol. The final RNA pellet was
resuspended in 40 plEy; microinjection buffer. 1 pl was used for measuretra® RNA content via
nanodrop. The yield should exceed 30 pg. 2 pg cARNMre used for RNA gel electrophoresis to assure

appropriate quality of the sample.

V.2.1.10.RNA gel electrophoresis

A 0.8% agarose gel of 60 ml was cast using thehéonMax-Gly Kit (Thermo Fisher Scientific, USA).
Agarose was dissolved in 54 ml RNAse-free wateth®y use of a microwave. After cooling 6 ml 10x
NorthernMax-Gly buffer were added and the gel pdufiene 2 pg sample were diluted with nuclease-free
water up to 10 pl and mixed with 10 pl of the sugplGlyoxal loading dye. The mixture was incubated
for 30 min at 50 °C. The sample was loaded ontogtiealong with 2 pl of RNA Millenniuft' marker
(Thermo Fisher Scientific, USA). The gel was ruraichamber filled with 1x NorthernM&Gly buffer at

110 V for roughly 1.5 hrs until the blue markeraied the end of the gel. Visualisation under a 13®0
UV light transilluminator (Herolab, Wiesloch, Germ@ revealed the expected band size of 3000 bp for
TALEN-RNA.
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V.2.1.11.Transformation of E.coli by electrophoresis

In order to transfornk.coli with plasmid DNA, One Shot® StbI3™ chemically caetgntE. coli(Thermo
Fisher Scientific, USA) were used. The procedurs warformed according to manufacturer’s protocol,
using 2-3 pl of the plasmid or ligation reaction.the final step 100 pl of the reaction mix, andl/20

dilution of the reaction mix, were spread on awermed ampicillin plate each.

V.2.1.12.In silico design and in vitro testing of TALENs

Two mouse lines were generated using the well-bskedol TALEN approach. Both were knockout lines
generated by small deletions leading to a frami&-shimurine Ddtkd1andWdr45 In order to be able to
choose the more efficient TALEN-pair vitro, two pairs for each gene were designed and getetatbe
tested in cell culture. Only the more efficient owas used to generate mRNA for embryo-injection.
TALEN sequences were designed according to puldighetocols (Boch et al., 2009, Zhang et al., 2011)
as described in supplementary figure 2A. Dependimghe target sequence of each TALEN, as visualised
in supplementary figure 2B, the corresponding TALRMtein sequence from supplementary figure 2A
was attached, with variable amino acids at positib® and 13 targeting the specific bp within thrgeaa
sequence as indicated. Protein sequences wereedrdeGenScript (New Jersey, USA) as custom DNA
synthesis with murine codon optimization offered@snScript. The TALEN sequence was generated with
fixed ends containing a target sequence for thieictsn enzyme Bbsl for later cloning, and contagnthe

first two (LT) and last two (HG) amino acids frothet corresponding TALEN repeats as indicated in
supplementary figure 2C. GenScript shipped the tcocis packed in a pUC57 vector as listed in
supplementary table 2. The first, as well as ttst lapeat sequence specific for the first T andlake
nucleotide of the target sequence, are includetarexpression vectors and do not need to be iedlud

the synthetic custom nucleotide.

The followingin vitro testing of TALENs was performed according to avfmesly established protocol
(Wefers et al., 2013b). The four expression plasmpi@AG-TALEN-X-pA (X = A, C, G or T for the 16
protein repeat sequence contained inside the esipreplasmid) as well as the ordered pUC57 comtgini
the designed TALEN were Bbsl digested. Probes weedysed on a DNA agarose gel and corresponding
bands extracted and ligated via T4 ligase. In otdegenerate TALEN reporter plasmids containing the
target sequence, two designed oligonucleotides walgeed to form the target region with compatible
overhangs to later be cloned into an Nrul and Bstiifested reporter vector. HEK293 cells were
transiently transfected via electroporation witlcteaeporter plasmid as well as both expressiomptis

per sample as described in V.2.3.2. Controls weeel &s suggested by Wefers and colleagues (Wefers e
al., 2013b). Roughly one million HEK cells werenséected with each DNA (reporter and expression

plasmid composition). Each sample was spread ohteet wells after electroporation to enable
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measurements in triplicates. Media was changed a#tehrs. Further simultaneo(isgalactosidase and

luciferase assays were performed 48 hrs afterfeatien as described in V.2.2.2. and V.2.2.3.

V.2.2. Protein analytics
V.2.2.1. Immunoblot analysis

Immunoblot, also known as Western blot is a widebed technique to detect specific proteins in cell
lysates. After determination of the protein concatitin, sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE), protein blotting anchd@au S staining, Immunodetection enabled the
desired analysis. Quantification of the luminescsignal was performed using the multi-imaging-

instrument Fusion FX7 advance (Peqglab, Erlangemm&ey) in combination with the analysis software

BIO-1D advanced.

Measurement of protein concentration in cell lysages conducted after Bradford (Bradford, 1976).sThi
dye-binding assay is based on Coomassie® Brilm¢ G-250, a dye that changes its colour in respon
to different protein concentrations. When protdiinsd the dye, it changes from a double protonaged r
form and stabilises as an unprotonated blue forhee maximal absorbance of the acidic Coomassie
solution shifts from 465 nm (without protein bind)nto 595 nm (with saturation protein binding).
Coomassie® Brilliant Blue G250 (Sigma-Aldrich, USWas used according to manufacturer’'s protocol.
For accurate quantification of the results, a regjmn curve was done using protein standard BSKZ0.

mg/ml). Absorbance was measured at 595 nm.

Different protein amounts were used for SDS-PAGRisTseparates proteins due to their size. SDS
denatures the protein and proteins are separategolyacrylamide gel electrophoresis. Precast 4-12%
PAGEr EX Gels (Lonza, Switzerland) were used. Samples wiéduted in 2x Laemmli sample buffer
(Bio-Rad Laboratories, Hercules, USA) and heate®Bfmin at 95 °C. Gels were run for approximately 2
hrs at 120 mA in SDS-running buffer (25 mM Tris, @8, 192 mM glycine, 0.1% (w/v) SDS). A
prestained protein ladder (PageRuler PrestaineiRrbadder, Thermo Fisher Scientific, USA) wasdise

in order to label the protein molecular weight ba gel.

To blot proteins on a PVDF membrane, the membraae fisst incubated for 10 min in 100% ethanol for
its activation. The gel, PVDF membrane and two Wizt blotting papers (GE Healthcare, Giles, UK)
were gently shaken in blotting buffer (25 mM T80 mM Glycine, 20% MeOH) for 10 min. The gel was
situated on top of the membrane surrounded by Wdratbotting paper in a semidry-blotting apparatus.
Protein transfer was set to 90 min at 5 mAlcm order to check the efficiency of protein triams the
membrane was shaken for 3 min in removable dyetlgho Ponceau S (0.5 g Ponceau S, 1% (v/v) acetic
acid in dHO) and subsequently incubated for 5 min in fadiolytgon (10% (v/v) acetic acid, 50% (v/v)
methanol dFO).
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For immunodetection, the membrane first had tababated in 5% skimmed milk powder for 1 h in order
to block unspecific antibody binding. Followingshthe membrane was decorated with a specific @b

at 4 °C overnight.

Antigen Antibody Working dilution
Beta-actin ab441 1:15,000
NDUFB8 — CI ab110242 1:1,000
Elalpha subunit — PDH ab110330 1:1,000
SDHA - ClI ab14715 1:1,000
UQCRC2 - CllI ab14745 1:1,000
ATP5alpha - CV ab14748 1:1,000
COXIV - CIV ab16056 1:50p
TOM20 - mitochondria sc11415 1:1,000

Table 5: List of antibodies. Indicated is the identification number of eachitzosdy with the working dilution used for the

corresponding experiment.

Next day, the membrane was washed three timesl# UBS-Tween for 10 min before incubation with
the appropriate horseradish peroxidase (HRP)-cdupdeondary antibody for 1 h at room temperature.
After washing three times with TBS-Tween (0.1%) tpias were visualised on a photographic film.
Amersham ECL Western Blotting detection agent (GEalthcare Life Sciences, GER) was used
according to manufacturer's protocol. Subsequerdntiiication was performed on the Fusion FX7

advance with the above mentioned analysis software.

For repeated immunodetection the membrane wagsttipp remove bound antibodies. It was incubated
gently shaking at 50 °C for 30 min in stripping teuf(62.5 mM Tris hydrochloride, pH 6.7, 2% (w/V)
SDS, 100 mMB-mercaptoethanol) and subsequently washed thres fimTBST for 10 min. The resulting

membrane was then used for another immunodetection.

V.2.2.2. p-Galactosidase assay

B-Galactosidase activity was measured usingpt@al Reporter Gene Assay, chemiluminescent (Roche
Applied Science, Germany) according to Wefers et28l13b. 20 pl lysate were added to 40 pl sulestrat
reagent in each well according to manufacturerdqmol. Every sample was prepared for measurement i
triplicate on a white bottom 96-well LumiNunc plat@hermo Fisher Scientific, USA). Before
measurement the plate was incubated at room tetoperia the dark for 30 min while shaking gently.
With the use of the initiation reagent suppliedthe kit, measurement was performed according to the

table in V.2.2.3 using a luminometer.
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V.2.2.3. Luciferase assay

In order to measure firefly luciferase activityethuciferase reporter gene assay, high sensit{Riyche
Applied Science, Germany) was used according toe¥8ednd colleagues protocol (Wefers et al., 2013b).
Each sample was measured in triplicate. 75 pl sdtly were added into wells of 96-well LumiNunc eat

(Thermo Fisher Scientific, USA). A luminometer addb0 pl of luciferase reagent to each well aceaydi

to the settings below. luciferase p-gal
Dispense Injector 2 2
Volume 150 20
Speed middle middle
Measurement operation by well by well
Repeated operation yes yes
Shake Duration 2.0 2.0
Speed fast fast
Diameter 0.1 0.1
Type orbital orbital
Measurement operation by well by well
Repeated operation yes yes
Measurement Name Firefly betaGal
Counting Time 5.0 5.0
Measurement operation by well by well

V.2.2.4. Biochemical analysis of metabolites (GA and OA)

Metabolites were measured from tissue homogenaitg gsis chromatography /mass spectrometry (GC
/IMS) and tandem mass spectrometry (MS /MS) to measxpadipate (OA) and glutaric acid (GA) levels.
Measurements were performed at the StoffwechselmantUniversitaet Heidelberg, GER) in cooperation

with Dr. Sven Sauer and Dr. Stefan Koelker.
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V.2.3. Tissue culture
V.2.3.1. Culturing, freezing and thawing of fibroblast cells

Patient skin biopsies were cultured in DMEM growtkdium containing 4.5 g/l D-glucose, L-glutamine,
pyruvate, 10% FBS (fetal bovine serum) and PenS&&0 U/ml penicillin; 5,000 U/ml streptomycin).
The fresh biopsy was cut into small pieces andbated at 37 °C , 5% GGnd at 90% humidity in a
8.8 cnf tissue culture dish (Thermo Fisher Scientific, ySBepending on cell division and the purpose of
the cells, they were passaged every 2-5 days lrcaélre flasks suitable for adherent cell culturi¢h 25

cnt (10 ml), 75 crA (25 ml) or 175 ch (45 ml). When the desired confluency was reachells were
washed with PBS (5-15 ml depending on flask sipe) subsequently detached using Trypsin (0.5-2.5 ml)
Cells were pelleted and resuspended in respectitare medium and spread onto several fresh culture
flasks in order to passage them. In order to freegeellet, cells were resuspended in 1.8 ml DMEM
containing 10% DMSO and applied to a 2 ml cryo .vigdcked in a Styrofoam box vials were stored at
-80 °C to allow the sample to slowly cool downolder to thaw a fibroblast cell line, the vial whawed

at 37 °C and subsequently resuspended in pre-wabiweM, containing all compounds described above

necessary for growth.

V.2.3.2. Transfection of HEK cells

HEK293 cells were used for transfection with plasmiNA. All DNA samples were sterilized in a 1/10
volume of 3 M sodium acetate and 2.5 volumes 10@Rarml at -20 °C overnight. After thawing and a 3
min centrifugation, the pellet was washed with 7@¥anol and centrifuged again for 3 min. After realo

of the supernatant, another centrifugation step weasl to discard any residual ethanol. Subsequtrgly
pellet was dried under a sterile hood for anothatiftutes. The sterile DNA pellet was dissolvedtarite
water up to a concentration of 1 ug/ul. For eachpde, 5 pl ( =5 pg) per plasmid were added togethe
(e.g. 5 pl pCAG-Wdr45ex2-Tall + 5 pl pCAG-Wdr45ekal2 + 5 pl pREP-Wdr45ex2 + 5 pl pCMV-
Luc) and mixed with sterile PBS up to a total 0014 transfection-DNA. HEK cells were cultivatedtiin

a cell count of 1 million cells per transfectioraphed was available. Cells were washed carefulRBS
and trypsinised (4.5 ml) for 5 min at 37 °C. Ondlion cells were pelleted and resuspended in 100f ul
the corresponding transfection-DNA sample in add?Gene Pulser/MicroPulser Electroporation Cuvette
(BioRad, USA). Using the Gene Pulser Xcell™ Elegti@ation Systems (BioRad, USA) with settings:
time constant, 225 V, 2 ms, 2 mm cuvette, electiaian was performed. Transfected cells were irtlgtan
resuspended in 9 ml pre-warmed media and 3 ml dpnéa three separate wells of a 12 well cell adltu
plate (Thermo Fisher Scientific, USA). 24 hrs aggctroporation fresh media was supplied to tHis ce

and measurement was performed another 24 hrs later.
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V.2.3.3. Lentiviral transduction of fibroblasts

Lentiviral transduction was performed using the mi&3/V5-TOPGS TA Cloning® Kit (Thermo Fisher

Scientific, USA) according to manufacturer’s praitsc TOPO cloning was done with desired full-length
cDNA ordered at Genecopoeia (e.g. wild-tyel@XL4). The HIV-based lentiviral transduction kit led to
stable integration of the construct including thd\Cpromoter into the genome. Integration was assure

via blasticidin selection of transduced cells foleast two weeks.

V.2.3.4. Cellular respiration assay using Seahorse

The Seahorse BioscierfcXF Extracellular Flux Analyser was used to measi@itular respiration on 96-
well specifically applied cell plates. One day refthe experiment, 20,000 cells of the correspandeil
line were seeded in each well. In general, a maxirot four different cell lines including controlsene
distributed per plate. The four corner wells wesk ¢émpty as they were used for background cooesti
Cells were grown in normal DMEM (V.2.3.1) for 24shat 37 °C and 5% GOA calibration plate
(supplied by Seahorse Bioscience) was filled wifl® 211 XF calibrant and left at 37 °C without €O
overnight. On the next day, using a multi-pipetiiéwells were washed with PBS, carefully leaviriyi4d

of liquid inside and finally leaving 180 pul unbuféel DMEM. The plate was incubated for 30 min at@7
without CQ. In the meantime a loading cartridge (suppliedSlbghorse Bioscience) containing four ports
per well, was loaded with corresponding compou@lgomycin (final conc. 1 uM) was used to fill port
A, FCCP (final conc. 0.4 uM) for port B and roterdffinal conc. 2 uM) for port C. The machine wak se

up to the instructions below.

Upon completion of the calibration cartridge afteaghly 30 min, the cell culture plate was inselit&d

the Flux Analyser and the above mentioned measureweas started. The measurement took about 2 hrs.
After measurement, the plate was washed with PR® and incubated in a dry state at -20 °C overnight
In order to normalize results measured by the Sesahiastrument by cell number, the frozen plate was
used the next day to analyse cell numbers via CgQAaaalysis. The CyQuant kit from Invitrogen was
used. All compounds, as well as the cell plate,ewleft to equilibrate to room temperature. 200 pl
CyQuant GR dye were added to 20 ml cell lysis buffe200 ul of the resulting solution were added to
each well of the cell plate and vigorously pipettgdand down. Subsequently, fluorescence was nesur
in a microplate reader with excitation of 485 nnd @mission detection at 530 nm. Using a standamnekcu

it was possible to calculate the exact number 8§ der each well. These numbers were insertechéo t

Seahorse instrument, which delivered results nasethito each wells’ cell number.
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Measurement instructions:

Command Time (min) Port #Repeats
Calibrate 30

Equilibrate 15

Mix 2

Wait 2 } X3
Measure 3

Inject A (oligomycin)

Mix 2

Wait 2 } x3
Measure 3

Inject B (FCCP)

Mix 2

Wait 2 } x3
Measure 3

Inject C (rotenone)

Mix 2

Wait 2 } X3
Measure 3

V.2.4. Mouse work
V.2.4.1. Legal approvals

The breeding, housing and characterisation of geailst modified mice with known or unknown handicap
in order to research neuropathies and particularitochondriopathies (“Zucht, Haltung und
Charakterisierung von genetisch veranderten Mausierunbekannter oder bekannter Belastung fir die
Erforschung von Neuropathien und insbesondere Mdaodriopathien.”) was approved by the Regierung
von Oberbayern with the Aktenzeichen: 55.2-1-5422539-2015. The validation of DHTKD1 inhibition
as a therapy for Glutaric Aciduria Type 1 in tbatkd1l/Gcdhmouse model (“DHTKD1-Inhibitoren als
Therapie gegen Glutarazidurie Typ 1 — Validierungzhtkd1/GecdhMausmodel.”) was approved with the
Aktenzeichen: 55.2-1-54-2532-31-2014 at the sarseargsible german institution.
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V.2.4.2. Mouse housing, nutrition and handling

Mice were kept at fully air conditioned experimdntmimal laboratories at the Hemholtz Zentrum
Muenchen (mainly A-Streifen, some at the GMC). Hegsooms were kept at a 12/12 hrs light and dark
cycle and in specific pathogen-free (SPF) conditiblumidity was set at 50-60%, temperature at
22 + 2 °C. Mice were kept in filter top polycarbomacages type Il with 370 ¢énsurface area. In
accordance to EU guidelines only up to 4 adult mveee joined in one cage. Mice were tried to bel hel
with company whenever possible. In case of incorppities corresponding mice were separated. Cages
were filled with Lignocel® 3-4S bedding (Rettenmai& S6hne, GER), and standard nutrition was
composed of sterile filtered water and standard fdierodents (Altromin, GERad libitum In order to
enter the mouse housing facility, a wet shower patkto be passed in order to keep the SPF conditio
Monitoring of mouse hygiene was performed accordm§ELASA (Federation of European Laboratory
Animal Science Associations) guidelines. Handlifgnice was done with complete body coverage
through sterile laboratory trousers, blouse, samkd mouth and hair masks as well as nitrile gloves.

Universal mouse numbering based on ear punchesseals in order to uniquely mark each animal.

V.2.4.3. Mouse embryo-injection

Samples for microinjections were prepared as fal¢Wefers et al., 2013b). Both TALEN mRNAs were
diluted in T;oEq ; to get a final volume of 3l containing 300 ng of RNA. This solution was cledrusing

an Ultrafree centrifugal filter. Centrifugation fdr min at room temperature and 12,000 g resulted in
30 pl injection aliquot ready-to-use for one injectiday. Until use it was stored at -80 °C for up to 2

months.

To set up one day of microinjections the specidlitsam of the Institute of Developmental Genetics
(Helmholtz Zentrum Muenchen) started the proceéue days before, as previously described (Wefers e
al., 2013b). As embryo donor females they used RdiBthe generation of ouwdr45 and Dhtkd1
knockout lines. These hormone-treated animals weated with C57BI/6N males overnight. Resulting
fertilized oozytes were collected and the TALENeitjon-sample injected into the larger (male)
pronucleus. Injected embryos were reimplanted p#eudopregnant CD-1 foster mothers. One injection

day typically resulted in 4-5 foster females eaairying 10 embryos in each oviduct.

V.2.4.4. Mouse genotyping based on PCR and sequencing

Mouse genotyping was done with the resulting peHcskin after ear marking. Mouse Direct PCR Kit
(Biotool, USA) was used to both isolate DNA fromrskiopsy, as well as to amplify the gene of instre
using designed primers. Standard PCR conditionk aliiered elongation temperatures and times were
used Wdr45 1 min at 56 °C;Dhtkdl 30 s at 56 °C an@Gcdh 2 min at 69 °C). In case dbcdh

genotyping was based on a duplex-PCR, meaningG@iiedetup consisted of two primer pairs (see table 4
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F13+R17 and Neo025+R21) with the same concentragach. For this mouse line, DNA gel

electrophoresis was used for genotyping. A bangi7@tbp only, indicated a wild-type mouse and one at

750 bp a homozygous mutant. If both bands werectietehe analysed mouse was a heterozygote for

Gcdh The protocol was developed and kindly shared wighby S. Sauer (Universitaet Heidelberg,

Germany). In the case of genotyping Wer45or theDhtkd1 KO mouse line, a sequencing approach was

established in this work to obtain genotypes. Té&s performed using both the forward and reverse

primers as described in V.2.1.4.

V.2.4.5. Neurobehavioral experiments

All neurobehavioral experiments were performed imitthe light cycle of the animals. The SHIRPA

protocol SmithKline Beechamidarwell, Imperial CollegeRoyal London Hospitalphenotypeassessment

(Rogers et al., 1997, Rogers et al., 2001)) wad uséts modified scope, as suggested by Masuya and

colleagues (Masuya et al., 2005). According torteaggestions, the preliminary analysis as welihas

disease progression analysis included the followxmeriments:

Locomotor activity: Animals were dropped in the diil of an arena (52 x 30 cm, divided in 28
optically distinguishable squares). 30 seconds upropping the mouse into a middle square, the
number of squares, travelled by all four paws, wesasured. This test enabled assessment of
overall locomotor activity. For the statistical &rsis of this quantitative variable the Student's t
test was used.

Body position: The mouse was placed into a 5 | ingwjar and observed for a few seconds.
Inactive behaviour scored 0, active behaviour 1 excessive activity often including jumping
scored 2. The statistical analysis of this categbariable was performed using the Student’s t-
test.

Tremor: Animals were lifted by the tail and thairdpaws examined for tremor. Like in humans a
tremor was described as rhythmic muscle contradtiah seemed to be involuntary. This binary
variable was statistically analysed using the Fishexact test.

Transitional Activity: This observation is noted &hthe animal is dropped into the arena for
locomotor activity. In case of an extended freemedver 5 seconds, the animals scores 0 in this
test. A shorter freeze results in a score of 1 mmthediate movement in a score of 2. This
categorical variable was analysed using the Stigletdst.

Gait: Gait was judged while walking in the arenayAabnormalities were scored with 1, otherwise
a 0 was assigned. This binary variable was analysied the Fisher’s exact test.

Tail elevation: The position of the tail while teding the arena was rated as 0 when the tail was
dragging, 1 when it was horizontally extended anaitien it was elevated. This categorical

variable was analysed using the Student’s t-test.
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- Clickbox: A clicking sound was applied out of theiraals’ sight. Its reaction was measured as
either absent or present in order to judge theimgaapability. This binary variable was analysed
using the Fisher’s exact test.

- Touch escape: In order to investigate the animaaction to touch, the mouse was frontally
approached by an extended finger. In case of rppnse at all, the mouse scored 0. If the response
occurred at touch it scored 1, and if the animed fbrior to touch it was assigned a score of 2.

- Trunk curl: This observation was assessed whiliadjfthe animal by the tail. Trunk curl describes
an instant and straight body curl towards the WHilis was often accompanied by the forepaws
touching the hind paws. Since this observatioritiee absent or present, this binary variable was
analysed using the Fisher’'s exact test.

- Limb grasp: This observation was analysed wherattimal was lifted by the tail and described
whether grasping of the limbs was present. Asithédso a binary variable, the statistical analysis
was performed using the Fisher's exact test.

- Urination: It was assessed whether urination oecliduring the time of SHIRPA performance.

Being a binary variable this was analysed using-ibker’s exact test.

The balance beam was performed in triplicates.aAlmals were trained to traverse the beam on the da
before their first measurement. The set up wasvimyathat the final end of the beam was attacheati¢o
mouse’s home cage, in order to encourage traversimg height of the beam was 15 cm, the same as the
height of the mouse cages. It was measured howitdogk the animal to traverse 60 cm of the specif

beam, and how many foot slips and falls were erpegd in each trail.

Grip strength was measured via the grip strengtheméBioseb, France) in triplicate. Forepaw

measurements were used if not stated otherwise.

Inverted grid was performed using the standard cayer grid. The mouse was placed on top and the
cover was immediately turned upside-down. The tivas measured until the mouse fell from the grid or

left it on purpose. The experiment was terminafeat 80 seconds.
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V.2.4.6. GMC examinations

Examinations and characterizations performed witthia German Mouse Clinic were conducted as
published (Fuchs et al., 2012) and are based oeriexiges from over 250 mutant mouse lines that went
through the phenotyping screen of the GMC. Unphblisdata mentioned was performed in collaboration
with Dr. L. Becker and Prof. Dr. T. Klopstock attinstitute of Neurology as part of a screen ofGihaC

with Prof. Dr. Hrals de Angelis as head of the institute.

V.2.4.7. High-lysine diet
Animals were changed to high-lysine diet in eitbleow containing 4.7% L-lysine (Harlan, USA) or chow
and water each containing 4.7% L-lysine (Sigma-ishirUSA). Based on the assumption of 3 ml drinking
and 3.5 g eating a day per mouse, the daily intdkelysine was 235 mg (chow) and 376 mg (chow +
H.O) (Sauer et al., 2015). Weight was measured befamt of the diet, and all following measurements
were compared to the pre-diet weight. This wasnthen measure used to monitor the animals’ condition
According to animal laws, and our approval by thegierung von Oberbayern with the Aktenzeichen:
55.2-1-54-2532-159-2015, weight loss of more th&% was not acceptable. All animals that lost more

weight as compared to the start of the diet undermemediate necropsy.

V.2.4.8. Organ withdrawal

In order to withdraw mouse organs, animals wenesfieared into a registered dissection room (Heltzhol
Zentrum  Muenchen) and euthanized via ,COaccording to German  directives
(TierschutzVersuchstierVerordnung, 1. August 20B)rsept was used to keep clear off mouse hair
during dissection of organs. The order of orgameviawal was performed in a standardized manner from
kidneys, liver, lung and heart to skeletal muscid &st the brain. Organs were shock-frozen inidiqu
nitrogen immediately after their dissection for ®&+hin and then stored on dry-ice for about 2 hng-
term storage was at -80 °C, and samples for biomamanalysis were sent overnight on dry-ice toiéwvo

thawing of samples.

V.2.5. Statistical analysis

The statistical tests used for each analysis, wenationed directly in the corresponding resultgisecin
general, the unpaired Students t-test was usedUantitative variables and the Fisher's exact teist
binary variables. For quantitative variables ddsieg small groups (n < 5) the Fisher's exact teas w

performed. Both tests resulted in a p-value, wisatoutinely judged significant with p < 0.05.

V.2.6. Authors’ contribution

Section I: Identification of a new disease-asseciaiene — FBXL4. | contributed the genetic analgsid

interpretation of clinical and biochemical repodst four patients. For all 28 cases, | evaluated the
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suspected deleterious mutations and genotype-pjnabrrelations, and | summarized the findings in
figure 4 as published in Huemer et al., 2015. énpiteted the clinical and biochemical reports (naddl
measured impaired maximal respiration in threeepédi fibroblast cell lines. Via lentiviral transttion of
patients’ fibroblasts with the wild-typEBXL4 allele, | rescued the impaired respiration asawskd via
microoxygraphy experiments. Western Blots were gded in collaboration with Matteo Gorza. |

performed their analysis, quantification and intetation.

Section II: Generation of a mouse model (Wdr4d5 K@&3embling the human disease BPAN. For a
complete spectrum of the human phenotype | sumethail available clinical reports (n = 48). In orde
generate &/dr45KO mouse model, | planned and designed the gemulitiag tool TALEN, specifically.
Under supervision of Svenja-Viola Hensler from thetitute of Developmental Genetics, | cloned the
corresponding TALENS into different vectors andfpened cell culture tests to evaluate their efficy |
developed a genotyping strategy for the resultingam mouse offspring and genotyped them. | peréarm
the breeding and all neurobehavioral charactedmagixperiments of the first three generations. ther
characterisation of the following mouse generatibnisained and supervised Michael Faerberboeck to
perform the experiments. All data analysis was grared by me, as well as dissections and organ
withdrawals. Tissue preparations for neuropatholagyvell as corresponding stainings were perforated
the Institute of Pathology at the Helmholtz ZentriMimenchen by PD Dr. Frauke Neff and Dr. Dirk Janik.
In order to get legal approval from the German Auties to generate mutant mouse lines, | was the

leading author of the application for breeding ahdracterisation of mutant animals.

Section lll: Therapeutic strategy for glutaric agid type 1. | planned thBhtkd1l KOsite and designed
and ordered the TALEN pairs. Under supervision okr§a-Viola Hensler from the Institute of
Developmental Genetics at the Helmholtz Zentrum hhen, | performed the TALEN in vitro testing.
All other results, from development of the mouseagping strategy for Dhtkd1, to animal breeding,
crossing and neurologic and behavioural examinatimere performed and analysed by me (or the
technician trained by me). For neurologic and b&haal examinations | was trained by Dr. Lore Backe

| developed the experimental design and performetysine-diet experiments, mouse monitoring and
subsequent organ withdrawal. Biochemical measurtsmeima GC/MS (gas chromatography — mass
spectrometry) were performed at the Stoffwechsélaemin Heidelberg, then | analysed all data olsdin

| was the leading author of both legal approvatpired for the realization of mouse work perfornied
this section (see V.2.4.1).

109



V1.

VI. TABLE OF FIGURES

TABLE OF FIGURES

Figure 1: Mitochondria and oxidative phosphorylation: the electron transport chain.
Figure 2: Exemplified mitochondrial stress experimet.
Figure 3: Pedigrees of paediatric individuals carryng mutations in FBXL4.

Figure 4: FBXL4 mutation status and gene structure,

Figure 5: Summary of main clinical features of 21 BXL4 patients at initial disease presentation and diing course.
Figure 6: Oxygen consumption rate of FBXL4 subject 7
Figure 7: Maximal respiration of non-transduced andtransduced FBXL4 patient fibroblast cell lines.
Figure 8: Immunoblot analysis of a FBXL4 patient shavs reduction of mitochondrial proteins.
Figure 9: Schematic comparison of a healthy versusBXL4-deficient fibroblast.

Figure 10: Schematic of TALEN genome editing.

Figure 11: Schematic of CRISPR/Cas9 genome editing.

Figure 12: Subgroups of NBIA.
Figure 13: WIPI proteins in autophagy.
Figure 14: Clinical summary of BPAN patients.
Figure 15: Clinical presentation of BPAN patients wer time.

Figure 16: TALEN target sequences inVdr45 exon 2 and exon 5.

Figure 17:1n vitro testing of TALENS.
Figure 18: Timeline to generate a knockout mouse lsmvia TALEN embryo microinjection.
Figure 19: Genetic analysis oWWdr45-Ex2-TALEN injected founder mice and their offspring.
Figure 20: Preliminary analysis of theWdr45 KO cohort.

Figure 21: Neurology screen of th&Vdr45 disease progression cohort,

Figure 22 Inverted grid of the disease progressiowdr45 cohort.

Figure 23: Balance beam of the disease progressidvdr45 cohort.

Figure 26: Neurodegeneration inWdr45 KO cerebral cortex and thalamus resembling BPAN pgent’s
substantia nigra.
Figure 27: Timeline of neurodegeneration inNdr45 KO thalamus.
Figure 28: Neurodegeneration inWdr45 KO medulla oblongata, cerebellum and spinal cord Vth
astrocytosis in medulla.

Figure 29 No accumulation of iron, lipofuscin or pdysaccharides in degeneratingVdr45 KO brain sections.

110

14

16

18

19

21

22

22

23

28

31

32

34

38

41

42

43

44

45

46

48

50

51

52

53

54

55

55

56

57



VI. TABLE OF FIGURES

Figure 30: Immunostaining revealed ubiquitin accumuation in medulla oblongata, no SDHA-accumulationm abnormal

swollen structures and impaired purkinje cell layerin the cerebellar cortex ofWdr45 KO mice.

Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:

Figure 44:

Supplementary figure 2: TALEN sequences for murine knokout in Wdr45 and Dhtkd1.
Supplementary figure 3: Balance beam of the diseageogressionWdr45 cohort.

Supplementary figure 4: Modified SHIRPA analysis ofthe disease progressioW/dr45 cohort.

Mouse backgrounds involved irGedh/Dhtkd1-double KO line.

Biochemical characterization of theGedh/Dhtkd1-double KO line.

Gcdh-/Dhtkdl1 double knockout does not rescue weight loss or babioural decline on high-lysine diet.

Biochemical analysis of th&cdh-/Dhtkd1 double knockout mouse line on normal versus highysine diet.

Supplementary figure 5: Clinical characterization & weight change per genotype upon normal and

high-lysine diet.

111

57

58

75

76

77

78

79

80

81

85

113

113

114

115



VIL.

VII. TABLE OF TABLES

TABLE OF TABLES

Table 1: Biochemical respiration deficiency in patiats’ fibroblast cell lines.
Table 2: Summary of findings in CNS-specifidVdr45 knockout mouse model (content taken from Zhao etla 2015).
Table 3: Wdr45 KO mouse generation scheme and breeding strategifes different cohorts.
Table 4: Primer table used forFBXL4 sequencing in humans and for mouse genotyping @fdr45, Dhtkd1 and Gcdh.

Table 5: List of antibodies.

112



VIll. SUPPLEMENTARY MATERIAL

Vill.  SUPPLEMENTARY MATERIAL

S6 (i) I E S7 () é =] S8 ®) é 12

c1694A>Ghomo. 1 Y Y

4

i ifk/\/&
c.1652T>Ahomo. 1 A_Jf\!.___-A.__x et UG AT ket “’1‘_\/\[\ IRYATR

GACAATG A

¢ 614T>Chet.  II:1 J.’l '1 N\

c1694A>Ghet. L1 Y U VY .1652T>Ahet.

c. 106 A>T het.

c.1694A>Ghet.  I:2 VYWYV VYV ©.1652T>Ahet.
CTGGAGCATATTA

c. 614 T>C het.

Supplementary figure 1: Electropherograms ofFBXL4 patients and available family membersArrows depict the mutation
site; S6-S8 are the subjects published in 2013 ¢Gali., 2013).

A bp in target sequence RVD: TALEN aa 12/13 corresponding TALEN prot. repeat sequence
A: NI LTPEQVVAIASNIGGKQALETVQRLLPVLCQAHG
C HD LTPQQVVAIASHDGGKQALETVQRLLPVLCQAHG
T: NG LTPQQVVAIASNGGGKQALETVQRLLPVLCQAHG
G NN LTPQQVVAIASNNGGKQALETVQRLLPVLCQAHG
B
gene and exon to be targeted TALEN 1 target sequence spacet TALEN 2 target sequence
Wdr45 Ex2 TGACTCAGCAGCCACT CCTACATTTCAACCAA
Wdr45 Ex5 TGCCCGAGAAGGCAAG CTGGTGCTGGAGTTCA
Dhitkdl Ex1 TTCTGCTTCTCCGGCG CNGTTACCAGACGGA GAGGGGCGTCTATGGA
Dhtkdl Ex7 TATCAGCGCCAGTTCC GCAAGGATGTGATTG TTGATTTGTTATGCTA
G

TALEN sequence to order as custom designed sequence
Fixed sequence at TALEN start first TALEN repeat seq. w/o LT ~ TALEN repeats 2-15 last TALEN repeat seq. w/o HG fixed sequence at TALEN end

GATCGAAGACNNCTTACT ...NNNNNN... ...NNNNNNNNN... ...NNNNN... CACGGCNNGTCTTCGATC

Supplementary figure 2: TALEN sequences for murine kockout in Wdr45 and Dhtkd1. A) Description of the specific base
pair in the target sequence. This is specificalgéted by two amino acids, the so called repeaahbla diresidues (RVD), at
position 12 and 13 of the corresponding TALEN segee Each of these corresponding TALEN sequenceategorms a loop
structure B) Target sequences for TALEN-pairs separated by bpl§pacer, which is not targeted, but insteadtfons to bring

the two fokl nucleases attached to each TALEN pedect proximity.C) Custom designed sequence to be synthesised and

ordered for the TALEN cloning strategy developed/tsfers et al., 2013b.

113



50,0
45,0
40,0
35,0
30,0
25,0
20,0
15,0
10,0

5.0

0.0

Time to traverse the beam [s]

45,0
40,0
35,0
30,0
25,0

Time

20,0
15,0
10,0
5.0
0.0

Time to traverse the beam [s]

Number of stops [mean]
=3
3

0.0

Stops

Number of stops [mean]
=

Supplementary figure 3: Balance beam of the diseaggogressionWdr45 cohort. Balance beam was performed in triplicate
with each mouse. Two different beams were usedy Wwéam 1, round and 22 mm in diameter (left columm) beam 2,
rectangular and 7 mm in diameter (right colun#j).Time to traverse each beam; values are indicatedesan per mouse and per
genotype with standard deviationB) Mean number of stops during the traverse of eashmb Wt = wild-type; hemi =

0,0 +
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Supplementary figure 4: Modified SHIRPA analysis ofthe disease progressiolvdr45 cohort. The analysis included also gait

abnormality, tail elevation and urination, but lswvere not significant and showed no interestiegds (data not showr\)

Locomotor activity was assessed by counting quasinaithin an arena travelled by an animal withins38) Body position was

analysed and scored within a viewing jar with inget= 0, active = 1 and excessively active behavio2. C) Transitional

activity was analysed and scored when droppedantarena with extended freeze = 0, short freezewdlimmediate movement

= 2.D) Touch escape was measured while approaching thelkfiom the front with no response = 0, reactioriouch = 1 and

reaction prior to touch = 2. * t-test: p < 0.05 {@males, wt+het versus homo).
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Supplementary figure 5: Clinical characterization & weight change per genotype upon normal and higlysine diet. Weight
change is measured at several time points a fewstafter diet/experiment initiation and is depicteipercentage change since
diet/experiment startxb. Diet types are either normal diet, high-lysimew (235 mg daily intake per mouse) or high-lysime
water and chow (376 mg daily intake per mouse) withestimated lysine load based on the assumpti®dm water and 3.5 mg
food daily intake per mouse (Sauer et al., 2015}). IMwvild-type; D:mut =Dhtkd1l KO; G:mut = Gecdh KO; GD:mut =
Gcdh/Dhtkdidouble KO.
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Patient | Sex | Age at first D\'smorpluc features Other specific Metaboli Muscul Severely | No Age(mo) | Deceased
D P i (reported by physicians) symptoms hypotonia | impaired | ambulation | at last atage
d=days . speech follow-up | (mo)
1 F [1d Almond shaped eyes, high arched Non-progressive Biotm; Camitme, + = + 2
palate, short forehead, mild i 4 Coenzyme Q10;
synophsys, mfraorbital crease, broad Riboflavin;
nasal bridge, anteverted nostrils and Seodnmbicarbonate;
. Thizmme
2 M |1d v set ears, broad nasal bridge, Coenzyme Q10; Vit D3, + * + 37
almond shaped eyes, mild synophrys w: Thiamme:
ry M [1d Hypospadia, low set ears, smooth Camitme; Coenzyme + + + 57
philtrum, pectus excavatum, small Q10; Riboflavin
hands and feet, short stature
5 M [1d set ears, long phitrum, curved No treatment + + + 55
eyebrows, hypentelorism, high
forehead, broad nasal bridge,
thickened ear helix
75 F 1d Low set ears, saddle nose, long Hypertrophic Camitme; Coenzyme + + + 36
philtrum, downyward slanted eyelids | cardiomyopathy Q10; Riboflavin;
o8 M |1d ‘Low set ears , curved, promment Bezafibrate; : + + + 26
eyebrows, hypentelorism, broad Eolmate; Camitme;
nasal bridge Cosnzyme Q10;
Riboflavm; The
Y C; Ve D
10 F 1d Low set ears, smooth philtrum, small Coenzyme Q10; + + + 27
hands and feet Riboflavin; Fat rich diet
(55%)
13 M |1d none Hypoplastic cerebellum | No treatment + Unknown | Unknown | Unkmown
16 M |1d none Borderlme left- Camitme; Coenzyme + + + 37
ventricular hypertrophy | Q10
and hyperdynamic left
ventricular function
21 F | 1d Short stature, microcephaly, facial Episodic neutropenia, Coenzyme Q10; + + + 153
dysmorphia, synophrys, strabism, infections, sensormeural | Riboflavi, L-argmine,
hypertrichosis, thyroglossal cyst hearmg loss, optic L-Cinallme,
atrophy, visual 1
mpaimment, stroke at
age 10 years
17 M |2d 1 large antenor Neutropenia, wound No treatment unknown + 75
fontanelle, mosis, healing deficit,
hypenelonism, epicanthus, broad recurrent mfections.
nasal bridge, low set ears, high- Fatal gastromtestmal
arched palate, broad mouth, short bleedmg.
stature, short proximal lmmbs,
cryptorchidism, W scrotum,
nevus flammens left am
20 F 2d Non-obstructive Coenzyme Q; + - 0.3 2
none hypertrophic Thiamme;
cardiomyy A
e el
12 F [3d Craniofacial ab Tities No treament + Unknown | Unkuown A
3 M [3mo none No treatment - + 45
19 M [45mo Long harr Ime anteniorly, Sodnmbicarbonate + + 43
long smooth
phﬂtmm, hxgh arched palate, flat
13 M | Smo Fronnl bossmg bitemporal Camitme; Coenzyme + + Assisted 33
DIATOW ms m!xnwa Q10
6 M | 6mo [ Bilateral cataracts No treatment o + + 24
18* M [ 2mo none Small ASD&VSD Sodmmeitrate; + + + Unknown
Sodnmbicat
135 F 17 mo none Cardiomyopathy Sodmmertrate; + + + 55
Low protem diet
11 M [24mo Crantofacial abnommalities Bilateral ital No + Unknown | Unknown 24
cataracts
5 F | Unknown none No treatment Unknown + Unknown | Unknown

Supplementary table 1: Individual clinical symptomsand outcome (Huemer et al., 2015)The list is ordered by age at first
symptoms. Since elevated lactate, metabolic adgd&4iIT and developmental delay were present ipalents, these symptoms
are not listed. (Unfilled fields = no data avaikgbl$$Published as patients 7, 8 and 9 (Gai e2@L.3); *published as S3 (Bonnen

etal., 2013).
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IX. ABBREVIATIONS

°C

aa

Ab

AD
ADP
Approx.
ATP
BSA

Bp
BPAN
C.
C57Bl/6
Cas
cDNA
chr
CNS
CO2
CRISPRs
CS
C-terminus
Cu

d

Da
dH20
DHPLC-H0
DMSO
DNA
dNTP
ds

DSB

o

IX. ABBREVIATIONS

centigrade
amino acid
antibody
Alzheimer’s disease
adenosine diphosphate
approximately
adenosine triphosphate
bovine serum albumin
base pair
beta-propeller associated-protein neurodegeioer
cDNA sequence position
inbred mouse strain created by C. Gle_{tL921) substrain 6
CRISPR associated genes
complementary DNA
chromosome
central nervous system
carbon dioxide
clustered regularly interspaced short gadmic repeats
citrate synthase
carboxy-terminus
Copper
day
dalton
deionised water
denaturing high-performance liquid chromatogseyhter
dimethyl sulfoxide
deoxyribonucleic acid
deoxynucleotide
double-stranded
double-strand break

electron
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E. coli
EDTA
et al.
FBS
FCCP
FDA
FVB

fs

GA

GA-I|
GA-IlI
GC
GMC

h

H+
HEK293
hg19

HGMD
i.e.
IEG

IHG
indel
kb
kDa
KO

I

M

IX. ABBREVIATIONS

Escherichia coli

ethylenediaminetetraacetic acid

et alii

foetal bovine serum

carbonyl cyanide p-trifluoromethoxyphenpgiazone
Food and Drug Administration

Friend leukemia virus B mouse strain

frame-shift

gram

glutaric acid

glutaric aciduria type 1
glutaric aciduria type 3

gas chromatography

German Mouse Clinic

hour

Proton, cationic form of atomic hydrogen

human embryonic kidney 293 cells

human genome assembly GRCh38/hg38 (Decer:8j,2
UcscC

Human Gene Mutation Database

id est

Institute of Experimental Genetics, Helmhatntrum
Muenchen

Institute of Human Genetics, Helmholtz ZentriMuenchen
small insertion and deletion variation

kilobase

kilodalton

knockout

litre

molar

microgram

microlitre

micromolar
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mA
MAF
Mb
mg
MgCl2
MGl
min
mi
mM

mm9

MPAN

MRC
MRNA
MS
mtDNA
MTS
NA
NAD*/NADH
NBIA
NCBI
ng
NGS
NHDF
NHEJ
nm

nM

NM

NP

NR

N-terminus

0,

IX. ABBREVIATIONS

milliampere

minor allele frequency

megabase

milligram

magnesium chloride

Mouse Genome Informatics

minute

millilitre

millimolar

mouse genome assembly GRCm38/mm10 (Decembg),20
uUcscC

mitochondrial-membrane protein-associated
neurodegeneration

mitochondrial respiratory chain

messenger ribonucleic acid

mass spectrometry

mitochondrial DNA

mitochondrial targeting sequence

not available

Nicotinamide adenine dinucleotide (oxidigeduced)
neurodegeneration with brain iron accuntiola
National Center for Biotechnology Infortitan
nanogram

next-generation sequencing

normal human dermal fibroblasts
non-homologous end joining

nanometer

nanomolar

RefSeq mRNA sequence

RefSeq protein sequence

nicotinamide riboside

amino-terminus

superoxide radical anion
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OCR
OMIM
OXPHOS
p.
PAGE
PBS
PCR
pmol
RCC
REDOX
RefSeq
RNA
ROS
RT

RZB

S

SD

SDS
SHIRPA

SN
Suppl.
TALEN
TBE
TBST
UCsC
UPS
uv

WES
WT

IX. ABBREVIATIONS

oxygen consumption rate
Online Mendelian Inheritance in Man
oxidative phosphorylation

protein sequence position
polyacrylamide gel electrophoresis
phosphate buffer saline

polymerase chain reaction

picomol

respiratory chain complex

reduction oxidation reaction

NCBI Reference Sequence Database
ribonucleic acid

reactive oxygen species

room temperature

relative Zentrifugalbeschleunigung (relatsentrifugal
acceleration)

second

standard deviation

sodium dodecyl sulphate

SmithKline Beecham, Harwell, Imperial &gle, Royal
London Hospital, phenotype assessment
substantia nigra

Supplementary

transcription activator-like effector neelse
Tris-borat-EDTA

Tris-buffered saline and Tween 20
University of California, Santa Cruz
ubiquitin-proteasome system

ultraviolet

volt

whole exome sequencing

wild-type
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