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2 Abstracts

English

Background: Diagnosis of rare diseases is often challenging. The genetic etiology of at least one-
third of rare diseases is unknown. We investigated two unrelated Polish children with a novel
congenital syndrome affecting skin and central nervous system. We aimed to discover and evaluate
the genomic sequence variant causing this neurocutaneous syndrome.

Methods: Using whole-exome sequencing we identified the pathogenic variant in the ELOVL1
gene. Familial segregation was examined using Sanger sequencing and restriction length polymor-
phism analysis. We determined variant and wildtype ELOVL1 activities by enzymatic assays. Li-
pid concentrations from fibroblasts and skin samples were measured by liquid chromatography-
tandem mass spectrometry. Subcellular localization of wildtype and mutant ELOVL1 was exam-
ined by immunofluorescence. Elovl1 tissue expression was studied in mice by in situ hybridization
and by quantitative real-time PCR combined with reverse transcription. Global gene expression
was analyzed by RNA-sequencing of patient and control fibroblasts. As potential treatment option,
we tested loading of fibroblasts in vitro with very long-chain fatty acids (VLCFASs) of various
lengths.

Results: We identified the novel heterozygous de novo variant of the ELOVL fatty acid elongase
1 (ELOVL1) gene (c.494C>T, p.S165F) in both patients. ELOVL1 encodes a VLCFA elongase,
synthesizing (monoun)saturated VLCFAs with 24-26 carbons. Both patients presented the same
phenotype from infancy including ichthyosis, central hypomyelination with progressive spasticity
mainly of the lower limbs, nystagmus, dysarthria, high frequency hearing deficit, optic nerve at-
rophy with peripheral visual field restriction, and reduced visual acuity. The genomic sequence
alteration abrogated ELOVL1 enzymatic activity, which we verified (i) by enzymatic assay, and
(ii) by demonstrating a reduction of ELOVLL1 catalytic products (sphingolipids carrying C24- or
C26-VLCFAS) in patient fibroblasts. Variant and wildtype ELOVL1 proteins co-localized in the
endoplasmatic reticulum, thereby excluding mistargeting of the variant protein. Elovil mRNA was
highly expressed in affected tissues, mainly cerebral white matter, eye, and skin. Transcriptome
analysis of patient and control fibroblasts revealed upregulation of genes responsible for epidermal
development and Keratinization in patient cells. Genes important for neurodevelopment, mye-
lination, and synaptic function were down-regulated. VLCFA-loading partly overcame the bio-
chemical defect in patient fibroblasts, though competitive inhibition between saturated and mon-
ounsaturated VLCFAs blunted the desired effects.



Conclusion: A heterozygous ELOVL1 variant causes a severe neuro-ichthyotic disease. VLCFAs
generated by ELOVLL are crucial for myelination, neurodevelopment, skin barrier and auditory
function. Further research is needed to investigate effects of VLCFA-deficiency on gene expres-

sion. Therapy-directed studies are required to optimize VLCFA-treatment.



Deutsch

Hintergrund: Die Diagnostik seltener Erkrankungen ist oft eine Herausforderung. In 30% der
Falle bleibt die genetische Ursache ungeklart. In dieser Studie untersuchten wir zwei polnische,
nicht miteinander verwandte Kinder, erkrankt an einem unbekannten, kongenitalen Syndrom mit
Beeintrachtigung von Haut und zentralem Nervensystem. Ziel der Arbeit war die Auffindung und
Evaluation der diesem neurokutanen Syndrom zugrundeliegenden genetischen Variante.
Methoden: Mittels Gesamtexomsequenzierung fanden wir eine pathogene Variante im ELOVL1-
Gen. Die familidre Segregation dieser Variante untersuchten wir mittels Sanger-Sequenzierung
sowie spezifischen Restriktionsenzymverdau. Die enzymatischen Aktivitaten der ELOVL1-Prote-
ine (Wildtyp versus Variante) wurden mittels Enzymassays bestimmt. Aus Fibroblasten und Haut-
proben extrahierte Lipide wurden durch Flissigchromatographie mit gekoppelter Massenspektro-
metrie quantifiziert. Die subzelluldre Lokalisation der ELOVL1-Proteine wurde mittels Immun-
fluoreszenz dargestellt. Die mRNA-Expression von Elovl1 untersuchten wir im Mausgewebe mit-
tels in-situ Hybridisierung sowie quantitativer Echtzeit-PCR nach reverser Transkription. Die glo-
bale Genexpression analysierten wir mittels RNA-Sequenzierung in Patienten- und Kontroll-
fibroblasten. Als in-vitro Therapieversuch behandelten wir Fibroblasten mit tiberlangkettigen Fett-
sauren (VLCFAS).

Ergebnisse: In beiden Patienten identifizierten wir die gleiche heterozygote de-novo Variante im
ELOVL1-Gen (ELOVL fatty acid elongase 1, ¢.494C>T, p.S165F). ELOVL1 codiert fiir eine Fett-
séuren-Elongase, welche die korpereigene Synthese (einfach un)gesattigter VLCFAs mit 24-26
Kohlenstoffatomen katalysiert. Die Erkrankung beider Patienten manifestierte sich in den ersten
Lebensjahren mit &hnlichem Phénotyp: Ichthyosis, zerebrale Hypomyelinisierung mit progressiver
Spastik insbesondere der unteren Extremitét, Nystagmus, Dysarthrie, Hochtonschwerhdrigkeit,
Optikusatrophie mit peripheren Gesichtsfeldeinschrankungen und reduziertem Visus. Die Vari-
ante fihrte zum Verlust der ELOVL1-Enzymaktivitat, wie wir im Enzymassay zeigten. Patienten-
fibroblasten enthielten signifikant niedrigere Konzentrationen enzymatischer ELOVL1-Produkte
(Sphingolipide mit VLCFAs-Komponenten bestehend aus 24 oder 26 Kohlenstoffatomen). Sub-
zellular waren beide ELOVL1-Proteine (Wildtyp und Variante) im endoplasmatischen Retikulum
lokalisiert, wodurch wir eine mutationsbedingte Fehllokalisation ausschliel3en konnten. Im Maus-
gewebe detektierten wir eine hohe Expression der Elovi1-mRNA in von der Erkrankung besonders
betroffenen Organen: Haut, Auge und zentrale weifl3e Substanz. Eine globale Genexpressionsana-
lyse mittels RNA-Sequenzierung ergab eine Hochregulation von Genen der Hautentwicklung und

Keratinozytendifferenzierung in Patientenfibroblasten. Einige fur die Gehirnentwicklung, Myeli-



nisierung und synaptische Funktion wichtige Gene waren in Patientenfibroblasten schwécher ex-
primiert als in Kontrollen. Die Behandlung von Patientenzellen mit VLCFASs erlaubte ein teilwei-
ses Uberwinden des enzymatischen Blocks, allerdings wurde der therapeutische Effekt wahr-
scheinlich durch Kompetition um die enzymatische Bindungsstelle zwischen geséttigten und ein-
fach ungeséttigten VLCFASs abgeschwécht.

Schlussfolgerung: Die heterozygote ELOVL1-Variante verursacht ein schweres neurokutanes
Syndrom. ELOVL1-synthetisierte VLCFASs sind wichtig fir Myelinisierung, Gehirnentwicklung,
Hor-, Seh- und Hautbarrierefunktion. Weitergehende Untersuchungen zum Effekt des VLCFA-
Mangels auf die Genexpression sind erforderlich. AuRerdem bendétigen wir systematische Studien
zur Behandlung mit VLCFAs unterschiedlicher Lange in Zellkultur und Tierversuch.



3 Manteltext

3.1 Rare diseases

A rare disease is a health condition of particularly low prevalence. There is no uniform interna-
tionally recognized definition of a rare disease. In the European Union, rare diseases are defined
as those affecting less than 5 per 10,000 persons.! 6000-8000 rare diseases have been described so
far,23 with rising numbers as novel diseases are reported regularly in the medical literature. In
some rare diseases, only a few individuals are known to be affected worldwide, while in others it
may be hundreds. Despite their individual low prevalence, collectively, they account for an im-
portant part of the global burden of disease, with an estimated 6-8% of human population suffering
from rare diseases.* Around 400 million individuals worldwide® and 30 million in Europe® live
with a rare disease, more than half of them are children.* Rare diseases regularly display a chronic
and severe course, consuming a disproportionately high fraction of health care budgets.*

Rare diseases are often monogenic inherited diseases (also called Mendelian diseases),’ resulting
from a single defective gene. Due to gene pleiotropy, one third of disease genes causes more than
one rare genetic disease.® Notably, around 6% of patients have more than one rare disease.

The diagnostic process of rare diseases is challenging, often translating into delayed diagnosis and
impeded access to tailored care. Frequently, patients embark on a diagnostic odyssey that may take
years until the diagnosis is found eventually, if it is found at all. Difficulties in the diagnostic
process arise from genetic heterogeneity, complicated pathophysiology, and simply lack of exper-
tise on the part of the diagnosing physicians.® Although the discovery rate of novel disease-causing
genes increased during the past few years,® genetic etiology of at least one-third of diseases is
elusive.®¥® Timely molecular genetic diagnosis may obviate unnecessary diagnostic interventions
and facilitate genetic counseling.

Importantly, knowledge on relevant proteins and biological pathways may enable development of
effective targeted therapies. In the European Union and the United states, incentives have been
launched for the development of so called “orphan” drugs.!! Nevertheless, the number of medi-
cines for rare diseases is still limited. Currently, approved treatments are available for only 6% of
rare diseases,®'? of which less than 1% are curative.’

Scarcely represented in classifications such as the International Classification of Diseases (ICD),
rare diseases are widely neglected by hospital health information systems.? The research commu-
nity utilizes public databases, notably the Online Mendelian Inheritance in Man (OMIM)3 and
Orphanet?, and the Human Phenotype Ontology*® to share clinical and genetic knowledge on rare

diseases.



3.2 A novel neurocutaneous syndrome

All information on the presented study given in this text is based on the so-called “Top-Journal-
Publication” by Mueller et al.'*

In this study, we investigated two unrelated individuals of Polish origin exhibiting a severe, not
yet described neurocutaneous syndrome. Parents and siblings were healthy. Over years, the boys
underwent extensive diagnostic procedures including imaging, biochemical investigations, elec-
trophysiology as well as traditional genetic testing that did not elucidate the genetic diagnosis.
Remarkably, the parents learned about each other via an internet platform and noticed the striking
similarity of their children’s distinct phenotype. In 2016, both patients presented to the neurope-
diatric outpatient clinic of the Charité University Hospital, Berlin and were enrolled in this research
study. Written informed consent was provided by the patients’ parents. The study was approved
by the Institutional Review Board and followed the Declaration of Helsinki.

Both children were born at normal gestational age. Growth parameters were normal along their
respective percentiles. Since infancy, both patients had thickened, dry and scaly skin involving the
entire integument, but predominantly extensor surfaces of joints, hands, and feet. Skin biopsy con-
firmed ichthyosis with broadened epidermal layers. Acanthosis nigricans, a brownish-black hy-
perpigmentation of axillary, umbilical, and nuchal skin was observed, as well as a few hypopig-
mented skin areas. Furthermore, both patients had a delay of motor development and never reached
the milestones of independent sitting or walking. They suffered from progressive spasticity mainly
of the lower limbs. Today, both children are wheelchair-dependent. In our neurological investiga-
tion, we found spastic paraplegia with abnormal pyramidal signs, hyperreflexia, muscle atrophy,
multiple joint contractures, ankle clonus, and equinovarus foot deformity. Although the upper limb
was less severely affected, elbow contractures and hand muscle atrophy were noted. Cranial mag-
netic resonance imaging (MRI) sequences detected T» signal hyperintensities in temporal and oc-
cipital regions of the brain. Absence of contrast enhancement made an inflammatory etiology of
the lesions unlikely. Central hypomyelination was diagnosed, with the state of hypomyelination
static over time. Interestingly, hypomyelination was present only in the central nervous system,
corresponding to the first motoneurons in the pyramidal tract. The peripheral nervous system
(PNS) including the second motoneurons was found to be entirely unaffected. This finding was
supported by normal spinal MRIs, normal motor and sensory conduction velocities and normal
ultrastructure of peripheral nerves studied by electron microscopy. Moreover, a high frequency
hearing impairment was diagnosed in both individuals during childhood. Auditory evoked poten-
tials were abnormal, indicating central conduction defects. In addition, ophthalmological exami-

nation found low visual acuity, high astigmatism, and constriction of the peripheral visual field
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secondary to optic nerve atrophy. Further, an early manifesting horizontal nystagmus was noticed.
Both patients had spastic dysarthria. Cognitive and social development was normal. Laboratory
investigations including mitochondrial diagnostics were normal.

The aim of this study was the elucidation of the molecular genetic cause of this novel congenital
syndrome by identification of the disease gene. We further aimed to investigate the pathophysio-
logical basis of the disease and characterize the clinical phenotype.

3.3 Novel disease-gene discovery

The discovery process of novel disease genes traditionally relied on methods such as linkage anal-
ysis combined with positional cloning and subsequent Sanger sequencing of candidate genes. This
method worked also in cases without any pre-existing information about the responsible gene.®®
However, this approach required the availability of large pedigrees, several affected families, and
numerous samples of affected and unaffected individuals. Consequently, linkage analysis proved
to be inefficient to detect very rare diseases in small and few families, and unable to detect de novo
variants.'® In the beginning of the 21% century, linkage analysis was pushed back in favor of next-
generation sequencing (NGS) as the preferred method for disease gene discovery.” In 2003, the
first human genome was sequenced in the course of the Human Genome Project, with production
costs of up to US$ 3 billion.!® Over the past decade, NGS technologies have rapidly advanced,
leading to increased throughput and lowered cost to below US$ 1,000,° making them suitable

techniques for routine clinical testing.

3.3.1 Whole-exome sequencing

Amongst others, NGS approaches comprise whole-genome sequencing and whole-exome se-
quencing (WES). In 2010, WES was first successfully applied for gene discovery in a rare mono-
genic disease of unknown origin.?° Since then, WES has become the leading tool for uncovering
novel pathogenic germ-line variants.>®* WES comprises sequencing of all protein-coding regions
of the genome (called “the exome”), representing roughly only 1% of the genome, thus limiting
the amount of genomic information to be produced. Importantly, most variants causing monogenic
diseases are located in protein-coding gene sequences.’>?! The patient’s exome sequences are
aligned to the human reference sequence. Variants are detected as single nucleotides or stretches
of nucleotides differing from the reference sequence. Per individual, around 20,000 sequence var-
iants are usually identified in WES.?2 WES is thus providing vast amounts of data with extensive

lists of variants. Interpretation of WES results remains challenging.?
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3.3.2 Computational search for pathogenic variants

Computational filters are applied to support the prediction of disease-causing variants among all
given variants. To assess variant pathogenicity, filters may integrate information on evolutionary
conservation of the sequence, alterations in the resulting protein, phenotypical data, and possible
hereditary patterns.?® Moreover, WES data analysis annotates variant frequencies in large popula-
tions, with rare variants being more likely to be categorized as potentially damaging or “disease-
causing”.?* An important population database is the Genome Aggregation Database (gnomAD),
aggregating the allele frequencies of 15,000 genomes and 120,000 exomes including data from the
1000 Genomes Project, the Exome Aggregation Consortium (ExAC), and the Exome Sequencing
Project (ESP).1%% Even after bioinformatic filtering, genomic variants may still be too numerous
to be tested for segregation in the family. Additional, below described filtering strategies may be
utilized to narrow WES results:

Autozygosity mapping: In patients sharing a common ancestral origin, an autozygosity map can
be generated from WES data.?® Shared regions of homozygosity are determined. Detection of var-
iants in these regions of homozygosity may facilitate the identification of genes causing recessive
diseases in consanguineous families.?’

Identity-by-state analysis: Identity-by-state (IBS) analysis of WES data may be applied to reduce
possible disease loci within one non-consanguineous family.?® This analysis requires at least two
affected individuals in one family and presumes that affected individuals share the same haplotype
at the region of the disease gene. These IBS regions may harbor the pathogenic variant.?®
Trio-based whole-exome sequencing: Trio-based WES of the patient including both parents may
be employed. The number of candidate variants can be significantly reduced by comparison be-
tween variants found in an affected individual to those in each parent.?° The trio test may permit
more sensitive identification particularly of de novo variants.>® These are variants that occur in the
patient, but not in the parents. This option is more costly, however gains increasing popularity due

to falling prices.

3.3.3 The search strategy of this study

The two patients investigated in our study were neither related, nor had they common ancestry.
Therefore, we refrained from IBS analysis or homozygosity mapping. In this study, WES data
were available only for both index patients, but not for parents or siblings. Trio-based WES could
not be performed for financial reasons in 2016.

In a first step, we aimed to rule out already known genetic diseases. Thus, we analyzed the WES

data of each child separately, using virtual gene panels to detect already known genes associated
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with symptoms of the children’s phenotype. However, no pathogenic variant in a known disease
gene was detected.
Thereafter, we created a list of all genes containing variants predicted to be disease-causing by the
MutationTaster23! software, for each patient separately. MutationTaster2 assessed the pathogenic
potential of variants and predicted functional consequences of the deoxyribonucleic acid (DNA)
sequence alterations.! The software provides annotation of all freely available single-nucleotide
polymorphisms (SNPs), indels, and known disease variants from public databases. Evolutionary
conservation of variants was scored. Amongst the variants marked as potentially disease-causing,
we searched separately according to dominant and recessive mode of inheritance models. For the
recessive model, we differentiated between compound heterozygous and homozygous recessive.
The division between heterozygous versus homozygous was based on the percentage of reads cov-
ering the respective variant in the exome alignment file (BAM file, Binary Alignment Map). For
instance, we expected a relative read frequency of 35-75% for the dominant as well as for the
compound heterozygous recessive model. Further, our sequential filter strategy contained evalua-
tion of variant frequencies in gnomAD and the exclusion of synonymous sequence alterations or
variants outside of splice sites. All variants were visually inspected by help of the Integrative Ge-
nomics Viewer (IGV) allowing to remove WES alignment artifacts.
In a next step, we determined the intersection of gene lists of both patients that contained poten-
tially pathogenic variants. This was done under the assumption that due to the same phenotype the
same gene would be altered in both patients. This approach narrowed the number of potential
disease gene variants further down. Variant assessment also entailed search through the scientific
and medical literature. We finally detected a novel heterozygous variant in the ELOVL1 (ELOVL
Fatty Acid Elongase 1) gene on chromosome 1, leading to an amino acid exchange of an evolu-
tionary highly conserved amino acid position chr1:g43,830,119G>A (GRCh37), NM_001256399,
€.494C>T, p.(S165F).
chrl:943,830,119G>A in GRCh37 DNA single base exchange from guanine (G) to ade-
nine (A), located at the genomic position 43,830,119
on chromosome 1, based on the human reference ge-
nome sequence, in our case the Genome Reference
Consortium Human Build 37 (GRCh37). The chromo-
somal positions refer to the physical positions counted
from the 5’ end of the respective chromosome.
€.494C>T in NM_001256399 Alteration in the coding sequence of the messenger ri-
bonucleic acid (MRNA) with substitution of a thymine
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(T) for a cytosine (C) at position 494 of the comple-
mentary DNA (cDNA) in the GenBank transcript with
the identity number NM_001256399. The coding se-
quence position 1 refers to the A of the ATG initiation
codon. The ELOVL1 coding region is located on the
reverse strand of the chromosomal DNA. This explains
the difference in nucleotide exchange between ge-
nomic position and cDNA.
p.(S165F) in NP_001243328 The altered amino acid is located at position 165 of the
amino acid chain and replaces a serine by a phenylala-
nine (position 1 refers to the first amino acid of the
protein), in GenBank transcript with the identity num-
ber NP_001243328.
Since NGS technologies yield higher error rates and shorter read lengths than those of Sanger
sequencing,'® we confirmed the ELOVL1 ¢.494C>T variant by Sanger sequencing.
The presence of the variant was further validated on the genomic DNA level using a specific en-
zymatic digest. While the wildtype ELOVL1 had a specific enzyme restriction site (5’-GGGCTC-
3”) for the restriction enzyme Banll, the sequence alteration of ELOVL1 ¢.494C>T abolished this
restriction site (5’-GGGCTT-3’). Consequently, no restriction digest took place on the polymerase
chain reaction (PCR)-fragment generated from the variant allele.
Using genomic DNA of patients, parents, and siblings, we investigated the segregation of the path-
ogenic variant with the disease phenotype via Sanger sequencing and enzymatic digest. As all
other family members were negative for the mutation, we confirmed the de novo occurrence of the
mutation in both index patients.
Moreover, enzymatic digests of PCR-fragments from cDNA confirmed the presence of the
ELOVL1 variant on mRNA level, thereby ruling out a selective degradation of the variant ELOVL1
MRNA.
Further, we aimed to rule out the unlikely case of a common founder allele (e.g. via a genomic
mosaic of the parental germ cells). Therefore, we explored the surrounding (£1 Mio base pairs) of
the ELOVL1 ¢.494C>T variant position for the presence of SNPs shared by both patients. Such
sharing would indicate a common founder haplotype inherited by both children. We ruled out a
common founder haplotype, therefore confirming the notion that a “real” de novo mutation had

occurred in both children exactly at the same position.
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Generally, at least two unrelated individuals with an overlapping or like in our case almost identi-
cal clinical phenotype are needed to confirm a novel disease gene.’® However, as we searched for
genetic variants within an overlapping gene list of both patients in the first place, it might not be
appropriate to claim case-based matching as validation of gene discovery at present. The identifi-
cation of further patients will determine the genetic variability and the constant features of the
newly described syndrome.

34 Evaluation of novel candidate gene

We found the identical heterozygous de novo missense variant in the ELOVL1 gene of two unre-
lated children presenting with the same well-defined phenotype. At this point, no reports were
available on individuals living with any pathogenic variant in this gene. It is not recommended to
solely rely on computational predictions and sequencing results as validations of a novel disease
gene variant.?* Therefore, we performed a series of functional and biological studies to support the

pathogenicity of the mutated candidate gene.

3.4.1 Tissue gene expression studies

In order to understand the involvement of the candidate gene in the pathogenesis of the patients’
phenotype, expression patterns of this gene may be studied across different organs or tissues. Var-
iation of candidate gene expression may thus explain the predominance of certain organ systems
or cell types to be involved in a specific disease.

One method of choice to analyze tissue gene expression is quantitative real-time polymerase chain
reaction (QPCR) combined with reverse transcription (RT-gPCR)%, as a fast and economical ap-
proach. mRNA is isolated from examined tissues, followed by reverse transcription into cDNA. A
predefined segment of the candidate gene is amplified in a PCR reaction under real time monitor-
ing. A dye (SYBR® green) emits fluorescent light if it intercalates with the DNA double strand of
the emerging PCR-products. Increasing fluorescence intensity will be measured with each cycle
of the PCR, thereby indicating the increase of the PCR-product concentration. This allows quan-
tification of specific sequences in the cDNA transcripts, here of the Elovl1 gene in different murine
tissues.*

In situ hybridization (ISH) is another option to investigate the expression of the candidate gene
with local resolution. A specific radioactively or digoxigenin (DIG)-labeled ribonucleic acid
(RNA) probe detects complementary nucleic acid sequences in frozen tissue sections. In contrast
to RT-gPCR or other PCR-based techniques, ISH enables visualization of sequences of interest in

paraformaldehyde-fixated tissue sections.
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In our project, we utilized mouse tissue to investigate tissue gene expression. RT-qPCR was per-
formed to quantify Elovl1 expression across different mouse tissues. A ubiquitous expression pat-
tern of Elovll mRNA was found, with highest expression in eye, spinal cord, peripheral nerve,
brainstem and white matter of the brain. Moreover, ISH was performed on E16.5 mouse embryos,
with ubiquitous, but particularly high Elovi1 mRNA detection in the epidermis, brain cortex, and
spinal cord. ISH of adult mouse brain revealed high expression in hippocampus, cerebellar cell
layers, and neocortical neurons. Remarkedly, adult cerebral myelin (white matter) did not reveal
higher abundances of Elovil mRNA. One possible explanation may be the generally lower con-
centration of gene transcripts in white matter due to its much lower cell density. While in the RT-
gPCR we normalized the measured quantity of mRNA for each tissue to a stably expressed refer-
ence gene or mMRNA quantity, this was impossible to do for ISH.

Interestingly, these gene expression patterns largely correspond to the pattern of phenotypic in-
volvement of our two patients carrying the ELOVL1 variant. In both boys, hypomyelination of the
central white matter was observed in cranial MRI. Optical coherence tomography (OCT) scanning
showed thinning of the retinal nerve fiber layer, as a correlate of proximal optic atrophy. Further,
the boys displayed ichthyosis with an abnormal epidermal keratinization involving their entire

body.

3.4.2  Subcellular localization studies

Candidate gene expression may further be studied on the cellular level in order to determine the
subcellular localization of a gene product. Investigation of the subcellular localization thus con-
tributes to the understanding of gene product function.® We restricted our intracellular assessment
to protein-detecting methods.

Using immunofluorescence, we were able to visualize ELOVLL1 protein and localize it in the en-
doplasmatic reticulum (ER) via co-staining with an organelle marker. We utilized calnexin as spe-
cific ER marker. This finding was in line with published data.

Next, we compared the subcellular localization of wildtype ELOVL1 and variant
ELOVL1(p.S165F) protein. We aimed to detect a mislocalization of the mutant protein, possibly
due to misfolding that might have been caused by replacement of the polar hydrophilic side chain
of serine by the non-polar aromatic one of phenylalanine.

For this experiment, we planned a co-transfection of two protein expression plasmids containing
either wildtype or variant ELOVL1 cDNA into the same cell. During the transfection process this
nucleic acid material would be introduced into eukaryotic cells. We thus needed to generate two

plasmids carrying either wildtype or variant ELOVL1 cDNA, each fused to a different fluorescence
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marker gene. The generation of such fusion proteins was necessary in order to distinguish wildtype
from mutant protein by its different fluorescence (e.g. red versus green fluorescence). For genera-
tion of a gene fragment containing the coding sequence of wildtype and mutant ELOVL1, RNA
was isolated out of patient fibroblasts and reversely transcribed into cDNA.

Cloning step 1: The ELOVL1 gene holding the heterozygous variant was amplified in a PCR re-
action with a proofreading DNA polymerase (PhusionTaq) with two engineered primers each con-
taining one specific enzyme restriction site (Xhol and Kpnl). The ELOVL1 PCR-product was pu-
rified by agarose electrophoresis. As PhusionTaq produces a blunt-ended DNA strand, an adenine
overhang was added at the 3’-end of the DNA-strand using “classic” Taq DNA polymerase, pre-
paring the DNA for the TA-cloning protocol. Following this protocol, the ELOVL1 inserts with
the A-overhang (wildtype and variant separately) were inserted into a linearized vector with a 3’
T-overhang at both ends. This vector (\GEM®-T Easy, Promega) carries an ampicillin resistance
gene. Ligation products were transformed into heat shock competent JM109 (Promega) Esche-
richia coli bacteria. Only bacteria transformed by a plasmid that had been successfully re-ligated
by incorporation of an ELOVL1 insert were able to express the antibiotic resistance gene and grow
on selective (ampicillin 100 mg/ml) agar. Plasmid DNA was then prepared by mini-prep from
bacterial pellets after mini (5 ml) subculture of single cones.

Cloning step 2: Next, the purified plasmid DNA underwent restriction enzyme digestion with Xhol
and Kpnl to excise the ELOVL1 insert with the desired 5* and 3” overhangs. The excised ELOVL1
insert was purified by agarose electrophoresis and cloned into the linearized and dephosphorylated
targeting vectors encoding a C-terminal EGFP or RFP-tag. This targeting vector had been linear-
ized before using the same restriction enzymes Xhol and Kpnl. We thus obtained two plasmids,
expressing a fusion protein of wildtype or variant ELOVL1 together with a green or red fluorescent
tag. The correctness of all cloned plasmids was verified by automatic DNA sequencing using the
Sanger method.

Using the calcium phosphate precipitation method, COS-1 cells were subjected to double-trans-
fection with the two generated plasmids. After transfection, the cells expressed wildtype and var-
lant ELOVL1 protein fused to a C-terminal fluorescence marker: enhanced green fluorescent pro-
tein (EGFP) for wildtype or red fluorescent protein (RFP) for variant. Via confocal immunofluo-
rescence microscopy, we found wildtype and variant ELOVL1 protein to fully co-localize in COS-
1 cells. Therefore, we concluded that the genetic variant in ELOVLL1 did not cause a visible effect

on subcellular localization of the mutant protein.
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3.4.3 Protein structure prediction

In order to enhance our understanding of ELOVL1 secondary structure, we used bioinformatic
tools to predict protein topology. ELOVL1 localizes in the ER. The protein of 279 amino acids
was predicted to exhibit seven transmembrane domains, with the variant ELOVL1(p.S165F) lo-
cated at the border between ER lumen and lipid bilayer of the ER. This finding was in accordance
with recently described dominant ELOVL4 (OMIM #133190) and ELOVL5 (OMIM #615957) mu-
tations. Likewise, these mutations were predicted to be located at the border between ER lumen

and lipid bilayer, leading both to spinocerebellar ataxia.

3.4.4  Protein function studies

The ELOVLL1 gene encodes for the protein ELOVL1 (ELongation Of Very Long-chain fatty acids
protein 1). ELOVLL1 is one of seven mammalian fatty acid (FA) elongase isoenzymes, responsible
for the elongation of very long-chain fatty acids (VLCFAs). VLCFAs are FAs with carbon (C)
chains of at least C21.3" Following their activation to acyl-CoA, VLCFAs are elongated by four
enzymes forming the elongase complex in the membrane of the ER.*® The VLCFA elongation
proceeds in a four-step cycle consisting of repeated biochemical reactions (condensation, reduc-
tion, dehydration, and reduction), resulting in the sequential addition of two carbon units to the
carboxyl end of the growing chain.*® ELOVL enzymes catalyze the rate-limiting step of VLCFA
elongation, the condensation of malonyl-CoA with an acyl-CoA precursor to 3-ketoacyl-CoA.
Each member of the ELOVL family has a distinct substrate specificity, differing in carbon chain
length and the preferred number of double bonds.*® ELOVL1 exhibits activity especially towards
saturated and monounsaturated C20- and C22-VLCFAs, producing saturated and monounsatu-
rated C24- and C26-VLCFAs.*'

VLCFA:s are indispensable for functioning of membranes and particularly important for the syn-
thesis of myelin and photoreceptors, as well as for skin permeability barrier, cell signaling, and
spermatogenesis.®”*° In the organism, VLCFAs are mainly found as building blocks of lipids,
namely sphingolipids and glycerophospholipids.*! Being the backbone of all sphingolipids,
ceramide is composed of a sphingosine linked to a FA of varying length. Sphingomyelin is gener-
ated from ceramide by addition of a polar head group (phosphocholine).

Ceramides carrying >C26-VLCFA are crucial for the epidermal permeability barrier, as they rep-
resent the principal component of lipid lamellae, a hydrophobic mixture situated between the epi-
dermal corneocytes.*? ELOVLL1 is responsible for epidermal C26-VLCFA production, further uti-
lized for C26-ceramide synthesis by ceramide synthase 3 (CERS3). Elovl1l knockout (ko) mice

died during their neonatal period due to epidermal barrier defects with transcutaneous water loss.
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Epidermal ceramide (>C26-VLCFAs) and sphingomyelin (>C24-VLCFASs) levels of these ani-
mals were decreased, as was the case for levels in brain and other tissues.*’

Myelination and neurodevelopment depend on well-balanced VLCFA supply. A surplus of
VLCFAs due to lack of degradation may lead to white matter lesions, seen in X-linked adrenoleu-
kodystrophy (OMIM #300100). The lack of VLCFAs due to impeded synthesis may cause hypo-
myelination and severe neurodevelopmental defects, seen in homozygous ELOVL4 mutations
(OMIM #614457). VLCFAs synthesized by ELOVL1 are converted to sphingolipids essential for
myelin synthesis and maintenance.** Myelin-producing cells mostly utilize C24-sphingolipids for
myelin formation.**4* C24-ceramides are produced by ceramide synthase 2 (CERS2) from
ELOVL1-generated C24-VLCFAs.*! Cers2 ko mice exhibited impaired myelin formation due to
lack of C24-sphingolipids.*?

3.4.4.1 Enzymatic assay

To determine the functional consequences of the ELOVL1(p.S165F) variant on protein function,
we employed an in vitro enzymatic assay. Enzyme assays are amongst the most accepted tools in
support of variant pathogenicity.?* The experiments using enzymatic assays were performed by
our collaborators at Hokkaido University, Sapporo, Japan.

They performed a FA elongation assay to examine the enzymatic activity of wildtype and variant
ELOVL1(p.S165F). HEK 294T cells were transfected with plasmids containing the coding se-
quence of either wildtype or variant ELOVL1. The cloning procedure is briefly described in 3.2.
As negative controls, they utilized a plasmid carrying an engineered loss-of-function mutation in
ELOVL1(p.H144A/p.H145A) and an empty vector. Western blot analysis confirmed adequate
ELOVL1 protein expression in the cells. The total membrane fraction containing the ELOVL1
protein of each transfected cell line was incubated with [**C]malonyl-CoA as the C2 (two carbons)
donor and C20:0-CoA or C22:0-CoA as the acyl-CoA substrate. Later, lipids were extracted and
elongation products [*3C]C22:0-CoA or [**C]C24:0-CoA converted to [**C]C22:0 and [*3C]C24:0
FAs, to be analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS).

Variant ELOVL1(p.S165F) exhibited a significantly lower activity towards both substrates com-
pared with wildtype ELOVL1. ELOVL1(p.S165F) activity was comparable to
ELOVL1(p.H144A/p.H145A) or empty vector control activity. Hence, we concluded that
ELOVL1(p.S165F) has no enzymatic activity.

Evidence for pathogenicity of the mutation might have been stronger had the enzymatic activity
been assayed directly on patient tissue, rather than on transfected cells.?* However, our patient

cells were heterozygous for the mutation and consequently had one allele expressing wildtype
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ELOVL1. We presumed that by performing enzymatic assays directly on patient tissue, measure-
ments of enzymatic activity might have been difficult to interpret: The wildtype transcript could
have been upregulated in compensation, or there might have occurred a negative interference be-
tween wildtype and variant protein (e.g. in multiprotein complexes). In order to simply assess the
enzymatic activity of the wildtype versus the variant ELOVL1(p.S165F) version of the protein,
we overexpressed either of them in cells that were then utilized for the in vitro elongation assay.
By this assay, an effect would be clearly attributable to the alteration in the protein. Thus, by using
transfected cells instead of patient cells we were able to study solely the effect of the ELOVL1

€.494C>T genomic sequence variation on ELOVL1 enzymatic activity.

3.4.4.2 Lipid analyses in patient cells

Using the enzymatic assay, we were able to demonstrate that the mutation in ELOVL1 most likely
causes a severe functional defect at the molecular level. Now, we were interested to investigate
whether the ELOVL1 enzyme deficiency would derange the composition of the VLCFAs in the
cytosol of our patients’ cells. The experimental work of these lipid analyses was again performed
by our collaborators in Hokkaido University, Sapporo, Japan.

They examined the steady state levels of sphingolipids in cells of affected individuals and controls.
They determined ceramide and sphingomyelin composition of patient (n=2) and control (n=3) fi-
broblasts, as well as in skin specimen/keratinocytes. Using LC-MS/MS, they found a decrease of
ELOVL1 enzymatic products (ceramide and sphingomyelin carrying C26:1 and C26:0) behind
and accumulation of ELOVL1 educts (C22:0-sphingomyelin) in patient versus control cells. This
was reflected by significantly lower ratios of C24:0/C22:0, C24:1/C22:1, C26:0/C22:0, and
C26:1/C22:1 FAs as lipid components of the sphingolipids in patient fibroblasts and skin samples.
Hence, this indirect functional assessment showed reduced levels of ELOVL1 catalytic products
in patient cells compared with controls. Together with the results of the in vitro enzymatic assay
— confirming absent ELOVL1(p.S165F) enzymatic activity — we conclude that the measured lipid
alterations derive from the pathogenic effect of the ELOVL1(p.S165F) protein variant.

3.4.5 Transcriptome studies

In order to identify genes whose RNA transcript levels are differentially regulated in response to
the presence of the pathogenic ELOVL1 variant, we conducted an RNA transcriptome study. The
transcriptome is the total of all RNA transcripts present in a cell at a certain time point.* Currently,
there are two widely used methods to study the transcriptome: microchip arrays or RNA-sequenc-
ing (RNA-seq).
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RNA microarrays measure large numbers of predefined transcripts simultaneously. Fluorescently
pre-labeled mRNA-transcripts hybridize to complementary nucleic acid sequences that are fixed
on the array and are quantified by fluorescence read-out.*®

RNA-seq is based on NGS technology and aims to sequence all RNA transcripts currently present
in cells.*” Transcript abundance correlates with the number of obtained RNA sequences.*® RNA-
seq is becoming increasingly important for analysis of global gene expression. Compared with
microarray technologies, RNA-seq detects larger dynamic ranges of transcript expression levels
and requires lower amounts of input RNA.4"#8

In our study, we performed transcriptome studies via RNA-seq in control (n=4) and patient (n=2)
fibroblasts. Our aim was to investigate whether global mRNA-expression would be different be-
tween heterozygous patient cells and age-matched controls. Due to the lack of tissue access our
analyses were performed in fibroblasts instead of neuronal tissue. However, genome-wide expres-
sion data from patient fibroblast have been shown to be, within limits, representative for the human
brain transcriptome.*® In order to make gene expression data comparable among samples, we cal-
culated the FPKM values for each gene. FPKM is the acronym for Fragments per kilobase of exon
per million reads mapped. This value normalizes the measured reads per gene for sequencing depth
and lengths of genes.>°

In patient fibroblasts, we found consistent up- or down-regulation of various gene transcripts in
comparison with controls. Interestingly, the ELOVL1 expression level was unaltered in patients’
cells. Notably, CERS3 was found to be compensatory upregulated in patients. ELOVL1 and
CERS3 functionally interact closely in the skin: C26-VLCFAs produced by ELOVL1 are further
processed by CERS3, thus generating C26-ceramides."*! Cers3 ko mice died neonatally due to
defects of their epidermal permeability barrier.>! In humans, recessive CERS3 mutations are asso-
ciated with ichthyosis.>? Overall, we detected the most excessive upregulation in patient cells for
genes involved in epithelial differentiation, development of epidermis and keratinization, which
may correspond to thickened epidermal layer noted in our patients.

In contrast, we found a downregulation of genes important for brain development and myelination
in patient cells. One explanation may be the lack of myelin building blocks (especially of >C24-
sphingolipids) due to the ELOVL1 enzyme defect. With limited number of building blocks avail-
able, myelination and neurodevelopment may become deranged. However, the building blocks for
epidermal development were likewise reduced, while we measured involved genes to be up-regu-
lated. This tissue specific reaction towards lack of VLCFAs needs further study.

We observed an altered expression level of entire gene modules in patient cells with VLCFA de-

ficiency due to ELOVL1 enzymatic block. Therefore, we considered the possibility of VLCFAS
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directly affecting the gene transcription machinery. VLCFASs are known to interact with peroxi-
some proliferator-activated receptors (PPARs) which are nuclear receptors. PPARs bind to spe-
cific DNA sequence elements in the nucleus called PPAR response elements (PPRES), thereby up-
or downregulating gene transcription. Consequently, PPARs control the transcription of genes car-
rying a PPRE in their promotor region. The effect of C16-FAs on PPARYy activity was recently
studied in the peripheral nerve system (PNS) of mice.>® Those genetically modified mice were
unable to perform de novo FA synthesis and therefore lacked C16-FA. The C16-FA deficiency
downregulated the PPARY transcriptional network and led to defective PNS myelination. Interest-
ingly, restoring PPARy-activity by application of a PPARy-agonist ameliorated PNS myelination
in those C16-FA deficient mice.® In another study, PPARo was described to perform a conforma-
tional change upon C24:1-VLCFA binding, leading to suppression of gene transcription.>* Lack
of VLCFAs might therefore upregulate PPARa-pathways.

Using computational analysis, we searched for PPRESs in the promotor regions of all genes that
were differentially expressed in patient fibroblasts compared with controls. We detected PPRES in
multiple up- or downregulated genes. Notably, CERS3 and keratin differentiation associated pro-
tein (KRTDAP) genes revealed the highest probability for PPARa binding. The deficiency of C24-
VLCFAs may contribute to disinhibition of PPARa, translating into higher expression levels of
genes involved in epidermal proliferation and keratinization. However, we did not capture causal
relationships. Therefore, our data do not permit to draw firm conclusions. We need further exper-
imental investigations in various tissues to determine the effect of VLCFAS on the gene transcrip-
tion machinery, particularly on PPAR-mediated action. Of special interest would be the search for
PPAR-modulating drugs with a potential therapeutic effect.

35 Treatment approaches and perspectives

Having biochemically characterized the ELOVL1(p.S165F) enzymatic block and subsequent
VLCFA deficiency in patient cells, we were interested to explore options to treat the disease. Bi-
ochemical fatty acid loading experiments were conducted by our collaborators in Hokkaido Uni-
versity, Sapporo, Japan. Transmembrane transport of VLCFAs is challenging because cells lack a
mechanism to take up VLCFAs from their surroundings. We thus settled for in vitro treatment of
the patient cells using shorter chain FAs that have the capability to overcome the cell membrane.
We tested treatment of patient fibroblasts with C22- and C24-VLCFA molecules separately. Load-
ing with C22:0-VLCFAs augmented levels of ceramides and sphingomyelins carrying C22:0- and
C24:0-VLCFAs. However, levels of ceramides and sphingomyelins holding C26:0-VLCFAs re-

mained unaltered. Notably, we observed a decrease in monounsaturated C24:1- and C26:1-
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ceramides and -sphingomyelins in C22:0-VLCFA treated cells, probably mediated by competitive
inhibition between saturated and monounsaturated FAs. While loading with C22:1-VLCFAs led
to cell death, loading with C24:0-VLCFAs did not show any effect. Moreover, supplementation
with C24:1-VLCFAs led to an increase in C24:1-sphingomyelins and decrease in sphingomyelins
and ceramides carrying C24:0-VLCFAs. In summary, VLCFAs of smaller size (C22:0) were found
to be successfully imported into fibroblast cells. Imported C22:0-VLCFAs were then elongated as
ELOVL1 enzymatic educts to C24:0-VLCFAs, both in patient and control cells. However, the FA
elongation cycle did not proceed the next step towards C26:0-VLCFAs. Our findings show that
adequate VLCFA supplementation is a complex endeavor. Importantly, we should consider com-
petitive inhibition between saturated and monounsaturated substrates of elongases. We need to
conduct systematic studies of VLCFA repletion as a therapeutic approach. Our data calls for fur-
ther research to determine the optimum mixture of saturated and monounsaturated VLCFAs for
therapy, whereby reducing competitive inhibition effects. For skin-related symptoms like ichthy-
osis, topical applications of VLCFA-mixtures could be beneficial. VLCFA-deficiency in the cen-
tral nervous system would be more difficult to target, because diet derived VLCFAS may not cross
the blood-brain-barrier.

Currently, we are not able to determine the exact pathomechanism of this dominant disease, which
might be based either on haploinsufficiency or a dominant negative effect.>® In haploinsufficiency,
the presence of only one wildtype allele instead of two copies leads to a lack of protein dosage,
which is deleterious to the organism. In a dominant negative model, the variant protein disturbs or
competes with the wildtype protein (e.g. in multi-protein complexes). In order to distinguish be-
tween these different mechanisms, the following experiments could be conducted: Several co-
transfections of cells with variant and wildtype ELOVL1 constructs could be performed using var-
ying concentrations of transfected variant ELOVL1 ¢.494C>T. The bioavailability of ELOVL1-
products (sphingolipids carrying C24- and C26-VLCFAs) could then be measured. In haploinsuf-
ficiency, we would expect no alteration of ELOVL1 product levels with higher dosages of variant
ELOVLL. In a dominant negative model, we might observe a decrease in ELOVL1 enzymatic
products in parallel with a rising amount of transfected ELOVLL1 variant.

During preparation of our manuscript which we submitted in August 2018% we became aware of
a publication by Kutkowska-Kazmierczak et al. in June 2018°7, who had — unknown to us — been
working on the same two families. Patients with rare diseases sometimes move internationally,
searching for diagnosis and therapy. Regarding the finding of the heterozygous de novo mutation
in ELOVL1, we confirm the work of this group. In other aspects, our results are important for better

understanding of disease pathophysiology, molecular mechanism, clinical phenotype, and first
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treatment approaches. We believe that closer cooperation of research groups worldwide working
in the field of rare diseases would be favorable for the optimization of diagnostic processes and
therapeutic advances. Recently developed matching tools such GeneMatcher®® help to connect re-
searchers around the globe, but also patients and clinicians, interested in a certain gene. In partic-
ular, the project aims to help finding additional individuals affected by a rare genetic disease. In
order to secure a genetic defect according to the criteria of the American Journal of Human Ge-
netics at least two patients with the same phenotype and alterations in the same gene should be
described delineating the phenotype of the disease.'® Recently, the International Rare Disease Re-
search Consortium (IRDIRC), uniting national and international government and non-profit or-
ganizations, announced several goals for the period 2017-2027 that included (i) entry of all cur-
rently undiagnosed patients into a global research database, (ii) diagnosis of patients within one

year for already known rare diseases, and (iii) development of 1000 new therapies.?

In conclusion, we identified the novel ELOVL1 ¢.494C>T genomic sequence alteration in two
unrelated individuals as disease-causing variant for a novel neurocutaneous syndrome. We de-
scribed the clinical phenotype and molecular mechanisms of this heterozygous ELOVLL1 variant.
The missense mutation completely abrogated ELOVL1(p.S165F) activity as verified by functional
enzyme assays. As ceramides and sphingomyelins are the important building blocks made from
VLCFAs, we assessed their composition in the skin as one of the primarily affected tissues.
C24/C22-VLCFA- and C26/C22-VLCFA-ratios for sphingomyelins and ceramides were signifi-
cantly reduced in patients’ fibroblasts and skin specimens. Moreover, Elovil mRNA was highly
expressed in tissues impaired by the disease, such as cerebral white matter, eye, and skin. Our
analysis of the patients’ fibroblast transcriptome may help to understand the regulatory network
involved in this multifaceted disease. Further investigations of the PPAR transcriptional network
and its dependency on adequate VLCFAs supply could be valuable. In the future, PPAR-modulat-
ing drugs may be studied as possible treatment options. Along these lines, we explored VLCFA-
treatment of patient fibroblasts. While this therapeutic approach showed some first promising re-
sults, adverse effects such as competitive inhibition amongst enzymatic substrates demand caution.
We need systematic testing of VLCFA-supplementation before initiation of clinical orphan drug

trials using topical ointments.
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Noomi Miiller hatte an der voranstehenden Publikation folgenden Beitrag im Einzelnen:

Mitwirken an klinischen Untersuchungen der Patienten (Figure 1A-E, Table S1 und S2)
Auffinden der ELOVL1-Variante durch Analyse der Whole-exome sequencing Daten (Fi-
gure S1, Figure 3E)

Validierung der ELOVL1-Variante sowie familidre Segregationsanalyse mittels Sanger-
Sequenzierung und spezifischen Restriktionsenzymverdau (Figure 3A, B, C, E)

Founder Haplotype Analyse (Figure 3D)

RT-gPCR im Mausgewebe zur Analyse der mRNA-Expression von Elovll in verschiede-
nem Gewebe (Figure 6E)

Klonierung der ELOVL1-Expressionsvektoren ELOVL1(wt)-EGFP, ELOVL1(p.S165F)-
EGFP sowie ELOVL1(p.S165F)-RFP fir biochemische Versuche sowie fur subzellulare
Lokalisationsexperimente (Figure 6A, Figure 4C):

- Herstellung des ELOVL1-Inserts (Wildtyp und Mutante) durch RNA-Extraktion
aus Patientenfibroblasten, reverse Transkription in cDNA, PCR-Reaktion unter
Verwendung speziell generierter Primer, welche die Sequenzen fir den spezifi-
schen Restriktionsverdau enthielten. Klonierung des ELOVL1-Inserts in pPGEM®-
T Easy Vektor (Ligation, Transformation, Selektion auf antibiotikahaltigem Me-
dium, Miniprép); spezifischer Restriktionsverdau des klonierten Plasmids. Klo-
nierung des ELOVL1-Inserts in zuvor dephosphorylierten und linearisierten
pEGFP-N3; Herstellung von ELOVL1(wt)-EGFP und ELOVL1(p.S165F)-EGFP

- Herstellung des RFP-Inserts durch PCR-Reaktion auf dem pTagRFP-N Vektor
unter Verwendung speziell generierter Primer, welche die Sequenzen fir den
Restriktionsverdau enthielten; Klonierung in pGEM®-T Easy Vektor; Verdau des
klonierten Plasmids, Klonierung des RFP-Inserts in ELOVL1(p.S165F)-EGFP;
Herstellung von ELOVL1(p.S165F)-RFP

Zellkultur von Fibroblasten (Patienten und Kontrollen) sowie COS-1 Zellen

Experimente zur subzelluldren Lokalisation: Transfektion der klonierten Vektoren mittels
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Calcium-Phosphat-Prazipitationstechnik, Fixierung der transfizierten COS-1 Zellen, Mit-
wirken bei der Immunfluoreszenz-Mikroskopie (Figure 6A)

- Bioinformatische ELOVL1-Proteinstrukturvorhersage (Figure S7)

- Statistische Auswertung der biochemischen Ergebnisse (Figure 4A-C)

- Mitwirken bei der Analyse der Transkriptom-Daten (Table S3)

- Verfassen der Publikationsschrift unter Mitwirkung der Koautoren

Unterschrift, Datum und Stempel des betreuenden Hochschullehrers
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