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ZUSAMMENFASSUNG

Die Entdeckung neuer Genotyp-Phanotyp-Assoziationen bei seltenen Erkrankungen sowie die
Identifizierung der zugrundeliegenden Pathomechanismen stellen entscheidende Schritte auf
dem Weg zu einem diagnostischen Erfolg dar und kénnen zudem als Ausgangspunkt zur
Entwicklung therapeutischer MafRRnahmen dienen. Die Feststellung, ob und welche
Auswirkungen zuvor unbekannte genetische Varianten auf den Phanotyp haben, stellt eine
grol3e Herausforderung bei der Varianteninterpretation bzw. der Diagnosestellung dar. Eine
wichtige Rolle dabei spielen die computergestutzte Varianten-Annotation, sowie Software-
Tools zur Vorhersage moglicher Auswirkungen neuer Varianten.

Im Zuge dieser Dissertation konnten wir zwei zuvor unbekannte, krankheitsverursachende
Mutationen identifizieren und charakterisieren. Beide Mutationen weisen eine bemerkenswerte
Gemeinsamkeit auf: Die vorhergesagten Auswirkungen der Varianten stimmten nicht mit dem
beobachteten Phanotyp der betroffenen Personen Uberein. Beide Varianten werden anhand
der Annotation und in silico Vorhersage mit einem vollstandigen Funktionsverlust (engl. Loss-
of-function bzw. LOF) des betroffenen Gens assoziiert. Die Varianten betreffen zudem jeweils
ein Gen mit bekannter Pleiotropie. Wir konnten zeigen, dass der vorhergesagte
Funktionsverlust beider Varianten durch alternative Genexpressionsmechanismen umgangen

wird.

In der ersten Studie dieser Dissertation wurde die zuvor unbekannte, homozygote, Frameshift-
Variante ¢.28 29insA, p.(Leu10Tyrfs*37) in ZMPSTE24 bei betroffenen Personen aus zwei
pakistanischen Familien nachgewiesen. Anhand der in silico Vorhersagen, wird die entdeckte
Variante mit einem vollstandigen Funktionsverlust des ZMPSTE24-Gens assoziiert. Ein
vollstandiger, biallelischer Funktionsverlust dieses Gens ist ursachlich fur die Restriktive
Dermopathie (RD), welche bei betroffenen Sauglingen meist bereits innerhalb der ersten
Lebenswoche zum Tod fuhrt. Die betroffenen Personen der untersuchten Familien wiesen
jedoch den progeroiden Phanotyp Mandibuloakrale Dysplasie mit Typ B Lipodystrophie
(MADB) auf. Diese Erkrankung wird durch biallelische ZMPSTE24-Mutationen verursacht, die
zu einer stark reduzierten Enzymaktivitdt des ZMPSTE24 Proteins fuhren. AnschlieRend
durchgefuhrte Expressions- und Lokalisationsexperimente zeigten, dass der vorhergesagte
vollstandige Funktionsverlust des mutierten Gens durch die Nutzung von zwei N-terminalen,
alternativen Translations-Initiationsstellen umgangen wird, was mit dem beobachteten
Phanotyp der betroffenen Personen Ubereinstimmt. Bemerkenswert ist, dass eines dieser

alternativen Startcodons an der Mutationsstelle der Frameshift-Variante neu entstanden ist.

XV
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Diese Konstellation wurde unseres Wissens nach noch nicht als LOF-

Umgehungsmechanismus in der Literatur beschrieben.

In der zweiten Studie dieser Dissertation wurde eine bisher nicht beschriebene, heterozygote
22q12.1-Deletion bei einem Fetus mit schweren zerebralen Fehlbildungen nachgewiesen. Die
Deletion betrifft das MN7-Gen, einschlieRlich des gesamten letzten Exons 2, sowie das
INcRNA Gen CPMER, einschlief3lich des gesamten ersten Exons. Der aufgrund der Deletion
erwartete Funktionsverlust eines MN17-Allels ware mit Uberwiegend unspezifischen
Phanotypauffalligkeiten, ohne Vorkommen von zerebralen Fehlbildungen, sowie einer
unvollstdndigen Penetranz assoziiert, was auch in diesem Fall zu einer Genotyp-Phanotyp-
Diskrepanz flhrt. Die durchgefiihrten RNA-Analysen deuten darauf hin, dass der erwartete
LOF-Effekt durch die Expression von MN1-CPMER-Fusionstranskripten umgangen wird. Die
Expression der C-terminal verkurzten MN1-Proteine, die anhand der nachgewiesenen RNA-
Sequenzen vorhergesagt wurden, wird mit dem MN1-C-terminalen Trunkierungssyndrom
(MCTT Syndrom) assoziiert. Bei diesem Syndrom werden unter anderem strukturelle
Gehirnanomalien beschrieben. Eine Genfusion eines protein-kodierenden Gens mit einem
nicht-kodierenden Gen in der Keimbahn als LOF-Umgehungsmechanismus in Verbindung mit
einer Krankheitsassoziation, wurde unseres Wissens nach ebenfalls noch nicht in der Literatur

beschrieben.

Mit dieser Arbeit wollen wir das Bewusstsein fur die Moglichkeit alternativer
Genexpressionsmechanismen bei der Varianteninterpretation scharfen und die Notwendigkeit
aufzeigen, (Standard-) Annotationspipelines in diesem Zusammenhang zu verbessern.
Daruber hinaus wollen wir die Wichtigkeit von zusatzlichen in-depth Analysen und
weiterfuhrenden Experimenten zur Feststellung der Auswirkungen von Kandidatenvarianten

hervorheben.
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ABSTRACT

The discovery of novel genotype-phenotype associations in rare diseases as well as the
identification of the underlying disease mechanisms are crucial steps on the path to diagnostic
success and can also serve as a starting point for the development of therapeutic interventions.
A major challenge in providing a genetic diagnosis is determining whether and what effects
previously unknown variants may have. Thereby, variant annotation and computer-based tools
to predict possible effects of novel variants play an important role in the variant interpretation
process.

In this work, we successfully discovered and analyzed two previously unknown, disease-
causing mutations. Both mutations share a remarkable feature: the predicted effects of the
variants did not match the observed phenotype of affected individuals. The variants each affect
a gene with known pleiotropy and both variants are predicted to result in a complete loss of
gene function. The predicted loss-of-function (LOF) effect is circumvented by alternative gene

expression mechanisms in both variants.

In the first study presented, we identified the novel homozygous frameshift variant
c.28 29insA, p.(Leu10Tyrfs*37) in ZMPSTE?24 in affected individuals of two Pakistani families.
The detected mutation is predicted to result in a complete loss-of-function of the ZMPSTE24
gene, associating the variant with lethal restrictive dermopathy (RD). However, affected
individuals displayed the progeroid phenotype mandibuloacral dysplasia with type B
lipodystrophy (MADB), which is associated with biallelic ZMPSTE24 mutations preserving
residual enzymatic activity of the protein. Expression and localization experiments revealed
utilization of two N-terminal alternative translation initiation sites to bypass complete loss-of-
function, consistent with the observed phenotype in affected individuals. One of these
alternative start codons is newly formed at the insertion site, which to our knowledge has not

yet been described as a LOF escape mechanism in the literature.

In the second study presented, we detected a previously unreported, heterozygous 22q12.1
deletion in a fetus with severe cerebral malformations. The deletion affects the MN1 gene,
including the entire last exon 2 and the IncRNA gene CPMER, including the entire first exon.
The expected loss-of-function of the MN1 gene is associated with mainly non-specific
phenotype abnormalities, without brain anomalies, and incomplete penetrance, which also
leads to a genotype-phenotype discrepancy in this case. RNA analyses indicate that the
expected LOF effect is circumvented by the expression of MN7-CPMER fusion transcripts.

XVI
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Expression of the C-terminally truncated MN1 proteins predicted based on the RNA
sequences, is associated with MN1 C-terminal truncation (MCTT) syndrome, a very rare
condition characterized by distinct brain malformations. To our knowledge, a disease-causing
gene fusion of a protein-coding gene and a non-coding gene in the germline leading to LOF

escape has also not yet been reported.

With this work, we want to raise awareness for the possibility of alternative gene expression
mechanisms in the variant interpretation process and highlight the need to improve (standard)
annotation pipelines in this context. Furthermore, we want to highlight the importance of
additional in-depth analyses and further experiments to determine the effects of candidate

variants.
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1. Introduction

1.1. Rare genetic diseases

Even though rare diseases are individually “rare”, they affect a significant portion of the general
population overall. Exact data on rare diseases vary greatly in the medical literature and even
the definition differs by locality.

In the European Union, a disease is defined as “rare disease” if no more than 1 in 2,000
individuals (= 0.05%) are affected (1). Whereas in the United States, a rare disease is one that
affects fewer than 200,000 people in the U.S. (2), which corresponds to less than 0.06%
currently (3). In Japan, a rare disease is defined by less than 50,000 affected people in the
country (4), which equals less than 0.04% at present (5). Richter et al. found 296 definitions
for a rare disease from 32 jurisdictions and the global average prevalence threshold across all
organizations within the jurisdictions was 40 cases/100,000 people, or 0.04% (4). Disorders
that are even rarer are often termed “ultra-rare diseases” in the literature. There is no
international definition, but in the United Kingdom ultra-rare diseases describe conditions with
a prevalence of <1 case per 50,000 people (< 0.002%) (6, 7).

Also the exact number of different rare diseases identified so far varies, as there is no
consensual standardization. One issue is the lack of consistency in defining distinct disease
entities, as well as in reporting their frequencies in different countries or demographic groups.
Another challenge lies in the shortcomings of the current terminologies and their evaluation
(8). There are currently multiple databases for disease definitions available, such as OMIM (9),
Orphanet (10), GARD (11), HPO (12), MedGen (13) etc. In order to harmonize disease
definitions across the world, Vasilevsky et al. developed the Mondo Disease Ontology
(Mondo). Mondo provides a logic-based structure for unifying multiple disease resources by
combining information from the major knowledge sources on rare diseases (14). Mondo
therefore offers perhaps the most comprehensive curated count, with a current total of 10,443
rare diseases (15). The website Orphadata, which extracts datasets from Orphanet, provides
a similar number of 10,839 rare diseases (16).

There is also some variability in the medical literature when it comes to the cumulative number
of people affected by rare diseases worldwide. Ferreira calculated a cumulative prevalence of
6,221/100,000 people, or 6.2% of the general population (17). Data in the European Union
suggest a slightly higher cumulative prevalence of up to 8% of the European population (18,
19).
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It is commonly stated that about 80% of all rare diseases have a genetic cause (17, 18).
However, it is unclear what data this estimate is based on. Data in Orphadata shows that the
proportion of rare diseases with a confirmed genetic cause is currently around 39% (16, 17).
But novel gene-disease associations are constantly being described. Since 2014,
approximately 300 new Mendelian phenotypes are added to OMIM every year, most of which
represent a novel gene-disease association (20, 21). This indicates that the actual number of
rare diseases with a genetic etiology is much higher than the above-mentioned 39% of
currently confirmed associations would suggest (17, 22). To date, of the 38,268 human genes
in total (20,433 protein-coding and 17,835 non-coding genes) (23), a disease association has

been confirmed for 3,945 genes (16).

1.2. Discovery of novel gene-disease associations in mendelian diseases

Diseases that are caused by mutations in a single gene are known as Mendelian or monogenic
diseases (24). In 1956 Vernon Martin Ingram discovered that a specific chemical alteration in
hemoglobin is the cause of sickle cell disease due to the analysis of the protein (25). Based
on the “genetic timeline” provided by the U.S. National Human Genome Research Institute,
this was the first confirmed disease association of a single amino acid exchange in humans
(26). The first DNA-based description of a specific disease-causing genetic alteration was the
discovery of trisomy 21 as the cause of Down syndrome three years later, in 1959 (26, 27). It
took another 24 years until the HTT gene was the first disease-associated gene to be mapped
to a human chromosome, in 1983 (26, 28). Since then, our understanding of genetic variations
and mechanisms in rare diseases has increased dramatically (29). This progress goes hand
in hand with the enormous technological developments in the field of genetics over the last 67
years. The first method developed to examine genetic material in humans was conventional
karyotyping in 1956, which was used to determine the number of chromosomes (30, 31). Other
technological milestones that followed include: Southern blot (1975) (32), Sanger sequencing
(1977) (33), FISH (1980) (34), PCR (1983) (26, 35), RFLP (1985) (36), chromosomal
microarray (1995) (37), MLPA (2002) (38), Massive parallel sequencing/Next-generation DNA
sequencing (emerged since 1993 (39-43) and commercially available since 2005 (44)) and
RNA sequencing (2008) (45, 46), as well as the continuous development in the field of
multiomic approaches and novel computational methods (29).

Due to their cumulative frequency, rare diseases contribute to a large number of morbidity,
mortality and health care costs worldwide (47, 48). For an affected individual, a rare disease

is often accompanied with a diagnostic odyssey and only symptom-based treatment. The
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comprehensive diagnostic evaluation they have to undergo includes several specialist
consultations, imaging examinations, invasive investigations and other laboratory and genetic
tests. It is reported that about half of the patients with a rare disease never receive a diagnosis.
Not receiving a definitive diagnosis also leads to prognostic uncertainty and represents a
psychological burden for the patients (49-51). A rapid and accurate diagnosis may therefore
eliminate the need for further diagnostic investigations, facilitate appropriate access to health
care resources, enable participation in patient support networks and/or research studies,
improve disease management and may even result in effective and targeted treatments (49,
51, 52). In his work, Ferreira found that an FDA-approved treatment exists for only around
2.4% of rare diseases (17). In the case of rare inherited diseases, providing the correct genetic
diagnosis can have additional positive effects: it can impacting the health of relatives and
families can be informed about the recurrence-risk, allowing reproductive decisions to be made
(52).

The identification of novel gene-disease associations includes both, first-time disease
associations of certain genes (novel disease gene discoveries) and associations of already
known disease genes with other, distinct diseases (detection of new disease mechanisms)
(29). The discovery of genes and mutations associated with rare diseases as well as the
identification of the underlying disease mechanisms are the first steps on the path to diagnostic
success and can also serve as a starting point for the development of therapeutic interventions
(49, 53). Research focusing on new genotype-phenotype correlations is therefore of great

importance.

1.2.1. Traditional strategies

In the past, the identification of Mendelian disease genes was based on the search for
candidate genes and subsequent Sanger sequencing of these genes. Two different strategies
were applied, which differed in the screening for candidate genes. The first strategy is called
functional cloning, where candidate genes are selected based on the function of the gene or
protein (54). More specifically, candidate genes are selected because the predicted protein
function may be related to the disease etiology, or because they resemble genes associated
with similar diseases (53). The second strategy is called positional cloning, in which candidate
genes are identified based on its location in the genome (55). The great advantage of positional
cloning is that it does not require any prior biological or medical knowledge and can be applied
in an unbiased fashion (53). Important and classic genetic mapping approaches used were
linkage analysis (56) and homozygosity mapping (57). If the identified disease locus and the

number of genes in question are too large for the selection of candidate genes after genetic
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mapping, biological and medical information can additionally be incorporated to minimize the
number of candidate genes. Also the combination of data from multiple affected individuals is
useful for narrowing the disease locus. When dealing with unrelated, but phenotypically similar
patients, precise clinical characterization of the disease is important, as different genetic
alterations could be causative in these individuals. Once candidate genes had been
determined, they were analyzed for the presence of potential disease-causing mutations using
Sanger sequencing. Segregation analyses, as well as functional studies in cellular and animal
models, usually followed to confirm pathogenicity. This process of identifying disease genes is
laborious, but had led to the characterization of approximately 1000 monogenic diseases by
the year 2000, including Huntington’s disease and cystic fibrosis (53, 58).

In general, for polygenic, sporadic and/or genetically heterogeneous diseases in small cohorts
or individual patients, it can be very difficult or even impossible to identify disease genes using

traditional strategies.

1.2.2. Modern strategies

The development of new genomic methods has led to an increase in the discovery of novel
gene-disease associations in Mendelian diseases (59). For example, the invention of
microarray-based comparative genomic hybridization (array CGH) has enabled to detect copy
number variations (CNVs) at submicroscopic level. The change in gene dosage could then be
linked to disease phenotypes, which represents another approach for discovering novel
disease genes and/or disease mechanisms (60). The advent of next-generation sequencing
(NGS) approaches in the same decade then dramatically accelerated the discovery of new
gene-disease associations. Furthermore, the application of NGS-based approaches rapidly
expanded our knowledge of genome function and changed the clinical practice of genetic
medicine (59). With whole exome sequencing (WES), it became possible to sequence the
entire protein-coding regions of the genome fast and in parallel. Whole genome sequencing
(WGS) offers the possibility of sequencing the entire genome, which also enables the detection
of variants in non-protein-coding regions. When using NGS-based approaches, a prior search
for candidate genes was no longer necessary compared to traditional strategies. As a result,
the challenge of discovering novel disease genes has shifted from the identification to the
interpretation phase. Millions of variants are detected per genome, but only one or two of them
may explain the Mendelian disease under investigation. Therefore, many different options are
available for variant filtering and prioritization, which can be adapted to the respective

individual case (53).
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Recent improvements in bioinformatics and sequencing technologies have made it possible to
identify almost the full range of causal genetic variation, including single-nucleotide variants,
small insertions or deletions, repeat expansions, structural variations (SVs) and mitochondrial
DNA mutations, with a single approach (29, 61, 62). This has contributed to a better
understanding of more complex concepts in genetic diseases such as risk factors, penetrance
and expressivity. Implementation of NGS-based approaches also led to major progress in the
delineation of genetic diseases. “Phenotype-driven” delineation has been replaced by
“genotype-driven” delineation (59).

If short-read exome or whole genome sequencing is not revealing, additional approaches can
be used in combination to identify novel disease-causing mutations (51). These approaches
include, among others: long-read technology (63-65), usage of a pan-genome reference (66,
67), case matching (51, 59), proteomics (68), transcriptomics (69, 70), metabolomics (71, 72),
methylation profiling (73) and functional studies (74-77).

In their study Bamshad et al. showed that by 2017, NGS-based approaches had been used
for around 36% (1,268/3,549) of all known gene discoveries in Mendelian diseases. However,
since 2013, the majority of reported novel gene discoveries have been made using NGS-based
approaches compared to traditional approaches. In 2017, the rate of NGS-based discoveries
reached 87%. The impact of NGS-based approaches also affects the numbers of discoveries
per year, which was 173 on average between 2002 and 2009 and increased to 256 discoveries
per year on average between 2010 and 2017 (59). The pace of novel gene discoveries in
Mendelian diseases per year appears to have stabilized at approximately 250, presumably
reflecting the time required to build international cohorts, conduct functional experiments and
publish results (52, 78). Bamshad et al. estimated that at a minimum, about 6,100-14,400

Mendelian diseases remain to be discovered (59).

1.2.3. Current challenges

The current challenges in identifying novel gene-disease associations are manifold and affect
several areas (51, 52, 59, 79). On average, a genetic cause is found in only about 30% of
patients undergoing clinical exome or genome sequencing (80, 81). In many of the other cases,
the causative variant would be present in their sequencing data, but remains unrecognized
because it has not yet been described as pathogenic. Instead, the variation is very likely one
of millions of variants of uncertain significance (VUS), based on current knowledge, within the
sequencing data (82, 83). This massive amount of VUS detected per person by genome
sequencing represents one of the major challenges of recent times. Variants of uncertain

significance can be located in both protein-coding and non-coding regions. For a protein-
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coding VUS, clinical significance may be uncertain because the effect on the protein is unclear
or because the affected gene is currently not linked to disease. Further evaluation of variants
of uncertain significance can only be performed as part of research studies. Diagnostic centers
are therefore increasingly collaborating with research laboratories and affiliated universities to
further investigate unsolved diagnostic cases. If a laboratory succeeds in overcoming this first
obstacle of transferring unsolved cases to research, further difficulties emerge. Because even
after variant filtering and prioritization, a variety of candidate variants usually remain for
evaluation. The only valid strategy to discover a previously unknown disease association would
be by conducting functional studies of all candidate variants. This is currently an almost
unmanageable task, as most research laboratories do not have the financial, methodical and
time resources to perform all the necessary functional studies. In addition, there is no
guarantee of obtaining a conclusive result (52, 80). For these reasons, functional studies are
usually only conducted when many factors point to a disease-causing effect of a very specific
variant. Efforts in recent years have focused on strategies for better variant prioritization.
Further strategies to uplift the discovery of novel gene-disease associations include: patient-
oriented approaches, large-scale studies, phenotype-driven approaches, constraint-based
approaches, gene-to-patient approaches, building model organism databases and the
integration of multi-omics data (52).

A major focus also lies in establishing collaborations worldwide to build disease cohorts and
ensure data sharing. Examples of such projects are: the International Rare Diseases Research
Consortium (IRDIiRC) (49, 84), the Matchmaker Exchange (MME) (85), GeneMatcher (86),
PhenomeCentral (87), DECIPHER (88, 89) or ClinVar (90).

Seaby et al. suggest the development of a publicly accessible human knockout database for
the discovery of novel disease genes. The database would link naturally occurring null variants
in genes and supporting functional evidence with shared human phenotype data (52).

In summary, the discovery of new gene-disease associations still holds great potential with no

end in sight.

1.2.4. Homozygosity mapping in consanguineous families

In terms of methodology timeline, homozygosity mapping is part of the traditional strategies
(57), but this approach is still a powerful tool for the identification of novel genetic disease
associations in recessive conditions (91-93). Especially with regard to the challenges outlined
above, homozygosity mapping can circumvent some of the current difficulties in the search for

new disease genes.
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Rare recessive mutations are present in every population. In outbreeding populations they are
usually inherited unnoticed by future generations and only very rarely achieve homozygous
status. However, in the offspring of consanguineous families, the probability of being
homozygous at any genetic locus increases dramatically, depending on the degree of
relatedness of the parents (94, 95). This results in an increased risk for the occurrence of
recessive diseases in consanguineous families or isolated populations (96).

In the case of a rare disease in offspring of consanguineous parents, it can initially be assumed
that the disorder is caused by a homozygous variant inherited from both parents (53).
Homozygosity mapping, in this context also called autozygosity mapping, is characterized by
examining the genome of offspring of consanguineous families with a clinical phenotype for
Runs of Homozygosity (ROH; i.e. long regions of homozygosity). ROH results from merging
two copies of an ancestral haplotype in one individual. The haplotype of these regions is
therefore autozygous, synonymous with homozygous by descent (92). SNP genotype array or
WGS, for example, can be used for the detection of ROH (93).

Perhaps the main advantage of this approach is the cost-effective and time-saving
minimization of potential disease-causing variants by restricting them to the ROH regions (79).
Subsequently, advanced bioinformatics filtering approaches can be used for variant
prioritization of the remaining candidate variants (93). Also the likelihood of discovering a new
gene-disease association is increased when affected individuals from consanguineous

families are examined, due to the extreme rarity of some recessive diseases (93).

1.3. Pleiotropy

As mentioned above, the discovery of new disease mechanisms is part of the identification of
new gene-disease associations. This also includes the description of previously unknown
genotype-phenotype correlations of single variants, which is particularly important in the case
of pleiotropy. Pleiotropy describes the ability of a gene to affect multiple distinct phenotypic
traits. The concept of pleiotropy has been known since 1910 (97). In their study, Ittisoponpisan
et al. determined that 12% of the disease-causing proteins listed in UniProt are pleiotropic (98).
Chong et al. analyzed data in OMIM and observed that approximately 24% of all genes
associated with a Mendelian disease are responsible for at least two "clinically discrete"
phenotypes (22). The frequency of pleiotropic genes poses a challenge in the identification of
disease-causing genes and variants. In addition, an in-depth understanding of the molecular
mechanisms of pleiotropic genes is crucial for drug development, as there is an increased risk
of off-target effects (98).
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Ittisoponpisan et al. also discovered that pleiotropic proteins are more likely to be associated
with neoplasms, congenital malformations, as well as neurological and circulatory diseases
(98).

Pleiotropy of mutant alleles may have various genetic causes, including the following: different
mutation types, tissue-specificity, somatic mosaicism, modifier genes, epistatic genes,

mitochondrial inheritance, or yet unknown mechanisms (99).

1.3.1. Different mutation types

Different mutations in a gene may differ in their effect size, which affects the expressivity of a
disease phenotype. In enzyme deficiency disorders, for example, different mutations, which
result in a reduction of the functional enzyme, are causative for the disease. In many cases,
there is a good correlation between gene product levels and phenotype severity.

However, if the effects of various mutations differ, it can result in clinically distinct disorders in
pleiotropic genes. The effects of mutations in a gene on protein functionality and quantity
depend, among other factors, on the mutation types. The disease associations of the gene
CACNA1A are an example of pleiotropy due to different types of monoallelic mutations. Loss-
of-function (LOF) mutations in CACNA1A cause episodic ataxia type 2, gain-of-function (GOF)
mutations lead to familial hemiplegic migraine, whereas CAG trinucleotide repeat expansions
are causative for spinocerebellar ataxia type 6 (99, 100).

There is a broad spectrum of genetic alterations, which can be divided into different types at
distinct levels. At DNA level, there are genome mutations, chromosomal rearrangements, also
known as structural variations (e.g. copy number variations, translocations, inversions),
dynamic mutations and smaller alterations that can affect up to 50 base pairs, such as indels
and single nucleotide variants (SNVs). A distinction at RNA level can be made between in-
frame, out-of-frame, start gain/loss, stop gain/loss and splice variants. At protein level, there
are synonymous, missense, nonsense and frameshift variants, as well as insertions or
deletions of amino acids and also more complex alterations such as fusion proteins (101).
Many genetic alterations do not cause any functional effects, but many others can have an
impact on gene expression and protein function. These mutations can be divided into two main
groups based on their effect: loss-of-function mutations or gain-of-function mutations. LOF
mutations, i.e. inactivating mutations, represent an important group of disease-causing
alterations. There are two types of LOF mutations, which can either result in complete loss-of-
function, also known as null mutations or amorphic mutations, or partial loss-of-function, also
called hypomorphic mutations (Table 1). Both qualitative and quantitative effects on the protein

can lead to a loss-of-function. In case of haploinsufficiency (HI), the loss of one gene copy is
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sufficient to cause phenotypic abnormalities, equivalent to a dominant disorder. Otherwise,
both gene copies must be impaired (recessive disorder) (101-103).

The second group of alterations that affect protein function are GOF mutations, i.e. activating
mutations. Mutations of this group cause either an increased function (hypermorphic
mutations), a novel function (neomorphic mutations) or an altered gene product that acts
antagonistically to the wild-type (WT) allele (dominant-negative mutations or antimorphic
mutations) (Table 1) (101-104).

Table 1. Mutation types and corresponding effects on function

Mutation type Effect on function Terms for mutations
Complete loss-of-function Null mutations or amorphic mutations
LOF mutations
Partial loss-of-function Hypomorphic mutations
Increased function Hypermorphic mutations
GOF mutations Novel function Neomorphic mutations
Antagonistic function to Dominant-negative mutations or
wild-type allele antimorphic mutations

The terms amorph, hypomorph, hypermorph, neomorph and antimorph to characterize genetic
mutations were coined by Hermann Joseph Muller in 1932 (102), but apart from hypomorphic
mutations, these terms are rarely used in the clinical context of human genetics. Instead, a
distinction is often only made between LOF, dominant-negative and GOF mutations, with GOF
being understood as a synonym for both increased function and novel/altered function (101,
105). This could be due to the fact that the effects of mutations can often only be studied or
predicted to a certain extent, so that a precise definition of the effect (complete loss-of-function
vs. partial loss-of-function, or increased function vs. novel function) is not always possible (103,
105).

In addition to missense mutations, nonsense and frameshift variants can also pose a major
challenge in the functional interpretation of alterations in the protein-coding region. Nonsense
and frameshift mutations typically lead to transcripts carrying a premature termination codon
that is often subject to nonsense-mediated MRNA decay (NMD), resulting in alleles with loss-
of-function. In rare cases, they can escape depletion and be translated into truncated proteins
with residual functionality, potential functional enhancement and/or toxic effects (99).

Understanding the mechanisms of NMD and how it is circumvented in certain cases is
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therefore of particular importance when analyzing novel disease-causing nonsense or

frameshift variants.

1.3.2. Escaping nonsense-mediated mRNA decay

Nonsense mediated mRNA decay is an evolutionarily conserved surveillance mechanism that
degrades mRNAs containing premature termination codons (PTCs) due to nonsense or
frameshift mutations. When mRNAs containing a PTC are translated, they may produce
truncated proteins with dominant-negative or deleterious gain-of-function effects (106, 107).
Several studies have shown that the molecular mechanism of NMD is a translation-dependent
process in which NMD is triggered by abnormal translation termination (108-110). It is known
that various RNA-binding proteins play a crucial role in the initiation of NMD (111). Currently,
an exon junction complex (EJC)-dependent and an EJC-independent mechanism have been
characterized. The EJC-dependent mode is much better studied and also more efficient than
EJC-independent NMD, for which the mechanism is currently not fully understood (110, 112).
Exon junction complexes form approximately 20-24 nucleotides (nt) upstream of exon-exon
junctions during splicing. The EJCs remain attached to the mRNA during transport into the
cytoplasm until it is displaced by the translating ribosome during the first round of translation
(113-115). If the ribosome is unable to displace downstream EJCs due to a PTC, remaining
EJCs interact with certain NMD factors, thereby triggering NMD (113, 116).

However, studies have demonstrated that transcripts with PTCs can also escape NMD, leading
to the production of aberrant proteins with possible dominant-negative or gain-of-function
effects. In most cases where NMD can be circumvented, the location of the PTCs is the crucial
factor (117-122). According to the EJC-dependent mechanism, PTCs in the last exon (“last
exon rule”) or in intronless transcripts (“single exon rule”) are expected to escape NMD.
Furthermore, experiments have shown that NMD is inefficient when PTCs are located within
the last 50 nucleotides of the penultimate exon, which is known as the “50 nt rule” (Table 2).
In case of the last exon rule and the 50 nt rule, the PTC is located far downstream at the
MRNA, so that even the last EJC can be displaced by the ribosome. These rules for NMD
circumvention have been largely validated, but explain only part of the human variations that
escape NMD (117, 118, 122, 123). Additionally, Lindeboom et al. discovered that also PTCs
located in the first 100-150 coding nucleotides rarely result in NMD (“start proximal rule”) (118,
119). They further suggested that even very long exons (> 407 nt) could inhibit NMD, if the
distance between a PTC and the downstream exon junction or wild-type stop codon is large

(“long exon rule”) (119), which was supported by experiments of Hoek et al. (124) (Table 2).
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So far, a few mechanisms have been described which can explain the start proximal NMD
insensitivity. One well-established process is called translation reinitiation. Reinitiation within a
main open reading frame (ORF) is characterized by the following steps: translational start of a
ribosome at the canonical start codon, elongation and termination at a PTC, followed by failure
of normal recycling and subsequent translational reinitiation of the same ribosome at a
downstream start codon (Figure 1A). As a consequence of translation reinitiation, the exon
junction complexes downstream of a PTC are also displaced by the ribosome and the mRNA
will not be degraded by the EJC-dependent mechanism. The resulting N-terminally truncated
protein may retain some residual protein activity, depending on the location of critical domains
(111, 118, 125-127). Another alternative translation mechanism that can also result in NMD
escape is known as leaky scanning. In leaky scanning, the 48S preinitiation complex scans
past a putative start codon and initiates translation at an alternative, downstream start codon
instead (Figure 1B). In contrast to translation reinitiation, leaky scanning does not depend on
a preceding translation termination event and it does not result in the production of two
polypeptide chains by the same ribosome. However, leaky scanning can also lead to the
production of N-terminally truncated proteins and thus potentially escape NMD in case of a

PTC upstream of the alternative start codon (Figure 1) (111).

(A) Translation reinitiation

(B) Leaky scanning

Figure 1. Comparison of translation reinitiation and leaky scanning.

11
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Schematic illustration of the mRNA (above, black) and the polypeptide chains (below, purple) which are
produced with a single ribosome (below, light blue).

(A) In translation reinitiation, the ribosome initiates translation at the canonical start codon (green arrow)
and terminates at a premature termination codon (red PTC-stop sign). Then the ribosome escapes the
normal recycling steps and reinitiates translation at a downstream start codon (green double arrow),
which eventually ends at the canonical stop codon (red stop sign). Translation reinitiation depends on a
preceding translation termination event and two polypeptide chains are produced by a single ribosome
(purple bars).

(B) In leaky scanning, the 48S preinitiation complex scans past a putative start codon (thin blue arrow)
and initiates translation at a downstream start codon (green arrow). Only one polypeptide chain is

formed by a single ribosome (purple bar).

These alternative translation mechanisms usually occur with a certain frequency and mostly
affect only a minority of translation events on certain mRNA transcripts. Some ribosomes
undergo a complete canonical round of translation from initiation to recycling, while others on
the same transcript are affected by a specific signal, resulting in a non-canonical translation
event (111).

Based on these findings, predicted NMD escape regions can be defined according to the
location of the PTCs within the mutant transcript. These regions are summarized in Table 2. It
should be noted that the PTC may be downstream of the mutation site, for example in the case

of frameshift variants.

Table 2. List of PTC regions predicted to escape NMD

PTC location associated

with NMD escape Validated mechanism

Within the last exon

. , All exon junction complexes are displaced
(“last exon rule”)

Within the last 50 nucleotides
of the penultimate exon All exon junction complexes are displaced
(“50 nt rule”)

Within intronless transcripts

. R No exon junction complex is attached to the mRNA
(“single exon rule”)

Within the first 100-150 coding nucleotides

. , . Translation reinitiation or leaky scanning
(“start proximal rule”)

Within a long exon (> 407 nt)

; ) Not yet sufficiently validated, mechanism unknown
(“long exon rule”)
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Even if a gene section is affected by more complex genetic alterations, such as chromosomal
rearrangements, premature degradation of the mRNA can be circumvented under certain
circumstances. This includes the formation of fusion genes, which occurs when sections of two
genes are joined together, due to structural variants, in such a way that they are transcribed
and subsequently translated as a single unit. The resulting fusion protein then usually has a
novel function (101, 128, 129).

1.3.2.1. Variant annotation of variants escaping NMD and in-depth analysis

“Annotation” generally refers to the addition of new information to data. “Variant annotation”
describes the assignment of functional information to DNA variants and mutations. This
process is essential for sequence analysis and therefore also for the analysis of disease-
related variants. The most common annotations are gene-based annotation approaches that
describe how variants alter coding sequences and which amino acids are affected by the
mutations. The HGVS nomenclature (130) is generally used to describe the sequence
variations. Various methods have been developed to annotate variants, which can be divided
into theoretically and empirically based approaches. With certain tools it is also possible to
annotate predictions about the effects of variants on protein structure and protein function (103,
131-133).

However, variation annotation can differ significantly depending on the tool utilized and also
contains multiple sources of error (103, 133). Especially the annotation of variants introducing
a premature termination codon presents major challenges. A main reason for this is, that the
NMD mechanisms and its escape rules are not taken into account in basic tools generating
annotations based on the HGVS Nomenclature. These annotations can thus lead to an
incorrect interpretation of a variant (103). By analyzing around 10,000 matched tumor exomes
with a NMD escape rule set, Lindeboom et al. demonstrated that 22% of PTC-containing
transcripts might be translated and thus lead to a truncated protein (119). A recent study by
Singer-Berk et al. showed that 27% of 1,113 predicted loss-of-function variants in the Genome
Aggregation Database (gnomAD, (134)) in genes associated with autosomal recessive
disease, might not undergo nonsense-mediated decay (135). In their current study, Klonowski
et al. applied their software tool "aenmd" to find PTC-causing variants predicted to escape
NMD in the gnomAD and ClinVar databases. This revealed that 36% of ClinVar- and 50% of
gnomAD-variants generating a PTC might escape NMD (123).

The results of these studies indicate that a substantial proportion of PTC-generating variants,
or predicted LOF variants, possibly escape complete loss-of-function due to premature

degradation of the mRNA, and instead lead to the formation of truncated proteins. Knowing
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whether a protein is missing or truncated can be of profound clinical significance. Accurate
variant annotation is therefore of paramount importance (103). Since standard annotation tools
do not evaluate the variant in the context of its surrounding sequence, several studies have
highlighted the benefit of deep manual curation of variants (135-138). In-depth analysis of a
variant can be conducted at DNA, RNA and/or protein level. For this purpose, various methods
such as in silico predictions, RNA analyses, protein analyses and functional in vitro or in vivo
studies are performed (51, 139). Understanding the molecular consequences and effects of
newly identified variants, which can be obtained by in-depth analysis, is particularly relevant in

genes with known pleiotropy (140).

1.4. Zinc metallopeptidase STE24 - ZMPSTE24

The ZMPSTE24 (Zinc metallopeptidase STE24) gene is located in the chromosomal region
1p34.2. Only one protein-coding transcript of the gene, with 10 exons, is known to date
(NM_005857.5). The mRNA has a length of 2,975 nt, of which 1,425 nt form the coding
sequence (CDS) (88, 141). ZMPSTEZ24 is ubiquitously expressed in the cytoplasm (142). The
gene is conserved in eukaryotes and encodes the protein CAAX prenyl protease 1 homolog,
also known as Zinc metalloproteinase Ste24 homolog, in humans (143, 144). The protease
belongs to the peptidase M48A family, which interacts with substrates that have a CAAX motif
consisting of cysteine, two aliphatic amino acids and any C-terminal amino acid depending on
substrate specificity (145-147). To improve readability, the term “ZMPSTE24 protein” or just
“ZMPSTEZ24” (not in italics) is also used as a synonym throughout this thesis. The CAAX prenyl
protease 1 homolog consists of 475 amino acids and is bound to the membrane of the
endoplasmic reticulum (ER) and to the inner nuclear membrane via seven transmembrane
domains (148). The protease domain is located on the cytosolic side of the membrane and
spans the C-terminus of the protein. The amino acids His335, Glu336, His339, which build the
HEXXH motif (X stands for any amino acid), and Glu415 form the zinc-binding, catalytic site.
A zinc ion (Zn?*) is bound as cofactor and the catalytic site is surrounded by the hydrophobic
residues Pro248, Trp340 and Leu425. The substrate binding site comprises a peptide complex
around the amino acid Asn265 (144, 149-151). The zinc metalloproteinase has catalytic
cleavage activity and catalyzes two crucial steps in the post-translational processing of
prelamin A to mature lamin A (Figure 2) (148). Prelamin A is encoded by the LMNA gene and
must be processed to exhibit proper functionality. LMNA also codes for lamin C through
alternative splicing, which does not require processing. Lamin A and lamin C are intermediate

filament proteins and provide stability and strength to cells. Together with other proteins, they
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are part of the nuclear lamina, which is attached to the inner membrane of the nuclear
envelope. Lamin A and C are also present inside the nucleus (152-154).

The precursor protein prelamin A contains the C-terminal CAAX sequence cysteine, serine,
isoleucine and methionine (CSIM) (155). The maturation of prelamin A occurs in a multi-stage
process: In the first step, a farnesyl residue is attached to the cysteine of the CSIM sequence
(farnesylation). The proteases ZMPSTE24 and RCE1, which is also called CAAX prenyl
protease 2, redundantly mediate the cleavage of the SIM residue in the second step. In the
third step, the farnesylated C-terminus is methylated by the isoprenylcysteine carboxyl
methyltransferase (ICMT). The fourth and final step in the formation of mature lamin A is a
second endoproteolytic cleavage of the last 15 C-terminal amino acids at a specific cleavage
site. In contrast to the first cleavage, this step is catalyzed exclusively by the ZMPSTE24
protein (Figure 2) (156-159).

Prelamin A CSIM
(CAAX motif)
Farnesylation
[FTase] Farnesyl
T, Cs' v
Cleavage |
[ZMPSTE24/RCEL] Farnesyl

|
T C - sy,

Carboxyl methylation

[1CMT] Farnesyl
|
——
Cleavage Il Methyl
[ZMPSTE24]
Far,
ISy
C
/
Metn,,

Figure 2. Post-translational processing of prelamin A to form mature lamin A.

[Figure and legend adapted from (160), (Creative Commons Attribution License)]

This simplified illustration outlines the four processing steps in the formation of mature lamin A, along
with the enzymes involved (square brackets). The ZMPSTE?24 protease (highlighted in green) is involved

in two processing steps. Prelamin A contains a C-terminal CAAX motif (C = cysteine, AA = aliphatic
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amino acids, X = any amino acid) consisting of the sequence cysteine, serine, isoleucine and methionine
(CSIM). First processing step: Farnesylation of the cysteine in the CAAX motif by the enzyme
Farnesyltransferase (FTase). Second step: Removal of the three C-terminal amino acids SIM. This first
endoproteolytic cleavage can be catalyzed either by the enzyme RCE1 or by ZMPSTE?24. Third step:
Carboxyl methylation of the C-terminal cysteine by isoprenylcysteine carboxyl methyltransferase
(ICMT). Fourth step: Cleavage of the last 15 C-terminal amino acids at a specific cleavage site to obtain

mature Lamin A. This second endoproteolytic cleavage is catalyzed solely by ZMPSTE24.

Dysregulation of lamins is linked to aberrant nuclear morphology and chromatin
disorganization (161). Mutations in the LMNA gene are causative for a broad spectrum of
diseases such as muscular dystrophy, dilated cardiomyopathy, Charcot-Marie-Tooth
neuropathy, syndromes of premature aging (including Hutchinson-Gilford progeria syndrome
(HGPS) and Mandibuloacral dysplasia with type A lipodystrophy (MADA)), restrictive

dermopathy, and other overlapping syndromes (162).

1.4.1. Diseases caused by mutations in ZMPSTE24

As described above, the ZMPSTE?24 protease is particularly essential for the second cleavage
during prelamin A processing. Failure to perform this cleavage step leads to an accumulation
of farnesylated and methylated prelamin A (see Figure 2), which exerts systemic toxic effects
and is associated with laminopathies and progeroid syndromes. Therefore, mutations in the
LMNA gene, which prevent the interaction with the ZMPSTE?24 protein, and mutations in the
ZMPSTE24 gene, which lead to a loss-of-function of the protease activity, can lead to
overlapping diseases (161, 163). Laminopathies caused by mutations in the LMNA gene are
called primary laminopathies. Secondary laminopathies are caused by mutations in genes
encoding proteins that structurally or functionally interact with lamin A/C, including ZMPSTE24
(164).

ZMPSTE?24 demonstrates pleiotropy, enabling biallelic mutations in the gene to be associated
with two distinct disease phenotypes. The severity of the associated disease thereby correlates

with the residual enzyme activity of the protease (144, 149).

1.4.1.1. Mandibuloacral dysplasia with type B lipodystrophy

Biallelic pathogenic variants in ZMPSTE24 that preserve residual proteolytic activity, i.e.
homozygous and compound heterozygous missense variants, as well as an in-frame deletion,

are causative for mandibuloacral dysplasia with type B lipodystrophy (MADB, OMIM #608612).
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Mandibuloacral dysplasia, including type A and B lipodystrophy, is a rare disease whose exact
prevalence is unknown. The phenotypic spectrum of the autosomal recessive disorder MADB
includes the following clinical manifestations: growth retardation, craniofacial anomalies such
as mandibular hypoplasia, skeletal anomalies such as progressive osteolysis of the terminal
phalanges and clavicles, skin changes such as patchy hyperpigmentation and atrophy,
lipodystrophy characterized by a generalized loss of subcutaneous fat affecting the face, trunk
and extremities and progeroid traits (165-168). Clinical signs usually appear in early childhood
(169). MADB displays the milder spectrum of the two disorders associated with ZMPSTE24.

1.4.1.2. Restrictive dermopathy

Complete loss-of-function of both ZMPSTE24 alleles, including homozygous and compound
heterozygous nonsense and frameshift variants lead to restrictive dermopathy (RD, OMIM
#275210). Restrictive dermopathy is a very rare disease with a prevalence of <1/ 1,000,000.
As of 2019, around 80 cases had been described worldwide. RD is a lethal genodermatosis
with characteristic features that are already apparent at birth. Clinical features include thin,
tightly adherent translucent skin with erosions at flexure sites, superficial vessels, typical facial
dysmorphism and generalized joint ankyloses. Prenatal findings such as intrauterine growth
retardation, reduced fetal movements, polyhydramnios and premature rupture of the
membranes have also been described. Most newborns die within the first week of life, thus RD

displays the severe disease phenotype of ZMPSTE24-associated disorders (10, 170, 171).

An overview of the two diseases associated with the ZMPSTE24 gene, as well as the

correlated protein activity status and the type of causative variants is shown in Table 3.

Table 3. Diseases associated with the ZMPSTE24 gene

ZMPSTE24

.. Causative biallelic variants
activity status

Gene Disorder Phenotypic features

Mandibuloacral Growth delay, craniofacial

dvsolasia with tvoe B anomalies, skin Residual Homozygous/compound
< y ':l)l odvstro ﬁ/p anomalies, progeroid proteolytic heterozygous missense
UNJ P (M),/'-\DB? y appearance and activity mutations, in-frame deletion
~ lipodystrophy
%)
S .
N Restrictive Lethal gehodermatogs Complete loss Homozygous/compound

affecting skin and vessels, :
dermopathy facial dvsmorphism and of proteolytic heterozygous nonsense and
(RD) y P activity frameshift mutations

joint ankyloses
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1.5. MN1 proto-oncogene, transcriptional regulator - MN'1

The MN1 (MN1 proto-oncogene, transcriptional regulator) gene in the chromosomal region
22912.1 has only two exons. The majority (95%) of the 3,963 bp long CDS of the MANE
transcript NM_002430.3 is located in exon 1 (141). MN1 was first described as a balanced
translocation (4;22) gene in a meningioma, which was disrupted in the open reading frame of
the first exon. It was therefore assumed that the gene acts as a tumor-suppressor. The patient
with multiple meningiomas carried the translocation in his germline. No MN1 mRNA expression
was detected in the tumor (172, 173). Later on, the gene was also considered to be an
oncogene, as high MN1 expression was linked to poor prognosis in acute myeloid leukemia
(174).

The gene encodes the 1,320 amino acid long transcriptional activator MN1 (143). Studies in
mice indicate that the transcription factor MN1 regulates the development of the mammalian
palate (175) and is needed for proper proliferation, motility, differentiation and function of
osteoblasts (176). A homozygous knockout in mice leads to abnormal skull bone development
and results in cleft palate, with mice dying at or shortly after birth. Heterozygous knockout mice
manifest a milder phenotype including hypoplastic membrane bone and cleft palate with
incomplete penetrance (177). Apart from the associations with meningiomas and acute
myeloid leukemia, no definite association to any other disease has been confirmed in humans

over many years.

1.5.1. Diseases caused by mutations in MN1

Large, heterozygous deletions harboring the MN1 gene have been detected in individuals with
orofacial abnormalities and cleft palate. However, a clear genotype-phenotype correlation with
MN1 was not possible due to the involvement of other genes in these cases (178-180).

It was not until 2020 that the papers by Mak et al. (181) and Miyake et al. (182) on specific
genotype-phenotype associations of heterozygous germline mutations in MN1 were published
almost simultaneously. It was discovered that MN1 exhibits pleiotropy, whereby the phenotypic
effects depend on the mutation type: On the one hand, MN7 demonstrates haploinsufficiency,
resulting in heterozygous LOF variants leading to the milder phenotypic spectrum of the two
diseases. GOF variants, on the other hand, are associated with more severe phenotypic
abnormalities (181, 182).
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1.5.1.1. MN1 haploinsufficiency-associated phenotypic findings

Three SNVs (one frameshift and two nonsense variants) in MN1 predicted to induce nonsense-
mediated mMRNA decay, are associated with conductive hearing loss and a range of speech
defects (Figure 3). A patient with a focal deletion of the entire MN1 gene presented with
microcephaly, intellectual disability, speech and motor delays and mildly dysmorphic facial
features. No other abnormalities, like cleft palate observed in individuals with large deletions,
can be clearly associated with MN7 haploinsufficiency (181). A few LOF variants in MN1 are
also listed in the gnomAD database, indicating reduced penetrance of the MN7T

haploinsufficiency phenotype (83).

1.5.1.2. MN1 C-terminal truncation syndrome

The MN1 C-terminal truncation (MCTT) syndrome is listed in the OMIM database as CEBALID
(craniofacial defects, dysmorphic ears, structural brain abnormalities, expressive language
delay, and impaired intellectual development) syndrome (183). MCTT syndrome is also caused
by nonsense or frameshift variants, whereby the localization of the premature termination
codons is crucial. In MCTT, all truncating variants are located within the last exon (exon 2), or
at the 3' end of exon 1 (Figure 3). These variants thus escape NMD and lead to the formation
of a C-terminally truncated protein with pathological activity. The results of the functional study
by Miyake et al. show that C-terminally truncated MN1 proteins impair the binding of the E3
ubiquitin ligase RING1. The interaction of MN1 with molecules associated with the ubiquitin-
mediated proteasome pathway may therefore be impaired. This results in an increase in the
amount of truncated MN1 due to inhibition of rapid MN1 protein turnover, which causes

dysregulation of MN1 target genes (182).
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Figure 3. MN1 mutations and associated phenotypes.

The 1,320 amino acid long MN1 protein is illustrated with marked amino (N)-terminus and carboxyl (C)-
terminus. The loss-of-function variants associated with the MN1 haploinsufficiency phenotype (black
stop sign) reported by Mak et al. are predicted to result in nonsense-mediated mRNA decay. This would
lead to a lack of expression of this allele. The 12 known late truncating variants causing the MN1 C-
terminal truncation syndrome reported by Mak et al. and Miyake et al. (red stop sign) are all localized in
the region of predicted NMD escape (grey bar), resulting in the expression of C-terminally truncated
proteins. The truncated proteins exhibit a gain of function effect and the MN71 gene demonstrates

pleiotropy.

MN1 C-terminal truncation syndrome is a very rare disease with fewer than 30 cases described
worldwide. The MCTT syndrome is characterized by the following clinical findings: mild to
moderate intellectual disability, severe speech delay, dysmorphic facial features (midface
hypoplasia, downslanting palpebral fissures, hypertelorism, exophthalmia, short upturned
nose and small low-set ears), often also mild to moderate prelingual hearing loss (usually
bilateral, conductive and/or sensorineural) and distinctive findings on brain imaging (including
perisylvian  polymicrogyria and atypical rhombencephalosynapsis). The risk of
craniosynostosis is increased and less frequently, generalized seizures are also described
(184).

Table 4 lists the diseases and clinical features associated with the MN1 gene, as well as the

underlying pathomechanisms and causative variants.
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Table 4. Diseases associated with the MN7 gene

Gene Disorder Phenotypic features VN1 . Causative 'monoallellc
pathomechanism variants
Associated with hearing loss Heterozygous deletion,
MN1 (conductive), speech defects, nonsense and
haploinsufficiency | microcephaly and intellectual Loss-of-function frameshift variants
phenotype disability with reduced leading to nonsense-
penetrance mediated mMRNA decay
MN1
Intellectual disability, severe Gain of functi Heterozygouz
. expressive language delay, ain of lunction nonsense ana
MN1 C-terminal Hearing loss (conductive or mediated by frameshift variants in
truncation (MCTT) sensorineural), dysmorphic expression of C- the 3' region of the
syndrome facial features e’md distinctive terminally truncated gene, escaping
findings on brain imaging MN1 proteins nonsense-mediated
mRNA decay

The literature reports demonstrate that the two MN7-associated disorders display some
overlapping clinical features. However, brain malformations and a consistent craniofacial
gestalt are features that are only found in MCTT syndrome. The assumed incomplete

penetrance linked to MN1 haploinsufficiency also distinguishes the two conditions (181).

1.6. Research question and aims of the dissertation

The major aim of this dissertation was to identify novel genotype-phenotype correlations in
rare genetic diseases. Studying the cause of a genetic disease is a crucial step in providing
the correct diagnosis, can improve disease management and may also be the first step towards
effective and targeted treatments. Only when the pathomechanism has been clarified further
steps can be taken to develop a specific therapy (49-53). In order to achieve this goal, access
to people with rare and ultra-rare diseases is necessary. A long-standing cooperation with
Gomal University in Dera Ismail Khan, Pakistan enables the genetic analysis of
consanguineous families in which rare diseases have been observed. In addition, individual
cases can also be transferred from routine diagnostics to the research area at our Diagnostic
& Research Institute of Human Genetics at the Medical University of Graz, if an in-depth

analysis is promising for identifying the cause.
In this study, we are investigating two different and previously unknown disease-causing

mutations. Both mutations have in common that the predicted effect of the respective variant

does not match the observed phenotype of affected individuals. Another common feature is
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that the variants affect genes that are known to be pleiotropic and both variants are predicted
to result in a complete loss of gene function. Our main hypothesis was a rescue of the predicted
loss-of-function effects, resulting in the observed disease phenotypes. The examination of the

respective rescue mechanism therefore evolved as key research question.

One of the novel disease-causing variants identified is a homozygous, N-terminal frameshift
mutation in the ZMPSTE24 gene, which, astonishingly, segregates with MADB instead of lethal
RD in two consanguineous Pakistani families. We use in-depth analysis of the variant and in
vitro expression and localization experiments to study the hypothesized rescue mechanism.
According to comprehensive literature search, a comparable LOF-rescue had not been

reported before.

The other novel variant was detected in a fetus at 14 weeks of gestation with ultrasound
abnormalities. The fetus was found to have a heterozygous deletion of approximately 58
kilobases (kb) in the chromosomal region 229g12.1. The deletion partially overlaps the MN1
gene indicating a loss of gene function. However, the severe brain malformations observed in
the fetus are not consistent with an MN7 LOF-genotype. Also in this case, in-depth analysis
yielded a possible rescue mechanism. Qualitative and quantitative RNA analyses were
conducted to examine this hypothesis. To our knowledge, such an LOF rescue has not yet

been described in the literature either.

In addition to the description of the novel mutations and the clarification of the rescue
mechanisms by performing experimental studies, a detailed clinical description of the
phenotypic abnormalities observed in affected individuals is another aim of this dissertation.
The analyses of patient tissues were not possible in either case due to the inaccessibility of
tissue samples. The discovered genotype-phenotype correlations enable rapid diagnosis of

future cases with the same mutations.

However, this work is not only relevant for the diseases associated with the two genes. The
studied rescue mechanisms have general genetic validity and could also occur with similar
variants in other genes. Furthermore, the work demonstrates the great importance of in-depth
analyses for the correct interpretation of previously undescribed variants, since standard

annotation pipelines do not account for complex processes.
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2. Materials and methods

The studies were approved by the ethics committees of the Gomal University, Dera Ismail
Khan, Pakistan (approval numbers: 04/ ERB/GU and 32/DQA/GU) and the Medical University
of Graz, Austria (approval number: 35-476 ex 22/23). The samples were enrolled after written
informed consent had been obtained from all study participants or, in the case of the MN1

study, from the mother of the fetus.

2.1. ZMPSTEZ24 study

2.1.1. Clinical diagnosis (ZMPSTE24)

The clinical features of affected individuals in both families studied were determined by a

physician. Radiological and biochemical tests were also conducted to establish the diagnosis.

2.1.2. Genetic analyses (ZMPSTE?24)

For the genetic analysis of affected individuals of index family 1 (F1), whole exome sequencing
was performed for two affected individuals of the 4th generation (F1-1V:7, F1-1V:8, see Figure
8A) via Agilent SureSelect V6 human All Exon library preparation and sequencing was
conducted using a NovaSeq 6000 with 2 x 150 bp and 100x coverage (50x on-target
coverage). The DRAGEN Germline Pipeline 3.2.8 on lllumina BaseSpace (lllumina,
www.basespace.illumina.com) was used for sequence alignment of raw fastq files to the
human reference sequence (GRCh37/hg19 assembly) and variant calling. Variant annotation,
analysis and homozygosity mapping was conducted using VarSeq™ v2.2 (Golden Helix,
www.goldenhelix.com).

The identified ROH-regions were first screened for possible causative homozygous variants.
Subsequently, the entire exome data was analyzed to identify potential variants that might
contribute to the patients' phenotype. For segregation analysis of the potentially disease-
causing variant detected by WES in other family members, Sanger sequencing was performed
using the BigDye™ Terminator v1.1 Cycle Sequencing Kit (catalog no. 4337452, Applied
Biosystems™/Thermo Fisher Scientific, www.thermofisher.com) according to the
manufacturer’s protocol. Sequencing fragments were then separated electrophoretically on the
Applied Biosystems “SeqStudio” Genetic Analyzer (Applied Biosystems™/Thermo Fisher
Scientific, www.thermofisher.com/segstudio). Analysis and interpretation were performed

using Sequencing Analysis Software v7.0 (Thermo Fisher Scientific) and the software

23



Dissertation Lukas Kaufmann

SnapGene (SnapGene®, www.snapgene.com). The online tool Primer3plus (185) was used
for the primer design (see Table 5). A primer annealing temperature of 56 °C for 1 minute was

selected to amplify the targeted DNA region.

Table 5. Primer set for Sanger sequencing in segregation analysis

Primer labelling Sequence (5'-3") Length Tm
ZMPSTE24_E1_f GCTCTGAAGGGACGAGTGTC 20 nt 60.0 °C
ZMPSTE24_E1_r GAAGCCAAGGCTACTCCAGG 20 nt 61.3°C

f = forward; r = reverse; nt = nucleotides; Tm = melting temperature

For the genetic analysis of family 2 (F2) we performed autozygosity mapping of one affected
3rd generation individual (F2-111:4, see Figure 9A) using the Infinium CytoSNP-850K (lllumina,
www.illumina.com) in combination with the BlueFuse™ 4.5 Multi Analysis Software (lllumina).
Confirmation of the mutation and segregation analysis in members of family 2 were also
performed via Sanger sequencing as described above. The primer set used is shown in Table
5.

A comparative genotype analysis of affected individuals F1-1V:8 and F2-Ill:4 was performed
with Infinium CytoSNP-850K derived data visualized via BlueFuse™ 4.5 Multi Analysis

Software (lllumina).

2.1.3. In silico prediction analyses

The online tools NetStart 1.0 (186) and ATGpr (187) were used for the in silico analyses to
predict potential translation initiation sites (TI1Ss) in ZMPSTEZ24. The analyses were performed
with both, the wild-type (NM_005857.5) and the mutated sequence. For protein sequence
alignment the analysis tool Clustal Omega (188) was used. In silico splice site prediction was

performed using the splice site prediction tool of varSEAK (189).

2.1.4. Functional analyses

We performed in vitro expression and localization experiments to demonstrate the
hypothesized utilization of an alternative TIS as bypass mechanism for NMD and complete
loss of protein function in affected individuals. Plasmids with different ZMPSTE24 expression
constructs were designed and used in these experiments. In order to visualize the expression

and localization in cells, an in-frame green fluorescent protein (GFP) sequence was attached
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to the 3'-end of each construct (C-terminal GFP-tag). To determine localization, a red
fluorescent protein (RFP) marker for the endoplasmic reticulum (mCherry-ER-3, plasmid
#5504 1) was obtained from the Michael Davidson Fluorescent Protein Collection available on
Addgene (www.addgene.org). All primers were purchased from Microsynth AG

(www.microsynth.com).

2.1.4.1. Approach 1 — Cloning

Ouir first approach was the insertion of the human ZMPSTE24 cDNA sequence into the multiple
cloning site of the plasmid pcDNA™ 3.1 CT-GFP-TOPQO® (Invitrogen™/Thermo Fisher

Scientific, www.thermofisher.com) and subsequent cloning.

2.1.4.1.1. TA Cloning

Human Fetal Brain Marathon Ready cDNA (catalog no. 639302, Clontech/Takara Bio,
www.takarabio.com) was used as a template for PCR amplification of the ZMPSTE24 cDNA.
The HotStarTag DNA Polymerase (Qiagen, www.qgiagen.com) was used to add a single
deoxyadenosine (A) to the 3" ends of the PCR amplicons, which is required for TA cloning®
(190).

The reaction mix for hot start PCR with a total volume of 12 pl contained the following
components:

— 6.0 ul HotStarTaq Master Mix (Qiagen)

— 4.5 pl LiChrosolv® water (Merck, www.merckmillipore.com)

— 0.5 pyl forward primer [10 uM]

— 0.5 yl reverse primer [10 uM]

— 0.5 pyl Human Fetal Brain Marathon Ready cDNA (Clontech/Takara Bio)

The primer set used is shown in Table 6 and cycling parameters for hot start PCR are listed in
Table 7.

Table 6. Primer set used for amplification of ZMPSTE24 from human fetal brain cDNA

Primer labelling | Sequence (5'-3") Length Tm
ZMPSTE24 {2 GTGGCCATGGGGATGTGGG 19 nt 69.1 °C
ZMPSTE24 _r2 GATCCTGGACATCTCAGTGTTGCTTCATAG 30 nt 68.7 °C

f = forward; r = reverse; nt = nucleotides; Tm = melting temperature
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Table 7. Thermo cycler profile for hot start PCR

Temperature Time Cycles
94 °C 15 min 1
95 °C 25 sec
66 °C 30 sec 30
72°C 1 min
72 °C 7 min 1
4°C hold

Amplification was verified by gel electrophoresis with a 1 % agarose gel, stained with GelRed®
(Biotium, www.biotium.com). The gel electrophoresis was run at 130 volts and 400 mA for 30

minutes.

Cloning of the amplified PCR product in the expression plasmid pcDNA™ 3.1 CT-GFP-TOPQO®
was conducted using the CT-GFP Fusion TOPO® TA Expression Kit (catalog no. K4820-01,
Invitrogen™/Thermo  Fisher  Scientific, www.thermofisher.com) according to the
manufacturer’s protocol, for fusing GFP to the C-terminus of PCR products. The subsequent

transformation is described in chapter 2.1.4.2.2.

2.1.4.1.2. Transformation and plasmid propagation (approach 1)

After ligation of the amplified sequence from human fetal brain cDNA into the vector pcDNA™
3.1 CT-GFP-TOPO®, 10 ng of the vector was transformed into One Shot™ TOP10 chemically
competent E. coli cells (catalog no. C4040, Invitrogen™/Thermo Fisher Scientific,
www.thermofisher.com) according to the manufacturer’s protocol. Between 25-200 ul from the
transformation-mix were spread on pre-warmed selective ampicillin-LB plates [100 pg/ml] and
incubated overnight at 37 °C. The pUC19 plasmid included in the kit was used as positive

control.

A colony PCR was performed to confirm transformation of the recombinant plasmid in E. coli.
Several colonies were picked, suspended in 50 pl LiChrosolv® water (Merck) and denatured
at 95 °C for 5 minutes. The samples were then cooled to 4 °C and incubated on ice for 10
minutes, followed by centrifugation for 1 minute at 14,000 rcf. The supernatant was used for

the reaction mix of the colony PCR, which equals the reaction mix of the hot start PCR (see
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chapter 2.1.4.1.1). The primer set used for colony PCR was selected to ensure that
amplification only occurs if the ZMPSTE24 sequence is successfully inserted into the plasmid.
The forward primer equals the T7 promoter sequence and the reverse primer matches the
complementary sequence of a region in ZMPSTEZ24. The primer set is shown in Table 8 and

cycling parameters are listed in Table 9.

Table 8. Primer set used for colony PCR (approach 1)

Primer labelling Sequence (5'-3") Length Tm
T7 primer_f TAATACGACTCACTATAGGG 20 nt 54.3 °C
Insert control_r TTTCAGAATCCATGATCTGT 20 nt 52.3 °C

f = forward; r = reverse; nt = nucleotides; Tm = melting temperature

Table 9. Thermo cycler profile for colony PCR (approach 1)

Temperature Time Cycles
94 °C 15 min 1
95 °C 25 sec
51°C 30 sec 33
72 °C 1 min
72 °C 7 min 1
4°C hold

Successful insertion and subsequent transformation was confirmed via gel electrophoresis
with a 1 % agarose gel, stained with GelRed® (Biotium), using 5 ul of PCR product. The gel

electrophoresis was run at 130 volts and 400 mA for 30 minutes.

2.1.4.1.3. Plasmid isolation (approach 1)

An overnight culture was prepared prior to plasmid isolation. For this purpose, colonies with
confirmed plasmid transformation were pre-cultured in 3 ml LB medium with ampicillin [100
pg/ml] and incubated for 5-6 hours at 37 °C under shaking at 225 rpm. The entire volume of
pre-cultured cells was then transferred into 200 ml LB medium with ampicillin [100 pg/ml] for

the main culture. The main culture was then incubated overnight for 13-16 hours at 37 °C while
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shaking at 225 rpm. For plasmid isolation the QIAprep® Spin Miniprep Kit (catalog no. 27104,

Qiagen) was utilized according to the manufacturer's protocol.

2.1.4.1.4. Sequence verification of the generated construct (approach 1)

After plasmid isolation, the plasmid-DNA concentration was measured via NanoDrop™
(Thermo Fisher Scientific). To determine the sequence of the insert, Sanger sequencing was
performed using the BigDye™ Terminator v1.1 Cycle Sequencing Kit (catalog no. 4337452,
Applied Biosystems™/Thermo Fisher Scientific) according to the manufacturer’s protocol. The

reaction mix for sequencing contained the following components:

— 0.5 yl BigDye™ Terminator v1.1 Ready Reaction Mix
— 1.4 ul 5X Sequencing Buffer

— 0.4 yl sequencing primer [10 uM]

— 2,5yl plasmid [164 ng/ul]

— 5.7 pl LiChrosolv® water (Merck)

The plasmid volume used was calculated as follows: The minimum amount of DNA required
was set at 25 ng per 500 bp (equivalent to 0.05 ng/bp) based on personal experience. The
plasmid pcDNA™ 3.1 CT-GFP-TOPOQO® including the ZMPSTE24 insert has a calculated size
of 7604 bp. This results in a minimum quantity of: 0.05 ng/bp x 7604 bp = 380 ng. For
sequencing, 410 ng of plasmid were used [410 ng / 164 ng/ul = 2.5 ul]. The sequencing primers

used are shown in Table 10 and cycling parameters are listed in Table 11.

Table 10. Primers for insert sequencing (approach 1)

Primer labelling Sequence (5'-3") Length Tm

T7 primer_f TAATACGACTCACTATAGGG 20 nt 54.3°C
ZMPSTE24_seq mid_r GAAGAGCGTTTAGATCCTTC 20 nt 56.4 °C
ZMPSTE24_seq mid_f CTATGCTGATTATATTGCCC 20 nt 54.3 °C
GFP_r AAAGTTCTTCTCCTTTGCTAG 21 nt 55.4 °C

f = forward; r = reverse; nt = nucleotides; Tm = melting temperature
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Table 11. Thermo cycler profile for sequencing (approaches 1 & 2)

Temperature Time Cycles
96 °C 30 sec
50 °C 30 sec 25
60 °C 1 min
6°C hold

Purification was performed by size exclusion chromatography. Therefore, Centri-Sep™ Spin
columns (catalog no. 401763, Invitrogen™/Thermo Fisher Scientific) were loaded with
Sephadex® G-50 (Cytiva). The PCR products were diluted 1:1 (10 pl LiChrosolv® water (Merck)
and 10 pl PCR products) and pipetted onto the Sephadex-columns. The loaded columns were
centrifuged for 2 min at 750 rcf. The PCR products were then transferred to a 96-well plate
(catalog no. 710880, Biozym, www.biozym.com) and analyzed using a 3730xI DNA Analyzer
(Thermo Fisher Scientific) with POP-7™ polymer (catalog no. 710880, Thermo Fisher
Scientific) as separation matrix. The raw data generated was analyzed using SeqScape™
Software v3.0 (Applied Biosystems™/Thermo Fisher Scientific), SnapGene (SnapGene®) and

UCSC Genome Browser (www.genome.ucsc.edu) (191).

2.1.4.2. Approach 2 — Mutagenesis

In the second approach, the expression plasmid "ZMPSTE24 (NM_005857) Human Tagged
ORF Clone" (catalog no. RG206035, OriGene™ technologies, www.origene.com) was used
as wild-type (WT) clone, labeled ZMPSTE24(WT)-GFP in this study. This clone is based on
the vector pCMV6-AC-GFP (PS100010) with an inserted ZMPSTE24 wild-type sequence and

a C-terminal TurboGFP tag. The plasmid map is shown in Figure 4.
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Figure 4. Plasmid map of ZMPSTE24(WT)-GFP.

The expression plasmid “ZMPSTE24 (NM_005857) Human Tagged ORF Clone” purchased from
OriGene™ technologies was used as ZMPSTE24 wild-type construct in this study. The plasmid with a
total length of 7985 bp has the ZMPSTE24 wild-type sequence (purple bar) and a downstream, in-frame
TurboGFP (green bar) inserted. The plasmid also expresses an ampicillin resistance gene as selection
marker in E. coli (light green, top). Figure created with SnapGene.

2.1.4.2.1. Mutagenesis

We used the wild-type clone as template for Q5® site-directed mutagenesis to generate the
two mutant constructs ZMPSTE24(insA)-GFP and ZMPSTE24(M1_M3del)-GFP. The Q5°
site-directed mutagenesis kit protocol (catalog no. E0554S, New England Biolabs®,
www.neb.com) was applied for mutagenesis according to the manufacturer's protocol. 20 ng
of the WT plasmid was utilized as template for the mutagenesis and an annealing temperature

of 72 °C was set for 6 minutes each cycle. The primer sets used are listed in Table 12. The

30



Dissertation Lukas Kaufmann

primer design for engineering the constructs ZMPSTE24(insA)-GFP  and
ZMPSTE24(M1_M3del)-GFP is illustrated in Figure 5. For mutagenesis of
ZMPSTE24(M1_M3del)-GFP the digestion time has been increased to 30 minutes.

Table 12. Primer sets used for Q5° site-directed mutagenesis

Primer "
Construct labelling Sequence (5'-3") Length | Tm
ZMPSTE24(insA)- M_insA_f ATGTGGGAGATGCCGGCCG | 19nt | 65°C
GFP

M_insA r | AAGCGTCCAGCGATGCCC 18nt | 63°C
ZMPSTE24(M1_M3del)- | M_M1-M3del _f | TGTGGGCATCGCTGGACG 18nt | 63°C
GFP M_M1-M3del _r | ATCGCGGCGGCAGATCTC 18nt | 63°C

f = forward; r = reverse; nt = nucleotides; Tm = melting temperature

ZMPSTE24(insA)-GFP

M_insA_f

E%GTGGGAGATGCCGGCCG

GAGGAGATCTGCCGCCGCGATCGCCATGGGGATGTGGGCATCGCTGGACGCT [GTGGGAGATGCCGGCCGAGAAG
CTCCTC%AGACGGCGGCGCTAGCGGTACCCCTACACCCGTAGCGACéTGCGA JCACCCTCTACGG&CGGCTCTTC

1 5 10 15
Met Gly Met Trp Ala Ser Leu Asp Ala Leu Trp Glu Met Pro Ala Glu Lys

ZMPSTE24 (NM_005857.3

CCCGTAGCGACCTGCGAN
M_insA_r

ZMPSTE24(M1_M3del)-GFP

M_M1-M3del f
TGTGGGCATCGCTGGACG
GAGGAGATCTGCCGCCGCGATCGCCATGGGGATGTGGGCATCGCTGGACGCTTTGTGGGAGATGCCGGCCGAGAAG

CTCCTCTAGACGGCGGCGCTAGCGGTACCCCTACACCCGTAGCGACCTGCGAAACACCCTCTACGGCCGGCTCTTC

1 5 10 15
Met Gly Met Trp Ala Ser Leu Asp Ala Leu Trp Glu Met Pro Ala Glu Lys

ZMPSTE24 (NM_005857.3

CTCTAGACGGCGGCGCTA
M_M1-M3del r

Figure 5. Primer design for Q5°® site-directed mutagenesis.

The DNA (above) and protein (below) sequence shown represents the wild-type clone used as template.
ZMPSTE24(insA)-GFP: The insertion of the nucleotide A is incorporated into the 5° end of the forward
primer (M_insA_f) while the reverse primer (M_insA_r) anneals back-to-back with the 5" end of the

complementary region of the forward primer. Nucleotide A is inserted between the coding nucleotides
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28 and 29 (highlighted in orange) at the resulting construct. The construct ZMPSTE24(insA)-GFP thus
carries the mutation ZMPSTE24 (NM_005857).c.28 29insA detected in the families.

ZMPSTE24(M1_M3del)-GFP: Deletions are engineered by designing non-mutagenic forward (M_M1-
M3del _f) and reverse (M_M1-M3del _r) primers that flank the region to be deleted (highlighted in red).
The resulting construct carries the mutation c.-4_7del, with a deleted canonical start codon and a

disrupted methionine (ATG) codon at position 3. Figure created with SnapGene.

An overview of the constructs used and an explanation of the research question to be clarified

with each of the constructs can be found in Table 17.

2.1.4.2.2. Transformation and plasmid propagation (approach 2)

The subsequent transformation of the plasmids ZMPSTE24(insA)-GFP and
ZMPSTE24(M1_M3del)-GFP in NEB® 5-alpha Competent E. coli (catalog no. C2987, New
England Biolabs®) was performed based on step Ill of the Q5° site-directed mutagenesis kit
protocol (E0554, New England Biolabs®). However, it is important to note that the protocol was
adapted because ZMPSTE24 plasmids are known to cause toxicity and/or recombination and
rearrangement events in E. coli at 37 °C (149). Incubation with shaking after heat shock was
performed at room temperature for 48-72 hours. The cells were plated on ampicillin-LB plates
[100 pg/ml] and incubated overnight at 25 °C. The pUC19 plasmid included in the kit was used

as positive control.

A colony PCR followed by Sanger sequencing of the amplified sequence was performed to
confirm mutagenesis and transformation of the mutant plasmids. Several colonies were picked,
suspended in 50 pl LiChrosolv® water (Merck) and denatured at 95 °C for 5 minutes. The
samples were then cooled to 4 °C and incubated on ice for 10 minutes, followed by
centrifugation for 1 minute at 14,000 rcf. The supernatant was used for the reaction mix of the
colony PCR, which equals the reaction mix of the hot start PCR (see chapter 2.1.4.1.1). The
primer set, which is shown in Table 13, was selected to ensure that the amplified sequences
span the respective mutation site of the constructs ZMPSTE24(insA)-GFP and
ZMPSTE24(M1_M3del)-GFP. The corresponding cycling parameters are listed in Table 14.

Table 13. Primer set used for colony PCR (approach 2)

Primer labelling Sequence (5'-3") Length Tm
VP1.5_f GGACTTTCCAAAATGTCG 18 nt 514 °C
Insert control_r TTTCAGAATCCATGATCTGT 20 nt 52.3°C

f = forward; r = reverse; nt = nucleotides; Tm = melting temperature
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Table 14. Thermo cycler profile for colony PCR (approach 2)

Temperature Time Cycles
94 °C 15 min 1
95 °C 25 sec
47 °C 30 sec 33
72°C 1 min
72 °C 7 min 1
4°C hold

Successful mutagenesis and transformation was confirmed via gel electrophoresis with a 1 %
agarose gel, stained with GelRed® (Biotium) and additional Sanger sequencing using the
BigDye™ Terminator v1.1 Cycle Sequencing Kit (catalog no. 4337452, Applied
Biosystems™/Thermo Fisher Scientific) and a standard protocol. The gel electrophoresis was

run at 130 volts and 400 mA for 30 minutes.

2.1.4.2.3. Plasmid isolation (approach 2)

An overnight culture was prepared prior to plasmid isolation. For this purpose, colonies with
confirmed plasmid transformation were pre-cultured in 3 ml LB medium with ampicillin [100
pg/ml] and incubated overnight for 24 hours at 25 °C under shaking at 177 rpm. The entire
volume of pre-cultured cells was then transferred into 100 ml LB medium with ampicillin [100
pg/ml] for the main culture. The main culture was then incubated overnight for another 24 hours
at 25 °C while shaking at 100 rpm. For plasmid isolation the EndoFree® Plasmid Maxi Kit
(catalog no. 12362, Qiagen) was utilized according to the manufacturer's protocol. To prepare
glycerol stocks, 750 ul of the bacterial suspension was mixed with 250 pul glycerol (60%) and
frozen at -80 °C.

2.1.4.2.4. Sequence verification of the generated constructs (approach 2)

To verify that the mutagenesis constructs ZMPSTE24(insA)-GFP and ZMPSTE24(M1_M3del)-
GFP only carry the desired mutations, both the entire ZMPSTE24 gene and the downstream
GFP gene were sequenced. In addition to the two mutant constructs, the sequence of the wild-
type construct ZMPSTE24(WT)-GFP was also verified in this manner. Before sequencing,
plasmid-DNA concentrations were measured via NanoDrop™ (Thermo Fisher Scientific).

Sanger sequencing was performed using the BigDye™ Terminator v1.1 Cycle Sequencing Kit
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(catalog no. 4337452, Applied Biosystems™/Thermo Fisher Scientific) according to the
manufacturer’s protocol. The reaction mixes for Sanger sequencing of each construct are listed
in Table 15.

Table 15. Reaction mixes for Sanger sequencing (approach 2)

ZMPSTE24(WT)- ZMPSTE24(insA)- | ZMPSTE24(M1_M3del)-
Components GFP GFP GFP
BigDye™
Terminator v1.1 0.5 pl 0.5 pl 0.5 pl
Ready Reaction Mix
5X Sequencing
Buffer 1.4yl 1.4 pl 1.4 pl
Sequencing primer
(10 uM] 0.4 pl 0.4 pl 0.4 pl
Plasmid 4.0 ul [100 ng/ul] 0.7 pl [616 ng/ul] 0.9 pl [461 ng/ul]
LiChrosolv® water
(Merck) 4.2 4l 7.5l 7.3 4l

The plasmid volumes used were calculated as follows: The minimum amount of DNA required
was set at 25 ng per 500 bp (equivalent to 0.05 ng/bp) based on personal experience. The
wild- type plasmid has a size of 7985 bp. This results in a minimum quantity of: 0.05 ng/bp x
7985 bp = 399 ng. For sequencing of the WT plasmid, 400 ng of plasmid were used [400 ng /
100 ng/ul = 4.0 pl]. Due to the high concentrations of the mutant plasmids, a larger quantity of
430 ng was utilized for sequencing in order to increase the pipetting volume [ZMPSTE24(insA)-
GFP: 430 ng / 616 ng/ul = 0.7 yl and ZMPSTE24(M1_M3del)-GFP: 430 ng / 461 ng/ul = 0.9
pI]. The sequencing primers used are shown in Table 16. The same cycling parameters were

used as for insert sequencing in approach 1 (see Table 11).

Table 16. Primers for insert sequencing (approach 2)

Primer labelling Sequence (5'-3") Length Tm

VP1.5_f GGACTTTCCAAAATGTCG 18 nt 51.4°C
ZMPSTE24_seq mid_r GAAGAGCGTTTAGATCCTTC 20 nt 56.4 °C
ZMPSTE24_seq mid_f CTATGCTGATTATATTGCCC 20 nt 54.3°C
TurboGFP_r TTTGGTGCTCTTCATCTTGTTG 22 nt 58.2°C
ZMPSTE24_seq end_f TTCTGACTGGTTGTTCTCAATG 22 nt 58.4 °C
XL39_r ATTAGGACAAGGCTGGTGGG 20 nt 60.0 °C

f = forward; r = reverse; nt = nucleotides; Tm = melting temperature

34



Dissertation Lukas Kaufmann

Purification was performed by size exclusion chromatography. Therefore, Centri-Sep™ Spin
columns (catalog no. 401763, Invitrogen™/Thermo Fisher Scientific) were loaded with
Sephadex® G-50 (Cytiva). The sequencing products were diluted 1:2 (10 pl LiChrosolv® water
(Merck) and 10 ul sequencing products) and pipetted onto the Sephadex-columns. The loaded
columns were centrifuged for 2 min at 750 rcf. The sequencing products were then transferred
to a 96-well plate (catalog no. 710880, Biozym, www.biozym.com) and analyzed using a
3730xI DNA Analyzer (Applied Biosystems ™/Thermo Fisher Scientific) with POP-7™ polymer
(catalog no. 710880, Applied Biosystems™/Thermo Fisher Scientific) as separation matrix.
The raw data generated was analyzed using SeqScape™ Software v3.0 (Applied

Biosystems ™/Thermo Fisher Scientific) and SnapGene (SnapGene®).

2.1.4.2.5. Additional ZMPSTEZ24 expression constructs

The additional mutant ZMPSTE24 expression constructs ZMPSTE24(insA+M13I)-GFP,
ZMPSTE24(insT)-GFP and ZMPSTE24(insT+M131)-GFP were designed to obtain
unambiguous results and to clarify which potential start codon is used. These constructs, with
the designed sequences cloned into the pTwist CMV vector (part number: 103190), were
ordered from TWIST Bioscience (www.twistbioscience.com). The plasmid map is illustrated in

Figure 6.
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pTwist CMV

6395 bp

Figure 6. Plasmid map of additional mutant ZMPSTE24 constructs cloned in pTwist CMV.

The additional expression constructs used were ordered from TWIST Bioscience
(www.twistbioscience.com). The mutant ZMPSTE24 sequence (purple bar) and the downstream
TurboGFP sequence (green bar) are cloned into the vector pTwist CMV. The vector including insert has

a length of 6395 bp. Figure created with SnapGene.

The construct ZMPSTE24(insA+M131)-GFP carries the mutations ¢.28 29insA and ¢.39G>A
in the ZMPSTE?24 gene (Figure 7, top). The mutation ¢.39G>A prevents additional translation
initiation at the mutated wild-type methionine codon at amino acid position 13 (M13). Thus,
only one potential start codon is present in the 5' region of the gene, which is in-frame with the
TurboGFP, i.e. the novel ATG-codon gained due to the studied mutation c.28_29insA. The
methionine codon (ATG) at this position was changed to an isoleucine-codon (ATA) due to
similar physicochemical properties of these amino acids. Protein stability and correct folding

should be maintained in case of alternative translation initiation at the novel ATG.
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The construct ZMPSTE24(insT)-GFP carries the mutation ¢.28 29insT in ZMPSTE24. The
insertion of a deoxythymidine (T) at the same nucleotide position as the studied mutation
(c.28_29insT) also leads to a frameshift, but without creation of a novel ATG. The ATG-codon
of wild-type M13 is not mutated in this construct and serves as potential alternative start codon
(Figure 7, middle).

The construct ZMPSTE24(insA+M131)-GFP carries the mutations ¢.28_29insT and c.39G>A
in ZMPSTE?24 in order to create a frameshift without potential alternative N-terminal start
codons in-frame with TurboGFP (Figure 7, bottom). This construct serves as a negative control
in this study. An overview of the constructs used and an explanation of the research question

to be clarified with each of the constructs can be found in Table 17.
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ZMPSTE24(insA+M131)-GFP
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Figure 7. Mutations in constructs ZMPSTE24(insA+M13I)-GFP, ZMPSTE24(insT)-GFP and

ZMPSTE24(insT+M131)-GFP.

The DNA sequences with mutation sites marked in red are shown. Below, the N-terminal open reading

frames (ORFs) of ZMPSTEZ24 are illustrated as orange bars. An ORF with in-frame, downstream

TurboGFP is indicated as adjacent green bar. The white vertical bars represent intermediate sequence

areas that are not shown. The canonical start codon is displayed in green and the corresponding
truncated ORF due to the frameshift variant is shown below. ZMPSTE24(ins A+M131)-GFP harbors one

potential N-terminal alternative start codon at the mutation site of the studied mutation c.28 29insA,
which is in-frame with TurboGFP. In ZMPSTE24(insT)-GFP, the only potential alternative start codon
in the N-terminus of ZMPSTEZ24 in-frame with TurboGFP corresponds to the wild-type M13 codon. The
construct ZMPSTE24(insT+M13I1)-GFP does not contain a potential start codon in the N-terminal region

that is in-frame with TurboGFP due to the two mutations ¢.28 29insT and ¢.39G>A. This construct

therefore serves as negative control in the functional analysis.
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2.1.4.3. Overview of constructs used for expression experiments

Table 17 provides an overview of the constructs used in the functional analysis, as well as the

associated research question to be answered.

Table 17. Overview of expression constructs used for functional analysis

[Table and legend adapted from supporting information in Clinical Genetics (Kaufmann et al., 2023)]

Sequence/ Potential N-
Name of construct | Mutation | _terminalsar | Research aueston to be
[NM_005857.3] with GFP-tag
ZMPSTI_E24(WT) Wild-type M1-codon 1 Positive control: localization at the
GFP sequence ER is expected.
. Does alternative translation
ZMPSTE_24(mSA) .28 29insA NovaerIK?TG initiation occur in mutated
GEP T M13-codon ZMPSTEZ24, resulting in ER-
located protein?
ZMPSTE24(M1_M3del) | .
- s the M13-codon a potential
- - - 1
GEP C.-4_7del M13-codon translation initiation site?
ZMPSTE24(insA+M13I) c.28 29insA: Does the novel ATG serve as
- e ’ Novel ATG alternative translation initiation
GFP €.39G>A site in mutated ZMPSTE24?
ZMPSTE24(insT) Does the M13-codon serve as
- c.28 _29insT M13-codon alternative translation initiation
GFP site in mutated ZMPSTE24?
ZMPSTE24SmsT+M13I) €.28_29insT; None Negative control: no ER-
GFP c.39G>A localization is expected.

T Translation initiation at the canonical start codon is confirmed by protein sequencing of wild-type ZMPSTE24
published in ProteomicsDB (192, 193).

* The M1- and M3-codons, which might act as "stronger" start codons, are absent in this construct.

2.1.4.4. Transfection

AD-293 cells (part number: 240085, Agilent Technologies, www.agilent.com) were seeded in
6-well plates on 30 mm cover slips. For transfection of the constructs and the RFP marker for
the endoplasmic reticulum (mCherry-ER-3, plasmid #5504 1) the Neon® Transfection System
(catalog no. MPK5000, Invitrogen™/Thermo Fisher Scientific) and also the PolyJet™ In Vitro
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DNA Transfection Reagent (catalog no. SL100688, SignaGen Laboratories,
www.signagen.com) were used according to the respective manufacturer's protocol.

For the transfection of approximately 200,000 cells using the Neon® Transfection System, 4.0
pg of each construct and 2.5 ug of the ER marker were utilized. Electroporation was performed

with 100 pl Neon® Tips and the parameters listed in Table 18.

Table 18. Electroporation parameters for the Neon® Transfection System

Pulse voltage Pulse width Pulse no.

1,100 V 20 ms 2

For transfection with PolyJet™ In Vitro DNA Transfection Reagent, 3 ul PolyJet reagent were
mixed with 1 ug plasmid DNA in 100 pl of DMEM devoid of serum and antibiotics. The
transfection mixture was added to 1 ml of culture medium for 8 hours and was then replaced

with 2 ml culture medium.

Imaging was performed 24 - 48 h after transfection.

2.1.4.5. Confocal laser scanning microscopy

AD-293 cells were imaged in loading buffer, which was composed of 135 mM NaCl, 5 mM KClI,
2 mM CaClz, 1 mM MgClz, 10 mM HEPES, 2.6 mM NaHCO3, 0.44 mM KH2PO4, 0.34 mM
Na;HPO4, 10 mM D-glucose, 2 mM L-glutamine, 1X MEM amino, 1X MEM vitamins, 1%
penicillin-streptomycin and 1% Amphotericin B; pH was adjusted to 7.45 with NaOH.
High-resolution imaging was performed with an array confocal laser scanning microscope
(Axiovert 200 M, Zeiss, www.zeiss.com) with a 100x/1.45 NA oil immersion objective (Plan-
Fluor, Zeiss) and a Nipkow-based confocal scanner unit (CSU-X1, Yokogawa Electric
Corporation, www.yokogawa.com). Laser light of diode lasers (Visitron Systems,
www.visitron.de) served as excitation light source: ZMPSTE24-GFP fusion constructs were
excited with a 488 nm laser and mCherry-ER-3 was excited with a 561 nm laser. Emission light
was captured with a CoolSNAP HQ2 CCD Camera (Teledyne Photometrics,
www.photometrics.com) using the emission filters and ET630/75m and ET525/36m (Chroma
Technology Corporation, www.chroma.com). Image analysis was performed with Fiji software
(194).
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2.2. MN1 study

2.2.1. Clinical diagnosis (MN1)

The initial referral of the pregnant woman and the findings of the sonographic examination of
the fetus were provided by the Department of Obstetrics and Gynaecology at the University

Hospital of Graz, Austria.

2.2.2. Genetic analyses (MN1)

The genetic analyses listed below were carried out as part of the diagnostic evaluation. DNA

isolation was carried out with phenol-chloroform from chorionic villus using a standard protocol.

2.2.2.1. SNP Array

Copy Number Variation analysis was performed using the Infinium CytoSNP-850K (lllumina,
www.illumina.com) in combination with the BlueFuse™ 4.5 Multi Analysis Software (lllumina).
The data obtained were also analyzed using the UCSC Genome Browser
(www.genome.ucsc.edu) (191) and the DECIPHER database (88, 89).

2.2.2.2. Quantitative real-time PCR

For segregation analysis in the parents of the fetus and to confirm the size of the deletion in
the chorionic villus sample, a quantitative real-time PCR (qRT-PCR) was performed using a
7500 Fast Real-Time PCR System (Applied Biosystems™/Thermo Fisher Scientific). Region-
specific primer sets and one primer set for the internal control (Table 19) were used for real-
time PCR amplification. A primer set within the gene NF2 was used as endogenous control.
The amplicon length for each primer set was approximately 100 bp. The fetal tissue sample
obtained after termination of pregnancy was also checked for the presence of the deletion via

gRT-PCR in order to rule out confined placental mosaicism.

Table 19. Primer sets for qRT-PCR in segregation analysis

Primer labelling Sequence (5'-3") Length Tm
CPMER—IZ—f : CGCCTCATAAACCCTCTGC 19 nt 60.7 °C
(outside the deleted region)

CPMER_IZ_r , CCTGTCCTGAGTCCATGAGG 20 nt 60.7 °C
(outside the deleted region)
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CPMER_E1J . TGGTTGAATGAATGTACCTTAGGAG 25 nt 60.6 °C
(within the deleted region)
CI.DMER_E1J . CATGCTGGGATTGATTTGTG 20 nt 59.9 °C
(within the deleted region)
Intergenic_f | CAGTCTTCGGGGAGAGGAG 19nt | 59.9°C
(within the deleted region)
Intergenic_r | TCTGCTTCTTCTCTGCATGG 20nt | 59.3°C
(within the deleted region)
MN‘!_EZ_f . CCCATTATGGTGTCCCTCAG 20 nt 60.2 °C
(within the deleted region)
MN‘!_EZ_r . GATGCTGAGGCCTTGTTTG 19 nt 59.4 °C
(within the deleted region)
MN1_I1_f

. . CACACAGCAAGCAAGGTGAC 20 nt 60.5 °C
(within the deleted region)
MN1 11 r

. . CCACCTGCTTCCTAGCACAC 20 nt 60.9 °C
(within the deleted region)
MN1._E1_f . GCAGCATGGTGTGTTCTTTG 20 nt 60.3 °C
(outside the deleted region)
MN1._E1_r . CTGGGGAGGCTGCATTAAC 19 nt 60.6 °C
(outside the deleted region)
PITPNB_E9 f o
(outside the deleted region/control) GTGGTGGGGACTGC G 18 nt 60.1°C
PITF.’NB_E9_r . AATAGCTAGCTCCGATCTCATCC 23 nt 60.2 °C
(outside the deleted region/control)

f = forward; r = reverse; nt = nucleotides; Tm = melting temperature

2.2.2.3. Trio-Whole exome sequencing

Trio-Whole exome sequencing (Trio-WES) was performed in addition to exclude the possibility
of other pathogenic variants in protein coding genes that could be the cause of the fetal
phenotype abnormalities. Trio-WES involves sequencing of all protein-coding regions of the
genome as well as the mitochondrial DNA with subsequent phenotype-based screening and
comparison with the parents' data. Variant prioritization was based on the HPO terms:
Intrauterine growth retardation (HP:0001511), Decreased thalamic volume (HP:0012695),
Encephalocele (HP:0002084), Intracranial cystic lesion (HP:0010576), Aplasia/Hypoplasia of
the brainstem (HP:0007362) and Ventriculomegaly (HP:0002119). The specific regions were
enriched using Twist Human Core Exome and Twist Mitochondrial Panel (TWIST Bioscience,
www.twistbioscience.com). Sequencing was performed on the NextSeq 550 Sequencing
System (lllumina, www.illumina.com), followed by variant annotation and analysis using

VarSeq (Golden Helix, www.goldenhelix.com).
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2.2.2.4. RNA analysis

Qualitative (sequencing) and quantitative (QRT-PCR) RNA analyses were performed. The
RNA was isolated from chorionic villus culture using TRIzol reagent (Invitrogen™/Thermo
Fisher Scientific, www.thermofisher.com). Some of the cultures were pre-treated with
puromycin solution (catalog no. P8833, Sigma Aldrich, www.sigmaaldrich.com) to inhibit
nonsense-mediated mMRNA decay (NMD), according to the standard operating procedure
(SOP) “RNA Analyse nach KurzzeitKul_Trizol_isol” of our institute.

For qualitative analysis, the QuantiTect Reverse Transcription Kit (catalog no. 205311, Qiagen,
www.qiagen.com) was used for cDNA synthesis according to the manufacturer's protocol.
Subsequent amplification of the cDNA was performed using AmpliTaq Gold™ 360 Master Mix
(catalog no. 4398881, Applied Biosystems™/Thermo Fisher Scientific) according to the SOP
"AmpliTaq Gold 360 MasterMix PCR" of our institute. The primer pairs listed in Table 20 were
used for Sanger sequencing of the cDNA samples: “RNA_NMD not inhibited” (without prior
puromycin treatment), “RNA_NMD inhibited” (with prior puromycin treatment) and the Human
Reference RNA (catalog no. 750500, Agilent, www.agilent.com), which was utilized as control

sample.

Table 20. Primer pairs for Sanger sequencing in qualitative RNA analysis

Primer labelling Sequence (5'-3") Length Tm

sp_MN1_E1_v2_f [positive control] | AGGCAGCAGTTCAGCATCTC 20nt | 60.7°C
sp_MN1 E1 r [positive control] | CCAACGTCTTGTCGTCGTC 19 nt 60.3 °C
sp_MN1_E1_f GTGGCAAGAAGGGTGAGTG 19nt | 59.2°C
sp_CPMER_E2_r ACGCTGCCAAAGGTCTTTTC 20nt | 61.7°C
sp_MN1_E1_f GTGGCAAGAAGGGTGAGTG 19nt | 59.2°C
sp_CPMER_E5 r AGCTAGGGCTGGCTGGTC 18nt | 60.5°C
sp_CPMER_E2_f CCCCAGCGCTTAATTATTTC 20nt | 58.7°C
sp_CPMER_E3 r GACATTCTGGGTCCATCTCC 20nt | 59.3°C
sp_CPMER_E3 _f GAACTGGCCAAATGTGAAGG 20nt | 60.5°C
sp_CPMER_E4 r TCACAGTGGTGTTGGTCTCAC 21nt | 59.6 °C
sp_ CPMER_E2_f CCCCAGCGCTTAATTATTTC 20nt | 58.7 °C
sp_CPMER_E4_r TCACAGTGGTGTTGGTCTCAC 21nt | 59.6°C

sp = sequencing primer; f = forward; r = reverse; nt = nucleotides; Tm = melting temperature
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Primer set “sp_ MN1_E1_v2_f and “sp_MN1_E1_r” was used as positive control, as exon 1 of
the MN1 gene is not affected by the deletion. The wild-type sequence of this region in exon 1
was confirmed in both samples RNA_NMD not inhibited and RNA_NMD inhibited, as well as
in the control sample. The remaining primer sets were used to detect possible fusion genes
and their expression. In addition, information on splicing is obtained. For protein sequence
alignment the analysis tool Clustal Omega (188) was used.

For the quantitative RNA analysis, the RNA was quantified using the Qubit™ RNA Broad
Range Assay Kit (catalog no. Q10210, Invitrogen™/Thermo Fisher Scientific): RNA_NMD not
inhibited = 145 ng/pl and RNA_NMD inhibited = 179 ng/ul. The integrity of the RNA was then
checked using the Bioanalyzer RNA 6000 pico assay (catalog no. 5067-1513, Agilent)
according to the manufacturer's protocol and the 18S and 28S RNA peaks were visible.
Subsequently, cDNA synthesis was conducted by reverse transcription with the Omniscript RT
Kit (catalog no. 205113, Qiagen) according to the manufacturer's protocol, using 870 ng of
RNA_NMD not inhibited and 895 ng of RNA_NMD inhibited.

The qRT-PCR analysis of the cDNAs RNA_NMD not inhibited, RNA_NMD inhibited and the
Human Reference RNA (catalog no. 750500, Agilent) was performed with the StepOnePlus™
Real-Time PCR System (catalog no. 4376600, Applied Biosystems™/Thermo Fisher
Scientific), using a standard protocol with 40 cycles, as well as melting curve analysis. The
amplicon of exon 1 of MN1 was used as a comparative control for the quantitation of
comparative Ct (delta-delta Ct values) analysis. A primer pair within the housekeeping gene
GAPDH was used as endogenous control. The primer sets used for quantitative RNA (cDNA)

analysis is listed in Table 21. The amplicon length for each primer set was approximately 100

bp.

Table 21. Primer pairs for gRT-PCR in quantitative RNA analysis

Primer labelling Sequence (5'-3') Length Tm

rt. MN1_E1_f CCAACGTCTTGTCGTCGTC 19nt | 60.3°C
rt. MN1_E1_r AGCACCATTGACCTGGACTC 20nt | 60.1°C
rt. MN1_E2_f CACAGACGACGTGGGTGAC 19nt | 61.3°C
rt. MN1_E2_r AGCCACGAATGTCCCAAATC 20nt | 62.2°C
rt. MN1_E1_v2_f GACGACGACAAGACGTTGG 19nt | 60.3°C
rt. MN1_E2 v2 r GATGCTGAGGCCTTGTTTG 19nt | 59.4°C
rt. MN1_E1 v3 f [fusion transcript 1] | CTGGGGTCAGGTCTTCAGTG 20 nt 60.7 °C
rt CPMER_E2 r [fusion transcript 1] | GACGACGACAAGACGTTGG 19 nt 60.3 °C

rt = RT-PCR primer; f = forward; r = reverse; nt = nucleotides; Tm = melting temperature
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3. Results

3.1. ZMPSTE24 study

In this study, the genetic cause of the progeroid phenotype in affected individuals from two
Pakistani families is investigated. Both families were recruited from the same province of

Pakistan.

3.1.1. Family 1

The pedigree of family 1 consists of four generations including a single consanguineous loop.
In the fourth generation there are four affected individuals (three males and one female), of
whom two were alive at the time of the medical examination (Figure 8A). One affected
individual died at the age of 2, the other at the age of 20. The cause of death is not known in
each case.

The two patients examined presented a progeroid appearance (Figure 8B) and looked older
than their peers. The patients showed short stature, facial dysmorphism including severe
micrognathia, bulging eyes, prominent cheeks, mild double chin, low-set ears and crowded
teeth with protruding incisors, as well as skeletal anomaly (bulbous distal phalanges consistent
with acro-osteolysis), sparse scalp hair and joint stiffness associated with difficulty in walking.
The skin texture appeared rough, dry and thin, indicating atrophy of the skin. On the forehead,
dilated blood vessels were visible. No additional ocular, renal, neurologic or
otorhinolaryngologic findings were evident.

Additional skeletal radiography performed on patient 1V:7 of family 1 revealed mandibular
hypoplasia, widely opened metopic and sagittal suture, a rudimentary right clavicle, dysplastic
humeral heads, dysplastic acromion and severe osteoporosis, among other findings (Figure
8C).

45



Dissertation Lukas Kaufmann

Figure 8. Pedigree, patient images and radiographs of family 1.

[Figure and legend adapted from Gene (Schaflinger & Blatterer et al., 2022)]

(A) Pedigree of consanguineous family 1 with four affected individuals in the last generation. Mutation
status of the studied mutation is indicated as “+/+” (homozygous) and “+/-“(heterozygous), with one
inferred genotype in the third generation shown in brackets.

(B) Patient images of affected individuals 1V:7 and 1V:8 with progeroid appearance. The male patient
was 25 years old at the time of the examination. The female patient was 23 years of age.

(C) X-ray images of patient IV:7. Anteroposterior (AP) skull radiograph (far left) shows mandibular

hypoplasia (red arrow heads), widely opened metopic and sagittal suture (white arrow heads). The upper
torso shows rudimentary right clavicle (red arrow head), aplasia of the left clavicle which is replaced by
a calcified fibrous band (red arrow), dysplastic humeral heads (white arrow heads) and dysplastic

acromion (white arrow). Lateral skull radiograph (2nd left) shows delayed closure of the anterior (thin

white arrow) and the posterior (white arrow head) fontanelles. Widely opened coronal (red arrow head),
squamosal (white arrow) and the lambdoid (red arrow) sutures respectively. The skull base shows

hyperostosis (two white arrows). AP_hand radiographs (2nd right) show osteoporosis and features of

osteolysis along the carpal bones (small white arrows) and shortened fingers associated with massive

flexion deformities of the terminal phalanges (white arrows). AP foot radiographs (far right) show bilateral

and symmetrical massive flexion deformities of the terminal phalanges lateral deviation (white arrows),
extensively narrowed tarsal and metatarsal joint spaces (red arrow heads) and overwhelming

osteoporosis associated with flexion contractures (red arrow).
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3.1.2. Family 2

Family 2 is a large, consanguineous family from Pakistan. The simplified pedigree shows six
affected individuals (four males and two females) in the last generation. At the time of medical
examination, three of the affected individuals were alive (Figure 9A).

Affected individuals showed phenotypic abnormalities consistent with those observed in family
1. The medical observations included: aged appearance, skin atrophy with signs of
hyperkeratosis, sparse hair, malformed ears, puffy eyelids, micrognathia, full cheeks,
camptodactyly of fingers and toes, long and proximally situated thumbs with obvious clubbing
and severe muscular wasting reflected via loss of the normal definitions of the shoulder and
elbow joints. One patient was more severely affected with additional findings of massive
submental fat and apparent total loss of spine biomechanics due to thoraco-lumbar kyphosis
in connection with an ankylosed vertebral column. This patient also presented skin atrophy
associated with massive muscle wasting in addition to bone osteolysis above the ankle joints
(Figure 9B, left patient images). Affected individuals 1ll-2, -3, and -7 deceased between the

ages of eight months and ten years, with unknown causes of death, respectively.
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A O— O
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(+/-) (+/-)
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-/- +/+ +/+ +/+

Figure 9. Pedigree and patient images of family 2.

[Figure and legend adapted from Clinical Genetics (Kaufmann et al., 2023)]

(A) Simplified Pedigree of the large, consanguineous family 2 with six affected individuals in the last
generation. Mutation status of the studied mutation is indicated as “+/+” (homozygous) and
“+/-"(heterozygous), with inferred genotypes shown in brackets.

(B) Photographic images of affected individuals 111:4 and I1I:5 with progeroid appearance. The patient in

the left images is more severely affected and displays thoraco-lumbar kyphotic deformities.

3.1.3. Genetic analyses

Genetic analyses of the two families was carried out at different times and a possible link was
not yet known at the time of the evaluation. Genetic analysis of family 1 was conducted first,
where homozygosity mapping revealed a 37.8 Mb homozygous by descent region on
chromosome 1 (chr1:39764664-77558599 [GRCh38/hg38]). Using whole exome sequencing,
a previously unknown, homozygous frameshift mutation NM_005857.5:c.28 29insA,
p.(Leu10Tyrfs*37) in the ZMPSTE24 gene, which is located in the autozygous region, was
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detected. Genotyping of the variant in available family members confirmed segregation of the
novel mutation with the recessive progeroid phenotype (Figure 10A).

In family 2, a 21.1 Mb autozygous region on chromosome 1 (chr1:26092274-47189052 [hg38])
was detected in an affected individual by SNP array analysis. The ZMPSTEZ24 gene, located
within this region, was considered a candidate gene based on phenotype similarities to family
1, and Sanger sequencing revealed the same homozygous frameshift mutation
NM_005857.5:¢c.28_29insA, p.(Leu10Tyrfs*37). The novel mutation also segregated with the

disease phenotype and a recessive inheritance in family 2 (Figure 10B).

A reference C T 66 AC 6 C T T|TGTGGGA G AT G
€28 29insA C T G 6 A C G C T T AlT e Te 6 6A 6AT
homozygous ﬂ
+/+ )
. A ~
. Jitn /
Family 1 A ‘ Ay \\
heterozygous forwa}d £
+/- /\ /\ : N
\/ | A \ \. [\
: . N\AAA LALL

reverse =
complement

B reference CTGGACGCTTITGT GG GAGATG

c28_29insA C TG G ACGC TTIAITGTG GG AGAT

homozygous
+/+

Family 2

heterozygous

+/-

S

Figure 10. Electropherograms of homozygous and heterozygous ZMPSTE24 mutation carriers in
the two studied families.

[Figure and legend adapted from Gene (Schaflinger & Blatterer et al., 2022) and Clinical Genetics
(Kaufmann et al., 2023)]
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(A) Sanger sequencing of genomic DNA in homozygous and heterozygous individuals of family 1. The
detected mutation NM_005857.5:¢c.28 29insA, p.(Leu10Tyrfs*37) in ZMPSTE24 is framed in red. In
heterozygous mutation carriers, both forward and reverse complement sequences are shown.

(B) Sanger sequencing of genomic DNA in homozygous and heterozygous individuals of family 2. The
detected mutation NM_005857.5:c.28 29insA, p.(Leu10Tyrfs*37) in ZMPSTE24 is framed in light

brown.

To verify whether the two families are distantly related, a comparative haplotype analysis was
performed with one affected individual from each family. The analysis revealed a common
disease haplotype encompassing chromosomal region 1p34.3-p33, including ZMPSTE24
(Figure 11). The result confirms a distant relationship between the families, suggesting a

founder effect for this mutation in the area inhabited by the families in Pakistan.

common haplotype:
ZMPSTE24 |- a1
S T % 1p34.3-p33
individual 111:4, % | individual IV:8,
family 2 E family 1
chr1 chr1

Figure 11. Haplotype analysis of affected individuals from both families.

[Figure and legend adapted from Clinical Genetics (Kaufmann et al., 2023)]

Schematic representation of runs of homozygosity, shown as blue blocks, at chromosome 1 of affected
individual 111:4 of family 2 and affected individual 1V:8 of family 1. The ZMPSTE24 gene (dashed orange
line) is located within the common haplotype region 1p34.3-p33 (dark blue arrow), which confirms a

distant relatedness between the families.
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3.1.4. Genotype-phenotype discrepancy and in silico analyses

The homozygous frameshift mutation ¢.28 29insA, p.(Leu10Tyrfs*37) in ZMPSTE?24 detected
in affected individuals of both families is associated with a complete loss-of-function and is also
predicted to result in nonsense mediated MRNA decay (Figure 12: p.(Leu10Tyrfs*37)). Based
on this prediction, the mutation would be associated with lethal restrictive dermopathy (RD)
due to the lack of enzyme activity of the ZMPSTE24 protein. However, the phenotype observed
in affected members of both families is consistent with mandibuloacral dysplasia with type B
lipodystrophy (MADB), which represents the second ZMPSTEZ24-associated disease. In
contrast, MADB is known to be caused by biallelic ZMPSTE24 mutations that preserve residual
proteolytic activity, leading to a discrepancy between genotype and phenotype for the detected
mutation. In silico splice site prediction indicated no splicing effect for the detected mutation.
Subsequent in-depth analysis of the mutation revealed that a novel potential in-frame start
codon (referred as “novel ATG” in this work) is created at the mutation site. If this alternative
start codon was used as translation initiation site (T1S), the resulting protein would presumably
be only 9 N-terminal amino acids shorter than the wild-type protein (Figure 12: Mut_altStart).
As aresult, a complete loss of protein function could possibly be avoided. To further investigate
this hypothesis, in silico TIS predictions were performed. The in silico prediction indicated that
in addition to the novel ATG, the wild-type methionine 13 (M13) codon could also function as
potential TIS (Table 22). In this case, the resulting protein would presumably be 12 amino acids
shorter at the N-terminus than the wild-type protein (Figure 12: Mut_altStart). The remaining
downstream methionine codons of the wild-type protein (e.g. M59) could be excluded as
functional translation initiation sites based on the mutations associated with RD in the

literature.

Table 22. In silico TIS predictions in ¢.28_29insA mutated ZMPSTE24

NetStart 1.0 ATGpr
TIS Score TIS Reliability
Novel ATG 0.582 M59 0.16
M13 0.540 Novel ATG 0.10
M1 0.465 M1 0.09
M59 0.360 M13 0.06

TIS = translation initiation site; Web-Tools: NetStart 1.0 (186), ATGpr (187)
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DNA

NM_005857.5

c.28 29insA

ATGGGGATGTGGGCATCGCTGGACGCTTATGTGGGACATGCCGGCC...

Protein
M1
NP_DOSBQE .2 MGMWASLDALWEMPAERRIFGAVLLFSHTVYLWETFLAQRQRRIYRTTTHVPPELGQIMD &0
p. (Leul0Tyrfs*37) MGMWASLDAYVGDAGREAYLRGRAALFLDSVSLGDLPSTAAERKDI¥ ———————=—===== 45
Mut_altstart ————————— MWEMPAERRIFGAVLLFSWTVYLWETFLAQRQRRIYRTTTHVPPELGQIMD 51/48
movel ar13 M59
ATG
NP_005848.2 SETFERSRLYQLDRSTFSFWSGLYSETEGTLILLFGGIPYLWRLSGRFCGYAGFGPEYEI 120
P (Leul0Tyrfs¥“37) @ oo e e e 45
Mut_altStart SETFERSRLYQLDRSTFSFWSGLYSETEGTLILLFGGIPYLWRLSGRFCGYAGFGPEYEI 111/108
NP_005848.2 TOSLVFLLLATLFSALTGLPWSLYNTFVIEERHGFNQOTLGFFMRDAIRRFVVTQCILLP 180
p- (Leul0Tyrfs*37) =  -————————— - e 45
Mut_altﬁtart TOSLVFLLLATLFSALTGLPWSLYNTFVIEERHGFNOQOQTLGFFMRDAIREKFVVTQCILLP 171/168
NP_005848.2 VSSLLLYIIRIGGDYFFIYAWLFTLVVSLVLVTIYADYIAPLFDRFTPLPEGRLEKEEIEV 240
P (Loul0Pyr£a¥3T) —eeccccc e e e e e e e o - 45
Mut_altStart VSSLLLYIIRIGGDYFFIYAWLFTLVVSLVLVTIYADYIAPLFDRFTPLPEGERLKEEIEV 231/228
NP_005848.2 MARSIDFPLTRVYVVEGSERSSHSNAYFYGFFENRRIVLFDTLLEEYSVLNRDIQEDSGM 300
p- (Leul0Tyrfs¥37) ————mmm e e e e e e e 45
Mut_altStart MARSIDFPLTRVYVVEGSRRSSHSNAYFYGFFENRKRIVLFDTLLEEYSVLNRDIQEDSGM 291/288
NP_O 05848.2 EPRNEEEGNSEEIRARVRNRRQGCRNEEVLAVLGHELGHWELGHTVENIIISQMNSFLCFEF 360
p- (Leul0Tyrfs*37) -————————————————e e e 45
Mut_ altStart EPRNEEEGNSEEIRARVENRROGCRNEEVLAVLGHELGHWRLGHTVRENIIISOMNSFLCFEF 351/348
NP_005848.2 FLFAVLIGRRELFAAFGFYDSQPTLIGLLIIFQFIFSPYNEVLSFCLTVLSRRFEFQADA 420
P. (BOULOTYTES*3T) = e e e e e e e e e e e e e e e e e e 45
Mut_altStart FLEAVLIGRRELFAAFGFYDSQPTLIGLLIIFQFIFSPYNEVLSFCLTVLSRRFEFQADA 411/408
NP_O 05848.2 FARRLGRARDLYSALIRLNRDNLGFPVSDWLFSMWHY SHPPLLERLOALRKTMROHY 475
p- (Leul0Tyrfs*37) —-——---—m—mm—eoooo— e e e s e 45
Mut_alt3tart FARRLGRARDLYSALIRLNRDNLGFPVSDWLFSMWHY SHPPLLERLOALRTMRQOHY 466/463

Figure 12. Protein sequence alignment of wild-type and mutated ZMPSTE24.

[Figure and legend adapted from Gene (Schaflinger & Blatterer et al., 2022)]

5' DNA coding sequence of the ZMPSTEZ24 gene carrying the mutation NM_005857.5:¢.28_29insA
(highlighted in red) is shown above. The potential start codons are framed in light green. Below, the
protein sequence of the wild-type protein NP_005848.2, the predicted frameshift sequence
p.(Leu10Tyrfs*37) and the sequence that would be obtained by alternative translation initiation at the
novel ATG or M13 are shown. The translation start sites of the respective protein sequences are
highlighted in light green. Aligned protein sequences are displayed in single letter code with amino acid
counts on the right. The altered amino acids due to the frameshift of the predicted loss-of-function
sequence p.(Leu10Tyrfs*37) are displayed in red. The protein sequence obtained by translation initiation
at the novel ATG or M13 is identical to the wild-type sequence, lacking only 9 or 12 N-terminal amino
acids, respectively. The wild-type M59 codon (highlighted in red) could be excluded as translation

initiation site based on the mutations associated with restrictive dermopathy in the literature.
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3.1.5. Functional analyses

In the 1st functional approach to determine the translation initiation sites in ZMPSTE24
harboring the studied mutation ¢.28 29insA, the ZMPSTE24 sequence was amplified from
purchased human fetal brain cDNA and inserted into a TA cloning vector. However,
sequencing of the final construct did not reveal the desired wild-type sequence. The sequence
cloned into the vector contained an additional exon upstream of exon 7 of the MANE transcript
NM_005857.5 (141). Database alignment using the UCSC Genome Browser (191) showed
that this alternative exon is also present in the Ensembl transcript ENST00000675937.1 (195).
The alternative exon contains a premature termination codon, thus this transcript is associated
with nonsense mediated mRNA decay. The alternative exon is also part of the recently
annotated NCBI RefSeq transcript XM_047427590.1 (141). In addition, sequences of the
alternative exon are reported in the two human expressed sequence tags (ESTs) CD657740
and BEO01576 (141), as well as in the computational splice prediction of the Swiss Institute of
Bioinformatics (196). Of interest, the amplified sequence from human fetal brain marathon
ready cDNA differs from all annotated transcripts by missing the first 22 bp of exon 7 (Figure
13).

TA cloning-construct (approach 1)

MANE Select: NM_005857.5

L LTI AT ] e
Intron 6 Exon 7

Ensembl Transcript: ENST00000675937.1 (annotated: 08.2020)

CD657740 Human ESTs

E——
BE001576 | |
—

Alternative splicing by Swiss Institute of Bioinformatics

NC_000001_1104 *
GATCTAAACGCTCTTCCCACAG

Figure 13. Detection of an alternative exon in ZMPSTE24 in the generated vector of approach 1.
A section of the sequence amplified from purchased human fetal brain cDNA, which was inserted into
the TA cloning vector, is shown at the top in black. The sequence contains an additional exon upstream
of exon 7 of the transcript NM_005857.5. The corresponding sequences of the transcripts
XM_047427590.1 (NCBI RefSeq), ENST00000675937.1 (Ensembl), CD657740, BE001576 (both
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expressed sequence tags) and NC_000001_1104 (alternative splicing by Swiss Institute of
Bioinformatics) are also illustrated. The vertical red line at the 3’ end of the alternative exon in transcripts
XM_047427590.1 and ENSTO00000675937.1 indicates a premature termination codon. Note: The
sequence in the TA cloning-construct is missing the first 22 bp of exon 7, which is, however, retained in

all other known transcripts.

In addition to the alternative exon, the inserted ZMPSTEZ24 sequence also contained a few
single nucleotide variants. As a result, the generated construct in approach 1 could not be

used for functional TIS analysis.

The localization experiments to examine potential alternative translation initiation sites were
performed with the expression constructs described in paragraph 2.1.4.2 (see also Table 17).
The GFP-tagged wild-type ZMPSTE24 protein, serving as positive control, was expressed in
AD-293 cells and demonstrated localization at the endoplasmic reticulum (Figure 14A).
Expression of the mutant ZMPSTE24 clone carrying the studied disease-causing mutation
c.28_29insA also showed ER localization, indicating alternative translation initiation as rescue
mechanism of the lethal RD phenotype in affected individuals (Figure 14B). The canonical start
codon (M1) and the M3 codon are not in-frame with GFP due to the frameshift in the mutant
gene. Therefore, the observed fluorescence-labelled protein at the ER can only result from
alternative translation initiation. Both the novel ATG created by the insertion and the M13
codon are in-frame with GFP and could potentially serve as alternative TIS. To clarify whether
the M13 codon constitutes a functional translation initiation site, a mutant ZMPSTE24 clone
carrying the mutation c.-4_7del was expressed, thus lacking the canonical start codon and part
of the M3 codon. The resulting GFP-tagged protein showed localization at the ER (Figure 14C),
suggesting the M13 codon as a potential alternative TIS in mutant ZMPSTEZ24 harboring the
studied mutation c.28 29insA.
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Figure 14. Localization analysis with GFP-tagged ZMPSTE24 expression constructs to determine
if alternative translation initiation functions as rescue mechanism.

[Figure and legend adapted from Clinical Genetics (Kaufmann et al., 2023)]

DNA sequence of the N-terminal region of ZMPSTEZ24 (top strand) is illustrated for each construct. The
canonical start codon (continuous green line), potential downstream start codons (dashed green line)
and mutation sites (orange; ins = insertion, del = deletion) are highlighted. Remaining DNA sequence of
ZMPSTE24 and GFP, which has not been altered in these constructs, is not visualized, but indicated by
gray dots. N-termini of possibly expressed proteins (purple bars) in-frame with GFP (indicated by purple
dots and green bar) for each construct are shown below. N-terminal methionines of the wild-type protein
are additionally highlighted (M1, M3, M13). Confocal fluorescence microscopy images of GFP-tagged
ZMPSTE24 expression constructs (green) and the localization marker for the endoplasmic reticulum
mCherry-ER-3-RFP (red) in AD-293 cells are shown in the middle section. The right microscopy images
display overlay of both channels and the scale bar indicates 5 um. Graphs of the line scan analyses
(pixel intensity of each channel plotted against distance along a drawn line) are depicted at the rightmost
column. Corresponding lines are displayed in white in the microscopy images.

(A) Expression of the construct ZMPSTE24(WT)-GFP including the wild-type sequence of ZMPSTE24
and serving as positive control showed ER localization.

(B) Expression of the construct ZMPSTE24(insA)-GFP harboring the studied disease-causing mutation
c.28_29insA also showed localization at the ER, indicating translation initiation at an alternative start
codon.

(C) Expression of the construct ZMPSTE24(M1_M3del)-GFP harboring the mutation c.-4_7del
displayed ER localization as well, suggesting the M13 codon as a potential alternative TIS in mutant
ZMPSTE24 harboring the studied mutation ¢.28_29insA.
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To determine which of the two potential start codons (novel ATG or M13) functions as TIS, or
whether both are used, further localization experiments were performed. With the constructs
ZMPSTE24(insA+M131)-GFP and ZMPSTE24(insT)-GFP, the two potential translation
initiation sites can be examined separately. The expression experiments showed localization
at the ER for both constructs (Figure 15A and B), indicating that the novel ATG and M13 both
function as alternative start codons. In contrast, expression of ZMPSTE24(insT+M13I)-GFP
resulted in faint cytosolic green signal and absent ER localization (Figure 15C). This
demonstrates that at least one of the two alternative start codons must be present to obtain an
N-terminally truncated ZMPSTE24 protein located at the ER.
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Figure 15. Localization analysis with GFP-tagged ZMPSTE24 expression constructs to determine
which codon functions as alternative translation initiation site.

[Figure and legend adapted from Clinical Genetics (Kaufmann et al., 2023)]

DNA sequence of the N-terminal region of ZMPSTE?24 (top strand) is illustrated for each construct. The
canonical start codon (continuous green line), potential downstream start codons (dashed green line)
and mutation sites (orange; ins=insertion, sub =substitution) are highlighted. Remaining DNA
sequence of ZMPSTE24 and GFP, which has not been altered in these constructs, is not visualized, but
indicated by gray dots. N-termini of possibly expressed proteins (purple bars) in-frame with GFP
(indicated by purple dots and green bar) for each construct are shown below. N-terminal methionines of
the wild-type protein are additionally highlighted (M1, M3, M13). Confocal fluorescence microscopy

images of GFP-tagged ZMPSTE24 expression constructs (green) and the localization marker for the
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endoplasmic reticulum mCherry-ER-3-RFP (red) in AD-293 cells are shown in the middle section. The
right microscopy images display overlay of both channels and the scale bar indicates 5 ym. Graphs of
the line scan analyses (pixel intensity of each channel plotted against distance along a drawn line) are
depicted at the rightmost column. Corresponding lines are displayed in white in the microscopy images.
(A) Expression of the construct ZMPSTE24(insA+M131)-GFP harboring the mutations ¢.28 29insA and
¢.39G>A showed ER localization, indicating the novel ATG as alternative TIS.

(B) Expression of the construct ZMPSTE24(insT)-GFP harboring the mutation ¢.28_29insT showed ER
localization, indicating the M13 codon as alternative TIS.

(C) Expression of the construct ZMPSTE24(insT+M13I)-GFP harboring the mutations ¢.28_29insT and
¢.39G>A led to faint cytosolic green signal and absent ER localization, indicating that at least one of the
two alternative start codons must be present to obtain an N-terminally truncated ZMPSTE24 protein
which is located at the ER.

Our localization and expression experiments supported utilization of two alternative N-terminal
translation initiation sites, at the novel ATG created by the insertion and the M13 codon referred
to the WT gene. Translation initiation at these alternative start codons results in almost full-
length, ER-located ZMPSTE24 proteins. Thereby the usage of alternative N-terminal TISs
explains the rescue mechanism by which the predicted complete loss-of-function effect and
the associated lethal phenotype of the disease-causing frameshift mutation ¢.28 29insA in
ZMPSTE?24 could be avoided. Based on our experiments and the identification of alternative
TISs, the standard nomenclature for predicting the effects at protein level of the ZMPSTE24
mutation NM_005857.5:c.28 29insA could be complemented by the two N-terminally
truncated proteins NP_005848.2:p.([Gly2_Leu10del,Gly2_Met13del]).

3.2. MN1 study

This study investigates the genetic cause of severe cerebral malformations in a male fetus at

14 weeks gestation.

3.2.1. Clinical diagnosis

Sonographic fetal findings were as follows: crown-rump length clearly below the 5th percentile,
disrupted midline structures in the cerebrum, hypoplastic thalamic area, right lateral ventricle
in connection with a large cranial encephalocele, choroid plexus displaced dorsally, left lateral
ventricle dilated, choroid plexus also displaced dorsally and the structures of the posterior
fossa were not identifiable: cystic mass in place of the posterior fossa, as well as inferior

temporal gyrus and brain stem not recognizable. No other obvious malformations were
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apparent, but cleft palate could not be excluded. A severe cerebral malformation with

unfavorable prognosis was thus given as the referral diagnosis for genetic testing.

3.2.2. Genetic DNA analyses

SNP array analysis of DNA from chorionic villus sampling revealed a heterozygous interstitial
deletion in the chromosomal region 22q12.1 with a size of 58 kb. The ISCN nomenclature of
the detected deletion is: arr[GRCh38] 22q12.1 (27710404x2, 27714323 27772264x1,
27772359x2). The deletion encompasses the entire last exon (exon 2) of the MN1 gene. The
proximal breakpoint downstream of MN1 is located in intron 1 of the long non-coding RNA
(IncRNA) gene CPMER (cytoplasmic mesoderm regulator) (Figure 16A). The size of the
deletion was confirmed by qRT-PCR analysis of fetal tissue after medically indicated
termination of pregnancy. The presence of the heterozygous deletion in the tissue sample also
rules out confined placental mosaicism (Figure 16B).
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Figure 16. Detection of a heterozygous 22¢g12.1 deletion in the fetus.
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(A) Data from SNP array analysis of DNA from chorionic villus sampling which led to the detection of a
heterozygous interstitial deletion in the 22g12.1 region: log R ratio (top) and B-allele frequency (bottom).
The deleted region chr22:27,714,323-27,772,264 (GRCh38/hg38) is highlighted in orange. The proximal
breakpoint is located in intron 1 of the IncRNA gene CPMER, the distal breakpoint is located in intron 1
of the MN1 gene.

(B) The bar chart shows the relative quantification (RQ) values including standard deviations of the qRT-
PCR analysis for the respective amplicons in the fetal tissue sample (left) and the reference (right).
Amplicon locations are shown on the far right. The heterozygous deletion was also detected in the fetal

tissue sample, thus ruling out confined placental mosaicism.

The location of the deletion in 22g12.1 could be of particular relevance regarding possible
phenotypic associations, as it leads to a gene fusion of the genes CPMER and MN1 on the
negative strand (Figure 16A). Subsequent in-depth analysis revealed that the expression of
this fusion gene would lead to a C-terminally truncated MN1 protein and would thus be
associated with MN1 C-terminal truncation (MCTT) syndrome, a very rare disease involving
brain malformations. However, loss-of-function of this allele would be associated with milder
clinical abnormalities and variable expressivity, as well as incomplete penetrance.

The parents of the fetus were also examined for the presence of the deletion, in order to further
assess the pathogenic significance. Segregation analysis revealed that the fetal deletion is a
de novo mutation (Figure 17). Additional trio-whole exome sequencing and examination of the

chromosomes revealed no evidence of any other potentially causative variant in the fetus.
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Figure 17. Segregation analysis of the fetal 22q12.1 deletion in the parents.

The bar chart shows the relative quantification (RQ) values including standard deviations of the qRT-
PCR analysis for the respective amplicons in maternal (left) and paternal (middle) blood samples, as
well as in the reference (right). Amplicon locations are shown on the far right. The fetal deletion could

not be detected in the parents, indicating a de novo mutation.
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3.2.3. RNA analyses

RNA (i.e. cDNA) analyses were performed to verify whether the MN1-CPMER fusion gene is
actually transcribed into RNA. In qualitative RNA analysis the cDNA was analyzed for direct
junctions between the first exon of MN7 and exons of CPMER. Sanger sequencing revealed
a direct link between MN1 exon 1 and CPMER exon 2 (Figure 18A). In addition, two further
direct junctions between the first MN1 exon and CPMER were detected in the cDNA: one
sequence contains a short segment of intron 4, which merges into exon 5, and one sequence
shows a direct junction to exon 5 of CPMER. The results of the qualitative RNA analysis
indicate alternative splicing of the fusion gene (Figure 18B). Each of the RNA transcripts could
be detected under both conditions, inhibition of nonsense mediated mRNA decay (NMD) and
without NMD inhibition. No fusion transcripts were detected in the control samples. The
respective junctions of CPMER E2-E3, E3-E4 and E2-E4 could not be detected in any sample.
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Figure 18. Qualitative RNA analysis for the detection of fusion transcripts.

(A) Sanger sequencing of cDNA from chorionic villus culture showing a direct linkage of the first exon
of MN1 with exon 2 of CPMER. The sequence displays the reverse strand where both genes are located.
The 22912.1 region deleted in the fetus, including exon 2 of MN1 and exon 1 of CPMER, is highlighted

in orange.
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(B) Further fusion transcripts were identified using region-specific primers. The detection of several
transcripts indicates alternative splicing. The respective junctions could be detected both, after

puromycin treatment (NMD inhibition) and without pretreatment (no NMD inhibition).

In silico protein sequence alignment demonstrates that translation of the three identified fusion
transcripts leads to C-terminally truncated MN1 proteins missing the amino acids encoded by

exon 2 (Figure 19).

NP_002421.3 MFGLDQFEPQVNSRNAGQGERNFNETGLSMNTHFKAPAFHTGGPPGPVDPAMSALGEPPI 60
Fusionl MFGLDQFEPQVNSRNAGQGERNFNETGLSMNTHFKAPAFHTGGPPGPVDPAMSALGEPPI 60
Fusion2 MFGLDQFEPQVNSRNAGQGERNFNETGLSMNTHFKAPAFHTGGPPGPVDPAMSALGEPPI 60
Fusion3 MFGLDQFEPQVNSRNAGQGERNFNETGLSMNTHFKAPAFHTGGPPGPVDPAMSALGEPPI] 60
MN1 Exon 1
NP_002421.3 SCCSEAVKSAMSTIDLDSLMAEHSAAWYMPADKALVDSADDDKTLAPWEKAKPQNPNSKE| 1260
Fusionl SCCSEAVKSAMSTIDLDSLMAEHSAAWYMPADKALVDSADDDKTLAPWEKAKPQNPNSKE 1260
Fusion2 SCCSEAVKSAMSTIDLDSLMAEHSAAWYMPADKALVDSADDDKTLAPWEKAKPQNPNSKE 1260
Fusion3 SCCSEAVKSAMSTIDLDSLMAEHSAAWYMPADKALVDSADDDKTLAPWEKAKPQNPNSKE| 1260
e she e e Y T T e e T e e e e ke e e e e ke e e e e ke e e ke e ke e R R e ke e ke e e e e e e e e e e e e ke e e e e ke i e e e ok
MN1Exon 2
NP_002421.3 AHDLPANKASASQPGSHLQCLSVHCTDDVGDAKARASVPTWRSLHSDISNRFGTFVAALT 1320
Fusionl EPEFLRNH E2 1268
Fusion2 VAV E5 CPMER 1263
Fusion3 ESHKSLHKDLL| |4-E5 1271

Figure 19. Protein sequence alignment of identified fusion transcripts and wild-type MN1.

The alignment illustrates that the amino acids encoded by exon 1 of the MN1 gene are identical to the
wild-type sequence of the MN1 protein (NP_002421.3) in all transcripts. However, the amino acids
encoded by exon 2 are missing in all three fusion transcripts. Expression of these fusion transcripts
would lead to C-terminally truncated MN1 proteins associated with MCTT syndrome. Aligned protein

sequences are displayed in single letter code with amino acid counts on the right.

Since the RNA quantity of the mutant MN17 allele cannot be determined directly due to the
presence of distinct fusion transcripts, quantification is performed indirectly by comparing exon
1 with allele-specific wild-type amplicons (Figure 20). Quantitative RNA analysis was
performed under both conditions, inhibition of nonsense mediated MRNA decay and no NMD
inhibition. The analysis revealed twice the amount of exon 1 cDNA compared to the specific
amplicons for the wild-type allele, indicating that exon 1 of MN1 is expressed at the mutant

allele despite the deletion of exon 2. This effect can be observed under NMD inhibition as well
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as without NMD inhibition. In addition, the fusion construct MN7 E1-E2 CPMER could also be
determined quantitatively. The amount of cDNA of the fusion transcript appears to be lower
than that of exon 2, which is consistent with the previous detection of several fusion transcripts.
The amount under NMD inhibition might be slightly higher than without NMD inhibition for the
fusion transcript. The remaining two fusion transcripts could not be quantitatively investigated

due to the limited amount of primary sample.
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Figure 20. Quantitative RNA analysis to determine the expression of the mutant MN1 allele.

Comparison of exon 1 with specific amplicons for the wild-type allele (MN1: E2 and MN1: E1-E2). The
cDNA quantity of the exon 1 amplicon of MN7 was set as calibrator. All other amplicons are compared
to the calibrator. Quantitative RNA analysis was performed under both conditions, inhibition of nonsense
mediated mRNA decay (grey) and no NMD inhibition (orange). The quantification shows half the amount
of wild-type allele-specific amplicons compared to exon 1, indicating expression of exon 1 at the mutant
allele. The fusion transcript MN71 E1-E2 CPMER could also be determined quantitatively under both

conditions. Note high standard deviation for amplicon MN1: E1-E2 in case of no NMD inhibition.

Qualitative RNA analysis revealed the presence of three MN1-CPMER fusion transcripts
lacking the sequence of deleted exon 2 of MN1. The results of the quantitative analysis indicate
that the fusion transcripts of the mutant allele are transcribed and are not subject to nonsense
mediated mRNA decay. Overall, the analyses performed suggest a possible expression of C-

terminally truncated MN1 proteins in the fetus, which are associated with the MCTT syndrome.
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4. Discussion

According to the literature, about half of patients with a rare disease still never receive a
diagnosis (49, 51). A major challenge in providing a genetic diagnosis is determining whether
and what effects previously unknown variants may have. Thus, the identification of novel
disease-causing mutations and the correct interpretation of the respective effects are in many
cases crucial steps on the way to diagnostic success. The detection of these mutations and
associated effects in rare diseases may also serve as starting point for the development of
therapeutic approaches (49, 53). Variants in genes with pleiotropy represent a particular
challenge in the identification of previously unknown disease-causing mutations. In these
cases, it is especially important to examine the pathomechanism of the variant in order to make
the right diagnosis.

In the interpretation of novel variants, computer-based annotations play a key role in current
times. Most annotation approaches are gene-based and describe how variants change the
coding sequence and subsequently the amino acid sequence. However, these standard
approaches are prone to numerous sources of error (103, 133). That is because these
approaches are unable to fully consider all the mechanisms and interactions that occur in vivo.
A significant example of these error sources is the annotation of truncating variants. In standard
variant annotation pipelines, these variants are mainly associated with a LOF effect, as well as
nonsense-mediated MRNA decay. In vivo, however, there are mechanisms that lead to NMD
escape. In these cases, standard annotations yield false predictions, resulting in incorrect
variant interpretation (103). In this thesis, the importance of in-depth evaluation as well as the
implementation of further analyses for the correct interpretation of novel disease-causing

variants is demonstrated by two examples.

In the course of the presented studies, we successfully discovered and analyzed two
previously unknown, disease-causing mutations. Moreover, both mutations share an
exceptional feature: the predicted effects of the variants did not match the observed phenotype
of affected individuals. The variants each affect a gene with known pleiotropy and both variants
are predicted to result in a complete loss of gene function. The predicted LOF effect is

circumvented by alternative gene expression mechanisms in both variants.
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4.1. ZMPSTEZ24 study

In this study, we characterize two consanguineous Pakistani families displaying a common
progeroid phenotype that was subsequently diagnosed as mandibuloacral dysplasia with type
B lipodystrophy (MADB). Affected individuals from both families carry the previously unknown
homozygous frameshift variant NM_005857.5:¢c.28 29insA in ZMPSTE24. The standard
annotation according to HGVS nomenclature (130) provided by Mutalyzer (197) predicts that
the insertion results in a frameshift at amino acid position 10 and leads to a premature
termination codon after 36 subsequent amino acids (p.(Leu10Tyrfs*37)). Furthermore, it is
predicted that the mutation leads to NMD (198), which is associated with a loss-of-function of
the mutated allele. Manual analysis also indicates NMD, as the premature termination codon
is not within the first 100 coding base pairs, which would be linked to NMD escape (88).
According to the study of Lindeboom et al., the premature termination codon of the detected
variant (c.136_138) is located in a region with a gradual increase in NMD efficiency, which
starts at 100 bp and extends up to 200 bp downstream of the start codon. Another interesting
finding of Lindeboom et al. is that a small distance between the canonical start codon and the
PTC is a strong predictor for NMD escape. In contrast, the distance to the downstream
alternative AUG or the strength of the Kozak sequence of this AUG does not influence NMD
efficiency (118).

A literature search shows that to date all biallelic loss-of-function mutations in ZMPSTE24 have
indeed been associated with RD, leading to the death of affected infants within the first weeks
of life (Table 23).
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Table 23. Known published disease-causing mutations in ZMPSTE24

[Table and legend originally published in Gene (Schaflinger & Blatterer et al., 2022)]

Phenotype Allele 1 Allele 2 Reference
MADB c.28_29insA, p.(Leu10Tyrfs*37) c.28_29insA, p.(Leu10Tyrfs*37) Hg;f;‘s%’;
RD c.50delA, p.(Lys17Serfs*21) c.50delA, p.(Lys17Serfs*21) (201)
RD c.50delA, p.(Lys17Serfs*21)  |c.584_585delAT, p.(Tyr195Phefs*22)| (170)
RD c.50delA, p.(Lys17Serfs*21) c.1085dupT, p.(Leu362Phefs*19) | (202)
RD c.54dupT, p.(lle19Tyrfs*28) c.54dupT, p.(lle19Tyrfs*28) (203)
RD c.54dupT, p.(lle19Tyrfs*28) c.826C>T, p.(Arg276%) (202)

MADB c.121C>T, p.(GIn41%) c.743C>T, p.(Pro248Leu) (204)
RD c.121C>T, p.(GIn41%) c.1393A>G, p.(Arg465Gly)? (205)
MADB ¢.202C>T, p.(Arg68*) C.743C>T, p.(Pro248Leu) (206)
MAD c.207_208delCT, p.(Tyr70Serfs*4) c.794A>G, p.(Asn265Ser) (207)
RD c.209_210delAT, p.(Tyr70Serfs*4) | c.209 210delAT, p.(Tyr70Serfs*4) | (202)
RD C'szli‘;‘ﬁ&iﬁgggg‘;" ¢.1085dupT, p.(Leu362Phefs*19) | (208)
MADB c.281T>C, p.(Leu94Pro) ¢.281T>C, p.(Leu94Pro) (209)
RD €.296delC, p.(Pro99Leufs*38) €.1085dupT, p.(Leu362Phefs*19) (208)
RD c.475-2A>G, p.(?) c.628-2A>G, p.(?) (202)
RD ¢.591dupT, p.(lle198Tyrfs*20) ¢.591dupT, p.(lle198Tyrfs*20) (203)
RD ¢.591dupT, p.(lle198Tyrfs*20) c.1085dupT, p.(Leu362Phefs*19) | (203)
RD c.627 +1G>C, p.(?) ¢.627 +1G>C, p.(?) (210)
RD c.691G>T, p.(Glu231%) c.691G>T, p.(Glu231%) (211)
RD c.709G>T, p.(Glu237%) 2 (212)b
RD c.715G>T, p.(Glu239*) c.715G>T, p.(Glu239*) (213, 214)
MADB C.743C>T, p.(Pro248Leu) C.1349G>A, p.(Trp450%) (215)
HG,\;’%NE';AD ¢.794A>G, p.(Asn265Ser) ¢.1085dupT, p.(Leu362Phefs*19) |(216-219)
MADB c.794A>G, p.(Asn265Ser) c.1204-1G>A, p.(?) (202)
RD c.954+2 T>A, p.(?) €.1085dupT, p.(Leu362Phefs*19) (202)
MADB c.1018T>C, p.(Trp340Arg) c.1085dupT, p.(Leu362Phefs*19) | (165)
RD c.1020G>A, p.(Trp340%) c.1020G>A, p.(Trp340%) (220)
MADB c.1052_1054delTTA, p.(lle351del) | c.1052_1054delTTA, p.(lle351del) | (221)°
(202, 203,
RD c.1085dupT, p.(Leu362Phefs*19) | ¢.1085dupT, p.(Leu362Phefs*19) ggg,_ 2222%
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HGPS ¢.1085dupT, p.(Leu362Phefs*19)d (228)
RD ¢.1085dupT, p.(Leu362Phefs*19) c.1249C>T, p.(GIn417%) (208)
RD ¢.1105C>T, p.(Arg369*) c.1105C>T, p.(Arg369*) (202, 208)

MADB c.1196A>G, p.(Tyr399Cys) c.1196A>G, p.(Tyr399Cys) (229, 230)

HGPS/MAD |c.1204-5_1210del, p.(Val402Serfs*2)|c.1204-5_1210del, p.(Val402Serfs*2) | (231)¢

MADB c.1274T>C, p.(Leu425Pro) ¢.1274T>C, p.(Leud25Pro) (232)

RD c.1385T>G, p.(Leud62Arg)? ? (233)f

Mutations with (presumed) loss-of-function effect resulting in RD phenotype in a biallelic state (red), including
missense-mutations with predicted loss-of-function effect and loss-of-function mutation with additional
modifying heterozygous LMNA mutation; mutations with (presumed) residual function resulting in MADB
(blue); novel mutation identified in this study c.28_29insA, although predicted as loss-of-function, is
associated with MADB; MADB (mandibuloacral dysplasia with type B lipodystrophy), RD (lethal restrictive
dermopathy), HGPS (Hutchinson-Gilford progeria syndrome), MAD (mandibuloacral dysplasia).

a8 Missense variant is predicted to interfere with localization signal.

b Only mother was tested.

¢ Patients died in childhood, biological samples were only available from parents; both parents carried
¢.1052_1054delTTA mutation which likely explains phenotype of their affected offspring.

d Uniparental isodisomy mosaicism, 34% of cells are estimated to be heterozygous for a wild-type allele.

¢ Patient had an additional heterozygous LMNA ¢.1960C>T, p.(Arg654*) mutation, modifying the otherwise
presumably lethal effect of the homozygous ZMPSTE24 mutation.

f Only one mutation was identified.

Based on the data collected by the literature search, the number of potential alternative N-
terminal start codons that could result in LOF circumvention in the patients was reduced to
two: the novel ATG codon created at the mutation site and the M13 codon related to the WT
gene. Translation initiation at the M3 codon could be excluded in the patients, as this codon is
located upstream of the mutation site and would therefore result in a frameshift analogous to
the canonical start site (Figure 21). The most N-terminal known frameshift variants are
c.50delA, p.(Lys17Serfs*21) and c.54dupT, p.(lle19Tyrfs*28) leading to restrictive dermopathy
in homozygous state. These variants are located downstream of the hypothesized alternative
TIS at M13 and the next potential start codon is M59. The premature termination codons of the
reported variants c.50delA and c.54dupT are both located upstream of M59 (Figure 21). The
predicted PTC of the variant ¢.54dupT, p.(lle19Tyrfs*28) corresponds to the predicted PTC of
the studied mutation ¢.28 29insA, p.(Leu10Tyrfs*37). However, translation reinitiation at M59
can be ruled out as LOF escape mechanism, since the variants ¢.50delA and c.54dupT are

associated with the lethal RD phenotype.
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Figure 21. In-depth analysis of potential alternative TISs to circumvent the predicted LOF effect.

[Figure and legend adapted from Gene (Schaflinger & Blatterer et al., 2022)]
The N-terminus of the ZMPSTE24 protein with the mutation sites of the studied mutation ¢.28_29insA,
the most N-terminal variants described in the literature c.50delA, ¢.54dupT and c.121C>T,p.(GIn41%),

as well as the respective predicted PTCs of the frameshift variants (illustrated as stop signs) are shown.

The remaining protein sequence is not displayed. The ATG codons M3 (upstream of the frameshift

variants) and M59 (no LOF rescue in the published variants associated with lethal RD) can be excluded

as alternative TISs to circumvent the LOF effect in the affected individuals (red arrows). Only the novel

ATG codon created at the mutation site of ¢.28 29insA and the M13 codon can be considered as

possible alternative start codons in the studied families after in-depth analysis (green arrows).

The MADB phenotype observed in the studied families appears to be more severe than in

other published cases. Affected individuals present with severe, progressive thoraco-lumbar

kyphosis and bilateral distended loins that could be related to renal lesions (Figure 9B).

Interestingly, kyphosis is described as a known additional feature of restrictive dermopathy
(RD) (10). In contrast, it has rarely been reported in individuals with MADB (204, 209).
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4.1.1. Approach 1: additional exon and single nucleotide variants

The expression vector generated in the first approach could not be used for functional analysis
of alternative TISs due to an additional exon and single nucleotide variants in the cloned
ZMPSTE?24 sequence. The additional exon is likely to originate from a transcript contained in
the human fetal brain cDNA sample purchased from Clontech/Takara Bio. This exon was first
described in human ESTs CD657740 and BE001576 (141) and is also contained in the
manually annotated Ensembl transcript ENST00000675937.1 (195) based on RNA
sequencing. The additional exon is also part of the recently annotated NCBI RefSeq transcript
XM _047427590.1 (141), which is based on automated computational prediction supported by
EST evidence. The additional exon upstream of exon 7 of the MANE transcript contains a PTC,
so that the transcript is associated with NMD (195). It is currently unknown in which tissue the
transcript is expressed and how high the expression is. Interestingly, the obtained sequence
in our vector differs from the annotated transcripts by the absence of the first 22 bp of exon 7
(Figure 13).

The single nucleotide variants probably arose because no proof-reading polymerase was used
in the 1st approach. Furthermore, the E. coli cells were incubated at 37 °C after transformation.
However, since the WT ZMPSTE24 protein is toxic in these bacteria, colonies with a construct
containing mutations have growth advantages. This would also explain why our vector from
approach 1 contained the transcript with the additional exon, which only codes for a truncated
ZMPSTE24 protein. Starting with approach 2, the incubation temperature was lowered to 25

°C to minimize expression and toxic effects.

4.1.2. LOF escape mechanism (ZMPSTEZ24)

The conducted expression and localization experiments presented herein elucidate the
underlying mechanism by which the predicted severe protein truncation, indicated as
p.(Leu10Tyrfs*37), and the associated NMD is circumvented in affected individuals harboring
the homozygous mutation NM_005857.5:¢c.28_29insA. We could demonstrate that the LOF
effect is bypassed by alternative translation initiation at two N-terminal start codons.
Remarkably, one of these alternative TISs is newly formed at the insertion site. To our
knowledge, such a LOF rescue, in which a frameshift mutation leads to the formation of a
novel, physiologically relevant, in-frame ATG codon at the mutation site, has not yet been
described. The second alternative translation initiation site corresponds to the M13 codon of
the wild-type protein (Figure 15). For the studied mutation NM_005857.5:c.28 29insA, the

mechanism is unlikely to be “classic translation reinitiation”, as the premature termination
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codon is located downstream of the alternative TIS. In “classic translation reinitiation”, the
reinitiation start codons are always located downstream of the PTC (Figure 1) (111). In the
studies by Sherlock et al. and Gould et al. an alternative translation reinitiation mechanism,
called coupled translation termination-reinitiation, is described. In this mechanism the
reinitiation start codon can be very close to or even upstream of the stop codon. This reinitiation
mechanism with a start codon upstream of the PTC is mainly described in viruses (111, 234).
In this scenario the two codons are within 20 nt of each other and reinitiation efficiency
decreases if they are moved more than approximately 30 nt apart (235, 236). Gould et al.
showed that increasing the distance between the two codons from 81 ntto 117 nt leads to a
dramatically reduced reinitiation efficiency. In the case of the studied mutation, the distance of
the upstream alternative TISs to the PTC is 101 and 110 nt, respectively. Although coupled
translation termination-reinitiation was also detected in transcripts of the human genome, it
requires an aspartate-rich repeat region close to the PTC (234). Therefore, translation
reinitiation as LOF rescue mechanism is not assumed in studied individuals.

It is more likely that in the case of the studied mutation, the LOF rescue mechanism is leaky
scanning (Figure 1). It remains to be noted that it is extremely difficult to experimentally
distinguish between reinitiation events and leaky scanning (111). In silico predictions indicate
that the canonical start codon in ZMPSTE?24 is rather weak (Table 22), which also points to
leaky scanning as the mechanism for alternative translation initiation. Studies have shown that
weak canonical AUG signalling is often accompanied by conserved in frame downstream TISs
(237, 238).

Furthermore, the weak cytosolic GFP signal observed at the expression of
ZMPSTE24(insT+M13I)-GFP construct in the absence of ER localization (Figure 15) confirms
the assumption that the M59 codon and all AUG codons located further downstream do not
act as physiologically relevant alternative TISs (Figure 21). In ZMPSTE?24, the KxxKxx dilysine
ER retrieval motif is located at the C-terminus (KTMKQH). A study by Barrowman et al. has
shown that an epitope tag directly downstream of the ER retrieval motif at the C-terminus
disrupts normal ER localization. When the tag was inserted just upstream of the ER retrieval
motif, normal ER localisation of the ZMPSTE24 protein was maintained. Although this
observation suggests the presence of a functional C-terminal ER retrieval motif in ZMPSTE?24,
mutational analysis of this region is required for confirmation (159). An earlier study by Schmidt
et al. found that mutated dilysine ER retrieval motif in the yeast homolog Ste24p does not lead

to mislocalization of Ste24p (148). Based on our expression and localization experiments, we
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could show that the first 12 N-terminal amino acids of ZMPSTEZ24 are not necessary for ER

localization.

In silico modeling of the wild-type and mutant ZMPSTE24 proteins revealed no significant
differences in protein structure and stability, indicating possible preservation of protein function
of the N-terminally truncated protein (199). In addition, alternative translation initiation
mechanisms such as leaky scanning are reported to occur in the minority of translation events
in many cases. Known functional consequences of leaky scanning are the regulation of the
amount of protein produced by the main ORF or the production of a protein with N-terminal
truncation (111). Therefore, we suggest that the two N-terminal AUG codons (novel ATG and
M13 codon referring to WT gene) present in mutated ZMPSTE24 RNA are only sparsely
utilized as alternative translation initiation sites in affected individuals displaying MADB. The
resulting N-terminally truncated ZMPSTE24 proteins, which show ER localization and maintain
all known functional domains may exhibit intact enzymatic activity. Thus, the low amount of
physiologically expressed but intact proteins could be sufficient to prevent the lethal RD

phenotype.

4.1.3. Limitations of the ZMPSTE24 study

With the expression and localization experiments performed, we were able to demonstrate
alternative translation initiation at two N-terminal start codons to circumvent a loss-of-function
effect. These experiments were carried out in vitro and are therefore not equivalent to the
physiological processes with regard to expression levels in vivo. It remains questionable
whether the expression of only one of the two identified alternative TISs would be sufficient to
circumvent lethal consequences, or whether both must be present. Furthermore, conclusions
at protein level can only be confirmed via protein analyses, such as the determination of protein
sequence, expression levels and enzymatic activity. The families involved in this study did not

consent to tissue samples.

4.2. MN1 study

In this study, the genetic cause of severe cerebral malformations with an unfavorable
prognosis in a male fetus at the 14th week of pregnancy was investigated. Routine SNP array
analysis revealed a heterozygous 58 kb interstitial deletion in the 22q12.1 region. The distal
breakpoint was located in the only intron of the MN1 gene, so that the 2nd (i.e. last) exon is
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deleted. The clinical significance, as well as the effect of the deletion on the functionality of the
gene cannot be estimated based on the analysis at DNA level alone.

In the Technical standards for the interpretation and reporting of constitutional copy-number
variants of the American College of Medical Genetics and Genomics (ACMG) and the Clinical
Genome Resource (ClinGen) (239), the assessment of a deletion affecting the last exon of a
gene initially depends on whether the affected gene exhibits haploinsufficiency (HI). Regarding
the MN17 gene, it has not yet been sufficiently clarified if the MN7 gene displays
haploinsufficiency. In a few individuals with LOF variants in MN1, as well as in one individual
with a focal deletion of the gene, mostly non-specific phenotype abnormalities were observed.
In addition, these are likely to demonstrate incomplete penetrance (181). In the ACMG and
ClinGen recommendations, only genes with established haploinsufficiency are considered for
a more precise evaluation in the classification process of a deletion. If haploinsufficiency is not
established, but some HI prediction tools indicate possible HI, as in the case of MN1, the
classification of the deletion is only very slightly influenced towards likely pathogenic. If
haploinsufficiency had been established for MN1, the evaluation of pathogenicity would
depend on whether other established pathogenic variants have been described in this exon.
These evaluation criteria would also not be applicable in the studied case to evaluate the effect
of the deletion, as the associated pathomechanism is not taken into account. Numerous
pathogenic truncating variants in the last exon of MN71 have been described (181, 182), but
these single nucleotide variants are characterized by the expression of C-terminally truncated
proteins, which cause MCTT syndrome via a gain of function effect. The crucial issue in
determining the pathogenicity of the detected deletion is therefore whether there is expression
of the 1st exon resulting in the synthesis of a C-terminally truncated MN1 protein.

The recommendations for interpreting the loss-of-function PVS1 ACMG/AMP variant criterion
(240), published by the ACMG and the Association for Molecular Pathology (AMP) as an
addition to the 2015 ACMG/AMP guidelines for the interpretation of sequence variants (241),
also contain recommendations for the interpretation of exon deletions. These
recommendations do not distinguish between single and multi-exon deletions and do not
specifically address deletion of the last exon. Therefore, these recommendations are also not

suitable in the particular case of fetal 22q12.1 deletion.

4.2.1. LOF escape mechanism (MN1)

A deletion including the transcription termination site, as well as the poly-A addition site most
probably produces an instable RNA (r.? > p.?) (128). An in-depth analysis enabled improved

assessment of the studied deletion regarding the consequences on MN17 expression. By
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including further factors in the variant interpretation, the deletion was analysed more
comprehensively so that the proximal breakpoint came into greater focus. The CPMER gene,
which is also affected by the deletion, has not yet been well characterized. CPMER encodes
the long non-coding RNA (IncRNA) cytoplasmic mesoderm regulator. In their recent study, Lyu
et al. found that CPMER promotes cardiomyocyte differentiation in mice and humans. CPMER
specifically recognized the mRNAs of the mesoderm gene EOMES and promoted its
translation by binding to eEF1A2 (242). The deletion results in a gene fusion of MN1 and
CPMER, which are fused in the respective intron 1 (Figure 16). Fusion with CPMER could
hypothetically result in a stable RNA fusion construct including the disrupted MN1 sequence
due to the presence of a transcription termination site.

Our hypothesis was supported by the RNA analyses performed. The cDNA sequencing shows
that the fusion gene is transcribed and also spliced (Figure 18A). The detection of three
different RNA fusion constructs, each consisting of exon 1 of the MN1 gene and subsequent
sequences of the downstream CPMER gene, indicates alternative splicing (Figure 18B). In
silico analysis of the three detected RNA fusion constructs yields proteins with lengths of 1263
aa, 1268 aa and 1271 aa (Figure 19). The C-terminal CPMER sequences are short due to in-
frame stop codons. As these predicted C-terminally truncated MN1 proteins lack the amino
acids encoded by exon 2, the respective proteins would be disease-causing for MCTT
syndrome. Furthermore, quantitative comparison of cDNA from exon 1 of MN1 with wild-type
allele-specific amplicons showed double the amount of expressed exon 1 sequence compared
to wild-type sequence (Figure 20). This strongly suggests that the C-terminally truncated MN1
sequence of the mutant allele is expressed. In addition, the fusion constructs appear to be
stable, as the difference in quantity can also be observed without NMD inhibition (Figure 20,
orange bars). The relatively low amount of the specific amplicon for MN1 E1-E2 CPMER
detected is consistent with the discovery of different fusion constructs.

It was not possible to repeat the quantitative analysis with regard to the relatively high standard
deviation of MN1: E1-E2 without NMD inhibition, as no primary sample was left. However, due
to the redundancy with the second WT-specific amplicon MN1: E2, this was also not

necessary.

Further screening of several databases led to a remarkable finding. A similar 22q12.1 deletion,
which also deletes exon 2 of the MN1 gene, was detected in a person from the 1000 Genomes
Project sample pool in the study by Levy-Sakin et al. (243). The 1000 Genomes Project only
includes samples from people who declared themselves to be healthy (244). In contrast to the

fetal deletion studied, the deletion detected in this person does not involve the CPMER gene,
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and thus no fusion gene is formed (Figure 22). This suggests that the deletion identified in this
person without obvious severe phenotypic abnormalities is more likely to result in a loss-of-
function of the MN1 gene, which is associated with milder phenotypic abnormalities without
brain malformations and incomplete penetrance. This finding supports the hypothesis that the
fusion gene results in LOF escape in the fetus, leading to the expression of C-terminally

truncated MN1 proteins.

7 V-7 W
E5 E4 E3 E2 E1 E-2 E1

CPMER MN1
Levy-Sakin et al. 2019

this study

Figure 22. Detection of a similar deletion in the sample pool of the 1000 Genomes project.

The deleted region chr22:27,723,174-27,766,326 (GRCh38/hg38) detected in a person from the 1000
Genomes project in the study of Levy-Sakin et al. is highlighted in green. The deletion only affects the
MN1 gene, including exon 2. The CPMER gene is not affected by the deletion. In comparison: The
deleted region chr22:27,714,323-27,772,264 (GRCh38/hg38) detected in the fetus in this study is
highlighted in orange.

All results obtained indicate that a stable MN71-CPMER fusion RNA is transcribed. Therefore,
the crucial question is whether this RNA can also be translated into a protein, since it is a gene
fusion of a protein-coding gene and a non-coding gene, i.e. mMRNA-INcRNA at RNA level. Such
fusion constructs were analyzed in two recent studies by Guo et al. (245) and Sanchez-Marin
et al. (246) in the context of cancer. The studies found that mRNA-IncRNA fusions can be
translated into functional proteins. The mMRNA-INncRNA fusions KDM4B-G039927 and
EPS15L1-IncOR7C2, for example, produced proteins that could be detected by mass
spectrometry and have oncogenic function through promoting cell proliferation (245). Guo et
al. detected different fusion constructs from 28 cancer types of RNA-seq from the TCGA, with
MRNA-IncRNA fusions being the majority compared to mRNA-mRNA, IncRNA-mRNA and
INcRNA-INcRNA (245). In comparison, Sanchez-Marin et al. found in their literature review that
INcRNA-mRNAs were more abundant than mRNA-IncRNAs (87 IncRNA-mRNAs versus 25
MRNA-INncRNAs). Furthermore, it was noted that mRNA-IncRNA fusions are subject to
regulation by the promoter of the protein-coding gene (246). In the case of the studied deletion

in the fetus, the fusion transcript would be regulated by the MN1 gene. The MN1 gene is
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expressed in many different tissues. Expression is highest in the skeletal muscles followed by
the brain (247). Although the studies indicate that fused INncRNAs are of great importance,

research studies in this field are very rare, especially in the context of germline mutations.

4.2.2. Limitations of the MN1 study

As in the ZMPSTE?24 study, the analyses performed in the MN1 study only allow conclusions
to be drawn at RNA level. The presence of three different MN1-CPMER RNA transcripts was
detected. The sequences obtained were used for an in silico prediction of resulting proteins.
As the RNA analysis was also relevant for the diagnosis of the fetus, Sanger sequencing of
cDNA was performed to identify possible fusion constructs in order to save time. This method
was only used to determine the presence of expected specific fusion transcripts. Rapid
amplification of cDNA ends (RACE) would have been more suitable for detecting all different
fusion transcripts, but this was not available at the time of examination. As neither a cDNA
sample nor a primary tissue was any more available, this analysis could not be performed at
a later time point. Quantification of the fusion transcript MN1 E1-E2 CPMER (Figure 20)
indicates that several fusion transcripts are transcribed. The amount of transcribed fusion
transcript can only be estimated indirectly by comparing the non-specific MN1: E1 amplicon
with the WT specific amplicons in the quantitative cDNA analysis performed. The same applies
to this study as to the ZMPSTE24 study: conclusions at protein level can only be confirmed via
protein analyses, such as the determination of protein sequence, expression levels and
enzymatic activity. As no more tissue samples were available, it was not possible to carry out

the planned protein analyses.

4.3. Interpretation of novel variants: outlook and suggestions

Standard variant annotation plays an important role in variant interpretation, but can lead to
incorrect interpretation in the case of alternative molecular pathways as shown in this work.
Variant interpretation is particularly important in the clinical setting, as it contributes to the
diagnosis of genetic diseases and can subsequently influence the treatment of patients.
Variants are very often classified according to the internationally recognized ACMG/AMP
guidelines (241). In these guidelines, the "PVS1" criterion is the strongest weighted indicator
of pathogenicity. This criterion evaluates variants that result in a complete loss-of-function (null
variants) and are located in genes where LOF is a known disease mechanism. Therefore,
accurate annotation of possible LOF variants is particularly important for correct interpretation.

Various guidelines and computer-based tools have already been developed to support or
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supplement standard variant annotation. One example is the “Recommendations for
interpreting the loss-of-function PVS1 ACMG/AMP variant criterion” by Abou Tayoun et al. as
part of the ClinGen Sequence Variant Interpretation Workgroup (240). The decision tree
presented in this work assists in determining the applicability and weighting of the PVS1
criterion. Alternative mechanisms are also considered in these recommendations. However,
the use of alternative start codons is only considered in the context of start loss variants.
Singer-Berk et al. present a framework that advances interpretation of predicted LOF variants
in research and clinical settings. This framework also provides rules for the evaluation of
translation reinitiation. By applying their framework to high-confidence LOF variants in 22
genes associated with autosomal-recessive disease from gnomAD, they were able to
associate 27.3% (304/1,113) of these variants with predicted LOF circumvention or potential
artifacts (135).

The possibility of leaky scanning or the formation of fusion genes to escape an LOF effect was
not considered in any of the recommendations found. However, when using the LOVD reading
frame checker (128), possible formation of a fusion transcript/protein is indicated in the case

of a deletion of the last exon/poly-A addition site.

With this work, we therefore want to raise awareness for the possibility of alternative gene
expression mechanisms in the variant interpretation process and highlight the need to improve
(standard) annotation pipelines in this context. Furthermore, we want to highlight the
importance of additional in-depth analyses and further experiments to determine the effects of
candidate variants.

Computer-based interpretation without manual assessment is currently not sufficient,
especially in the clinical setting. Even in the future, computer-assisted, manual interpretation
is likely to be the most promising combination for accurate variant interpretation. For
professionals involved in variant interpretation, it is important to know which tools are useful
with regard to the variants in question.

Overall, experimental research will always be a key factor in determining the effects of

previously unknown variants.
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4 4. Conclusions

In this work, we demonstrate the importance of in-depth analyses and analyses that extend
beyond DNA level (e.g. RNA analyses and functional studies) in the interpretation of previously
unknown variants, based on two studies. In the course of these studies, we were able to
identify two novel disease-causing variants in pleiotropic genes. Remarkably, the predicted
LOF effects of both variants did not match the phenotypes observed in affected individuals.
Using in-depth analyses and further experimental studies, we found that both variants

circumvent the predicted LOF effect via alternative expression mechanisms.

In the ZMPSTE24 study, we identified the novel N-terminal frameshift mutation
NM_005857.5:c.28_29insA in ZMPSTEZ24 in affected individuals of two Pakistani families
displaying MADB in homozygous state.

— Functional experiments indicated that the associated lethal RD phenotype of the
predicted LOF protein p.(Leu10Tyrfs*37) is circumvented by alternative translation
initiation at two N-terminal AUG codons in the mutated gene (novel ATG and M13

codon).

— Based on our findings the predictions on protein level could be complemented by the two
N-terminally truncated proteins NP_005848.2:p.([Gly2_Leu10del,Gly2_ Met13del]).

— To the best of our knowledge, this is the first study reporting an N-terminal frameshift
mutation creating a novel, physiologically relevant translation initiation site downstream
of the canonical translation start, preventing complete loss of protein function and the

associated lethal consequences.

— Furthermore, our work suggests that truncating mutations in ZMPSTEZ24 located within
the first twelve amino acids might lead to the milder MADB phenotype rather than lethal

RD, due to alternative translation initiation at the M13-codon.

— Beyond that, our results point to incorrect variant interpretation based on in-silico
prediction of N-terminal frameshift mutations, since the formation of potential, novel start
codons at the mutation sites is not considered in current variant interpretation algorithms.
Therefore, we recommend a more in-depth analysis of these variants to prevent

misinterpretation.
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In the MN1 study, we detected a previously unreported, heterozygous 22q12.1 deletion in a
fetus with severe cerebral malformations. The deletion affects the MN71 gene, including the

entire last exon 2 and the IncRNA gene CPMER, including the entire first exon.

— RNA analyses indicate that the predicted LOF effect of the MN1 gene, which is
associated with milder phenotype abnormalities and incomplete penetrance, is
circumvented by the expression of MN1-CPMER fusion transcripts. Expression of the C-
terminally truncated MN1 proteins predicted based on the RNA sequences, is associated
with MCTT syndrome, a condition characterized by distinct brain malformations. A large

deletion has not yet been associated with MCTT syndrome.

— To the best of our knowledge, this is the first study reporting a gene fusion of a protein-
coding gene and a non-coding gene in the germline, associated with LOF circumvention

of the protein-coding gene resulting in a very rare disease phenotype.

— In addition, the results of the MN1 study indicate that gene fusions of a protein-coding
gene with a non-coding gene (MRNA-INcRNA at RNA level) might lead to protein

expression, which must be taken into account in the variant interpretation process.
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