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1. INTRODUCTION

Incidence of rare diseases is 1:2000 or less as defined by the European Union. They
can impair the life quality of the patient significantly and they can also result in stigmatization
and difficulties in socialization. Rare diseases are usually monogenic, meaning that one
defined genetic alteration, one gene defect and consequently failure of one protein can be
critical and can lead to the development of the disease. In my thesis, | have summarized the
results of my genetic investigations in rare, very stigmatizing diseases: LEOPARD syndrome
(LS), multiple familial trichoepithelioma type 1 (MFT1), familial cylindromatosis (FC) and
Brooke-Spiegler syndrome (BSS).

1.1. LEOPARD syndrome

LEOPARD syndrome (MIM 151100) is an autosomal dominant condition belonging
to the family of neuro-cardiofacio-cutaneous syndromes. The name is an acronym of its major
features such as multiple Lentigines, Electrocardiographic conduction abnormalities, Ocular
hypertelorism, Pulmonary stenosis, Abnormal genitalia, Retardation of growth and
sensorineural Deafness. LS is the consequence of mutations located in the protein-tyrosine

phosphatase nonreceptor-type 11 (PTPN11) gene

1.2. Multiple familial trichoepithelioma type 1

Multiple familial trichoepithelioma type 1 (MIM 601606) is an autosomal dominant
condition characterized by numerous firm skin-colored papules that are trichoepitheliomas.
Trichoepitheliomas are small benign skin-colored tumors and are typically present at the

center of the face, mostly around the nose, periorbitally and in the nasolabial.

1.3. Familial cylindromatosis

Familial cylindromatosis (MIM132700) is also an autosomal dominantly inherited
disorder. Patients with FC have cylindromas, which are slowly growing benign tumors that
are usually located on the scalp and face. Typically, they appear as multiple turban-like

protrusions on the scalp, which are also referred as turban tumors.



1.4. Brooke-Spiegler syndrome

Brooke-Spiegler syndrome (MIM 605041) is also a rare monogenic skin disease
characterized by the development of a wide variety of benign skin appendage tumors, such as
trichoepitheliomas, cylindromas and/or spiradenomas. Spiradenomas are purple benign

nodular tumors, which are usually located on the trunk or limbs.

MFT1, FC and BSS have been independently mapped to chromosome 16g12-g13. In
the mapped region, the cylindromatosis (CYLD) gene was identified as the causative gene
responsible for the development of these three diseases. MFT1, FC and BSS were originally
described as distinct clinical entities, but due to their overlapping clinical symptoms and their
manifestation within the same families, they are now considered as clinical variants that

represent a phenotypic spectrum of a single entity.

2. AIMS

In my thesis, the primary aim was to summarize the results of the genetic and
functional investigations in stigmatizing rare monogenic disorders, as LS caused by PTPN11
gene mutations and the clinical variants of the CYLD mutation-caused disease spectrum such
as BSS, FC and MFT1.

Concerning LS, the aim was to identify the underlying causative genetic abnormality
in a 51-year-old Hungarian male patient. Besides, it was also among my goals to compare this
variant with the reported ones in the literature in order to define genotype-phenotype
correlations and Hungarian population specific mutations.

Regarding CYLD mutation-caused disease spectrum, my aim was to investigate
families and sporadic cases affected by MFT1, FC or BSS in order to identify the underlying
genetic abnormalities. | have also aimed to perform further genetic investigations including
haplotype analysis to demonstrate whether different cases and families affected by different
clinical variants of the CYLD mutation-caused disease spectrum carrying the same CYLD
mutation are the consequence of the same founder event or independent mutational events. In
case of novel mutations, | have also aimed to perform functional investigations to prove their
ability to impair the function of the encoded CYLD enzyme. Besides these investigations, my
further goals were to describe genotype-phenotype correlations and population specific

mutation database.



3. PATIENTS AND METHODS

3.1. Hungarian pedigree affected by LEOPARD syndrome

The investigated 51-year-old Hungarian male patient has the typical symptoms of LS
including facial anomalies, pigmentation abnormalities, cardiovascular and urological
symptoms. The patient is deaf and dumb and mild growth as well as mental retardations were
also present. The patient was born out of wedlock. There are no any other clinically affected

relatives either on his father, or on his mother side.

3.2. Spanish pedigree affected by multiple familial trichoepithelioma type 1

The 62-year-old Spanish male has multiple skin-colored papules in both nasolabial
folds, on the forehead, above the eyebrows and, to a lesser extent, on the ears, on the back of
the head and on the back. The patient’s only child, a 33-year-old daughter, has lesions similar
to those of her father but are fewer in number. The lesions first appeared in both nasolabial
folds and, over time, began to appear on her forehead, temples, ears and scalp. No other

clinically affected member has been identified in this pedigree.

3.3. Dutch patients affected by familial cylindromatosis
The investigated Dutch patients were previously reported by Van den Ouweland et al.

3.4. Austrian patient affected by Brooke-Spiegler syndrome
The investigated Austrian patient was previously reported by Grossmann et al.

3.5. Hungarian pedigree from Szekszard affected by Brooke-Spiegler syndrome

21 affected family members were identified in the seven-generation BSS family in
Hungary. The affected individuals have serious skin appendage tumors. Some of them have
cylindromas on the scalp and trichoepitheliomas on the face. The tumors appeared on the back

and on the extremities of the patients.

3.6. Anglo-Saxon pedigree affected by Brooke-Spiegler syndrome
The Anglo-Saxon pedigree contained 8 affected family members spanning five
generations. The affected individuals had a comparatively milder phenotype, with

cylindromas and spiradenomas on the scalp and trichoepitheliomas on the face.



3.7. Hungarian pedigree from Szeged affected by Brooke-Spiegler syndrome

A Hungarian pedigree suffering from BSS has 2 affected and 5 unaffected
individuals spanning two generations. One of the affected individuals, a 60-year-old male has
numerous soft, hairless, skin-colored papules around his nose, in his ears, on his scalp and on

his shoulders. His daughter, a 35-year-old female presented with milder symptoms.

3.8. Methods

Peripheral blood samples were taken from the affected and unaffected family
members as well as from healthy controls for genetic analysis. Genomic DNA was isolated
and after the amplification of the coding regions and the flanking introns of the investigated
gene, DNA sequencing was performed. For the haplotype analysis, common polymorphisms
located in the 3” and 5° prime region of the identified mutation were genotyped using direct

sequencing. For functional analysis after immunoprecipitation Western blot was performed.

4. RESULTS

4.1. Genetic investigation of the PTPN11 gene

In case of LS patient, direct sequencing of the coding regions and the flanking
introns of the PTPN11 gene revealed a missense mutation (c.836A/G; p.Tyr279Cys) in the
seventh exon. The clinically affected LS patient carried one of the most common missense
mutation of the PTPN11 gene in heterozygous form, while the unrelated healthy controls

carried the wild type sequence.

4.2. Genetic, haplotype and functional investigations of the CYLD gen

4.2.1. Genetic investigation of the Spanish pedigree

Direct sequencing of the coding regions (exon 9-20) and the flanking introns of the
CYLD gene revealed a previously described nonsense mutation (¢.2272C/T, p.Arg758X) in
exon 17. Both investigated patients carried the mutation in heterozygous form, whereas the

unaffected family members and the unrelated controls carried the wild-type sequence.

4.2.2. Haplotype analysis of the Spanish pedigree, the Dutch and the Austrian patients
Previously reported Dutch and Austrian cases carry the same mutation that was

identified in the Spanish pedigree (¢c.2272C/T, p.Arg758X). Haplotype analysis of the Spanish



patients with MFT1, as well as Dutch patients with FC and an Austrian patient with BSS was
performed to investigate whether the same or different mutational events are responsible for
the development of these cases. My results demonstrated that the Spanish and the Dutch
pedigrees carry the same haplotype, whereas the Austrian patient carries a different haplotype.
Thus, it can be assumed that different mutational events are responsible for the development

of the Austrian case and the Spanish and Dutch cases.

4.2.3. Genetic investigation of the Hungarian pedigree from Szekszard

Direct sequencing of the coding regions and the flanking introns of the CYLD gene
revealed a previously described nonsense mutation (c.2806C>T, p.Arg936X) in exon 20. The
investigated affected family members carried the mutation in heterozygous form, while the
clinically unaffected family members and the unrelated healthy controls carried the wild type

sequence.

4.2.4. Haplotype analysis of the Hungarian pedigree from Szekszard and the Anglo-
Saxon pedigree

An Anglo-Saxon BSS pedigree also carried the same nonsense mutation
(c.2806C>T, p.Arg936X), that was identified the Hungarian pedigree from Szekszard.
Haplotype analysis was performed to reveal whether the mutation they carry is the result of
two independent mutational events or they are carrying the same founding mutation. As the
result of the haplotype analysis, in case of the Hungarian pedigree, two polymorphisms were
found, which were inherited linked to the mutation in the CYLD gene. The haplotype of the
Anglo-Saxon pedigree was different, which means that the same nonsense mutation was the
result of two independent mutational events in the two pedigrees. Thus this part of the CYLD

gene could be a mutational hotspot.

4.2.5. Genetic investigation of the Hungarian pedigree from Szeged

Mutation analysis of the CYLD gene revealed a novel missense mutation
(c.2613C>G p.His871GIn) located in exon 19, in heterozygous form in the investigated
affected patients. This mutation could not be identified in any of the clinically unaffected

family members or in the healthy controls.



4.2.6. Functional investigation of the Hungarian pedigree from Szeged

To reveal the function of this novel missense mutation (c.2613C>G, p.His871GlIn),
the known CYLD-regulated pathways were studied. CYLD protein is known to directly
interact with the NF-xB signaling NEMO protein. Functional analysis was performed on
fibroblasts isolated from biopsy samples of the patients affected by BSS and from healthy
individuals. NEMO protein was immunoprecipitated from fibroblasts. After loading equal
amounts of the NEMO, Western blot was performed to detect the ubiquitination of the loaded
samples. The data suggest that decreased NEMO expression is associated with its altered
deubiquitination. NEMO immunoprecipitated from fibroblasts carrying the CYLD mutation
demonstrated significantly higher ubiquitination than NEMO immunoprecipitated from
control fibroblasts.

5. DISCUSSION

5.1. Comparison of the patient suffering from LEOPARD syndrome with the literature
A 51-year-old male patient suffering from LS was investigated. Genetic screening of
the PTPN1l1 gene revealed one of the most common missense mutation (c.836A/G;
p.Tyr279Cys) in heterozygous form of the PTPN11 gene. The p.Tyr279Cys mutation has
previously been reported in 47 different LS patients with Italian, French, Spanish, German,
Estonian, Bosnian, Chinese Han, South-Korean, Japanese and Australian origin. The most
common symptom is multiple lentigines, which was present in 46 (96%) out of 48. The
development of café-au-lait spots were observed in only 22 (46%) patients. Ocular
hypertelorism was detected in 40 (83%), palpebral ptosis in 32 (67%) and dysmorphic ears in
31 (65%) patients. Besides, cardiovascular anomalies can develop: hypertrophic
cardiomyopathy was diagnosed in 25 (52%) patients. Short stature was present only in 19
(40%) patients. The p.Tyr279Cys mutation is rarely associated with deafness, which was
reported in 12 (25%) patients. This analysis identified that certain symptoms - such as
cryptorchidism, macrocephaly, horse kidney, hydrothorax, myelodysplasia and umbilical
hernia - are rarely associated with the p.Tyr279Cys phenotype. The observed differences in
the clinical symptoms of the 48 LS patients carrying the same missense mutation clearly

demonstrate the wide phenotypic diversity and the variable expressivity of the disease.
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5.2. Haplotype analysis of the patients carrying the recurrent nonsense p.Arg758X
CYLD mutation represents a mutational hotspot in the gene

In case of a Spanish MFT1 pedigree with two affected family members (father and
daughter), direct sequencing of the CYLD gene revealed a recurrent nonsense mutation
(c.2272C/T, p.Arg758X) in exon 17. The p.Arg758X nonsense mutation has also been
detected in patients with BSS, FC and MFT1. Furthermore, this mutation has been detected in
different ethnic groups including Dutch and Austrian. Previously reported Dutch and Austrian
cases carrying the same mutation were also investigated. To determine whether the worldwide
recurrent p.Arg758X mutation of the CYLD gene is the result of one or more independent
mutational events, haplotype analysis was performed. The haplotype analysis of the Spanish,
Dutch and Austrian patients demonstrated that, although the Spanish and the Dutch patients
carry the same haplotype, the clinical appearance, MFT1 and FC, respectively, is different.
These results suggest the importance of modifying genetic and/or environmental factors. In
contrast with these, the Austrian patient carried a different haplotype than the Spanish and
Dutch families. Thus, presumably the presence of the same mutation is the consequence of
different mutational events. These data suggest that the p.Arg758X nonsense mutation is

located at a mutational hotspot in the CYLD gene.

5.3. Haplotype analysis of the patients carrying the recurrent nonsense p.Arg936Xx
CYLD mutation represents a mutational hotspot in the gene

A large Hungarian BSS pedigree carrying a nonsense mutation (c.2806C>T,
p.Arg936Xx) of the CYLD gene was investigated. This nonsense p.Arg936X mutation was also
present in an Anglo-Saxon BSS pedigree, therefore haplotype analysis was performed to
elucidate whether the mutation they carry is the result of the same or two independent
mutational events. Haplotype analysis of the Hungarian and the Anglo-Saxon BSS pedigrees
demonstrated that the same mutation carried by the two geographically distant pedigrees was
the result of two independent mutational events. | hypothesize that these positions may be
mutational hotspots on the CYLD gene.

5.4. The functional analysis of the newly identified missense mutation represents a
disease causing mutation in the CYLD gene

A novel missense mutation (c.2613C>G, p.His871GIn) of CYLD gene was identified
in a Hungarian BSS pedigree. CYLD protein has a role in the regulation of many signaling

pathways, such as NF-kB signaling pathway throuhg the deubiquitination of NEMO protein
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as its interaction partner. Ubiquitination of NEMO was investigated and based on the results
presumably this novel mutation through the increased ubiquitination of NEMO leads to
decreased NEMO expression and as a consequence may influence the NF-kB pathway.
Further studies are needed to elucidate the exact mechanism of the development of BSS

symptoms.

5.5. Mutations on the CYLD gene
To date, a total of 95 mutations have been published for the CYLD gene. The
majority of the CYLD mutations (98%) were reported in coding regions. Distribution of the
mutations within exons is unequal: 99% of the mutations are located within exons 9-20. The
majority of the sequence changes are frameshift (48%), nonsense (27%), missense (12%) or
splice-site (11%) mutations, however, two in-frame deletions have also been reported.
Approximately half of the identified CYLD mutations (48%) are frameshift mutations

arising from the insertion or deletion of a small number of nucleotides. The majority of these
changes lead to the formation of premature stop codons causing truncation and, thus, the
dysfunction of the CYLD protein. Frameshift mutations are unequally distributed in the
CYLD gene. Exon 17 is a mutational hotspot, containing 20% of all identified frameshift.
Only a quarter of the frameshift mutations (27%) are recurrent

Nonsense mutations causing truncation and, thus, CYLD protein dysfunction are also
common, accounting for one quarter (27%) of the CYLD mutations identified so far. The
distribution of nonsense mutations is also unequal in the CYLD gene. Nearly half of the
nonsense mutations (40%) are recurrent.

Missense mutations account for 12% of all mutations identified on the CYLD gene.
The distribution of missense mutations is also unequal on the CYLD gene: all are located
within the region spanning exons 12-20. Only a quarter (27%) of these are recurrent
mutations.

Splice-site mutations account for 11% of all mutations. The distribution of the splice-
site mutations is also unequal: all of them occur within the region spanning exons 10-18.
Less, than a quarter (18%) are recurrent.

In addition, two in-frame deletions have also been reported: these mutations are
located within exons 19 and 20. Both of them lead to the development of the FC clinical

variant.
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5.6. Distribution of the mutations in the CYLD protein

The protein encoded by the CYLD gene exhibits deubiquitinase activity. The N-
terminal of the CYLD protein contains three cytoskeleton-associated glycine rich domains
(CAP-GLY), at which the CYLD protein connects to microtubules. The N-terminal of the
CYLD protein can be divided into two regions based on the occurrence of the mutations: no
mutations have been detected in the region encoded by exons 4 and 5, whereas the region
encoded by exons 5-11 contains approximately one fifth (18%) of the mutations identified to
date. Mostly frameshift and nonsense mutations occur in this region, as well as the two known
splice-site mutations. Most frameshift mutations occur in the first and the third CAP-GLY
domains, whereas most of the nonsense and splice-site mutations occur in the region of the
third CAP-GLY domain. Missense mutation has not been detected at the N-terminal of the
CYLD protein.

The C-terminal of the CYLD protein, encoded by exons 12-20, contains the
ubiquitin-specific protease domain that is responsible for the deubiquitinase activity of the
protein. This region contains the majority (82%) of identified CYLD mutations, including
frameshift (72%), nonsense (72%) and splice-site (81%) mutations as well as all known
missense mutations. Functional studies of the identified mutations suggest that mutations of

this region may decrease the deubiquitinase activity of the CYLD protein.

5.7. Genotype and phenotype correlations in case of patients carrying CYLD mutation

Genotype—phenotype correlations are difficult to establish, as all types of known
CYLD mutation — frameshift, nonsense, missense and splice-site — lead to the development of
each clinical variant of the CYLD mutation-caused spectrum.

Frameshift mutations of the CYLD gene have been identified for all clinical variants
of the CYLD mutation-caused spectrum. Interestingly, most frameshift mutations occur in the
region of exon 17.

Nonsense mutations of the CYLD gene exhibit the largest phenotypic diversity. Some
nonsense mutations have been detected in patients diagnosed with FC, BSS or MFT1. As
many recurrent nonsense mutations are due to de novo events, their frequency and location
indicates mutational hotspots on the CYLD gene. Patients carrying the same nonsense
mutation from different mutational events often exhibit extreme differences in their clinical
manifestations. These differences might be the consequences of yet unknown genetic factors

that modify the development of the phenotype. Nonsense mutations are also responsible for
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the most variable expression within families. These differences might be explained by
environmental and/or lifestyle factors.

Missense mutations of the CYLD gene are more frequently associated only with MFT1
(73%) than the other types of mutations. Missense mutations also lead to the development of
milder phenotype. This observation might be explained by the fact that missense mutations
are distributed differently than the other types of mutations: they are located only between
exons 12-20 and not at all in the 5" end. In general, missense mutations are associated with
low phenotypic diversity, as the majority of missense mutations result in the MFT1
phenotype.

Splice-site mutations of the CYLD gene can lead to the development of any clinical
variant of the CYLD mutation-caused spectrum, but little is known about their phenotypic

significance.

5.8. Geographical occurrence of CYLD-mutation caused disease spectrum

Mutations of the CYLD gene have been reported among patients with Irish, Japanese,
Spanish, German, Algerian, Turkish, Hungarian, Slovakian, Italian, Scandinavian, Taiwanese,
Turkish, Canadian and African backgrounds. However, the majority of the published
mutations are reported from the UK, USA and China. Comparing the ethnicity and the
reported allelic variants, geographical differences can be observed. The clinical phenotype of
MFT1 was observed in African, African American, Taiwanese, Algerian, Turkish, Italian and
Spanish patients though the most of it has been reported from China. The FC clinical variant
was present in Dutch, Italian and Irish patients, however, the majority have been reported
from the UK and from the USA. The clinical phenotype of BSS was detected in patients from
Hungary, Slovakia, Austrian, Italy, Scandinavia, Spain, Canada and the majority — similarly
to FC — is coming from the UK and the USA.

6. SUMMARY

In my thesis, | have summarized the genetic and functional investigations in
stigmatizing rare diseases: LS and the clinical variants of the CYLD mutation-caused disease
spectrum namely MFT1, FC and BSS.

A 51-year old Hungarian male patient has been identified with LS. LS develops due
to mutations in the PTPN11 gene. Direct sequencing of the PTPN11 gene revealed a

worldwide recurrent missense mutation (c.836A/G; p.Tyr279Cys), which has been previously
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identified in 47 LS patients. Comparison of the clinical phenotypes of our patient and the ones
reported in the literature demonstrates great phenotypic diversity despite of the same
genotype.

In case of a Spanish pedigree suffering from MFT1, direct sequencing of the CYLD
gene revealed a worldwide recurrent heterozygous nonsense mutation (c.2272C/T,
p.Arg758X). This mutation has already been detected in patients with all three clinical
variants — BSS, FC and MFT1 — of the CYLD-mutation spectrum. Haplotype analysis was
performed for the Spanish patients with MFT1, Dutch patients with FC and an Austrian
patient with BSS, all of who carry the same heterozygous nonsense p.Arg758X mutation. The
results demonstrated that different mutational events are responsible for the development of
the Austrian case and the Spanish and Dutch cases. My results indicate that this position is a
mutational hotspot in the gene and that patients carrying the mutation exhibit high phenotypic
diversity.

A Hungarian BSS pedigree with Bukovinian (Romanian) origin has also been
investigated. Direct sequencing of the coding regions of the CYLD gene revealed a nonsense
mutation (c.2806C>T, p.Arg936X) in exon 20. Since this nonsense mutation is present in an
Anglo-Saxon pedigree, | performed the haplotype analysis of the two pedigrees and revealed
that the mutation they carry is the result of two independent mutational events. The results
suggest that this may be a mutational hotspot in the CYLD gene. Regarding the phenotypic
features of the investigated pedigrees carrying the same nonsense mutation, | observed huge
differences in the severity of the symptoms suggesting the presence of a yet unidentified
modulatory factor.

Another Hungarian BSS pedigree has been investigated. Direct sequencing of the
CYLD gene demonstrated a novel missense mutation (c.2613C>G; p.His871GIn) in exon 19
of the CYLD gene within the ubiquitin-specific protease domain of the encoded protein.
Analyzes have been performed to reveal the functional role of this novel mutation. Data
suggest that this novel CYLD mutation leads to increased ubiquitination of NEMO through
influencing deubiquitinating activity of the CYLD protein and thus may result in enhanced
NF-xB signaling.

These investigations have great importance because they could be the basis of future
genetic studies for the development of novel causative therapies that will be more specific and
effective than the symptomatic treatments. Genetic screening and the identification of the
disease-causing mutation have great significance for family planning in prenatal and

preimplantation diagnosis.



15

7. ACKNOWLEDGEMENT

I would like to thank to Dr. Nikoletta Nagy for her great supervising activity.

I would like to thank to Prof. Dr. Marta Sz¢ll and Prof. Dr. Lajos Kemény for the
opportunity to perform the genetic investigations of this study in the molecular laboratory of
the Department of Medical Genetics and the Department of Dermatology and Allergology,
University of Szeged.

Special thanks to Dr. Agnes Kiny6 and Hilda Polyanka for their professional help.

I am grateful to Dr. Istvan Németh, Dr. Janos Varga, Dr. Erika Kis, Dr. Klara Bajor,
Dr. Eliza Karagity, Dr. Neil Rajan, Dr. Raquel Rodriguez Lopez, Dr. Tomas Vanecek and Dr.
Joan N. R. Kromosoeto for the dermatological examinations and for enrolling the pateints into
the study.

Special thanks to all my colleagues for their kind help at the Department of Medical
Genetics, MTA-SZTE Dermatological Research Group and Department of Dermatology and
Allergology.



